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Zusammenfassung

Entwicklung eines neuen Spektrometers
zur Bestimmung der molaren Planck-Konstante.

Die Sl-Einheit Kilogramm soll in den n&chsten Jahren neu deiert werden. Bei dem
Versuch die Einheit auf eine fundamentale Naturkonstanteuziickzufiihren, insbeson-
dere die Planck- und die Avogadro-Konstante, traten widepstchliche Ergebnisse auf.
Durch eine direkte Bestimmung der molaren Planck-Konstaen kénnen die Grinde fur
die Diskrepanz eruiert werden. Eine direkte Bestimmung denolaren Planck-Konstanten
unterstitzt die Suche nach der Ursache der Diskrepanz. Eirs®lche Messung kann mit
dem -Spektrometer Gams durchgefuhrt werden. Dieses Instrument ist am ILL in Be-
trieb, allerdings ist es nicht stabil genug, um die benétigt Genauigkeit von relativ2 10 8
zu liefern. Um die Stabilitat und somit die Genauigkeit um eien Faktor 20 zu verbessern,
wurde ein neues Instrument entworfen und gebaut. Es war ngtdas Kernsttick des Instru-
ments, ein Winkelinterferometer, im Vakuum zu betreiben. Dewveiteren wurden drift-freie
Befestigungsmethoden entwickelt.

Fur optische Elemente, wie zum Beispiel hohle Retrore ekten, wurde ein neues Design
konzipiert. Darliberhinaus wurde ein neues Datennahmesgsh entwickelt, ebenso die
dazu notige Theorie zur Auswertung. Die Planung wurde voli&ndig abgeschlossen und
das Instrument aufgebaut. Erste Tests mit diesem Aufbau begen eine gute Stabilitat.

Wahrend der Entwicklung des neuen Instruments wurde das altéams4 optimiert. Da-
durch konnte die Neutronenbindungsenergie von Chlor-36 méestimmt werden mit dem
Ergebnis (85797974 1:8) eV. Die relative Ungenauigkeit konnte somit um einen Fak-
tor 2.7 verbessert werden. Sie ist weniger als halb so groyewdie Ungenauigkeit irgen-
deiner anderen, vergleichbaren Neutronenbindungsenexgi



Abstract

A new spectrometer to measure
the molar Planck constant.

The Sl-unit kilogram is scheduled to be re-de ned within thenext years. In the attempt
to link it to a fundamental constant of nature namely the Planck constant or the Avo-
gadro constant some discrepancies appeared. A direct det@nation of the molar Planck
constant helps to trace this discrepancy. Such a determinah can be done with the -
spectrometerGams, that exists at the ILL. However, the instrument is not stabk enough
to provide the required accuracy o 10 8 (relative). To improve stability and accuracy,
a complete new instrument was designed and built. For this ppose, the instrument core,
an angle interferometer, had to be set up in vacuum. Drift-&e xation-methods and new
designs for the optical elements, like corner-cube retre-ectors, were developed. A new
data acquisition system was elaborated, and also the mathatictal theory to evaluate the
acquired data. The new concepts for the instrument were coneped, manufactured and
assembled. First performance tests showed a quite convimgiresult in terms of stability.

During the development of the new instrument, the old instrment Gams4 was optimized.
The neutron binding energy of chlorine-36 was determined twe (85797974 1.8)eV. The
relative uncertainty is 2.7 times smaller than the previousalue. It is two times smaller
than the uncertainty of any other comparable binding energy
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CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

The Systeme international d'unités (SI) is the basis of &lunits used by modern mea-
surements. Only this common standard allows a comparison ekperiments performed
around the world.

It is derived from seven base units. One of them is the kilogra Due to de ciencies in the

present de nition of the kilogram, this de nition is envisaged to be changed within the

next years. However, comparisons of the necessary measiwests revealed inconsistencies.
An independently measured molar Planck constaritiah may help to trace the origin of

these inconsistencies.

The -spectrometer Gams can do such a measurement. However, in its present con g-
uration, it is not stable enough to provide the required acaacy. This work describes the
upgrade ofGams4 towards Gams6 which will provide the required accuracy oD:1 eV at

a transition energy of6 MeV. The independent spectrometeGams5 will remain almost
unchanged, even though it was tempararily used for test pugses. Se& secfion 1.6 for
details.

The new instrument will provide the most accurate angle measement device in the
world. All experimental techniques presently practiced atGams will prot from the
improvements:

" Nuclear state lifetime measurements via the Gamma Ray Inded Doppler broad-
ening technique (GRID) can be extended to longer lifetime vaés and to weaker
transitions. This allows probing nuclear structure calcutions in a wider range
[Jen+10].
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Experimental studies on the di raction properties of various crystals for the realiza-
tion of a soft -ray Laue lens were performed recently abams5 [Bar+09]. A more

stable instrument increases the characterization speedrfthe numerous crystals
that will be used for the nal lens.

The new instrument will allow to carry out a direct comparison of lattice constants
on a10 8 level. Solid state research related to the study of micro stin in crystals
will become possible. Furthermore, due to the high penetrian depth of -rays,
many metrological measurements, that have been carried oah crystals with X-
rays and being essentially sensitive to surface e ects, caow be extended to bulk
studies [Mas+09; Mas+10].

Recently developed very intense laser-driven-ray sources would pro t from a feed-
back device allowing to resolve -rays with eV resolution [HK10]. The technologies
developed forGams6 can be directly extended for this purpose. Due to the double
Laue-Di raction geometry, it provides a constant energy rsolution E=E' 10 ©
over an energy range from 0.01 10 MeV. The newly developedde interferometer
techniques should provide stable Bragg angle measurementer a time period of
several days.

The structure factor at high energies is so far not known exgrimentally for high
photon energies. Theoretical density functional calculains based on predictions
of the electron density distribution dier on a 10 * level. Gams6 will allow to
contribute in this eld.

The structure of this work is the following:

gives an overview of the physical constants that is relatedta rede nition

of the kilogram. It is described why this re-de nition is neessary and how it may
be done. The role of the Molar Planck constanN,h will be claried. Also the
measurement methods for the relevant constants will be disssed briey. The
measurement method folNp h is presented in detail, this includes the physics that
is investigated with the Gams spectrometer.

illustrates the spectrometer itself, starting with an oveview, then giving the

detailed functioning and de ning all mathematics that is neessary for the data
evaluation. This includes a new algorithm for correcting efronmental in uences,
for example the temperature. The instrument calibration pocedure is eluded in
detail.

contains a measurement of the chlorine-36 binding energyatwas performed

with the Gams4 spectrometer after careful tuning and applying the newly del-
oped spectrometer mathematics that is described The uncertainty of

14



CHAPTER 1. INTRODUCTION

the result is a factor three smaller than that of the previous/alue. It is a factor
two smaller than any other binding energy in the 8 MeV range tht has ever been
measured.

explains the new developments that have been integrated ihe construction
of Gamse. It focuses on the interferometer, its components and moung methods;
but vibration damping concepts of the vacuum chamber are psented as well. The
development of a complete new data acquisition system is dabed. This includes
the new phase detection module as well as the necessary mathécs for data
evaluation.

presents the new design of the di raction crystals and the aolute determi-
nation of the lattice constant, as well as the comparison ohe lattice constant at
di erent spots.

presents further optimization possibilities ofGams4. Also new elds of ap-
plications for the Gams-technology are explained.

[The Appendix | describes the characterisation of some crucial componerntsgat were
built into the spectrometer. A list of abbreviations and an &planation of used
symbols can be found there.

Before motivating this work, it should be remembered that & task is the development
of a new instrument to measure the molar Planck constant. Thehallenge is to combine
the accuracy of metrology-instruments with the shaky envimment of a ssion neutron
source.

1.1 Motivation to measure the molar Planck constant
Nah

The value for the molar Planck constant, suggested by the Caomttee on Data for Sci-
ence and Technology (CODATA), is currentlyNah = 3:990312 6821(57) 10 *°Jsmol 1,

corresponding to a relative uncertainty ofu, = 1:4 10 ° [CoData06]. This value is
obtained by taking into account all published measurementsntil the 31st of December
2006. The values from individual measurements are combintgdan uncertainty weighted
average value. In case of contradictions during the globatistment of all fundamental

constants, the uncertainty of the a ected values is incre&sl to obtain a consistent set
of fundamental constants. The current value for the molar Rinck constant is extracted

15



1.1. MOTIVATION TO MEASURE THE MOLAR PLANCK CONSTANT NaH

from its relation to the Rydberg constant R , the relative atomic mass of the electron
A;(e) and the ne structure constant from the relation:

>A[(e)M,C

Nph =
A 2R,

(1.1)

as explained in more detail ir_subsection 1.1.1. ;Rand A,(e) are measured very accu-
rately in electronic transitions of the hydrogen atom and irPenning traps, respectively.

provides the largest contribution to the uncertainty. The ne structure constant itself
is derived from several measurements where the one from thectron magnetic moment
Is the most accurate and thus dominating. Therefore, it hasucrently the largest impact
on the uncertainty of the molar Planck constant asM, and c are de ned values (See
Table [1.7).

Of course the molar Planck constant can be obtained from itsuttiplicands, the Avogadro
constant N5y and the Planck constanth, but both are known less precisely than the ne
structure constant. At the start of this work, however, evenwithin this uncertainty
the product mismatched with the value obtained from the elémn magnetic moment
measurements. The mismatch was about2 10 °, while each quantity involved was
measured at least once with an uncertainty a9 10 8 or better.

These constants are important for an aspired rede nition othe Sl-unit kilogram. Any
independent measurement of a relation between these comgtais therefore highly wel-
come.

Notation of masses

In the following sections, we recall some de nitions of thel&init system, in particular for
masses, and introduce a formalism to denote them. This folls the usual conventions as
for example in [CoData06]. The relative atomic masé,(X) of an entity X is de ned by

Ar(X) = mn(1X) , (1.2)

u

where m(X) is the mass of one particle, atom or molecule & and m, is the atomic
mass constant de ned bym, = 5m(*?C)=1u 166 10 ?’kg, where u is the uni ed
atomic mass unit andm(*2C) is the mass of an unbound atom of carbon 12 atom at rest
and in the ground state.my may be used as abbreviation fom(X) if X is a fundamental
particle like an electron or a neutron.

The molar massM (X ) of entity X, which is the mass of one mole ok with SI unit
kg/mol, is given by
M(X)= Na m(X)= A(X) M, (1.3)

16



CHAPTER 1. INTRODUCTION

Quantity Symbol Value
speed of light in vacuum C 299792458 ms
magnetic constant 0 4 10 "NA ?
=12:56637Q:: 10 "'NA 2
electric constant 0 (o) 1?
=8:854187:: 10 ?Fm !
relative atomic mass oft2C A(*2C) 12
molar mass constant M, 10 3kgmol !
molar mass of'?C: A,(**C)M,, M(*?C) 12 10 3kgmol !

conventional value of Josephson constant K ;g9 4835979 GHzV ?
conventional value of von Klitzing constant Ry.gg 25812807

Table 1.1: Some exact quantities relevant to this work. Taken from [CoD&fa0

whereN,  6:02 10?=mol is the Avogadro constant andVl, = 10 3kg=mol is the molar
mass constant. The numerical value d, is the number of entities in one mole. Since
the de nition of the mole states that one mole contains the sae number of entities as
there are in 0.012 kg of carbon 12y (*2C) = 0:012kg/mol exactly. Table [I.1 lists some
further quantities whose numerical values are exactly deed.

1.1.1 Relation between Nah and the ne structure constant

The ne structure constant is a dimensionless fundamental constant with a value of

%7. It is also known as the coupling constant of the electromagtic interaction in the
low energy limit. It was rst introduced by Sommerfeld to exend the Bohr model. In this
semi-classical model, the ne structure constant correspds to the orbital speed of the
rst ground state electron around the hydrogen nucleus in &ctions of the speed of light.
It relates to the Planck constant, the charge of the electros, the electric constant o and
the speed of light as: 2

=5 he (1.4)

The Rydberg constantR; is related to the transition in atoms and can be determined
experimentally from that. It is de ned as:
e*me ,MeC

R, = =
' 7 82n3c 2h

(1.5)

The electron massn, can be expressed as an relative atomic mass followjng (1L.@3ing
the atomic mass constant. Replacing the latter vig (1.B) intduces the Avogadro constant:

17



1.1. MOTIVATION TO MEASURE THE MOLAR PLANCK CONSTANT NaH

Nph= 2217 (1.6)

SinceM, and c are known exactly andR; as well asA,(e) are known rather precisely,
the relative uncertaintiesu, behave like:

u(Nah) —2u.( ). (1.7)

1.1.2 Relation of to other constants

The values of fundamental constants are not always directlgccessible by experiments.
However, various relations between di erent constants cabhe measured experimentally.
While a single measurement may not be very accurate, each pides some additional trust
in the consistency of the underlying physical theory, and #y all contribute to reducing
the uncertainty in the knowledge of all constants via globahdjustment.

Here, a small fraction of relations is given to illustrate tb mesh of relations between the
constants.

and magnetic moment of electron e. The magnetic moment of the electron can
be measured very accurately in units of the Bohr magneton
eh
= , 1.8
® " 4m e (1.8)

wheree is the elementary charge.

The measured value of g can be compared with the theoretical value which is derived
from quantum electrodynamics (QED) calculations and depeis on via:

=1+ a * Qhadronic T Aweak
B
1 2 3 4 > (-9
+C - +C - +GC — +C - +Cp — +

QED calculations give exact values fo€,, C,4, and Cg, a numerical value and uncertainty
for Cg, and a smalla . Cyg is expected to be so small as to have lesser in uence than
the present experimental uncertainty of ¢. @nhagronic and aweax are hadronic and weak
contributions. Assuming no electron substructure, they & known accurately enough,
so that from a determination of the electron magnetic moment,, a value for the ne
structure constant of £ = 137:035 999 084(51korresponding tou, = 3:7 10 ° could be
obtained [HFEGO8]. Today, this is the most accurate method tdetermine

18



CHAPTER 1. INTRODUCTION

to h=m(X): The de nition of the Rydberg constant|(1.5) can be used to deve a
relation between and the ratio of the Planck constant and the mase1(X ) of a particle X :

2 m M _Rim(X) h

= = . 1.10
! MeC c me m(X) ( )

The relative uncertainties ofR,; andA,(e) are less thar7 10 > and5 10 19, respectively,
and the relative uncertaintiesu, of A;(X) are less than that ofA, (e) for many particles and
atoms. Sincec is known exactly, can thus be determined precisely from a measurement
of h=m(X).

E‘I'Ehzis has been done with high precision fo#q“—n, m(l?f‘sCS) and m(g?Rb). See Figure$ 111 and

to von Klitzing constant Rk: The quantum hall e ect provides a quantized hall
resistanceR = Rg=n, wheren is an integer number. It is found thatRg is a funda-
mental constant of nature, called the von Klitzing constant More details are given in
[subsection 1.1)5. If one assumes the validity &« = h=€, then Ry is related to  by:

oc 1
= ——. 1.11
2 Ry (1.11)

The so-called calculable capacitor | [TL56] provides a wato determine Rk with an
accuracy of some parts 0f0 8. However, di erent measurements provide varying values,

so the total relative uncertainty is at the 10 7 level (sed Figure 1]1).

to Josephson constant K ; and gyromagnetic ratio: The gyromagnetic ratio
of a bound particle of spin quantum number and magnetic moment is given by
2f jj2
= — = . 1.12
B h i ( )
wheref is the spin- ip frequency of the particle in the magnetic ux density B. Experi-
mentally, the gyromagnetic ratio of a proton is better accesble if shielded by a spherical
water sample. Thus, the shielded gyromagnetic ratio,e of the proton is of interest. It is

given by:
2 2

po = h po - (1.13)
Together with the de nition of the ge-factor of the electron
e= % (1.14)

5 B
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1.1. MOTIVATION TO MEASURE THE MOLAR PLANCK CONSTANT NaH
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Figure 1.1: Values of the ne-structure

i 7 ,
constant  with ur < 10 7, in order of Figure 1.2: Values of the ne-structure
decreasing uncertainty from top to bottom, constant  with u, < 10 8, in order of de-

and the 2002 and 2006 CODATA recom-
mended values of. Data and Graph from
[CoData06].

creasing uncertainty from top to bottom. The

data are identical to those in Figure 1.1.

and equations (1.8)| (1.9)} (1.4), (1.26) and (1.2]7) one caterive as:

K;R 1

3 _ po™ JMK

— 1.15
e4ngep0 (1.15)

The relative uncertainty of the po measurement is aboutl:1 10 7 [Wil+89] and thus
dominating here. Due to the negative third power, the relatie uncertainty U, ( ) is smaller
by a factor 3 and hence:7 10 8. Hence, this experimental value is in disagreement by two
standard deviations with the adjusted value of the ne struture constant obtained with
other measurement methods. This is of importance, as the @emination of h via the watt
balance relies on the correctness of the assumed relatioe$ween the Josephson constant,
von Klitzing constant and ne structure constant, as explaned in[subsection 1.115.

1.1.3 Re-de ning the kilogram

The kilogram is the unit of mass. It is one of the seven base tsiof the SI. Since 1889 it
is de ned to be equal to the mass of the international prototge of the kilogram, which
is a block made of platinum-iridium. This artefact is kept wih its six o cial copies in
a vault at the Bureau International des Poids et Mesures in Sées (BIPM) in Paris. In
addition, copies of the international prototype have been anufactured by the BIPM for
use as national prototypes. For current use, the BIPM mainias some additional copies.

20
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Figure 1.3: The kilogram prototype.  Figure 1.4: Drift of the six o cial copies relative to
Hosted at BIPM under 3 glass shields in the international prototype of the kilogram. Graph from
standard air. Photograph from BIPM. [Gir94].

More than eighty copies have been produced since 1880. Hogrewnly the international
prototype de nes the kilogram. All copies are only temporar replacements and have to
be calibrated against the international prototype. Some athe national prototypes have
already been destroyed or were lost.

As the prototypes are stored in air (usually under two or morenested bell jars see
[Figure 1.3), they gain mass through adsorption of atmosphercontaminants onto their
surfaces. These gains were found to be reversible and in threey of 1 g per year. For
this reason, the CIPM declared that the reference mass of tlternational prototype is
that immediately after cleaning and washing by a speci ed nteod. The reference mass
thus de ned is used to calibrate national standards of platium-iridium alloy.

These comparisons of the national prototypes to the intertimnal prototype occur every
50 years. After the third and most recent comparison, it candconcluded that the copies
gained on average abouf5pug in mass compared to the international prototype within
100 years (seg Figure 1.4 and [Gir94]). As 40 copies are madenfthe very same alloy as
the prototype, and the six o cial copies are even stored undethe same conditions, it is
unclear where this deviation comes from. Furthermore, as ¢hprototype is not di erent
from its copies, it must be assumed that the international mtotype has reduced in weight
compared to its copies. It is important to note that there is 0 proof that the mass of the
prototype or its copies stayed constant in absolute terms

21



1.1. MOTIVATION TO MEASURE THE MOLAR PLANCK CONSTANT NaH

Therefore it is desired to change the de nition of the kiloggm for two reasons: to get
rid of the artefact, which can be lost or damaged and is only ailable locally, and to
relate the kilogram to a constant of nature that does not chage over time within the
measurement accuracy.

Just like the metre has been de ned by xing the speed of light ®a constant, the kilo-

gram is intended to be linked to a constant of nature. Currethy there are two potential

candidates, the Avogadro constaniN, and the Planck constanth. However, the change
of the de nition is only envisaged when the measurement ac@cy of at least one of these
constants is below or comparable to the current uncertaintgf the prototype and when all

measurements agree within their uncertainty. Hence, themiis to perform measurements
with relative uncertainties lower than two parts in 1.

A possible de nition via the Avogadro constant may be:

The kilogram is the mass of exactlyp:018 4512725 10?° unbound carbon-12
atoms at rest and in their ground state.

A possible de nition via the Planck constant may be:

The kilogram is the mass of a body at rest whose equivalent e&gg corresponds
to a frequency of exactly299 792 4586 626 069 311 10* hertz.

For details on the consequences of either of these de niti®seel [Mil+05].

Other domains of the Sl are seeking for a revision, too. Henaeglobal change of the Si
may involve the rede nition of the kilogram, ampere, kelvinand mole at the same time.
In this suggestion by [[Mil+06], the Planck constant would se/e to de ne the kilogram,
while the Avogadro constant would be used to de ne the mole.

The most recent schedule for this incisive change is the ye2011, when the 24 Con-
férence Générale des Poids et Mesures (CGPM) takes place.néte every contributing
experiment should provide su ciently accurate results by P10.
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Hz
Watt balance -ray spectroscopy
Mgv = nh 2=4 Nah = mc?
kg mol
M = mNA

X-ray crystal density

Figure 1.5: Metrological triangle of the mass-related units. The Skarare placed in the corners,
along the sides those experiments relating two of the units.

1.1.4 The metrological triangle of energy and mass

It is obvious that for a rede nition of the kilogram, all measirements of the involved
guantities should be consistent with each other. At the timeof the start of this work in
2005 this was clearly not the case. While in 1998 the recommeadvalues by CODATA
for h and N, had relative uncertainties of7:8 10 & and 7:9 10 &, respectively. These
uncertainties had to be increased td:7 10 ’ due to a newly published value by the Avo-
gadro collaboration [CoData06]. Their value mismatched thvalues forh obtained by the
watt balance by one part in a million. In the global adjustmenof fundamental constants,
the uncertainties had to be raised to account for the discrapcy of the experimental
results of the watt balance [[T.1J5) and Avogadro project{1.6). Both measurements are
linked together through the indirect determination of the nolar Planck constant via the
ne structure constant as shown in_subsection 1.1.1. Obviasly, in the presence of such a
contradiction none of the values can be used for a de nitionf@he kilogram. Hence there
was a strong demand to resolve this mismatch [CIPO6].

Independent from that, it must be noted that any de nition of the kilogram via xing
the Planck constant relies on the correctness of the masseegy-equivalence, expressed
in Einstein's equationE = mc?. So far it has been veri ed experimentally only with an
accuracy of4 10 7 [Rai+05; JKMQ9].

illustrates the relation between the quantitiesnvolved. As the unit hertz is
very well established and easily reproducible, any two of ¢hexperiments mentioned are
necessary and su cient to de ne the moleand the kilogram. A third experiment can
then serve as an additional cross check.
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(a) Static mode: on the right side of the (b) Moving mode: to avoid a dicult de-
balance a massn is attracted by the Earth's termination of the magnetic eld and coil
gravity g. On the left side a coil of width | geometry, the balance is moved by an auxil-
with n wires is placed in a static external iary motor with constant speed v. The volt-
magnetic eld B. A current | is applied to age U induced in the coil is measured. It
the coil such that the electromagnetic force is necessary that the magnetic eld is not
Fe compensates the gravitational forceFg. changed compared to the static mode.

Figure 1.6: Watt balance: combining moving and static mode, allows tonélate the magnetic
eld and coil geometnyBIn . Hence the force-equivalence transfers to a power-equivaldhce mgv.

1.1.5 Determination of the Planck constant h

The currently most precise method to determine the Planck astant h is the watt balance.

Its measurement principle is described in Figure 1.6. In thiexperiment, the mechanical

force of local gravityg on a test massm is compared to the electromagnetic force of a
d m

current | through a coil in a magnetic ux gradient <> along the direction of gravity z:

d m
= | —. 1.16
mg= |- (1.16)
Moving the coil in a second step with a constant spead= d z=dt through the ux gradient
will induce a voltageU in the coil. This can be used to measure the eld gradient as &

induced voltage is:
(1.17)

So the eld gradient in equation|(1.16) can be eliminated an@ne obtains the power
equation
mgv = Ul . (1.18)

The gravity accelerationg can be determined by a commercial gravimeter, which records
the trajectory of a test mass dropped in vacuum. These deviare speci ed foru,(g) =
2 10 ° [LaCoste]. Hence all variables can be measured. And indegbis method is
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conversely suggested by the CIPM as the practical realizati of the unit de nition of the
electrical Sl-units (i.e. the watt or the ampere) [BIP06, Appendix 2].

It should be noted that so far there is no link to the Planck costant. In 1975 the watt
balance was not designed to have such a link [Kib75]. Howeyas soon as the Josephson
e ect and the quantum Hall e ect were found, the situation ctanged. The Josephson
e ect was found to provide an exact voltagdJ to frequency ratio:

1
= — . 1.19
< (1.19)
Frequencies can be measured very accurately. Consequentligen de ning the Josephson
constant K ;, the Josephson e ect can serve as a voltage standard and vgiés can be
measured in units of HzK .

The (integer) quantum Hall e ect can be used for creating a ubfor the electrical resis-
tance R. The Hall conductivity 1=R has exactly quantized steps at integer multiples of
the inverse of the von Klitzing constantR:

1 1
—=n—. 1.20
Hence any resistance can be measured in unitsk .

Following Ohm's lawl = U=R, one can derive also units for the current and the electrical
power from both constants. This would read like:

H

Uus=v, -2 (1.21)
Kj

R=Yn R« (1.22)

Hz
| =Y, 1.2
) 1= e (1.23)
HZ?
W=Yy —2, 1.24
R (1.24)

where eachY would be a dimensionless number and the remaining terms wdulle ne
the corresponding unit.

If one measures the current and voltage in the way expressed|(l.21) and|(1.23), the
watt balance allows to determinerRK :

mqgv
K2Ry = YUgY| .

(1.25)
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1.1. MOTIVATION TO MEASURE THE MOLAR PLANCK CONSTANT NaH

Both constants are linked to the charge of the electroa and the Planck constanth:

K,= 22 (1.26)
h
Re= 1 (1.27)
K - é .
4
h= ———. 1.2

While K is the inverse of the magnetic ux quantum, there is yet no caistent theory
which describes the quantum Hall e ect fully. Consequentlyequations| (1.27) and (1.28)
must be veri ed experimentally.

However, if one assumgs (1.28) to be correct, the watt balanallows the determination
of the Planck constant sinceK ; and R are known more accurately tharh.

SI1-90 units

In 1989 the CIPM adapted exact conventional values for the Jephson and von Kilitzing
constants: K j.q0 = 4835979 GHz V ! and Ry.go = 25812807 [Qui89]. This was done
to prot from the high precision of experiments using these ects. Consequently, all
measuring devices for electrical quantities can be caliliesl using the exact values of
these constants. It should be noted that although these vads have no uncertainty, they
are not compatible with the Sl. Indeed, both constants have aalue within the Sl
K, = 483597891(12)GHz V ! and Rx = 25812807 557(18) [CoData06] which di er
from the conventional valueK ;.99 and Rg.go by up to 3 standard deviations. Both SI-90
constants are not integrated in the Sl in the sense of a de ndn of a base unit. To do
so would change the status of the magnetic constant from that of a constant having
an exactly de ned value (and would therefore abrogate the ddtion of the ampere) and
would also produce electrical units which would be incompiéle with the de nition of the
kilogram and units derived from it. However, there are ambibns to revise large parts of
the Sl and include these constants as bases [Mil+06].

Using the electrical Sl units to measure h

Electrical measurements are now more precise when measuesatl expressed in SI-90
units. Consequently, one will measure th&Jl term of the watt balance with devices
calibrated in SI-90 units and one can derivé as

mgv 4

h= )
Ugo 190K 29,Rk-90

(1.29)
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While mgv is measured in Sl unitsU and | are measured with devices calibrated to Sl-
90 units. AsK 24,Rk.g0 is based on the very same SI-90 units plus the dimensioHZ?
(which is identical for SI and SI-90), the SI-90 units canceadut and the Planck constant
Is obtained in SI units [SNWO05].

At present there are di erent implementations of the watt bdance around the world. They
all use slightly di erent geometry but the principle is the sme. The major projects are at
the National Institute of Standards and Technology (NIST),Gaithersburg, Md, USA, the
National Physical Laboratory (NPL) Teddington, Middlesex UK, the Swiss Federal O ce
of Metrology and Accreditation (METAS), Bern-Wabern, the French Laboratoire National
d'Essais (LNE), Paris and the Bureau International des Poislet Mesures (BIPM), Sevres,
France. Only two of them have provided competitive resultscsfar. In 2007, the NIST
balance obtainedh = 6:626 068 91(24) 10 3*Js, with a relative uncertainty of 3:6 10 8
[Ste+07]. Also in 2007 the NPL obtained an initial value oh = 6:626 070 95(44)10 **Js
with a relative uncertainty of 6:6 10 & [RKO7]. The two values mismatch by 4 standard
deviations. For a more complete listing of values of the Plak constant see Tabl€~112 and

1.1.6 Determination of the Avogadro constant Na

The Avogadro constant is the number of particles per mole ohé corresponding sub-
stance. Consequently, it has the dimensiojmole !]. The value suggested by [CoData06]
is 6:022 141 79(30) 1022 mol 1. The relative uncertainty is5:0 10 8.

The current interpretation of N, is directly inferred from the de nition of the Sl-unit
mole, which is:

1. The mole is the amount of substance of a system which comtaias many
elementary entities as there are atoms in 0.012 kilogram cdirbon-12.

2. When the mole is used, the elementary entities must be sped and may
be atoms, molecules, ions, electrons, other particles, grei ed groups
of such particles.

A re-de nition of the kilogram by xing the value of N5 would at the same time change
the de nition of the mole into something much more understadable, e.g. [[Mil+06]:

The mole is the amount of substance of a system that containgaetly
6:022 1415 10* speci ed elementary entities, which may be atoms,
molecules, ions, electrons, other particles or speci edayps of such particles.
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Measured Institute and Relative standard
quantity  year h=(10 34 Js) uncertainty u,
0 go(hi)  NPL-79 6.626 0729(67) 1.0 10 °©
Foo NIST-80 6.626 0657(88) 1:3 10°
K; NMI-89 6.626 0684(36) 54 107
K 2Rk NPL-90 6.626 0682(13) 20 107
K, PTB-91 6.626 0670(42) 6:3 107
g oo(hi)  NIM-95 6.626 071(11) 1.7 106
K 2Rg NIST-98 6.626 068 91(58) 88 10°8

CODATA-02 6.626 0693(11) 1.7 107
Vi (Si) N/P/I-05 6.626 0745(19) 29 107
K 2Ry NIST-07 6.626 068 91(24) 36 108
CODATA-06 6.626 068 96(33) 50 108
K 2Rg NPL-07 6.626 070 95(44) 6:6 1028

Table 1.2: Most competitive measurements of the Planck constarin chronological order. The
CODATA values take into account the adjustment of other cards. The value Vi, (Si) N/P/I-05

is derived from the XRCD method (see_secfion 1.1.6) and convedédusing equatiof(1.6)} Values
are from [CoDataC06; RK0O7].
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0 oo (hi) NPL-79

Foo NIST-80
‘ K, NMI-89
K2Rk NPL-90
K, PTB-91
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K 2Rk NIST-98
e
CODATA-02

e
Vim (Si) N/P/I-05
K 2Ry NisT-07
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o
K 2Rk NPL-07
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h=(10 34Js) 6:6260 10°

Figure 1.7: The most competitive measurements of the Planck constaim chronological order.
See Tablé112.
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For any rede nition of either the kilogram and/or the mole it is necessary to provide an
according practical realization or in other words, a measament of the Avogadro constant
in current Sl-units with su ciently low uncertainty. Other wise, measured quantities based
on the future de nition might contradict to measurements peformed with the actual
de nitions.

Two direct approaches to the Avogadro constant have been wksso far: ion accumulation
and X-ray crystal density comparison. In the ion accumulatin method, single ions are
counted and accumulated until they sum up to a measurable mascopic mass that can
be compared to one kilogram with reasonable accuracy. A peat at the Physikalisch-
Technische Bundesanstalt (PTB) in Braunschweig, Germanycaumulated about 10 g of
bismuth-209 within a week with a 10 mA ion beam. It reached a l&tive accuracy of
several parts in10* [BGO6)]. In the meantime the project has been stopped, as tleewere
no competitive results to be expected until 2010.

XRCD

In the X -ray crystal density method, a macroscopic density of a large sphere of mono-
crystalline silicon is compared with the microscopic dertgi  of a primitive cell of the
same crystal.

= . (2.30)

The macroscopic density is derived from a volum€ and a massm measurement of a
solid silicon sphere of about 1 kg:

-m (1.31)

The microscopic density can be derived from the size of a piitiwe cell a® of the crystal,
the number of atomsn in each cell and the average masa of each silicon atom:
m n

= — (1.32)

where the binding energy of about 5 eV per atom is neglected. Viequation the
microscopic massn of silicon can be expressed by its relative atomic mass(Si). Hence
we can write[(1.32) and (1.30) as

A (S)My
m N n
— = —A 1.33
m
n . m
NA = gAr(SI)MUV_ . (134)
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1.1. MOTIVATION TO MEASURE THE MOLAR PLANCK CONSTANT NaH

Usually the volume of the silicon unit cella® is expressed by the lattice constant derived
from the lattice spacing in the [220] orientation of the cryal. HenceN, is expressed in

this d,,o lattice constant as:
A (SHM, V
Na = —é(_)—“— . (1.35)
8d%20 m
Therefore the Avogadro constant can be derived from the maasment of two microscopic
and two macroscopic quantities from the same material:

The relative atomic mass, also called molar mass, is measured in Penning traps rela-
tive to the mass of carbon-12. The relative atomic mass ofisitn-28 has been determined
with a relative uncertainty of 6:8 10 ! by [DiF+94] and [Aud+03]. The silicon used
until 2007 had a natural isotopic composition, i.e. roughly.7% and 3.1% of°Si and
305, respectively. Therefore, these molar masses and, more diltly, their abundances,
must be known accurately. Furthermore, any residual imputies of the material must
also be measured and corrected for. The relative uncertajnis 1:5 10 ’ and thus the
dominating contribution to the total uncertainty of Na.

The macroscopic volume of the sphere is measured by its diameter. This is done
with a Fizeau interferometer (se@ Figure 1]8). As the diamet is measured over the whole
surface of the sphere the roundness is also veri ed. The diater of the spheres is about
93.6 mm where deviations of up to 57 nm from an ideal sphere wdbund on the surface.
The relative uncertainty for the volume is8 10 8 in [NBOS].

Pure silicon will form immediately an oxide layer on its sudce. Silicon oxide is transpar-
ent, so the Fizeau interferometer will measure the diametef the silicon sphere, changed
by a little phase shift due to the index of refraction of silion oxide. This can be cor-
rected for. However, more crucial, a typical oxide layer hak0 nm thickness. On a 1 kg
sphere, this sums up to about 600 ug. Hence, the layer thiclseemust be known with a
relative accuracy of 2%. This can be achieved by spectrosapllipsometry which is then

calibrated by X-ray re ectometry. See [Bus+05] for details

The macroscopic mass of the sphere is obviously rather easy to measure as it is
very close to 1 kg and thus the usual comparison techniquesdae applied. They are well
established by serving already now for comparisons with tigrototype and thus provide
the necessary accuracy. However, there is an important drence to the comparison of
the platinum-iridium blocks and to compare one of them to a Bcon sphere. The latter
comparison involves two bodies with a di erent density and énce di erent buoyancy
forces. This must be corrected for [BGMO07]. For future compisons it is desirable to
avoid buoyancy e ects by comparing two masses inside vacuurdowever, at least once a
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Figure 1.8: Principle of the Fizeau interferometer to determine the déer of the Sl sphere.
Drawing from [Nic09].

mass in air must be compared with a mass in vacuum. Meanwhikbjs can be done with
a relative uncertainty of 4 10 ° [Pic06].

Absolute determination of the Si-lattice constant droo

As the lattice constant of silicon enters with the third powe into the volume of a crystal
cell, it needs to be measured with a three times better relag uncertainty than the
macroscopic volume. Additionally, this quantity is an inpa parameter to the direct
determination of the molar Planck constant presented in tis work.

Challenges in the determination ofd,, are the required high relative accuracy and the
need of an absolute measurement in Sl-units, while its valigrather small in these units,
namely 1:920 155 762(50) 10 1 m. Within the SI the metre is de ned via the speed
of light and the de nition of the second. Thus, a laser stabited to a known frequency
provides in vacuum a representation of the metre conform tdé Sl. It was suggested by
[DH73] to compare the lattice spacing of crystals to this legth. As shown in[Figure 1.9,
a well orientated X-ray beam is split by a nearly perfect sirlg crystal into two beams
via Bragg di raction. Both beams hit a second lamella of the @me crystal, hence the
same perfectness and orientation. Consequently, both besmatch again the Bragg
condition and are diracted. If a third crystal lamella of a di erent crystal but of the
same type and in a su ciently parallel orientation is placed in the crossing point of these
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Figure 1.9: Simultaneous X-ray and optical interferometer for an abseldetermination of the
silicon lattice constant. An X-ray beam is split and refoaid®yy a nearly perfect single crystal of
silicon. A second silicon crystal of the very same materialidstisrough the focal point. The X-ray
detector will detect as many fringes as silicon lattice pkiaee passing by. At the same time the
crystal displacement is measured with a Michelson interfetemwhich represents the Sl-de nition
of the metre.

beams, both beams will match again the Bragg conditions. Csequently two pairs of
overlapping, parallel beams will be present, and interfemee e ects will occur. The part
belonging to the beam not being di racted by the third lamel& is naturally independent
of the translation of this third lamella. Contrary, the path length, and thus the phase,
of the re ected beam depend linearly on the displacement ohé crystal vertical to the
di racting lattice planes. If all along the set-up a Bragg diraction in rst order has been
chosen, the phase di erence will b8 , or one fringe, a soon as the crystal has been moved
by the distance between two lattice planes. Thus the experental challenge is to move
the crystal by a certain amount of optical fringes and counttie (much larger) number of
X-ray fringes occurring at the same time. The ratio of theseumbers multiplied by the
wavelength of the laser is the lattice constant. First measaments following this method
have been done at NIST (1973 1990) with a relative precisiodown tou, = 1:5 10 ’
[CoData98]. Measurements at the National Metrology Instiite of Japan have been quite
competitive until 2004, but then experiments were stoppedsathere was no su cient
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Quantity Value Relative standard
uncertainty u,
d220(W4.2a) 192 015563(12)fm 6:2 108
d220(NR3) 192 0155919(76)fm 40 108
d220 192 0155973(84)fm 44 108
d220(W4.2a) 192 0155715(33)fm 1.7 108
d220 192 0155732(53)fm 28 108
d220(MO¥) 192 0155498(51)fm 26 108
d220 1920155685(67)fm 35 10°8
h=m, dxo(W04) 2060267 004(84) ms! 41 108
020 192 0155982(79)m 41 108

Table 1.3: Summary of measurements of the absolute {220} lattice spgcof various silicon

crystals. Every second line indicates the lattice spadpg of a hypothetical, ideal and perfect
crystal without impurities and defects inferred from the reafstal mentioned the line above. The
last value is a ne structure constant measurement, see pageTadle from [CoDataQ6].
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107 7dy | |
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doog NM1J-04 I O |

doo  h/mpdazo(wos) PTB-99 ——0——
——e—— dao(mo ) INRIM-07
F——o0———  dy INRIM-07
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Figure 1.10: Inferred values (open circles) dfoo from various measurements (solid circles) of
dr20(X). For comparison, the 2002 and 2006 CODATA recommended valfids,q are also shown.
The topmost bar illustrates the scale. Values are listed abl€[1.8. Graph taken from_[CoData06].
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increase in accuracy expected until 2010. Currently ongg@rprojects exist at PTB and
at the Istituto Nazionale di Ricerca Metrologica (INRIM) in Turin, Italy.

The most competitive values are given in Tablé—1.3 and Figure1Q. These measure-
ments use di erent crystals coming from the ingots named (ddveviation in parentheses)
as WASO 4.2a (W4.2a), NRLM3 (NR3), WASO 04 (W04) and NR4 (NRLM4). No -
tinction is made between di erent crystals taken from the sme ingot. Note that all
these crystals are of a natural isotopic composition. Thisomposition may vary between
di erent ingots. However the variation of d,;o due to this is lower than the current ex-
perimental uncertainty. Impurities mainly carbon, oxygen, and nitrogen have a much
larger e ect. Consequently, the directly measured valud,,o(X ) of a real crystalX must
be converted to the {220} lattice spacingd,,o of a pure crystal. There are a few lattice
constant measurements performed in air. Recent and future emurements are carried out
in vacuum. When comparing those measurements, the compresspf the crystal lattice
by the atmospheric pressure must be taken into account.

X-ray interferometry on silicon crystals requires a ne lamlla (  0:5mm). The pro-
duction of this lamella causes strains in the crystal lattie. These strains cause a bad
crystallographic resolution and need to be removed. Usugala chemical etching of the
crystal surface is applied. This etching introduces microspic deformations to the sur-
face, which in uence the X-ray patterns and thus the deternmation of the lattice spacing.
This e ect is particularly important if the lamella is thin, and if rather low X-ray energies
(<100 keV) are used. The actual size of this e ect is not knowmnd is currently under
experimental and theoretical investigation/ [ManQ9].

International Avogadro Coordination

So far, measurements have been performed with natural sidit However, the accurate
determination of the isotopic composition is becoming thanhiting factor in the aim to
improve on the uncertainty. Hence, one tries now to use an eched silicon-28 sample.
However, this approach is too expensive to be handled by a gie national metrology
institute. Thus in the International Avogadro Coordination the e orts of seven national
metrology institutes plus the BIPM are combined. An amount 65kg of ?8Si was enriched
to 999938% 0:0024% using centrifuges and a gaseous phase of SiF. Then the uwei
was removed and amorphous silicon was obtained. Contamirmat by carbon and oxygen
are below10' particles percm®. From this material a nearly perfect single crystal was
grown. Two 1 kg-spheres, two X-ray interferometers and several smallpreces were cut.
A summary of the recent state of the individual measurements presented in|[Fuj+05].
Final results from these experiments were scheduled for 201 The result obtained is
Na = 6:02214084(18) 10 mol 1. This is the most accurate input datum for a new
de nition of the kilogram [And+10].
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In principle, any material could be used for the determinatin of the Avogadro constant.
Silicon, however, provides a high hardness which allows pige machining and polishing.
Due to technical advancements of the semiconductor indugtrit is possible to grow large
crystals that are very pure and of very high quality. Those g¢stals t the requirements

for crystallographic measurements.

Systematic problems of the lattice determination

Currently, all lattice parameter measurements use an X-ragource of low energy (about
17keV). Due to the strong absorption only thin crystal pieces candmeasured. It is thus
unknown if these pieces have the same lattice constant as kuilicon, or if their lattices
are di erent, e.g. due to machining. Additionally, the di r action of these thin pieces is
more sensitive to unavoidable surface roughness.

A further technological disadvantage of this method is theestriction to a single material
and a single lattice orientation. For the measurement of a drent lattice spacing a

completely new triple Laue interferometer (sef Figure 1.9)eeds to be built.

It would be desirable to have a measurement method that can la@plied to any thickness
of the specimen, lattice orientation and material.

1.1.7 Importance of direct Nah determination

The rede nition of the kilogram, which is aspired for 2011, equires the quantities in-
volved the Avogadro and Planck constants to be known to a fev parts in 1¢°. And all

measurements must be consistent with related quantitieské the ne structure constant,

to provide a trustworthy basement for the new Sl units.

When this thesis project was started in the year 2005, the aqued value of the silicon
lattice constant d,,o was subject to a signi cant change due to a revealed systen@error
in the instrument set-up. Thus the faith in any of these lattce constant measurements
was distressed. At the same time the value for the molar volumof silicon provided
by the Working Group on the Avogadro Constant (WGAC) consised of intrinsically
slightly inconsistent data. Combined with the actuald,,o value the yielded Avogadro
constant di ered 1.2 parts in 10° from those values inferred through the watt balance
measurements. This is illustrated if Figure 1.]11. Therefera new measurement was
desired, which would establish a di erent relation betweenhe the lattice constant and
another involved quantity. Gams o ers such a possibility by linking the molar Planck
constant to the silicon lattice constant.

Recent results in 2009 resolved this discrepancy on the ppnvéé Shortly after, the NPL
watt balance result infers a Planck constant which di ers fom the NIST value by 3 parts
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relative accuracy possible application of the measurement
< 1:4 10 ° dominate value ofNah and
2 10° 2 108  verication of QED-calculations
1 108 2 108 possible mise-en-pratique for kg or mole rede nition
2 108 4 107  improve trust in E = mc?

> 4 107 no gain in information

Table 1.4: Required relative uncertainty for futumdh determinations and application of such a
measurement. Better uncertainties imply the applicatigigen for larger uncertainties, of course.

in 10°. But now with a better accuracy making this discrepancy moréhan four standard
deviations. Thus in terms of probability the inconsistencys larger than ever before.

As the molar Planck constant can be inferred from the ne strature constant with a
relative uncertainty of 1:4 10 ° (see equation (1.7) and_subsection 1.1.2), a measurement
delivering only a value ofNpoh would be rather pointless if it was not more accurate.
However, depending on which relation the measurement is leas even a less accurate

—
Nah 107

Garﬁs4

" d-06 Vi -N/P/1-05 h-06
d-06 V06 h-06
Washi.ngton-87
Har\;ard—08

CODATA-06

0.8 0.9 1 1.1 1.2 1.3 1.4 15 1.6
Nah=(10 ®Jsmol ) 3:9903 10°

Figure 1.11: Values foiNah. All -06 values are the recommended values by CODATA-06,rerhe
d indicates the {220} lattice parametery, the molar volume of natural silicon and the Planck
constant. Values derived fromare converted usinflL.6) and the CODATA values fdR; andA,(e).
The valueGams4is extracted from|[Rai+05], assuming the correctnessEof mc?. Vi,-N/P/1-05

is the value coming from the XRCD methode [Fuj+05]. Its weight foe tiODATA adjustment was
obviously negligible.
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measurement can be valuable.

Any de nition of the kilogram by xing the value of the Planck constant implies the
validity of E = mc?. So far, this relation has been veri ed with an uncertainty 64 10 ’.
A more accurate measurement would be appreciated to have aistworthy basis for the
Sl. The method to measureNh proposed in this work provides such a test [Bec08].

The most precise measurement of the Planck constant is prded by the watt balance.
However, this experiment implies the validity of equatior] 1.28), for which so far no
consistent theory is available. Hence this must be approved least experimentally before
using it as a base of the SI.

The method to determine the molar Planck constant describedh this work is based
on the absolute lattice spacing of a silicon crystal. The l&r is measured using the
same instruments which actually are used in the XRCD-methodf the Avogadro project.
Therefore this puts a new constraint to the metrological tangle of mass related quantities.

The molar Planck constant links directly two measurable qudities: the molar mass of
a particle and its de-Broglie frequency. Hence a measuremet this ratio is the most
direct measurement of the molar Planck constant.

The recent relative uncertainty of such a measurement ¥ 10 ’. Any better result

would provide more information. However, only at a relativeuncertainty of 2 10 8

will the measurement be really valuable and become an impartt contribution to the

rede nition of the kilogram as summarized infable T/4. Valas of better than1 10 8

would open the eld of testing QED. However, this is of the rage of this project as
discussed later on.

1.2 The energy-mass equivalence principle

The special relativity published by Einstein [[Ein05b] base on two assumptions only.
First, in any non-accelerated reference system all physidaws have the same form. And
second, there is a universal speed (of signal transmissiamlich is, following the rst

assumption, the same in all non-accelerated reference yss. It follows intrinsically

that this speed is the maximum speed for transmitting energgr information. Einstein

identi es this maximum speed with the speed of light in vacum c. A priori this is

not necessary. However, this equivalence is generally gueel and experimentally well
approved [Luo+03].

Using only these principles one can infer that a particle whitthe rest massm has at rest
the energyE [Ein05a], with
E = mc?. (1.36)

37
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This is known as the mass-energy equivalence principle. Ipalies to all processes where
a massive particle undergoes an energetic change. This mes may be as di erent as
the solving of two chemicals, the lift of a body in the gravitdonal eld, the change of
orientation of a magnet within an external magnetic eld, the decay of a neutron or many
more. In most systems the energy involved and hence the chgm in mass is small
compared to the total mass. Therefore, this e ect is importat in nuclear and particle
physics only.

1.2.1 From E = mc?to Nah

The decay of a particle or a nucleus is a process where massoisverted into energy. In
some cases this energy is electromagnetic radiation and édic energy only. In many of
these cases, the quantities of both, radiation energy and s®(di erences) are experimen-
tally well accessible. This allows high precision measurents as the kinetic energy can
be calculated in most cases. The energy of the electromagnetdiation can be expressed
by

E=h, (1.37)

whereh is the Planck constant and the frequency of the radiation. This frequency can
be expressed by the wavelength using:

- = (1.38)

If the mass is measured in multiple®\, of the atomic mass constant, or technically
in multiples of a *>C atom, we can use equatioh (1.B) to express the energy masaieat

lencel (1.36)) as:

h =AMy (1.39)
Na
m
Nah= A, M,c. (1.40)

1.3 Choice of the investigated system

Annihilation
To obtain the energy equivalent of a kilogram in the Sl, it wold be preferable to convert

1 kg of mass fully into energy or more precisely into electraygnetic radiation, for example
by annihilation with anti-matter. This would be a direct way to measure the Planck
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constant. However, the energy equivalent of 1kg 8 10 J. This is about the energy
which was released by the largest nuclear weapon that has eexploded (Tsar Bomba
in 1961, about 50 megatons of TNT). For obvious reasons this not suitable for a high
precision experiment.

Generally, annihilation is not very suitable for high pregion measurements. For the
production of the necessary anti-matter high energies areaavoidable. Consequently the
created anti particle has a large and unknown energy. Cooyjrdown these anti-particles
(so that the kinetic energy scattering is smaller tharl0 & parts of their rest energy) is
not possible for a su ciently large number of particles. An @&curate measurement of the
511 keV annihilation radiation of positronium would requie 10** photons/s as explained
in Section 6.2.

Nuclear reactions

Nuclear reactions on the other hand provide a total mass dirence on the order of some
MeV. The corresponding electromagnetic radiation is measable. These reactions can be
induced by thermal neutron capture in massive numbers, sodhthe measurement of the
radiation energy can be very precise. The inducing neutroral a kinetic energy on the
order of 0.03 eV and thus does not perturb an accurate measorent down to a relative
uncertainty of 5 10 °. At the same time the masses of the nuclei can be compared
accurately to the atomic mass standard.

Following equation[(1.40) the measurement splits into two icerent experiments: one
determining the relative atomic masses of the nuclei invadd and a second to determine
the wavelength of the emitted radiation in the nuclear rea@n. Both experiments can be
performed independently at completely di erent times and [aces.

Detector

Typical nuclear neutron capture reactions release their ergy in quanta of 100 keV to
7 MeV. Hence, a detector has to cover this range. Additiongllit has to provide a rela-
tive accuracy of10 8 over the full range. Neither this accuracy nor an absolute tharation

Is available for absorption-based detectors over this emgrrange. These detectors are not
even su ciently linear.

However, single-crystal scattering provides a mean to assethis wide energy range. It can
be analysed by rotating a single-crystal in di erent di raction orders and measuring the
Bragg angle. Only the lattice constant of the crystal needsotbe known. It can be mea-
sured accurately by comparison to the optical length standd as shown in section_1.116
on page 3. The absolute calibration of the Bragg angle can dene by comparison with
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1.3. CHOICE OF THE INVESTIGATED SYSTEM

the well-de ned angle36C of a full rotation. This goniometer is explained in detail n
chapter 2.

The Bragg angle must be obtained from a rocking curve. At typal count rates, the peak
position can be determined with a precision of about 1/1000f the width of the rocking
curve. This width is determined by the acceptance angle of ¢hcrystal which is described
by the dynamical theory of di raction. [BC64]. At high energes the Bragg angle becomes
small. To provide a relative precision ofl0  of the peak position, a crystal with an
acceptance angle of onlyl0 7 is necessary. Perfect silicon crystals provide such a low
acceptance angle. Together with the acceptance angle in therpendicular plane of only
a few mrad, this leads to a solid angle ofl0 ' sr. To provide a reasonable count rate
(i.e. more than1 s ?) the initial photon rate must be larger than 102 s 1. This number
IS not even accounting for the re ectivity of crystals and tle e ciency of the -detector,
which will account for another two orders of magnitude of Iss

The only way to provide this event rate is a reactor based on wlear ssion. Close to
the reactor core thermal neutron uxes of5 10" n=cm?=s are obtainable. If a target
material is placed there, neutron capture reactions will gpen and the resulting nucleus
will initially be in an excited state. It will then decay rapidly into its ground state by
-emission:
AX +n 1 Ax 1 Ax+ (1.41)

For isotopes relevant to this work, the decay process can bensidered to start promptly
after the neutron capture reaction. The lifetime of all sta¢s including the capture state
Is yet long enough (femto- to pico-seconds) that the naturanergy uncertainty is below
the instrument resolution. Usually the de-excitation happns not in a single transition,
but in a cascade of several-emissions. These-events have to be identi ed to belong to
the same cascade by prior measurements. This informationasailable from databases,
e.g., http://www.nndc.bnl.gov/

Due to mass conservation, the sum of the masses of productdaducts must be the
same. When using the energy-mass equivalence principle @).8r the emitted radiation,
the mass conservation reads:

mAX +m@)=m A*1X + = E . (1.42)
It is important to sum only over those -energies belonging to one cascade connecting
capture state and ground state. Measuring di erent cascadeprovides an intrinsic con-
sistency test.

In equation[(1.42) the massesn AX andm A*1X can be determined by measurements
on ionised atoms in Penning traps. This provides a precise sgratio. This measurement

»See vertical alignment in[subsection 3.314
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and the conversion into mass di erences is described[in sgiofion 1.3.2. The wavelength
of the -radiation cag be megsured withGams as described irj chapter|2. The energy

of the cascade isthen E = hc= . However, the mass of the neutrom (n) is not

directly accessible with Penning traps as it is a neutral péicle and cannot be ionised.

Therefore the experiment is conducted for an additional pabf isotopesA”Y and A™1 Y.
Subtracting equation| (1.42)) of both experiments yields:

he X 1 X 1
mAX  mAY =m AMX m AMY + = =, (1.43)
C X Y
and the neutron mass cancels out. Hence, the equation comtsionly measurable quanti-
ties.

Penning traps yield mass ratios and therefore provide onlycaurate values for relative
atomic masses. They do not provide a value in kilogram. A coexsion to such a value
requires a multiplication with the Avogadro constant, whit is known only with a relative
accuracy of10 8. This determines the uncertainty of atomic or molecular maes when
speci ed in kilogram.

To determine the molar Planck constant from this experimentone has to adapt equa-
tion (1.40) with the relative atomic mass di erences for bdt isotope pairs:
n . h . io 1
Nah= A, X A AY A ATIX A MY M PP

Y

(1.44)
Consequently for a determination of the molar Planck constd, two isotope pairs are
necessary. With more pairs consistency checks are possible.

1.3.1 Mass of the neutron

At the same time equation| (1.42) can be used to determine theeatron mass when
measured with two isotope pairs:

P P
m AMX +m AMY  mAX om AY o+ L L

m(n) = 5 ! (1.45)

This experiment would not require any prior knowledge dii,h as this can be determined
in the same experiment from equatiof (1.44). However, micsocopic masses can only be
measured in multiples of the atomic mass unit, hence the inddual masses involve the
Avogadro constant to be converted into kilogram, as the refave uncertainty of Na given
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by [CoData06] is5 10 8, this would dominate the total uncertainty. Measuring the
neutron mass relative to the atomic mass unit is more accureit

P P
Ac AX + A AMLY A AX A ATy N TL T L
2

A (n) =

(1.46)
The accuracy can be increased when including the value Mfh deduced from the ne-
structure constant as described if_subsection 1.1.1. Thenis su cient to measure one
isotope pair. For best accuracy one uses the combination ofwderium and hydrogen.
The relative neutron mass can then be determined as:

X 1 Nah

Ar(n=A, D A 'H + = :
I’(n) r r HCMU

(1.47)

In fact, the currently most accurate value of the neutron masA,(n) = 1:008 664 916 37(82)
is deduced by this method [Kes+99]. [CoData06] suggests aedlent value with a reduced
uncertainty A,(n) = 1:008 664 91597(43)This value is also based on the same deuteron
binding energy measurement, but the underlying values andnaertainties for Nah and
d»»o have changed.

In the adjustment of fundamental constants it is preferred @ express the result of the
measurement above as a ratio to the lattice parametat,,o(ILL) of the silicon crystal
used for the measurement: - = 0:002904 302 46(50) This indicates a problem
of measurements done previously asams. if at a later time the value for the silicon
lattice parameter has to be changed, this will also a ect theesults from Gams. It is
thus strongly desired to become perform measurements whiahe independent from the

recommended lattice parameter of silicon.

1.3.2 Penning trap

Charged particles follow a helical motion when moving ins&la constant and homogeneous
magnetic eld. If the motion parallel to the magnetic eld is con ned by a supplemen-
tary electrical quadrupole eld, the helical motion is compessed to a circular motion, as
illustrated in Figure 1.13. The circulation frequencyf is determined by the charge over
mass ratiog=m of the particles and the magnetic ux densityB as

2f.=q9gB=m. (1.48)

As the charge is quantizedf. can take only discrete values. Hence, a comparison of
masses of di erent ions is possible by comparing their cyt¢ton frequencies. As absolute
measurements of the magnetic ux density are di cult, accuate mass measurements are
only possible when comparing to the atomic mass standard. iEhis given by the mass
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of a carbon-12 atom. Also, only charged ions can be trappedo Tonclude the mass of
the uncharged atom, a small correction (the ionisation engy) has to be applied. For a
detailed survey of various traps see [Bla06].

The limiting factors of current ion mass measurements arestability and inhomogeneity
of the magnetic eld. In the currently most accurate experirent this problem is solved
by measuring the reference ion and the test ion at the same tamnside the trap [RTP04;
DiF+94]. In this way a relative accuracy of10 ! for the ion masses was achieved. The
two ions are trapped within a volume of onlyl mm3. At such a small separation the
ion-ion interaction starts to become the limiting factor, @en more so for high atomic
numbers.

The determination of the molar Planck constant requires the&knowledge of the mass
di erence of two neighbouring isotopes with a relative unatainty of 10 . This mass

dierence jm(X) m(X9Yj is always approximatelyl GeV=c?, while the isotope masses
m(X) are usually around30 Ge\=c?. The uncertainty of the mass di erence is thus:

P~ m(X)
u (MO M) (M) 2 S

(1.49)

where u, (m(X)) = u, (M(X9) and jm(X) m(X9j m(X) are assumed. To satisfy
the accuracy for a determination of the molar Planck constamwith 10 8 uncertainty, the
masses of the isotopes involved must be measured with a relatuncertainty of better
than 3 10 1°,

An exception are hydrogen and deuterium. The approximatioabove is not valid in this
case, as they have a relatively light mass dfGeV=c? and 2 GeV=c?, respectively. In this
case, the relative uncertainty of the mass di erence is onlg bit more than the double of
the single mass uncertainties.

There is some legal limitation to the choice of isotopes usedthe experiment: According
to legal restrictions in some countries a Penning trap canhde operated with (even
slightly) radioactive ions with reasonable e ort. Thus neghbouring pairs of stable isotopes
are most suitable.

1.3.3 Isotope selection
In principle any isotope could be used as target for a-energy measurement. However,

only few are really suitable since they must be used for twottdly di erent experiments:
rst, the mass determination in the Penning trap which requies:

" A long lifetime of each isotope on the order of at least sewarweeks to provide
precise mass values.
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Figure 1.12: Field con guration of a Pen-

ning trap. A static homogeneous magnetic
eld (created by a solenoid marked in red)
con nes the charged patrticle on a helix. The
static electric quadrupole eld (created by two
pole and one ring electrode marked in blue)
compresses this helix to a circle. Drawing

from [KriQ9].
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Figure 1.13: Schematic trajectory (three-

dimensional and projection onto the xy-plane)
with ideally three independent eigenmotions of
an ion in a Penning trap. Reprinted from [Bla06],
copyright (2006), with permission from Elsevier.

" Preferably a low mass, as according to equatidn (1.49) thelative accuracy for the

mass di erence is better.

Second, the lighter isotope of each pair must serve as neutrtarget. This requires:

" A large neutron capture cross section, for a su ciently hidn event rate.

" The availability of a mechanical form or chemical compounadvhich can resist the
temperatures inside the reactor of 400 %o. 800 %o.

In the case of a compound, the other atoms should have relagily small neutron

capture cross sections in order not to produce background. hi is particularly

important for high -energies.

" The branching rate of a single cascade must be su ciently lgh. This is typically

better for lighter isotopes.

" A high abundance of the isotope in the target material for lgh event rate and low

background.

According to theses conditions, four isotope pairs are mogtomising for the experiment:

H! 2D, 28sjl 295j, 3251 3Sand3*Cl !

38Cl. Their interesting transitions are shown
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Figure 1.14: Partial level schemes. Only the strongest transitions arewsh The numbers
along the arrows indicate the respective transition enerfige numbers in parentheses indicate the
probability of these -emissions per 100 neutron captures.

in [Figure 1.14. The -energies range from 517 keV to 6.1 MeV. It should be mentiahe
that chlorine may already not be suitable due to the limitatons of the Penning trap
mentioned in[subsection 1.312.

1.4 Instrumentation to measure the neutron binding
energy

The sum over the energies of one cascade in equatipn (1.42) is called neuttbnding
energy. This parameter is determined directly by a measuremt of all -wavelengths of
a cascade and it is cited in literature as such [Dew+06].

1.4.1 Two single-crystal spectrometer

The highly monochromatic -radiation is di racted only when impinging under the Bragg
angle on a crystal with lattice spacingd. The wavelength of the radiation has to
match the Bragg condition in any di raction order n:

n =2dsin . (1.50)
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As mentioned previously, the Bragg angle must be obtaineddim a rocking curve. For the
desired precision of the position this curve must be su cietty small. This is equivalent

to a small acceptance angle of the crystal, typicall{O “ rad. The nearly perfect silicon
crystal provides this. But it is also necessary to have an inming beam divergence of
about the same angle.

There are no lenses for-rays available which could reduce the beam divergence eatly.
Thus larger divergence has to be cut away. This could be dong B very small beam
diaphragm or a very large distance between two diaphragms. o would result in a
very low count rate. Additionally this is technically almog impossible, and furthermore,
the direction of this beam has to be stable with respect to theiraction goniometer
unit. All these problems can be solved by using another cryatas collimator. Having the
same angular acceptance it delivers the perfect beam divenge for the analyser crystal.
In the direction perpendicular to the dispersion plane, thalivergence can be large and
adapted to the particular experiment, typically some mradsed subsection 3.3.4 for details.
This crystal can easily have the width of several millimetr® and provides a beam which
is almost parallel over the full width, i.e. its divergences as low as the acceptance
angle of the crystal. Both e ects allow a much higher count & than with diaphragms.
Furthermore, both crystals can be mounted in a convenient siance of several decimetres,
such that the relative angle between the crystals can be memsd accurately by an optical
interferometer. Hence the direction of the beam which is gn by the rst crystal serves
as the coordinate system for the analyser crystal.

The Bragg angles are acquired by rotating the analyser cnatin di erent di raction
orders and recording a rocking curve at each. The Bragg anglenust be obtained by
nding the centre of these curves. It should be stressed thainly the lattice constant
of the second crystal needs to be known as input parameter feguation[(1.50). It
can be measured accurately by comparison to the optical lgahgstandard as shown in
section[I.1.6 on page B1.

It should be noted that the improvement of this spectrometemcluding its absolute angle
calibration is the main subject of this work. All other input parameters are side products
of other experiments.

1.4.2 -detection

Even though the Bragg angle is de ned by the crystal positiont still has to be measured
how many 's were di racted at each angle. In principle a simple Geigéavitller counter or
a scintillator combined with a photo multiplier would be su cient. However, only a high-
purity germanium detector provides a su ciently high energ resolution to discriminate
against the background radiation. At high energies for exapte, annihilation escape peaks
can be resolved and used to increase the signal-to-noiseigat
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It should be stressed that neither the energy resolution ohbse detectors is high enough
nor do they provide the necessary accuracy for the energy danination; this information
must be deduced from the crystal spectrometer.

1.4.3 Single-crystal lattice spacing

The absolute determination of the -wavelength requires the knowledge of the absolute
lattice constant of the crystal. This lattice parameter is neasured by comparing the
lattice spacing to the de nition of the meter which is given ly an optical interferometer.
This is done by our collaboration partner at INRIM in Turin [Mas+09]. The method is
brie y described in[section 1.1.5.

For previous measurements the lattice spacing of the silic@rystals used atGams were
never measured directly in absolute terms, that is in a trig Laue interferometer (see
[Secfion 1.1.6) with respect to the optical length standardfdhe metre. Only silicon pieces
originating from the same ingot where compared to pieces froanother silicon ingot.
The lattice constant was then measured with respect to the tipal length standard on
again di erent pieces coming from that second silicon ingotAs comparison chains over
di erent crystals resulted in contradicting values, the urcertainty for the lattice spacing of
the Gams crystals had to be increased. To obtain the best value th@ams crystal lattice
constant was linked to an ideal crystal without any chemial impurities. Any later
discovery of a correction of the results in this comparisorhain, e.g., due to a discovery of
chemical impurity of one of the crystals, causes a change inet generally adopted lattice
parameter of silicon. And thus it in uences the lattice contant of the Gams crystal, too.

This lengthy comparison chain was necessary for a technicalson: the absolute lattice
parameter determination requires a thin silicon lamella ofmedium length. -diraction
with Gams requires a thick lamella which was produced in a short versiponly. The
relative lattice comparator requires a thin and long lamedl. And of course, all apparatuses
require a di erent and incompatible mounting of the lamella Within this work a new
crystal design was incorporated and tested. It allows the ict measurement of the
absolute lattice parameter with respect to the optical lenlp standard, and the very same
crystal can be used as analyser crystal o8ams6. As the lattice parameter of this
individual crystal is now measured in absolute terms, no lat adjustment is necessary.

1.4.4 Further impact of this work

Despite the main purpose of this project being to provide a dict measurement of the
molar Planck constant with direct correlation to the Avogado project by using the same
lattice constant measurement, many other measurements Wihprove or become feasible.
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Already mentioned was the mass of the neutron.

But all high accuracy nuclear spectroscopy data will prot. There is so far no model
describing consistently all transitions or energy levelsf muclei consisting of more than a
few nucleons. New measurements with higher accuracy may pus disprove new theories
like tetrahedral symmetry [Dud+02;!Jen+10].

The instrument is the only one providing measurement of laegangles with high accuracy.
Using the new crystal mounting mechanism, measurementsdikkesting the orthogonality

of the silicon unit cell become possible.

Furthermore the Bragg law itself is in doubt. Speci cally fo low energies and thin crystals,
surface e ects may shift the e ective lattice constant for draction. Gams provides

a unigue opportunity to compare di raction with di erent en ergies on di erent crystal

thicknesses, particularly with the new crystals.

1.5 Constraints to the  -spectrometer

In order to be ful | all the demands, the instrument has to praide certain properties:

" a large angular range,
" an absolute calibration over the full range and

" a high angular resolution.
From these demands an interferometric measurement of theg@a is indispensable.
" Perfect crystals with a small acceptance angle

are necessary to provide the resolution of the-wavelength. At the same time this limits
the solid angle enormously and requires

~ a high initial event rate which is given only inside a nucleareactor.

The desired high accuracy at the low count rate induces a longeasurement time. Con-
sequently the instrument must provide

" an excellent long time stability.

This involves compensating environmental in uences, as Weas avoiding any of such
in uences as much as possible.
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1.6 History of Gams

All of the conceptional ideas presented so far in this work amot new. Particularly the
Gams-instrument itself has a long history. It started in the 197® at ILL as single crystal
spectrometer used for nuclear structure measurements. WitBams4 constructed at
NIST the rst time a metrology device became operational atlLL, leading to the latest
high impact result, the veri cation of E = mc? with the uncertainty of 4 10 7 [Dew+06].
Old versions ofGams were replaced byGams4 and Gams5. The latter is an improved
version of the spectrometer oGams4 but equipped with bent crystals.

The latest direct determination of Noh at Gams4, basing on data from 2001, was pub-
lished in 2005 and has an uncertainty o 10 7. To ful | the current demands the
experiment has to be improved by a factor of 20.Gams6 is designed to achieve this
accuracy. It will replaceGams4, while Gams5 will stays in parallel operation for use with
bent crystals.

1.7 Summary

The current de nition of the kilogram as an artefact is genaally deprecated and due
to drifts of mass of the copies of the prototype a rede nitionis required. Two possible
candidates for the re-de nition are either the Planck consint or the Avogadro constant.
Experiments all over the world try to determine these constas, but so far deliver con-
tradicting results. A determination of the molar Planck costant using the crystal lattice
constant from the Avogadro project as input parameter is anmportant cross check for
these measurements and can help to trace down the inconsistes.

The CIPM suggested in 2005 to achieve a consistent relativaaertainty of a few parts in
10 before any re-de nition as the International Prototype of he kilogram is suspected
to drift by this amount per century. In consequence, to contbute to a re-de nition a
measurement of the molar Planck constant must be at this lelef accuracy.

This experiment is done by observing the mass to radiation ergy conversion in a nuclear
neutron caption reaction. As the molar masses of the partes involved can be measured
in a Penning trap relative to the atomic mass standard, the niar Planck constant can
be determined by measuring the wavelength of the emitted ration. A dedicated two
single-crystal spectrometer can provide the necessary aacy. The accuracy from the
existing Gams4 spectrometer must be improved by a factor of 20 to do so. The gment
work describes the upgrade process towar@amsé.
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Chapter 2

-Spectrometer

When | heard Scott Dewey saying: Gamsis such a complicated instrument, | thought
he was exaggerating.
Meanwhile | know he was understating.

This chapter splits up into three parts.[Section 2]1 gives aaverview of the instrument.

Its nomenclature and standard acquisition procedures wille introduced, and some new
e ects are analysed for the rst time. [Section 2.2 describethe total process of the

data evaluation: how the -wavelength is obtained from the raw data. This includes
the mathematical properties of all components in detail angrecision of a new quality.

describes the instrument calibration which rafes the interferometer read-out
to an absolute angle. The procedure will be described as wal$ theory and predicted

uncertainties.

Measured data are presented in chaptér 3.

All explanations in this chapter base onGams4, which is almost identical to Gamsb5.
Some problems described here will be overcome Gams6 which is currently in its -
nal construction phase and eventually will replacéams4. The advantages of the new

instrument are described irj chapter 4.

2.1 Instrument Components

A high resolution double crystal spectrometer measures thwavelength of the -
radiation emitted by a intense source. This radiation is roghly collimated by lead di-
aphragms before it hits the actual spectrometer which corss of two single crystals. Both
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Figure 2.1. Sketch of a double crystal spectrometer. The Radiation is &ditoy the source

(black). The pre-spectrometer lead collimation shapes ltlieam roughly (hatched). The rst crystal

A (grey) di racts the desired energy and gives ne collimati@nd orientation. The second crystal
B analyses the energy, as it diracts only if put in the cocteangle. After a further collimation,

the radiation reaches the detector (circle). A second dctian order (dotted) is required as nothing
else could serve as an accurate angle reference. The direcnedirracted beam (dashed) must be
shielded carefully.

crystals can be rotated around their vertical axis. Their agle is measured with a highly
accurate goniometer. The beam is di racted if the incomingrgle x.,, of the radiation
on a crystal meets the Bragg condition:

mx =2dx sin xm, X 2fA;Bg (2.1)

in an arbitrary order my wheredy is the lattice spacing of the crystal. The rst crystal
is referred to as A and the second as B, The observables @ach crystal are indexed
correspondingly. If the original radiation is diracted by the A -crystal and then this
di racted beam meets also the Bragg condition of the B -crgtal, it will nally hit the
detector and be counted. A further lead diaphragm in front ofhe detector shields the
non-di racted (direct) and single-di racted beam. The experiment could be done with one
single crystal only. However, the incoming radiation woul@e very divergent, consequently
the resolution very low. Additionally it would be technicaly very di cult to determine its
accurate direction. This is the purpose of the A -crystal:Out of the divergent primary
beam, it di racts only a small fraction. This secondary beamhas a divergence as small
as the little acceptance angle of the rst crystal. Additiorally the A -crystal xes also
very well the orientation of the secondary beam. Now the Bcrystal is rotated together
with the detector and its diaphragm such that the angle betveen two Bragg orders is
measured while the A crystal is not moved. Now the waveletig can be calculated. The
only parameter that is required from external experimentssi the lattice spacing of the
B -crystal.
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Figure 2.2: PN3-instrument Gams4and Gams5besides the reactor basin. Sketch received from
[ILLO9Y].

2.1.1 In-pile -source

As explained in(secfion 113, the desired resolution reque&r@ low angular acceptance, and
hence a high initial count rate. To provide the necessary ngon ux, the entire Gams
facility is placed at the high ux neutron source of thelnstitut Laue-Langevin (ILL)
in Grenoble, France. It is o cially named instrument PN3. A sketch can be seen in
[Figure 2.2. The instrument bases on a beam tube passing thigiuthe moderator tank
(D,0) of the reactor. At each end is an individual spectrometerGams4 and Gams5.
They are still inside the reactor building. Inside the tube asmall sample can be placed
close to the fuel element. This target is usually 2 or 4 mm wideThe neutron capture
reaction causes -radiation which is emitted isotropically. The reactor bas (H,O) and
some lead diaphragms absorb the bulk majority of the radiain. Only a small fraction
passing parallel along the beam tube is used. Thisbeam leaves beam tube and enters
the spectrometers in about 20 m distance from the target.

Any material analysed onGams is exposed to a high neutron ux. This material is
synonymously called sample, source or target. It is placed 50 cm distance to the fuel
element. Due to the high radiation level the source heats upOnly thermal radiation
and heat dissipation by the Helium atmosphere of 800 mbar caerve for cooling. The
preceding security calculations neglect the atmospherigsgipation. As the source may
depending on the mass achieve up to 1000 %. the choice of mads is limited. While
some metals can be used as bulk material, most elements areduas oxide in the form
of a powder. They are put in graphite containers as shown jn gire 2.3. Up to three of
these containers can be brought close to the fuel element. &hare aligned such that the
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holder bridge (graphite) —— o

holder rod (metal) .

e
I
container (graphite) —| ‘»0 7
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Figure 2.3: The target containers are made out of graphite. The maximumeindimensions are
given in mm. The wall thickness may vary between 0.5 mm and 1 mm.

Figure 2.4: Top view of the trolley. The
three mounting positions for target contain-
ers are visible. The diameter of the trolley is
about 15 cm.

Figure 2.5: Face view of the trolley with
a target container mounted. The mechanism
for rotating the target containers while being
in the beam tube is visible at the sides.

surfaces facing along the beam tube are congruent. The typlovidth of this surface is 2
or 4 mm. This de nes the width of the -beam seen by the instrument. The height of the
beam depends on the lling level, the containers can take upt40 mm. The -radiation
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emerges isotropically. As the spectrometer is placed 20 mawthe beam size corresponds
to a solid angle o5 10 °sr. Hence only a small fraction of the initial capture eventsill
be used.

The nuclear rector at ILL produces neutron by ssion inside e fuel element. These fast
neutrons are moderated to thermal neutrons in a heavy wateahk. Therefore the ux
of thermal neutrons has its maximum ofl:5 10 ncm 2s ! outside the fuel element.
The ux at the target position is referred with 5 10 ncm 2s L. It is assumed to be
homogeneous over the sample size. However, there are no measents about isotropy
available. Only thermal neutrons are considered as the cape cross section decreases
with increasing neutron energy and hence neutrons of highenergy are hardly captured,
while colder neutrons which would interact more likely, ar@egligible due to the thermal
equilibrium with the surrounding water. In the case of resaances also high energetic
neutrons can have a large capture cross section. This is ntietcase for nuclides used in
this work.

2.1.2 Beam line

After the -ray has left the beam tube through a thin metal window, it pases through
air before it reaches the interferometer which is in 20 m dizhce from the source. Lead
diaphragms limit the divergence of the isotropic radiation They shape only the height of
the beam. Theydo not de ne the width of the used beam. The horizontal ne collimaion
is done by the A-crystal. All horizontal diaphragms serve #ier as background suppression
or as beam dump for the non-diracted radiation. The latter 58 necessary as, at the
detector, the distance between the di racted beam and the dect beam may be as little
as 4 mm. In order not to produce any additional background, ndiaphragm surface that
is hit by the beam should face to the detector. And if possiblet should not even face
to other surfaces with direct view to the detector. Consequély all diaphragms should
provide a sawtooth shape where the opening angle should begkr than the geometrical
divergence of the beam at this position. The length of the té&e should be adapted to
the absorption length of the -wavelength one wants to measure. AGams4 only the
pre-crystal collimator provides a sawtooth shape. The otlnecollimation lead bricks are
at and parallel to the beam. Providing them with a sawtooth sxape may further reduce
the background. However, the e ort is high, and the size of # e ect should be studied
carefully before any larger investment. Sefe Figure 2.8 for sketch of the beam line.
Additional information is given in the item beam diaphragm n [subsection 2.16.
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2.1.3 Spectrometer

The spectrometer consists of the two crystals whose horizahrelative angle is measured
with high precision by a Michelson interferometer. Due to & small angular acceptance for

-rays, the A-Crystal serves as collimator. At the same time de nes the reference angle
for the B-Crystal. Only the relative angle between the two grstal is important for the
wavelength measurement. The absolute angle and position thie A-Crystal versus the
target must only be maintained within the geometrical divegence of the beam de ned
by the collimation which is about 15 mrad. This can be done e&s Note that this
collimation works only in the case of a line spectrum, i.e. aarce providing not a white
beam, but a mix of individual very sharp -lines.

The distance between A- and B-crystal is 53 cm aGams4 and 70 cm at Gams5 and
Gamsb6. As desired Bragg angles can vary from 0.2° 3° the once dicted beam may be
displaced at the level of the B-crystal by up to 70 mm which mads it necessary to move
the B-crystal in the beam re ected by the A-crystal.

Each crystal is mounted rigidly to an axis that is equipped vih a lever arm so that the
angular position can be recorded precisely with an Michelsanterferometer. Both axes
including their interferometers sit on a common solid blockf Invar— which is called inter-
ferometer table. This ensures that the relative position adhe crystals can be maintained.
Even if the whole table is rotated to bring the B-crystal intothe diracted beam, the

relative position can be maintained without rotating the cystal axes versus the table.

2.1.4 Crystals

Both crystals are perfect single crystals. AtGams5 bent Crystals can be mounted to
increase luminosity [[Dol+00]. However their lattice spaaig is not known well enough for
the purpose of this work. Therefore this work refers only toat crystals. Some of the
properties of a double at crystal spectrometer describeddre are not valid in the bent
crystal case.

The crystals are used in Laue geometry and have a thicknessaofew millimetres. The
usual material for the crystals is natural silicon, but crytals of germanium are also avail-
able. The crystals are nearly perfect. Their diraction prgerties match very well with
the predictions of the dynamical theory of di raction. Congquently the acceptance angle
of one crystal for a monochromatic -beam is as small ad0 ’ rad. Therefore the hor-
izontal collimation is made best by selecting the -rays with the crystal and just dump
the non-refracted beam.

The crystals have to be mounted rigidly to the axis, as only # angle of the axes, i.e.,
the goniometer arm, is measured. One has to rely on the x coeation between arm
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Figure 2.6: Sketch of a crystal used &ams4 including adapter socket for mounting on axis. The
actual di raction lamella (containing the di raction plaes) is 8 mm wide and 50 mm high. Di erent
crystals with lamella thicknesses of 1.1 mm to 6.9 mm exist. Tigor is parallel to the di raction
planes within some arcseconds. Drawing taken from [Kes+01].
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Figure 2.7: Re ectivity of a pair of silicon crystals in (220) direction. F&rO mm and 2.5mm

two crystals of the same thickness are available. Only one arydt4.4mm and one of 6.9 mm
are available; for high energies they must be used in combimaflhe plot ignores absorption and
detector e ciency.
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and crystal. However, it is also necessary to change the dals. Due to absorption and
dynamical theory of diraction [Lis94] the optimal crystal thickness varies for di erent
energies from 1 mm to 6 mm as shown jn Figure 2.7. For a decenunbrate, several
crystals with di erent lamella thicknesses exist. They musbe changed according to the
-energy that is supposed to be measured. For a good resolatithe crystals must be
aligned better than an arcsecond. Each crystal has an optibapolished surface which is
almost parallel with respect to the di raction lattice planes. The deviation angle is within
a few arcseconds and known for each crystal. As optical padiisg introduces strains to
the lattice, the crystal provides a cut such that these strais do not a ect the di raction
lamella. This is sketched irj Figure 2]6. The silicon is gluesh three legs to a steel base.
This base can be xed with three screws to the axis. The symnmat positions of the
screws ensure a su ciently rigid connection. A rough alignmant to about 2 arcseconds
can be achieved by the use of shims and veri cation by the pshed surface with an
autocollimator. For further ne-adjustment the head of the axis can be tilted up to 8%
All crystals are pre-aligned to be measured in the (220) dicgon, as this is the standard
orientation used in silicon lattice spacing metrology dueot the high re ectivity.

2.1.5 HPGe-detector

The acquisition of the -rays is done with a high-purity germanium detector ( 32%
relative e ciency |[Kes+01]). Operated at a tension of 3KV, eery -photon dissipating
its energy in the depletion zone causes a voltage drop propional to the energy of the
photon. After ampli cation and reshaping with 2 ps shaping time the signal has an
amplitude of up to 4 V. Usual count rates atGams are below 1 kHz and can be handled
without worrying about dead time corrections. The energy olution is a few keV. This
helps to distinguish from -events with di erent energies originating from a di erentBragg
order or from a di erent crystal lattice layer.

The detector must be shielded from undesired radiation to ¢din an acceptable signal-
to-background ratio and to avoid saturation and thus deadi#ne e ects. For general
background radiation the detector is protected by a 10 cm thk lead shielding covering
the full solid angle (se¢ Figure 2|8). As the diameter of theetector front is 10 cm, and
the di racted beam is sometimes only a few mm displaced fronié non di racted beam,
a dedicated collimation line of two times 50 cm length is plad in front of the detector.
The position of this collimation line must be adapted for edtBragg order and wavelength
as well as the detector position itself. As all other horizaal diaphragms, the collimation
line should not touch the actual di racted beam.
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B-crystal A-crystal
beam
detector collimator table rotation table translation diaphragm

casemate (concrete)

antivibration
platform

air piston

detector post-crystal inter-crystal
with lead shielding collimation collimation

Figure 2.8: Gams4axes. The scheme is not true to scale and shows the spectesnieta sort
of (+2,+1) Bragg order for a low energy. Axes which are motor tatled are marked with arrows
on brown background. Lead shielding and diaphragms are rdiawdark grey. They are manually
actuated (indicated by a small arrow without background)nél crystals are drawn in red.

2.1.6 Axes & coordinate system

Apart from the Ge-detector that provides a quantitative valie of the energy per event,
all other observables of the instrument are displacements space, to be more precise: in
most cases rotations. A consequence is a large number of timia and translation axes,
which are listed here:

A-axis The rotation of the crystal is coarse positioned via a step-otor with a resolution
of 0:8urad and ne positioned with a piezo actuator with a range oRurad. Position
read out is done by an Michelson interferometer with a resdion of better than
2 10 Vrad.

B-axis The B-crystal is controlled as described for the A-crystalvith independent me-
chanics and interferometer.
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Table translation  Both crystal axes and the interferometers sit on a common solunit
called interferometer table . This entire table can be traslated laterally. However
this operation is required only to position the A-crystal réative to the target. Apart
from the initial alignment this is rarely used.

Table rotation  Additionally, the table can be rotated around the A-axis. Ths is nec-
essary to place the B-crystal in the centre of the beam di raed by the A-crystal.
This frequent movement is done by a step-motor. The readous taken from aHei-
denhainruler. The linear movement is transferred by a trolley and aipot point to
a rotation. A reproducibility of 20purad is reached.

Detector The opening slit of the shielding of the Ge-detector has to bglaced in the
centre of the twofold di racted beam. Therefore the detectowith the entire lead
shielding can be lifted by some air pads and translated ovemd with a resolution
of 20um.

Collimator The collimation line in front of the detector has to be placegroperly includ-
ing a slight rotation of the detector collimator unit to follow the diracted beam.
The collimation translation places the front end of the coiinator at the proper po-
sitions and pro ts from the air pads of the detector to rotatethe back end. The
resolution is better than 10pum over a range of 1 m.

Beam diaphragm The actual beam must be shaped only in height. This is done bgme
lead bricks which are placed by the skilled hands of the experenter. The horizontal
shaping is done by the A-crystal. However it is crucial for alv background to block
all unused radiation as early as possible. For this a pair afdd bricks is placed half
way in front of the spectrometer. As the target may have di eent widths the bricks
can be moved individually by step motors with10pum resolution.

Inter-crystal collimator Two pairs of diaphragms are placed between the two crystals.
Their use for initial alignment is priceless. Their use for d&ckground reduction
depends strongly on the measured-energy. Each lead brick can be driven manually
by micrometre screws.

Crystal tilt  The crystals have to be aligned vertically parallel to eachtler (lateral
inclination). Otherwise the rocking curve will widen largéy. The coarse inclining is
done by shims. A piezo actuator can incline the A-crystal in aange of10%

Polygon motor For the calibration of the angle interferometer it is necessy to couple
a polygon to the B-axis. This is done by two precision gears i 360 teeth. The
polygon xed to one of the gears can be lifted (in order to deouple the gears) by
a motor and after that it can be lowered at another gear posin.
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Note that for historical reasons all angles aGams are counted clock wise (inverse math-
ematical rotation sense) if seen from the top. Translationare oriented the same way
provided they are seen as approximative circles around theactor core.

If a coordinate system is necessary for construction desgit originates from the centre
of the -beam at the level of the A-axis rotation centre. The Z-axis @nts against gravity.
The X-axis points along the -beam. The Y-axis completes the orthogonal right handed
system. Attention: the coordinate system is only de ned if he interferometer table is
aligned parallel to the -beam (meaning source, A-crystal and B-crystal in line).

The notation of double crystal Bragg orders is di erent fromthe usual literature nomen-
clature used in X-ray diraction. At Gams the non-dispersive con guration is named
(m,m) as usual both orders have the same absolute value, but &ams they have the
same sign, contrary to most low energy nomenclatures. Thisaé the advantages that
the Bragg order of a crystal has the same sign as the angle inieth this Bragg con-
dition occurs and both crystal rotations have the same signf @otation. Note that the
crystal rotations are measured always relative to the intéerometer table which must be
rotated itself. For a (1,4)-re ex one would rotate the tableby 2 ,j,-,, the A-crystal
by +1 aj,-; and the B-crystal by+ gj,-,-

2.1.7 Goniometer

The angles of the crystals have to be measured very preciselyer a large range. For
this purpose optical interferometers are best suited. AGams heterodyne Michaelson
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Figure 2.9: Gams4interferometer layout. The goniometer arms with crystals ateghe very left
and very right. An explanation of the optics is giverlin subsec#.1.2.
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interferometers are used. A lever arm is xed symmetricalland rigidly to the axis with
the crystal. At both ends a triple mirror is xed. These triple mirrors, also referred as
corner cubes, re ects back light parallel to its incident diection. So the interferometer
will detect the sine of the rotation of the axis as linear didacement of the two triple
mirrors. The absolute axis angle can be calculated from the interferometer readout
from the equation:

F=Ksin()+ Fq, (2.2)

when the calibration constantK and the interferometer zerd~, are known. This equation
is discussed extensively ifh_secfion 2.2. The lever arm toget with the corner cube is
called goniometer arm.K is a measure for its length.

The Michelson interferometer splits a laser beam into two a@hguides these to the triple
mirrors. It recombines the re ected beams and measures theh length di erence by
analysing the phase via the interferencessams uses a heterodyne interferometer where
the beams for each triple mirror have a slightly di erent waelength. The di erence is a
radio frequency (RF). In the recombined beam this RF-frequegcshows up as a beating
frequency that has the same phase as the optical waves. Thimpgli es the electronic
acquisition a lot, provides always information about the sese of any displacement and is
hardly sensitive to uctuations in the light intensity.

Any interferometer provides only the displacement informizon within a distance of one
wavelength (632 nm) of the laser light in use. This is the phasof the electronic signal.
Any longer range distance information must be obtained by atinuously surveying the
phase signal and counting full phase revolutions, or in optl language: fringes. In this
work, the combined information is called interferometer i&d-out. It comprises the number
of integer fringes and the fractional phase information. lis formally a dimensionless
number. However, its conversion factoK is di erent for the instruments Gams4, Gams5
and Gamse6. To indicate which K applies, the readout is given with the unitf,, fs or fg.
The interferometer read-out is of the dimension of length, Ui for a rough estimation it
can be converted to angles by dividing througik .

To simplify this acquisition with an analogue electronic sstem the number of fringes was
multiplied electronically by four. Consequently alsaK is four times bigger. Also some
non-linearity e ects are stretched. These quarter-frings were used inGams4. They
were in use atGams5 as well. However, since the installation of a new data acqitien
system in 2006 Gams5 uses unmodi ed fringes.Gams6 will use unmodi ed fringes from
the very beginning. Details of the interferometer and the pdise acquisition are given in

chapter 4.
2.1.8 Angle calibration

For deducing the -wavelength via the Bragg equatiori (2.1) it is required to kow the
angles with absolute accuracy. However the transformatioinom interferometer readout
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into angles requires the knowledge of the calibration corsit K , see equation (2.2). This
is the distance between the two corner cubes of an axis mea=iiin laser wavelengths.
However, this length is not accessible by mechanical meansthe required accuracy (i.e.
10 & for Gams6). Hence a calibration is necessary. A full rotation is the viede ned
angle of 360°. As the range of the interferometer covers or89° the full rotation must
be folded somehow into this range. This is done by a 24-sidesbular polygon. Its sum
of exterior angles is 360°. The interferometer can perfectineasure the angle between
two adjacent sides. After such a measurement is made, the pgbn is decoupled, rotated
by 15° versus the axis and then re-coupled. The angle of thexhedjacent sides can
be measured at the same interferometer positions as beforéfter doing this for all
24 corners, the sum of the angle di erences obtained from theterferometer read out
corresponds to 360°. The interferometer read out is hencelibeated to absolute angle
units now. The procedure requires a mean to rigidly couple ¢hpolygon to the axis in
various positions. This is done by a pair of high precision ges with 360 teeth. The lower
gear is attached to the goniometer arm, while the upper geas attached to the polygon.
So the polygon can be coupled to the axis in any multiple of a $tep. Normally steps of
15° are used. The coupling is done by gravitation, thus in atlositions occurs the same
force. The reproducibility of this coupling is better than2 10 ’rad. The precision of
each re-coupling is veri ed by an autocollimator which can masure the orientation of
one polygon surface with a precision of about one nanoradjanowever, only within a
small acceptance range. The procedure, its theory and untanty analysis are described
in Section 2.3. The performance of th&ams4 calibration and the corresponding data
evaluation is presented if_secfion 3.2.

2.1.9 Environmental isolation

The entire instrument is placed in the reactor hall. This is ot an environment which is
desirable for metrology instruments: The oor is vibratingdue to the heavy water pumps
of the reactor and the temperature varies up to 0.5° within aal. Additionally, the Ge-
detector needs to be lled with liquid nitrogen regularly, @using a huge temperature drop.
Luckily the main radiation protection, a casemate of 30 cm ewrete walls all around the
spectrometer, can be used to improve temperature stabilitgnd also to shield against
acoustic vibrations. The temperature inside the casemate already stable to 0.3° due to
the air conditioning of the reactor hall and the thermal mas®f the casemate. Though
this stability is disturbed by the daily or weekly re- lling of the nitrogen dewar of the
-detector. Several lamps of 100 W that are controlled by a theometer stabilize the
temperature additionally. A housing out of multi layered aliminium foil and isolation
material separates the central part of the spectrometer fro the Ge-detector and the
lamps. A further Mylar cover reduces convection around thenierferometer and crystals.
To isolate the instrument from the vibrations transmitted by the ground, the whole central
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Figure 2.10: Gams4thermal shielding. The aluminium cover consists of a muylétaof aluminium
foil and mineral wool. In the region of the detector collinmatiline it is not that close to allow the
detector moving. The casemate has even more thermal leakspibst important in the rear wall
towards the old detector room. The lead diaphragms are ndudtark grey. For elements not named

here seé Figure 2.8.

part of the spectrometer is placed on a solid and massive piatm (about 3t and out of
iron or granite respectively). This plate is hold by air pisbns. Their pressure is controlled
actively to keep the platform in place withlum translational and 1prad angular precision

relative to the ground. The set-up is sketched i Figure 2.10

2.1.10 Acquisition sequence

Even though the crystals are quite perfect, they still have anite line width which can be

resolved by the instrument. Therefore one of the crystals retated around the expected
angle of Bragg condition while an intensity pro le is taken.The result is called rocking
curve. The real Bragg angle is obtained by parameter estimah typically a most-

likelihood t. As for the angle measurements there is no abkde zero orientation given,
one has to measure the Bragg angle in two di erent orders andeduce the wavelength
from the di erence of these angles. Typically one leaves thecrystal x and changes the
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orders of the B-crystal. This has the advantage that througbut the whole measurement
most of the instrument can stay at one position, only the B-gstal and the detector
with its collimation need to be moved. If one would change thé&-crystal order the
beam di racted by it would displace and one would have to didpce the B-crystal. Such
a displacement would require a rotation of the whole spectmeter table and certainly
would disturb environmental stabilization. For conveniene one leaves the A-crystal at a
xed position and performs also the rocking with the B-crysal.
As the acquisition is sequential, throughout the measuremeof both Bragg orders the
environmental condition should stay stable. To compensatat least for linear drifts the
acquisition sequence consists of 4 rocking curves:

B:(ci)+ at order (c;i); positive scan direction,

B:(cj) atorder(c;j); negative scan direction,

B:(cj)+ at order (c;j); positive scan direction,

B:(ci) atorder (c;i); negative scan direction.
During such a 4-pack the A-crystal is always kept ainy = ¢. The B-crystal is alternated
betweenmg = i and mg = j. The ordersc, i, andj may be chosen freely. However the
casec= i = | provides symmetry e ects that simplify the evaluation and ncrease the
accuracy. The acquisition time for such a 4-pack can vary heeen a few minutes and
several hours, depending on the intensity of the-line.

2.2 Spectrometer mathematics

As the principle of the spectrometer interferometer is qué simple, it can be explained by
only two equations, namely Bragg's lay (2.]) and the interfemeter equation| (2.2) which
reduces to a simple sine function if one assumeg=0:

n = 2dsin
F = Ksin
A -detection of a Bragg-re ex means=  , hence can be calculated easily:
2d F
= ——. 2.3
e (2.3)

This approximation can be used for uncertainty estimation iad very rough wavelength
estimations. However, the detailed data analysis is not tharivial, mainly due to the
non-linearity of the sine combined with various fringe andrsgular o sets.

In the past many of these o sets were ignored, partly becaussome parameters were
assumed to be stable between two measurements and therefaaild cancel out in the
di erential measurement, or because the spectrometer wased only in symmetric mode
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and therefore o sets cancel out in di erential measurement as well. However, the ac-
curacy aimed for does not permit the assumption of a stable wWronment any longer.
And ,due to the sine, even small o sets lead to an unacceptablerror in asymmetric
measurements. As the crystal lattice spacing comparisoregsection 5J4) requires strong
asymmetric measurements, a detailed understanding of thgssem is indispensable.

To describe the system in full detail without the need for toanany indices in simple or
general cases, a dynamic index structure is appropriate. rvariable Y can have the
following combination of indices:

Y Without index the variable is used for general theory and maypply to any axis at
any time.

Yy One lower indexX is the name of the axis, A or B (sedsecfion 21).

Y ™) A high index in brackets may be combined with any of the optio® above. IfH is
a number or a running index (italic letter), it indicates at which time a quantity
was acquired or valid. IfH is a naming index (upright letter), it indicates the data
processing that has already applied to this quantity, i.,e.M for a measured value,
or S for a value already corrected to standard conditioniiterms of temperature,
pressure and humidity.

The variables are:

x The angle between interferometer lever arm and interferortes virtual zero ( x =0°
when the arm is perpendicular to the laser). This zero can bd erent for each
interferometer as long as it is stable. It will be part of the et # in [(2.9)] The
actual instrument the zeros of both axes agree withig®®

#x The angle between the normal of the crystal di raction plane and the interferom-
eter lever arm. After mounting once, this angle must stay stde throughout the
experiment (at least there must not be any non-linear drift dring a four-pack).
The value of this angle is not known.

x The angle between crystal diraction planes and interferomter virtual zero. This
Is the relevant angle as it permits to calculate the angle beten the two crystals.

x  The Bragg angle between crystal di raction planes and -beam. Incident and re-
ected beam are considered to be symmetric.

Fx The interferometer readout of the axisX at the re ex in m-th Bragg order.

Fx.o The interferometer readout where x = 0.
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3(F — Fp)

corner cube

interferometer virtual zero

Figure 2.11: Variables used to describe
the spectrometer. Each variable exists for
A- and B-axis. Note that angles are mea-
sured clockwise. For the orientation of the
Bragg angle x see[Figure 2.12. Both in-
& terferometers may have their individual ori-
8 « corner cube entation as long as these stay stable. They
g are accounted withir#y .

Kx The calibration constant; it is the interferometer lever am length in units of the
laser wavelength.

From these de nitions the relations:

A=A Ha

S 2.4

w
I

follow directly.

As the acquisition is taken on varying the B-crystal angle ath needs to be deduced from
the di erence of Bragg angles, it is best to resolve the equans in the form (Fg). As
the di erence has to be calculated of angles and not of fringeequations (2.2) and (2.4)
are combined; solving td yields:

. F Fx.
'y =arcsin 59 4 gy (2.5)
Kx

The -beam arriving at the B-crystal has already been di racted # the A-crystal. There-
fore the Bragg condition at the A-crystal and its orientation de ne the orientation of the
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Figure 2.12: Angle relation between A- and B-axis. The rst Bragg angle is assumed to be
known. For its absolute value this is only roughly true, bt viariations within a 4-pack are small
and can be calculated precisely. The interferometers deliverangles x. The angles' x can
be deduced fron{2.4)l Hence the angle between once diracted -beam and the spectrometer
symmetry line calculates as= ' o  a. This is furthermore the incident angle for the B-axis. The
Bragg angle g for the B-crystal can be calculated ag = ' g . Note that the equations and the
sign of the angles remain valid with a negative Bragg angle irrch negative Bragg order. Note
as well, that has for the evaluation no meaning and was introduced for easidenstanding only.
The crystal zero needs to the same for both axes. But as it is artrarp orientation, this is without
loss of generality.

-beam incident on the B-crystal. Together with the anglé g of the B-crystal at which
the Bragg peak is be observed one can calculate the Bragg &gl as seen if Figure 2.12:

()N () B ()] (i)
B =8 ‘At A (2.6)

If this knowledge is added to the Bragg condition at the B-crstal, one obtains after
solving to

b _ 2dY sin( )
Mg
_ 2P sing g+ #a) (2 + #a)+ f) -
- (i) ' (2.8)
Mg

The expression contains the angle#z and #, between axis and crystal. These angles
are not known, therefore () cannot be derived from a single di raction order. But these

angles can be assumed to be stable as showii in chapler 3. Hemoeeasurement of two

68



CHAPTER 2. -SPECTROMETER

di erent Bragg orders that is done in a 4-pack provides all nreessary information. But
even then the individual angle o sets stay unknown, only thecombination

#= #B #A (29)

can be obtained. This is no problem as the individual o setsra of no interest.

2.2.1 General solution

To solve the problem of the unknown crystal o set angles, onmeasures the Bragg an-
gles for di erent diraction orders. These measurements & numbered withi. In the
following is described how to evaluate a measurement of twoeatent orders. If data from
more orders is available, they should be grouped by two anddhresults merged at the
end. Alternatively such multi-order measurements might byused for non-linearity-test
as described ir_secfion 2.3.2.The measurement variable® andexed with (1) and (2),
and observed the Baragg orderga; ) and (a; k), respectively. For each measurement,
equation|(2.8) is valid:

| od@sint @ O 4 sy O
(i = g Sin( g blA A) (2.10)

2) 2 2 2
2d@ sin( @ @44 @)

b,

0 (2.11)

The evaluation consists of determiningt such that all () become equal.

It should be mentioned here, that this section gives a genérsolution to obtain a wave-
length value from the measurement of two arbitrary Bragg orers. However, as will be
seen below, this method is not convenient for data evaluatio Hence limiting the experi-
mental set-up to symmetric orderdy = b, and doing an additional o set measurement
described in Sectioni Z.Z12 on padel76 is the recommended roethThe simpli ed data
treatment is described in the next section. For the rare casevere such measurements
are not possible the general solution is given here.

After solving both equations to# they can be equalised.

arcsin—(gl arcsin (?)2: S) (Bz) 21)+ f)+ S) f). (2.12)

Note that all variables hardly change between the two measements, only g and the
B-Bragg order change largely.
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With the substitutions

u = —(gl , (2.13)
2dg
b dg’
2
b
. 1 2 1 2 1 2
W=sn ® © 0, 0,0 o
the equation is of the form:
arcsinU + arcsin(v. U) = arcsin W . (2.15)
As all variables are well within the interval ~ 5;+ - this has the same solutions as:
Y Y
Ul V2+Vv 1 U2 = W. (2.16)

The equation has four solutions fotJ, where only the following solves the physical prob-
lem: s

p—
1+v2 (2 v2+ v2W?)
u=Ww . 2.17
1 22+ v4 4Av2W? (217

Thus equation|(2.12) seems to be solvable to. However, the term S) f) depends
on :

- O @ L a . a
A= = arcsin arcsin—-- . (2.18)
S oy 2d?

The changes of the lattice constant of the A-crystal are smatluring a 4-pack. The

coe cient of thermal expansion (CTE) of silicon is = 2:6 10 =K and changes in

temperature are usually smaller thanT / 0:01K. With df) = df) T follows that

A A T . Its in uence on the relative change . of can be roughly estimated by
linearising the arcsine in (2.12):

1
A T . (2.19)

() @ )
B B

As —5%— is in the order of one this means that even when using o = 0 for the

evaluation of despite having a huge temperature change of 1K, the relativror will
be smaller than2:6 10 8. Fortunately A is depending on only very weakly for all
possible con gurations atGams. This rough value obtained for is then used to calculate

A, then is calculated again. After one iteration the obtained relave error is below
10 1.
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2.2.2 Environmental corrections

Neither the recursive calculation with , nor the complicated equatior (2.17) is conve-
nient for data evaluation. Furthermore a fundamental prol®m is not solved. In subsec-
tion 227 it is assumed that all angle information is givensasingle values. However, the
interferometer output describes only a rocking curve, fromwvhich a fringe or angle value
must be obtained by parameter estimation i.e. a t. If there vas some change in the envi-
ronmental parameters within the rocking curve acquisitiorthe theoretical rocking curve
will not describe the data any more. This leads in the best cado a larger uncertainty
of the t, but it can also result in a biased t.

Hence it is much better to correct the data to standard condibns before the tting is
performed. Additionally the angle information obtained bythe t correspond all to the
same standard conditions. Therefore the lattice parameteds and d, in equations| (2.12))
and([(2.18) do not vary any more and simplify the data evaluatin a lot.

It should be mentioned that it is not necessary to correct to @neral standard condition
(like vacuum and 0 %.) immediately, but preferably to some avage condition at Gams

during the measurement. Hence the correction will be as srhak possible and uncertain-
ties in the correction coe cients do not harm the data. In this work a temperature of
T =22:5%o0, a pressure op = 760 Torr = 1023:;5hPa and a relative humidity of h = 40%

are used as reference conditions. The transfer to generadrsfiard conditions (in silicon
lattice spacing metrology: 22.5 %, and vacuum) should be doaéer the fusion of all data
measured atGams.

In this section the corrections for each parameter will be elained individually, as if in
a thought experiment where only this single parameter is aaed by changes of environ-
mental conditions. This is valid, as all corrections are ingpendent if applied in correct
order.

Laser wavelength

The laser measuring the axis-angle runs through air and iseéhefore sensitive to the index
of refraction . The refractive index changes the speed of liglst and as the laser has a

»Gams4 uses Torr as unit for air pressure from the measurement proas to the data evaluation. This
is followed in this work for compatibility with old data eval uation algorithms. The upcoming Gams6 will
operate in vacuum, hence a di erent pressure gauge will be sl and the problem will not persist. 1 Torr
= (101 325/760) Pa.
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stabilized frequency it changes the wavelength of the laser, .

O T (2.20)
) :
L= ¢ (2.21)
(M) () )
) M= o (2.22)

(M)

The interferometer readout measures the distance of the &spath in units of the wave-
length. The entire interferometer is exposed to air. Howewall laser paths are a ected
the same way by atmospheric changes. Hence only the asymnefath must be con-
sidered for corrections. The interferometer is build suchhat the laser path have equal
length in the 0° position which is when the connection line dhe corner-cube centres
is perpendicular to the laser beam. The path length di ererel which is measured by
the interferometer does not change in function of the refréige index, hence the trans-
formation from wavelength to absolute fringes is valid in bib situations, S standard
conditions and M measurement conditions:

.
ﬁ )

L

The combination of equations (2.22) and (2.23) yields:

FM o Fy= L : (2.23)

F& Fo= )
L

(S
FO= 5 F™ Fo +Fo. (2.24)
This means if the interferometer read outs which are obtaigefrom measurement= M),
are replaced by the one corrected to standard conditida(®, these data can be evaluated
as if the measurement had been conducted at standard conditis.

Refractive index of air The index of refraction which is needed for the correction
depends on temperature, pressure, and gas composition. Ap#om the humidity, the
air composition is regarded as stable o8ams. The index of refraction can be calculated
by the updated EdIén equation/[BD93; BD94]:
(T;p;h=1+ A B C, (2.25)
with
= . . =9 6
A = 1+ p=Torr (0:80127 0:012959 T=%0) 10 1 (2.26)
1+0:0036610 T=%0
_ p=Torr  ® 1
B = 7207770 ! (2.27)

C = has=Torr 49789 0:0535 =pum *!

> 108, (2.28)
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T denotes the temperaturep the pressure andh,,s the partial pressure of water vapour.
The index of refraction of standard air on which these equaths are based is measured
at the reference conditions R , which are 15 %, anti01325 hPa = 760 Torr. It can be
calculated as:

(R) 1 10°=8342:54

1
+2406147 130 =pm 17

1
+15998 389 =um *° .

where = 1= [ is the inverse laser wavelength in vacuum. AGams lasers with | =
0:63299um are in use.

As the humidity sensor delivers the relative humidityh it must be converted to the partial
pressure. In formerGams data evaluations this was done by:

hass = h 20:1072Torr , (2.29)

which is correct for a temperature of 22.5 %.. To adapt this fathe actual temperature a
second degree polynomial was tted to some data of equililwin vapour pressure of water
from [Wea71] in the range of 14 24 %.. That yielded the express

habs = N 10:33  0:372 T=V%o+0:0363 (T=%c)> Torr . (2.30)

Calibration constant

The interferometer measures the rotation of the axis by measng a projection of the

corner-cube movement, and calculating the angle using thecaine function. However, if
the distance between the two corner cubes changes the inegdmeter read out will change
as well, unless =0 °. The expansion of the goniometer arm, that is supporting thtwo

corner cubes and thus is responsible for the distance of tleoss linearly depending on the
temperature. And so is the calibration constant:

KM=@+ T)KO (2.31)

The material has a low CTE of 10 =K. Assuming that between two measurements
only K has changed, then the angle of the axis at which the Bragg rexénas been observed
must be the same:

CI (2.32)

FO R, _FM R
arCsin— - —s— = alrcsin

KO K (2.33)

(©)

(S = (M)

+ Fo . (2.34)
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This correction has to be applied to both axes and after the o@sponding fringe number
has been corrected for the refractive index of air.

A-axis mispositioning

The data evaluation implies that a theoretical rocking cure is tted to the experimental
data. This requires that one crystal ( B ) is scanned whiletie other ( A) stays at a xed
position. If within a scan the A-crystal moves the t would nad work any more, so the
position data of the B-crystal must be corrected. This mean§the A-crystal is misplaced
by an angle ' , the position data of the B-crystal must be modi ed by this amgle. It is
important to note that this correction applies linear in andes, but not linear in fringes.

If the corrections to interferometer read out and calibrattn constant that were explained
in the previous two sections are applied to the A-axis, the flowing situation arises: the
corrected A-axis positionF,is) is not x throughout a scan. But also mispositioning due
to a failure of the electronics may require such a correction

In any case we obtain di erent (pre-corrected) interferomter read outsF /iM) for the scan

points, while we want them all to be a xed valueF.”. The B-axis readout should be
adapted to compensate for these variations.

This can be done, as an experiment at any conditions shouldwalys lead to the same
value of the -wavelength . So one can write following (2.8):

(S = (M) (2.35)
2dB Sin( (BS) ’(A\S) + #+ A) _ 2dB Sin( (BM) '(QM) +#+ A) (2 36)
mg - Ms .
(BS) (AS) - <BM) E\M) (2.37)
and thus together with|(2.5):
|
S (M) (S) (M) .
Fe" Feo _gin arcsin™ T894 arcsin TA FA®  greginta Fao (2.38)
Kg Kg A Ka

For K, and Kg one should use standard condition values, as al§g" and F{") are
corrected to standard conditions for calibration constantind index of refraction. F,ﬁs)
can be chosen freely, as long as it is the same for all data witha 4-pack. In practice,
one will use the set-point value. If this is not available, amverage value 0F/£M can be
used.
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A-crystal lattice spacing

Due to a temperature variation the crystal lattice spacing ray change and consequently
the Bragg angle. If this happens within a 4-pack the data mushbe corrected for this.
Fortunately the lattice changes of A- and B-crystal can be wrated independently. First
the A-crystal is analysed. Similar to the A-axis mispositining in the previous subsection,
one can assume that two experiments at di erent conditions ost deliver the same -
wavelength, thus:

20gsin( P +# o+ ) _2desin( §V+# A+ )

(2.39)
Mg Mg
S S) _ M M
&, &= M, M . (240
: - FM g, . m . m
Fés) = Fgo+ Kg sin arcsmBK—B’O+arcsm% arcsm% , (2.41)
B 2d, 2d,
where the lattice constant changes with temperatur&@ ™) as:
dM = d® (1 + T) (2.42)
with T=TM TG (2.43)

The lattice spacing is also in uenced by the atmospheric pssure. However this in uence
is so small that any changes during the measurement (due to atker) are not signi cant.
Only for comparison with measurements performed in vacuum eorrection has to be

applied. See equation (3.1) for details.

B-crystal lattice spacing

The B-lattice spacing may change because of temperature i&ions. Due to the algebraic
structure the correction is a bit more laborious. Startingrfom equation|(2.8):

2dgsin( ¥+ #  at a) _ 20g7sin( gV +# At a)

2.44
. P (2.44)
and using the abbreviation

=t At # (2.45)

we nd |

F? Fe, Cd FM Fee
arcsin—2 .9 = arcsin -2 sin arcsin—8—— 22 + , (2.46)

KB d(s) KB

B
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whered("=d” is calculated fron{ (2.42). contains#, the di erence of the angle o sets of
the crystals towards the goniometer arm. This is a priori unkown, but can be determined
in a separate measurement. Without dismounting the crystalsne has to acquire an extra
4-pack preferably of a high intense -line with a low energy and thus a high re ectivity

and large Bragg angles which means high sensitivity. Consesptly this 4-pack can be
measured very quickly. Therefore the environmental condins will not change during

the measurement no correction is necessary andy’ u  © aswellas P u . If one

chooses additionallyb; = by, |(2.10) and|(2.11) can be solved easily t:

(Bl) + g) @ @
T+ A A (2.47)

H#H=

-wavelength calculation

The raw data obtained from -wavelength measurement must be corrected stepwise as
was described in this section:

1. First the interferometer readoutF ™) must be corrected for changes in the refractive
index of air for both axes independently.

2. Then these modi ed values are uses as input data for the cections for changes of
the calibration constant. This has to be done for both axes dependently, too.

3. Then the corrections of both axes are combined, so that thmispositioning of the
A-axis is compensated by modifying the B-axis readout.

4. Now the A-crystal lattice spacing corrections are applie

5. The B-crystal lattice spacing correction results in the nal data.

It should be emphasized that all these corrections must be plged to each data point of
all scans. The reference weather parameters, referencedstdard conditions can be
chosen freely, but at least for an entire 4-pack they must béné same. For convenience
they stay xed for a whole measurement campaign. Practicalithey were never changed
during the lifetime of the instrument. It is valid to apply this stepwise procedure, as none
of the steps uses any observables which was not correctedvarasly. Accordingly any
observable that appears in a expression and is not subjecttbke actual correction must
be used in standard conditions.

Now the corrected B-axis interferometer readout can be tte to the theoretical rocking
curve. It should be noted that the line shape calculations lsg&s on the linearised equa-
tion This can be used without modi cation if there areno o sets. However, the t
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should account for any non-negligible o set inFy or # (see crystal lattice comparison in
[Seciion 5.4). At an o set of # = 0:14rad the peak width will change by 1%. Any higher
order like quadratic a distortion of the peak shape is belod0 & and thus not important
for any known applications atGams.

With the estimated peak positions a simple evaluation folloiwg [Subsection 2.2]1 can
be done while using all parameters at standard conditions.f the 4-pack is measured
symmetric on the B-crystal (i.e.b, = by), equation|(2.12) simpli es to

. b
2arcsmﬁ= B:by Biby » (2.48)

as apm = Ap and ap = Ay, at standard conditions.

2.3 Instrument calibration

The Gams facility can deliver absolute gamma ray wavelength measurents. It re-
quires only one input parameter: the crystal lattice spacip All other parameters (e.g.
laser wavelength, corner-cube distance) can be derivedrfra self-calibration. This only
requires the stability of these parameters throughout the ole measurement and cali-
bration process. This calibration is crucial as some paranees cannot be accessed with
the required relative accuracy oflO 8 by any other means. For example, the corner-cube
distance can be measured with a coordinate measurement maehwith a relative ac-
curacy of 10 © only. In the past, a lot of e ort has been made to analyse the @nge
of the calibration constant and to relate it to external condions (temperature, humid-
ity, and pressure)[Dew+06]. Despite the fact that this cabration procedure has existed
for already 30 years and has been described in several pudticns [Kes+01;|Kes+94;
Dew+06], no information about the uncertainty of this procelure is published, and more
seriously, there are wrong rumours about the theoreticallyossible accuracy. Therefore, a
detailed description and mathematical analysis of the célration is given in this section.
Furthermore, new results about the systematic uncertaintpf the experimental set-up are
revealed. The experimental results of an actual calibrativare presented i _secfion 3.2.

2.3.1 Description of the procedure

Due to the transformation from angle position to linear displacement, the interferometer
readout F (measured in fringes:fy, fs, or fg depending on the instrument) needs to be
calibrated to a reference angle using equatin (2/2) whick after simpli cation:

F=Ksin . (2.49)
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The calibration constant K can be deduced roughly from the interferometer lever arm
length, but on the desired level of precision it is a priori uknown.

A 24-sided polygon folds the well de ned angle 860 to the reachablel5’-range of the
interferometer. Following the procedure explained ip Fige 2.13 one obtains 24 pairs of
readouts (F";F, ). Each pair corresponds to an angle di erence. Knowing thathese
angle di erences must sum up to 360°:

)@4
F =2, (2.50)
i=1
one can obtainK by solving the equation:
X arcsinFi+ arcsint L =2 (2.51)
K K - . .

i=1

This procedure is called a full symmetric calibration. Addionally, by calibrating asym-
metrically information about non-linearity can be obtainal (see subsection 2.3.3).

Polygon stability

In the measurement campaign 1997-2000 [Dew+06], a big e onad been made to do
multiple instrument calibrations over a large time intervd. The idea was to investigate
the dependence of the calibration function on environmentgarameters. However, one
single full calibration takes about 12 hours. This does notnty consume a lot of time,
which is then not available for -wavelength measurements any more, but also has the
disadvantage that uctuations on shorter time scales will B hidden or even disturb the
measurement signi cantly.

However, it is not necessary to do a full calibration36C° turn of the polygon, including
the measurement of all 24 angles between all adjacent mirsr The measurement of
only one angle between two adjacent mirrors provides the sarstability information. On
Gams4 such a measurement takes 21 minutes plus a lead time of 12 ntesj resulting in a
possible repetition rate of about 33 minutes. Such a short rasurement can be performed
much more often. However, now the stability of one polygon gie has to be assumed.
When comparing full calibrations this is theoretically not equired, as the sum of the
angles will always be36(°. But even here the polygon angles must not change during
each full calibration process.

The polygon is made out of Zeroddt providing a CTE of j j 10 8=K. The material
IS a mixture of amorphous and crystalline glass. There is nmformation about the
anisotropy of the thermal expansion. Therefore, the worstase is assumed. Following
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d——a  Step 1:

The autocollimator veri es that polygon surface 1 is perpen
U dicular to it. At this time the interferometer measures the
position of the arm.

Step 2:
The polygon rotates to the next surface with the goniometer
arm is rigidly xed. The passing fringes of the interferomedr
read-out must be counted.

Step 3:
The autocollimator veri es surface 2 to be perpendicular &r
the polygon rotation. Interferometer measures position ain.

Step 4.
The Connection between arm and polygon is loose. The arm
rotates back while the polygon stays in position. The pasgn
fringes are uninteresting for the symmetric calibration. ¥t,
they are counted in order not to lose the interferometer o ge
Fo.

——a  Step 50(:Step 1):

Polygon and arm are coupled again. Repeat from step 1 for a

U full revolution until surface 1 is reached again.

Ke—H

Figure 2.13: Full symmetric calibration of the goniometer, using polygar autocollimator.

Figure 2.14: Polygon thermal deformation: the angle between two mirror surfaces
is given by =180° 2 andtan = 2—1 In the case of a 24-sided regular polygon one

nds the initial length ratio 2% = m. Considering the worst case anisotropy

of the CTE : sy = sxo0 (1 T),sy = syo (1+ T), one obtains for a
temperature change T the change of the angle between the mirrors 052 T+
05( T)’+0[ TP

.the equatipns 04 the temperature must be stabl_j Tj ‘05% where
is the desired relative uncertainty. The temperature rangegiven in[table 2.1 show that
this e ect currently does not a ect the experiment. Howeverit must be considered in a

measurement of the disintegration energy of positronium ¢g[section 6.2).
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Desired rel. necessary

uncertainty temperature stability comment
410 70 K Gams4 accuracy
2108 36K target accuracy forNah with Gams6
410° 07K desired accuracy with positronium

Table 2.1: Necessary temperature stabilities to avoid polygon deformatibown to a relative
uncertainty of2 10 8, a single polygon angle can be used to compare calibratioresaluer a range
of several Kelvin.

Autocollimator response function

A description of the autocollimator which is used to measurie polygon position is given

in [LDT84]. This publication states a resolution of some 10@icroarcseconds or better.
Measurements orGams4 con rmed a resolution of about 200 microarcseconds. Howeye
some previously unknown systematic e ects in uencing stality and accuracy were found.

They are described in_subsection 3.2.1 and section A.3.

2.3.2 Calibration theory

Determination of the calibration constant K The 24 angles of the polygon are
measured with the interferometer in symmetric mode. Symmet means that one sur-
face is measured at roughly +7.5°, the other surface at -7,5%®sulting in F* and F
respectively. So the 24 symmetric angle measurements résal 24 pairs of interferom-
eter read-outs F¢;;Fg; . Hence, now all the external angles of the polygon are known
in units of the interferometer. As the sum of these angles i$63° the conversion from
interferometer fringes to absolute angles can be deduced.

When replacing| (2.49) with the full interferometer equation(2.2);
F = Fo+ K sin
then equation|(2.51) changes to:

Xe F&, F Fg, F
arcsin—>__° arcsins"T0 =2 . (2.52)
i=1

This equation must be solved folK . For all possibly occurring values there is only one
physically reasonable solution. Due to the arcsine the edien can be solved numerically
only, but, using the corner-cube distance as a starting vad this is not a problem.

However,Fq is unknown at this time and should be assumed to b&in this rst iteration.
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CHAPTER 2. -SPECTROMETER

Error estimation The fringe numbers indicating the polygon surfaces are errprone:
the autocollimator has a limited resolution 0:0025 f,), which is surpassed by instability
of Gams4 (0:07 f;). The individual uncertainties are known. Their contribution to K can
be estimated by linearising equatiof (2.52) with

arcsinx = Xx . (2.53)
When resolved forK this yields:
P 24 +
24 FX  Fo.
K = i=1 2S,| Sii ’ (2.54)
and thus: v
10 R4 ®4
K = 2_9 Fe %+ Fei °, (2.55)
i=1 i=1

or, if one assumes all fringe errors to be the samers:

1P
K=" 48 Fs. (2.56)

A similar analysis is done in|[Est98], where the uncertaintys described to be smaller.
However, this applies only to one angle of the polygon, thua the present case an angle
of 15°. However, in the present case the calibration constad must refer to the full
rotation of 360°. Hence, both analyses are in agreement.

Determine interferometer o set Fo One of the polygon angles is measured several
times at di erent o set angles. The polygon mechanics allow steps ofl° and a maximal
shift of 6°. Thus a single polygon angle can be measured in 13 di eremtérferometer
positions. Roughly(13:5° 1.5°, (125°% 25°, (11:5°% 35°, :::, (1.5% 135°. This
results in 13 pairs of interferometer readoutsF,I;j ;Fa; - All of these pairs represent the
same, but unknown angle. The calculation of this angle fromaeh pair is:

Fro Fo Fo

Fay
arcsin—2~___ =

; = arcsin A‘T % (2.57)
The values ; depend strongly onF,.
An average can be de ned as:
_ X3
=1 =13 j - (2.58)



2.3. INSTRUMENT CALIBRATION

Then, similar to a least squares t, one varied, until the sum of the squares of the
residuals reaches a minimum:

*(Fo) = (2.59)

The value ofK which has been obtained by the previous calculation from th&mmetric
mode should be used in this calculation.

Error estimation The uncertainty Fq is determined by:
2(Fo)+1= 2(Fo+ Fo), (2.60)

where ?(Fo) is the minimal 2 obtained above. There are two solutions, but their absolute

value is the same, due to the parabolic shape of. To cope with the instability of the

instrument, the errors of the individual interferometer r%d outs must be increased so that
2=(N 1) =1. This is done by multiplying F, with 2(Fo)

Alternatively or additionally to this asymmetric polygon method, multiple Bragg-angles
can be measured. When an appropriate-energy is chosen, the higher orders cover a wide
range of the goniometer. As the angular distance between tBeagg-orders is always the
same, a similar analysis as described above is possible. dshhe advantage that ner
steps than1® can be chosen. Though the angular precision of apeak at the appropriate
energies is not as good as an autocollimator.

Iterative calculation The calculation of K and F, should be done alternating and
iteratively unless the values do not change signi cantly anmore. This is usually the case
after two iterations.

2.3.3 Higher non-linearities

So far only alignment asymmetries and instabilities were neidered. The interferometer
itself was considered to have a response function followipgrfectly a sine as described in

equation|(2.2):
F=Ksin()+ Fo.

However, this is too much simpli ed. All optical elements ued to build the interferometer
are specied (and at least in the case oBams6 veri ed) to be homogeneous and at to
60nm. But below this level the surfaces can have a structure. Witn the main part of
the interferometer (laser source, beam splitter and detemt), these structures are of no
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important in uence as the laser is a ected always by the samsurface. However, when
the goniometer arm is rotated by an angle , the corner cube is displaced bg(l cos ).
Hence the laser scans dierent spots of the corner cube and thie main mirror the
latter because the beam re ected from the corner cube is disged by 2%(1 cos ).
Consequently the laser experiences a changé¢x) of the path length additional to the
expectedF. As the laser is re ected by the surface the maximal amplituel of V (x) is
twice the non- atness of the surface, in our cas&€20nm or | =5. Notably V (x) depends
only on the displacementx of the laser and hence ocos () , i.e. V is symmetric around

=0 °. The dependence om is illustrated in [Figure 2.15.

The interferometer equation has to be modi ed to:

F°= K sin()+ Fo+ V (cos()) . (2.61)

Misalignment

Another deviation from the perfect behaviour may arise froma bad alignment of the
interferometer. Especially if the two laser beams toward$ée corner cubes of one axis are
not parallel, or if the corner cube surfaces do not form exdgt90°, deviations from the
expected interferometer response function will be unavadle.

Despite of the careful alignment, a better accuracy than 2 eseconds cannot be achieved
or veri ed. Hence the additional path length change is smabut a priori unknown. Due to
the small amount of misalignment any dependence on higher than second order can be
ignored. Thus the e ect can be described by coe cienty; and vs. gives more
details about the in uence of misalignment.v; and v, can be determined experimentally
by tting equation (2.62)]to the data of an asymmetric calibration.

As shown in section 4.1.4 on page 130, the contribution of the parameters toF° is
smaller than 10 & and can be neglected.

Finally the interferometer equation has to be completed to:

FO= Ksin()+ Fo+V(cos())+ vi+ v; 2. (2.62)

Surface-step e ects

E ects from surface-steps and misalignment should be analgd separately. Hence; =
vV, = 0 is assumed from here on within this chapter.

In the worst case the mirror is a at surface with one single sfp of the maximum amount
of the speci ed atness. A case like this is illustrated irf Fgure 2.I5. In general this may
lead to a non-continuous interferometer function, and in lkdh cases the function would
even not be injective, which means that two di erent goniomr angles would result
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interferometer arm

corner LQ_ -

cube -
- -

>
A

Figure 2.15: Surface-step illustration. One corner cube is
sketched in symmetric position and at a large angle. The laser
R beam gets displaced. Hence during an axis rotation the laser
with step scans the surface of the mirror. If the latter is not perfectly
/= at the interferometer readout will depend on the surface, and
not only on the rotation.

laser

in the same interferometer read-out. However, the laser has nite diameter. In good
approximation the interferometer readout is an average ok¢his width. Di raction e ects
can be neglected. Using a coordinate system where the cerife¢he Gaussian laser pro le
is at x =0 when the axis is at =0 °, a surface with a single step of the height, =10 at
the position x will result in:

A
(x L cos)) 2 2 L

V(coq)) = Wpl?e Towz W( X x)dx, (2.63)
1

where ( x) is the Heaviside step function.
When using the given instrument parameters
L =0:2m (for Gams4, 0:3m in the case ofGams6),
K =4L (due to 4-fold usage of the corner cube displacement),

L =632:8nm (for Gams4, 633nm in the case ofGams6),
w = 2:2mm in the case ofGams6,

(2.64)

it can be shown easily thatF %is always continuous and strictly monotonic for all < 89°
and thus always true in the goniometer range. Therefore theesgtive interferometer
function is injective and allows proper angle measurements

The relative accuracy of an angle separation measurementthvthe instrument is:

U (1 2)= (o) (12) 2( L 2 (2.65)

where () = arcsin w denotes the conversion from the interferometer readout

into an angle. Uy, is targeted for Gams6 to be better than 2 10 8. On Gams4 the
interferometer instability is not better than 4 10 7. Thus U, does not need to be better
in this case.
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Figure 2.16: Higher order non-linearities. The interferometer may be patifesinusoidal for
small angles. However a step on the surface of one mirror (asdtetl in[Figure 2.15) may cause
a reduced path length at larger angles. The laser averagesitsvdiameter when walking over the
mirror. Consequently the step is smeared out in the e ectmiiferometer readout.

Any deformation will infer on the signal symmetrically at pogtand negative angles. Thus angle
measurements symmetric to= 0 ° will deliver a correct result. Even the calibration constant fo
measurements on di erent sides of the step is the same, astée introduces a constant shift in the
interferometer readout.

However, asymmetric measurements are problematic. They ddaoe t from this compensation.
Their start point may be subject to a di erent shift then the drnpoint. Thus the deduced angle
di erence will yield a wrong value when using the uncorrectadrferometer read out.
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-0.02 -0.01 0.00 0.01 0.0z -0.02 -0.01 0.00 0.01 0.0z
y *rad y erad

(a) Gams4 » =15° (b) Gams4 »=0:2°

2%0 8

- 2%0 8

I 1 | I I I
0.00C 0.001 0.00z -0.002 -0.001 0.000 0.001 0.00z

y *rad y erad

(c) Gams6 1 »=15° (d) Gams6 »=0:2°

I
-0.002 -0.001

Figure 2.17: Maximum acceptable asymmetry in symmetric measurements. Tois phow the
relative measurement errde,( ) when an angle is measured between the slightly asymmetric
positions—- + and > + , with a worst case situation of a mirror surface step&fnm at the
positionx . The parameter space where the error is unacceptably lagkeawn white.

The parameters of these graphs were chosen to illustraterbst extreme cases for intended measure-
ments: The calibration with large angles of 15 °and the smallest angle= 0 :2°in a3Cl-binding
energy measurement. The accuracy limits are adapted to trerail instrument accuracy2 10 ’

on Gams4 and2 10 8 on Gams6

The lever arm length is di erent folGams4and Gamsg thus the worst-case in uencing position is
slightly di erent for both instruments.
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F « degre:

-1710%F -

-2 1068

Figure 2.18: Asymmetric measurement: e ect of a step on the mirror surfade66 nm at
x = 1:2mm. Drawn is the relative o set when measuring a 0.2° and a 6° engt di erent
asymmetric positions. A symmetric measurement 0 ) has no o set, as expected.

Symmetric measurements

A measurement which is symmetric to = 0 ° is not a ected by surface imperfection as
shown in[Figure 2.15. However no measurement can be perfeatymmetric, a threshold
must be found from where a measurement cannot be consideresisymmetric. The re-
spective functionE,( )= Uy (5 + ; 5+ ) isnot trivial and hence an error estimation
cannot be calculated analytically. Even if the function loks locally very regular, it is not,
neither on a local scale and high resolution, nor is it fairlsymmetric on large scales.
However a numerical analysis as shown [n Figure 2|17 reve#ist this error is smaller
than 2 10 8 for any con guration as long as the misalignment is less than0:9 mrad
(2009. This restriction has to be considered when mounting cryats or the polygon on
Gams6. The polygon of Gams4 has been mounted symmetrically within0:2 yrad and
is hence symmetric enough. The total instrument performaecof2 10 7 requires the
crystal mounting to be symmetric within9mrad (4 10*f,) which is easy to achieve.
The consideration of this e ect is very important, as usual reasurements consist of a
Bragg angle measurement of small angles (0.2° 2° resulting inx / 0:03mm). These
are calibrated with the polygon angles of 15° (correspondjrto x 2mm). If one or
several of them would be made asymmetric (even when using tekame asymmetry) a
wrong calibration constant would be used for the conversidnom interferometer readout
to angles.
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Asymmetric measurements

The Gams interferometer concept had been designed for symmetric nsg@ements. Con-
sequently asymmetric measurements are only possible wheond with care. A naive
approach where an angle is measured asymmetrically justdithis may fail.
shows that a possible step in one of the mirror surfaces wilhuse mistakes in the mea-
surement in the order ofl0 °. However, with some extra calibration work one can reach
for certain cases also asymmetrically a relative accuracy b0 &.

As asymmetric measurements are that delicate and usually thmecessary, this section will
restrict to those cases where they are vital. This is partidarly the lattice comparison at
di erent crystal positions, as described in chaptef 5.4 onage 168. These measurements
are done at a -energy of184keV in third Bragg order, resulting in a Bragg angle of 3:0°.
Additionally the B-crystal will be shifted by up to 25mm by turning the interferometer
table (base length700mm), resulting in another 2°. Altogether the measurement gers a
goniometer range from +5° to -5° and measures angle di ereggcof ; = 6° with a desired
relative accuracy of2 10 8.

Assuming there is given a grid of points; with spacingM which are known to be at the
real position. Hence the corresponding interferometer réaut F( ;) can be measured.
Consequently the higher non-linearity at these points arenown and the goniometer can
be ne-calibrated. One has only to assure that the non-lingdy between these points is
su ciently small. This is ful lled if:

() (i+ M) (i+ M) <ur 8 2[01], (2.66)

where u, is the desired relative accuracy and, the angle which will be measured. The
expression is di cult to calculate, but can be estimated by:

@ ()
— M <u : 2.67
@ Pt (2.67)
One nds % smaller than2 10 © for a 60nm surface step at any position in the

angle range 2 [ 5:1°%5:1°]. Consequently, the linear grid spacing must be as small as
M 1 10 3rad 0:06.

This calculation is based on the e ect of a single surface gte However any surface
structure ner than 12pum will cause absolute non-linearity e ects ( ) smaller than
the target accuracy of6® 2 10 & within the required interferometer range. As a
rotation of the goniometer of5 10 4 is smaller than 12 um any signi cant structure
will be accounted by the linear grid. Hence, any surface e ecs either too small to be
important, or can be corrected for by the non-linearity map.
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Figure 2.19: Non-linearity mapping: An angle of 15° is continuously suioiid into 15°=28,
Any subdivision introduces the autocollimator uncertaitd) AC) as many times as it has to be
measured. Hence every range of 0.06° can be linked to the futbhg® with2+4 8 autocollimator
measurements.

Non-linearity mapping

The non-linearities described above are given by materiahd alignment of the interferom-
eter. Therefore they remain constant during the interferomter lifetime. Hence one can
correct for them if they are known. Obtaining this knowledges rather easy: A small and
stable angle must be measured at many di erent positions ohe interferometer, equal to
the method to determine the interferometer o setF, (see section 2.3.2Z on page|81).

A Zerodur plate with two mirrors bonded to it such that these nirror from an angle
of 0.06° is placed on the axis. The interferometer readout iecorded when each of the
surfaces is perpendicular to the autocollimator. Then thensemble of the two mirrors
is rotated by a small angle (ideally by the di erence angle).This is repeated until the
ensemble has been rotated over the full goniometer range. dover the 15° of one polygon
angle 512 readouts are necessary. As the autocollimator accy is 9:7 10 °rad the
total relative accuracy is

p

512 977 10 °rad

=8 10°%, 2.68
150 ( )

which is above our target accuracy. However, if one uses a séh +1 =9 mirrors of the
angles {15°, 7.5°, 3.75°, ..., 0.06= 15°=2") } each angle of 0.06° can be directly linked
to the calibration points at 15° with only 32 €2+ n 4) readouts. Hence the relative
error is only 2 10 8.

From this measurements a map can be drawn which has to be amglito each interfer-
ometer readout to correct for the non-linearity e ect.
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This map has to be determined only once after the nal set-upfdhe spectrometer (in-

terferometer, axes and corner cubes). It can be used as lorg the alignment of the
interferometer stays unchanged. It should be noted that tkimap can be produced with-
out the use of -radiation and thus without the reactor running. In these peods the

environment is much less vibrating and will allow a better amuracy. Additionally there

is no time pressure from the ILL instrument scheduling prockire. However, the required
thermal stability is more di cult to achieve.

2.4 Summary

In this chapter the instrument was described in detail and a athematical model was
set up to describe the instrument and show how a physical rdsgan be obtained from
the experimental raw data. It should be noted that these infonation have never been
published in a single work. Some parts even have never beerblghed before and have
been heavily discussed within the group_[Jen07].

Besides this recapitulative part, also completely new fastwere presented such as the
proper way of the horizontal collimation.

The way how to convert the raw data into a physical result was ampletely redone,
now respecting much more corrections (environmental conidins) and o sets (angular
in crystal mounting, and fringe o set in weather correctiors) and using less assumptions
that were valid in the past but can not hold for the accuracy nely aimed for.

A possibility and the limitations for making asymmetric meaurements was shown. This
allows the comparison of crystal lattice spacing over di emnt spots of the crystal without
re-mounting it. These results will be essential fdr sectios.4.

The investigated physical system as well as the technicalsiallations make Gams to a
unique tool which allow this particular experiment. The man characteristics are: A very
high initial event rate, given by the high neutron ux, is ne@ssary as only a few-rays pass
the small angular acceptance of the di raction crystals. De to this small acceptance no
collimation is needed apart from shielding the detector fra the direct view to the target
and to reduce background. For the wavelength determinatioonly the relative angle
between the two crystals is required to be measured accurgteThe angle relative to the
target is much less sensitive. The instrument is self-catiéting. Only the lattice spacing
of the di raction crystal is required as external parameter In non-dispersive Bragg order
(both crystals parallel) the rocking curve delivers the insument resolution, which allows
an optimal vertical alignment of the crystals.
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Chapter 3

Binding energy measurements

The work for this thesis was started with the intention to meaure a more precise value
for Nah. It turned out quickly that the available instrument Gams4 was doing well with
a relative uncertainty abovel0 7, but it would be impossible to improve this signi cantly.
Therefore it was decided to build a new instrument, merginghte knowledge of the old
Gams4 and the advancement in technology of the last 20 years. To com the feasibility
and to justify the need for certain pieces, some measuremefitom the past were repeated
with a partially upgraded instrument. All data analysis is cne with the intention to
compare with old values, to verify that the theoretical desiption is also valid for the new
instrument, to estimate the limits of the future instrumentand to nd issues where future
studies are necessary. Obtaining a better accuracy was noiethighest priority, although
it would be useful to trigger high accuracy mass measuremerof chlorine.

The last precise neutron binding energy measurements?886i, 3S, and?H were published
in 2006 [Dew+06]. The data were taken from 1997 to 2000. Sintteen the instrument
Gams4 has undergone some changes which are assumed to lead to adnedtgnal-to-
background ratio. Therefore, a shorter acquisition time ipossible and the measurement
should be less disturbed by drifts.

Between the last high precision measurement in 2000 and thars of the present campaign
in 2007, the instrument has been in heavy use for low-preadsi measurements. During
this time less care was taken for high stability. Little modications and wearing have
accumulated and may have changed the vibration-level of thastrument as well as its
stability.

Consequently, the relative accuracy of the data in this chaer will be compared with two
thresholds: 4 10 7, the most accurate measurement achieved so far withams4, and
2 10 &, the accuracy aimed for withGams6 which will go into operation in 2011.
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3.1 Changes since the last measurement

The major change was that the full instrument was moved by alha 10 m away from

the reactor core. This has the advantage that exchanges ofetlibeam tube, which occur
every ten years, do not require to dismount the instrument anlonger. Furthermore, the

radiation background from the reactor decreases with the werse of the square of the
distance. As the horizontal acceptance angle of the diraan crystals is much smaller
than the beam divergence, the beam intensity decreases oniyth the inverse of the

distance. This leads to an improved signal-to-backgroundtio.

At the same time, the thermal isolation was rebuilt. The conept stayed the same, but
the details of the implementation vary and it was unclear if he construction can compete
with the previous. Additionally, the motors that control the crystal axis were changed
and are now much closer to the instrument, causing thermal adients and instabilities.
During the present campaign a new cooling system for these tos was installed.

In measurements before 2001 the A-crystal was brought intagition. It was kept there
while the B-crystal was scanning. However, the position ohé A-crystal was not mea-
sured. A second data acquisition system has been installem monitor the A-axis perma-
nently as well.

The data treatment requires a parameter estimation from theecorded rocking curves.
In the past this was done by a least-squares- t. Meanwhilefigdies at Gams have shown
that a maximum-likelihood t is more appropriate [HJO1].

The algorithm for the calibration procedure was optimizedA full calibration can now be
done in 12 hours, as compared to 24 hours previously.

3.2 Calibration

The Gams goniometer delivers its read-out in fringes. The conversianto absolute an-
gles requires to calibrate the instrument. The procedure andata evaluation theory is
described in detail in[secfion 213.

The results of some previous calibrations are documented|iKes+01]. However, material
ageing and strong temperature in uences make it necessany have a calibration shortly
before and after the measurement campaign. It would be desie to obtain more cali-
brations during the -acquisition, but as the procedure lasts about 12 hours, thihas to
be weighed carefully.

Throughout the years 2007 and 2008 twenty full symmetric rd seven asymmetric
calibrations were done. Additionally, the angle of one pofjon corner was monitored
frequently as a quick stability check with low cost in beam tne. The following subsections
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Figure 3.1: Theoretical and measured autocollimator response functfear this graph the voltage
was attenuated by ten and then scaled back to avoid saturatibthe lock-in ampli er. For details
sed_secfion Al3. For the calibration only a small region t®med and used for the linear t.

describe the observed irregularity in the autocollimator iad its consequences on the quick
stability check. Finally the result of the full calibrations and the determination of the
interferometer o set is presented.

3.2.1 Autocollimator function

The autocollimator veri es the precise positioning of the plygon. Details on its internal
design and a mathematical description are given in_secfion? The autocollimator re-
turns voltage  which depends highly on the angel of the facing mirror, and tis, on the
goniometer angle . In a small range € 10urad) when a polygon mirror is almost perpen-
dicular to the optical axis of the autocollimator this respase function is very linear (see
[Figure 3.1). The zero-crossing angle (j o) Of the goniometer and the slope of this
function are obtained by weighted linear regression. Aftecomparing the zero-crossing
positions of two polygon mirrors, the angle between those mors can be expressed in
interferometer units.

This simple method has also been used in previous experimgntHowever, at the end
of this campaign an o set voltage was found. When any polygon imor is far from

being perpendicular, the voltage should be 0 mV, but a voltagof about 250 mV was
observed. This becomes a problem if either this o set or thdape changes between two
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Figure 3.2: The autocollimator o set monitored during a full calibratio If any mirror was in
the range of the autocollimator, the sample was excluded dmline in the graph interrupted. The
voltage was sampled with 10 Hz. Each data point is the average s8@rsamples.

measurements. Unfortunately, the existence of this o set as discovered only after the
campaign. Furthermore, the o set had not been written into he data les. In a posterior
measurement the typical changes of the o set were characieed over 40 hours. To this
end, the voltage was sampled every 0.1 s with a resolution a8@V during a calibration
procedure. If any polygon mirror was out of range, 500 consgive samples were averaged.
Hence they represent the autocollimator o set. These avegas are shown ifi Figure 3] 2.
Their mean is 248.8 mV, and their mean error is 0.4 mV. The meattid not show any
drift larger than 1 mV over three days. However, several coesutive outliers could be
observed. If such an outlier was observed, it was not an istdd group of 500 samples,
but it lasted for the full time where no mirror was in the autoollimator range which
lasts about 9 minutes. The origin of these outliers is uncleathey may come from the
autocollimator itself or from the analogue electronic sigal processing. Fortunately, the
size of this e ect is negligible for any measurement witbams4, as even with a low slope
of 300 mV=f, the extreme outliers of 20 mV cause an error of the angle det@ination of
0:07f;, which corresponds to a relative uncertainty 06 10 & and is hence for the present
measurement of no signi cance. Nevertheless, for calibrabs of Gams6 the o set must
be monitored permanently. If necessary adjacent measuremte have to be repeated.

All slopes measured on the surfaces 150° and 165° durithge years 2007 and 2008 are
shown in[Figure 3.8. The systematic di erence between slopeneasured on the positive

94



CHAPTER 3. BINDING ENERGY MEASUREMENTS

1400 """"" L S | LT
' 7 = positive side
700 |-+ . F T negative side
1200 + z % % i 3
600 | By @ 3 2w Yy
V- .
5 1000 | 2. £ %
& 500 - . . i
Z 27/03/08  29/03/08 § 31/03/ - B
= 800 % 1
2 600 } 2 -
400 | ’ ]
200 I I I I N I I
01/11/07 01/01/08 01/03/08 01/05/08 01/07/08 01/09/08 01/ 11/08 01/01/09

date

Figure 3.3: Autocollimator response function slope variation over timsotable is the system-
atically steeper slope on the positive side (positive interfeater fringe readout) of about 4%.

side (165°) and on the negative side ( 150°) is unexplad. The variation of the slope
over on long term may be due to drifts in the autocollimator cestruction or the electronic
equipment (sed_section Al3). The reason for both e ects weret further investigated.
For Gams6 new autocollimators of the same type are used. Due to the fattat the
operation speed if much faster and that two autocollimatorare used, a detailed study on
these e ects will be easier to do.

The consequences of these e ects are described within thédwing sections.

3.2.2 Single polygon-corner stability

A full calibration is very time consuming. A quick way to verfy the stability of the instru-
ment is desirable. According tg Figure 2.14 on padel79, thiarc be done by measuring
only the angle of one corner of the polygon. This measuremdakes only about 35 min-
utes. Additionally, no operations that could disturb the thermal stability, e.g. lifting the
polygon, are necessary. During 18 months the angle betwedre tpolygon mirrors 165°
and 150° was measured 1344 times.

The environmental corrections are described [n_ subsecti@?.2. Only those for goniome-
ter arm length- and refractive index were applied to the data, as only they gy to a

»The correction for the arm length is called calibration congant correction for the -type data.
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Figure 3.4: Stability test with the calibration unit. The angle of one @r was monitored over
1.5 years. All known environmental corrections have beenegpd the interferometer readout. The
scattering exceeds largely the range that would permit a falibbcation with a relative uncertainty of
4 10 7.

calibration-type data. This is called pre-correction beause an additional correction will
appear later on. Throughout this section all data were preecrected to the reference
usual Gams reference conditions: temperature 22.5 %o, pressure 760fTaelative humid-
ity 40%. The corrections applied by the built-in algorithmsof the acquisition software
were withdrawn.

As shown inFigure 3.4, the stability measurement of the 180L65° polygon corner shows
a large instability with a standard deviation of0:86f;. This corresponds to a relative uncer-
tainty of 6:4 10 ’. In a full calibration, all 24 sides of the polygon are summeap. There-
fore the expected uncertainty of a full calibration is 24 times bigger. Hence it would
be3:1 10 ® too large. Therefore, the pre-corrected data were searathdor correlations
with environmental parameters. A linear correlation 0{0:0003372 5 10 ) f,=(mV=f,)
with the autocollimator slope was found (Seé Figure 3.5). T slope itself is already
surprisingly unstable, as mentioned in the previous subgem. It is unexpected that any
correlation between slope and measured angle exists and pwver that this correlation
is linear. The reason for this correlation is unclear. Howey, it describes the data very
well. Therefore it was tried to correct the data using this coelation. This correction is
done after and on top of the environmental pre-correction.tlis applied even after the
zero-crossing determination. Therefore, it is called ptsorrection .
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Figure 3.5: Correlation of single corner angle with slope. The data aterdd for temperature
change between positive and negative zero-crossing to beéhassd mK and a slope determination
with 2 < 10.

Additionally the data for which the temperature changed mog than 4 mK between the
measurement of the two mirrors were cut away. This is justi@ as such a rapid change
is always accompanied with temperature gradients that cammh be mapped appropriately
with the ve sensors. Hence, a proper correction is not pobée.

Furthermore, the data where the t of the zero-crossing rested in a 2 > 10 were
dropped. Details on this t problems are given in the next subection, particularly in
Figure 3.9.

The post-corrected data are plotted irj Figure 3]6. They hava mean 0f134018%66 f,
and a standard deviation of0:072 f,. For a full calibration, where 24 of this uncertainties
sum up, a total relative uncertainty of2:6 10 7 can be expected.

The subset of data with a slope of more tha®00 mV=f, have a standard deviation of
0:22 f;, thus high slope values lead to a larger scattering of the dat This is contrary to
the intuitive assumption that a steeper slope should lead ta more precise determination
of the zero-crossing point. It may be caused by the presendetlve autocollimator o set.
The persistence of this e ect onGams6 must be examined; if yes, an optimal slope must
be found by adjusting the autocollimator parameters (sde c#on A.3).

There is an additional problem arising from the slope corréon. It leads to a systematic
change of the calibration constant. To reduce this e ect, a ean slope o#00 mV=f,» can

»Obtained by averaging only the data that pass all lters.
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Figure 3.6: Stability test with the calibration unit. The same data arbawn as i Figure 3}4,
but now Itered and post-corrected. Data points with a larglge show a bad stability. The dotted
line indicates the limit of scattering that would lead to alfehlibration with a relative uncertainty
of4 10 7.

be deducted from each measured slope before using it for th@rection. Consequently
the correction is ne on the4 10 7 level. However, this will not work for more accurate
measurements. Therefore the slope correction is not applim the further data evaluation.

3.2.3 Full symmetric calibration

For a good calibration a high stability and thus low scatteting is as important, as the
absence of systematic e ects. As mentioned [n_subsectior?3 an o set in the autocolli-
mator function was observed. Such an o set would not be imptant if it was stable and
if the autocollimator slope was stable. The long time stabty of the o set is unknown,
the short time stability seems to be ne with some exceptionésee Figure 3.R). However,
the slope does not only vary over time, it is also typically lager by 4% on the positive
side, as shown i Figure 3]3. Considering a slope40 mV=f, and an o set of 250 mV,
the measured calibration constant would b¢l +2 10 &) times too big. For Gams6 this
e ect has to be either eliminated or measured so well that itan be corrected for. For
the present measurement there will be no correction as theext is far smaller than other
uncertainties.
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Figure 3.7: Calibration instability after polygon indexing. Drawn is a fs§immetric calibration

with some heading and tailing non-indexed stability measenets. Each integer represents 6 zero-
crossings, alternating of two adjacent mirrors. Hence 5 ardjlerences can be plotted. For better
comparison, each point on a continuous parbf the line has the same reductid®®. All FC are
chosen such that the rst point of each continuous part is 0. elteviations from 0 show the drift of
the instrument after each polygon lifting.
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Figure 3.8: Temperature instability induced by polygon indexing. The parature oscillates with
the same period as the polygon is lifted. It seems also that treedolygon lifting heats the system,
as the general cooling trend is stopped for the same perioghtggon is lifted. Though, the reaction
time seems too short to be causal.
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To perform the full calibration, the polygon must be indexed The set-up is described
in Subsection 2.1.8 and the procedure in Figure 2]13 on pdg@ 7The polygon and the
upper gear are lifted by 5 mm during de-coupling. The re-colipg of the two gears is
forced by the weight of the polygon only ( 2 kg), though its reproducibility is better
than 2 10 "rad 2 1f,.

However it turned out, that either the coupling takes a certan amount of time to slide
to its nal position, or more probable the vertical movement of the polygon disturbs
the stability of the goniometer. This was discovered in a sp&l run of the calibration
procedure. Between each indexing of the polygon, the angletbe mirror pair was mea-
sured three consecutive times, instead of only once. Moreeprisely, six mirror-position
measurements were taken per indexing, resulting in 5 valués the corner angle. The
total time of one calibration increases from 12 to 36 hours.

As shown inFigure 3.7 the rst angle measured after an index@ is 0.1 0.3f, smaller than
the succeeding measurements which themselves vary by0:05 f, and seem to converge
alternating towards a central value. This alternating may le explained by the fact that
the measurement direction of these angle-di erences is athating. If there is a drift in
one direction, all measurements along this direction willigld larger values. If the drift
decreases with time, a pattern like the one obtained is theselt. However, it is not clear
whether this drift is caused by a bad coupling of the gears orthermal distortion of the
goniometer.

shows the temperature of the goniometer arm dugra calibration. An oscil-

lation of the temperature with the same periodicity as that 6the lifting of the polygon

Is observed. There are two possible reasons for such a tenapare change. It is either
the heat dissipated from the lifting motor, or it is caused bythe change of the convection.
This may happen as the lifting structure is rather large and an block air currents. The
periodicity of the temperature favours the second possilty. However, one might argue
that an upward movement generates more heat than a downwardavement.

Nevertheless, the magnitude of the observed e ect may resin a relative shift of 8 10 8

and does not threaten the present campaign. Abamse6 the situation is di erent, as it

operates in vacuum and hence no convection can occur. Alsoth@rmal decoupling of
the motor has been established. Furthermore, the mechanidection in vacuum is much
di erent. This is a very di erent situation with respect to t he gear coupling.

It should be noted that at the beginning of the present campghn the algorithm for the full
calibration was optimized so that it lasts only 12 hours ingad of 24 hours. It is unclear
if the coupling instability was known in the year 2001 and befe. It is certain that the
calibration procedure lasted 24 hours. However, the instnuient control software, as found
in 2007, registered only three zero-crossings per indexingstead of four (the maximum
in 24 hours). With this behaviour a slight compensation of tls e ect by averaging is
possible.
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Figure 3.9: Reduced 2 values of the individual slope ts from four arbitrary calibratiprocedures.
Two of them follow a 2-distribution (number of degrees of freedom is 18). The lasbthave
unexplained outliers, and thus will be disregarded.
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Figure 3.10: Calibration constants. The error bars of the data points aleduced from the
slope determination. For visibility they are increased by @dia5. The uncertainty of the mean is
dominated by the scattering of the data and thus the remagninstability of the instrument. Shown
is the mean and uncertainty of all (un ltered) data, and thersa after ltering for 2 < 10 and

temperature more stable than 0.1 K. One data point from 25/17/& out of scale (s€fe Figure 3]11).
It is included in the un ltered mean, though its weight is vemal.
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Figure 3.11: Comparison of environmental correction algorithms. Thespre algorithm results in

a 60% smaller error than the algorithm used prior to 2005. Timeertainty of data with old correction
can be reduced by excluding data with a batland an unstable temperature. However, this reduces
the statistics so much that the total uncertainty does nottganaller. The di erence between the
mean of the two correction algorithms results from the migsgorrection to thermal expansion of
the Invar interferometer arm. Leaving out this correction iceutable if it is done consistently in
calibration and -data, and if all data sets are measured at similar tempeaegu
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After ltering for thermal stability of 0.1 K throughout a fu Il calibration, the data show
still a large scattering. It was found that most of the zero4mssing determinations worked
ne with respect to the 2-distribution of the ts. However, a few ts provide strong
outliers, as shown irf Figure 319. The error accumulated by i t does not explain the
scattering of the resulting calibration constants. Howewethese outlier seem to coincide
with a change in the thermal drift which means a change from waing to cooling or
vice versa. This makes a thermal correction very unreliablelTherefore, these data were
disregarded. From the twenty full calibrations performedpnly seven ful | these criteria,
as shown in Figure 3.70. But the scattering of even only thogkata points is that large
that the uncertainty of the mean is dominated by it. This shows that the total uncertainty
is determined by the instrument stability, not by the zero-cossing determination.

The weighted mean of the ltered data is513345100 f,=rad with an uncertainty of

0:21 f,=rad which is a relative uncertainty of4:1 10 8. The standard deviation of those
ltered data is 0:55f,=rad or relative 1:0 10 ’. This is the uncertainty we have to assign

to a single calibration, if it is not combined with others, bu used solitarily for calibration
-type data.

When using the un ltered data, the weighted mean would bé513345011 0:52) f,=rad
which is a relative uncertainty of1:0 10 ‘. The scattering is2:7f,=rad which is5:2 10 ”.

However, both values will be corrected for the interferomet o set as described in the
next subsection.

To illustrate the importance of a proper correction for envbnmental in uences, the same
data is shown again in Figure 3.11. This time only the old coections from the year
2001 was applied. That algorithm accounts for the change ohe refractive index of
air only. It uses the original Edlén equation from 1966. The ew algorithms uses the
updated Edlén equation from 1994 and additionally it corres for the thermal expansion
of the interferometer arm which is made out of Invar and has aTE of 0:61 10 =%
[Jen10; BIN76]. The o set between both methods comes mainlyofn the fact that the old
methods ignores the expansion of Invar. If this correctios ialso left out in the correction of
the -type data the total result will be the same, but only if the tanperature is su ciently
stable between calibration and -type measurement.

3.2.4 Asymmetric calibration

In order to determine the goniometer o setF,, seven asymmetric calibrations were per-
formed. The same corrections and ltering as previously disissed have been applied.
All data pass the Iter. However, a di erent problem a ects asymmetric measurements:
the autocollimator slope is theoretically constant when nasured in voltage per angle. In
contrast, the fringe to angle ratio is not constant, and corejuently increases the slope
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Figure 3.12: The interferometer o setFy is obtained from seven asymmetric calibrations.

Fo=0 Fo = 1000

I K =513345010841 ! K =513345038540
I Fo=425:067 I Fo=425:084

I K =513345020193 | K =513345020194
I Fo=425:073

Table 3.1: The iterative determination oK and Fg converges quickly. One step is su cient as
the individual uncertainties are,(K ) = 0:21 f,=rad andu,(Fo) =3:714

with the cosine of the goniometer angle, when measured in tage per fringes. In the
presence of an o set this leads to an asymmetric error. The mianal change of the slope
within the goniometer range is 2%, as can be concluded fronmgile geometric consider-
ations. Assuming a stable o set o250 mV and a slope 0f300 mV=f4, an error of 0:02 f,
occurs. This is far below the stability ofGams4, but it may be signi cant for Gams6.

To calculate Fo, all data were tted according to equation[(2.58) on pagé 8lysing the
calibration constant value from the previous section. Theata are shown irf Figure 3.7]2.
Then the weighted mean of the resulting=, was taken for a new evaluation of the cal-
ibration constant as described in the previous subsectiorhis procedure was repeated
once to be sure that the changes are smaller than the uncensji given by the scattering.
To verify that the arbitrary starting value of Fo = 0 did not give a bias, the calculation
was repeated with a starting value higher than the result. Ad as[fable 3.1 shows, one
iteration is su cient and the result is unbiased.
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The nal result for the goniometer oset is is Fg = (425:1 3.7) f,. The calibration
constant for the un ltered data is K = (513345020 0:52) f;=rad which is a relative
uncertainty of 1:0 10 ’. For the lItered data the result is K = (513345109 0:21)f,=rad
which is a relative uncertainty of4:1 10 8.

The residuals of the asymmetric calibrations are shown [n iire 3.18. The high values
at 6° indicate a higher order non-linearity. However the data isot detailed enough
to create a model which would be suitable for a correction. Eireason for this behaviour
may be a laser beam which is touching the border of a mirror anslthus slightly di racted.
However, the e ect is small enough to be ignored o8ams4. If a similar e ect is found
on the new instrumentGams6, measuring several Bragg orders in asymmetric goniometer
position (se€_secfion 5]4) may be used to create such a catit model.

3.2.5 Comparison with old calibrations

[Dew+06€] calculates a calibration constant for each set ofngorrected data. Then they
perform a global parameter adjustment for environmental calitions. For the present data
this seems inappropriate, as the environmental conditiorshanged too much throughout
a single calibration procedure. Thus the individual interometer readouts must be cor-
rected for these in uences before evaluating the calibrath constant. After compensating
the di erent calculation models, both results should agre@as the apparatus is the same
and was not changed in this respect. [Dew+06] speci d§, = 513346212 0:59 f,=rad
which is valid for 26 %.. The present valuKk = (513345109 0:21) f,=rad is specied
for 22.5%.. TheK = (7:5 1:3)=%o obtained by [Dew+06] does not explain the di er-
ence. However, using the CTE of Invar 00:61 10 °=%. explains the di erence perfectly.
[Dew+06] obtains a relative standard deviation of the resigals of0:33 10 ©. The rela-
tive standard deviation obtained here i€:52 10 ° for un ltered and 0:10 10 ’. Hence
by carefully selecting the data a factor 3 was gained with rpsct to earlier data. For
[Dew+06€] the total statistical uncertainty of the calibration constant is given by the un-
certainty of K plus the uncertainty of the various coe cients which have tobe multiplied
by the corresponding parameter. The dominant term i¥ 5se;. The sum of these uncer-
tainties will always be larger then0:8 f;=rad which is a relative uncertainty of1:6 10 ’,
compared to4:1 10 8 in the present data.

3.2.6 Summary
A calibration constant of K = 513345109 f,=rad was determined. Its statistical uncer-
tainty is 0:21 f,=rad, this comprises the uncertainty in the zero-crossing det@ination as

well as the instability of the instrument between di erent @librations. This uncertainty
Is a factor three more precise than any other measurement bed. There are additional

105



3.2. CALIBRATION

0.6 0.3 T T T T T T /
041 021 /
202} 201} /oA
S S /\1\ ‘ /

8 02! 8 01l T i

_04 _02 1 1 1 1 1 1 1

6 -4 -2 0 2 4 6
28/05/08 . 02/07/08 .

0.3 T T T T T T T 0.2 T T T T T T
T 0.2 SR 3//
o T 1 & o1t A
S 01f 1 S -~
.-CS -5 O /‘ \t 4\/ *\"/

[72] O . . . 7 y = e ":‘:’g
g R s |/ -\ N
_O 1 1 1 1 % 1 1 _O 1 1 1 1 1 1 1 1
6 -4 -2 O 2 4 6 6 -4 -2 O 2 4 6
23/07/08 . 05/08/08 .

0.4 T T T T T T T 0.3 T T T T T T T
< 03} - <
%02l | f oz /1
S 01 /4 S o1} /A
é 0 L% A 4//\/ é N\ /
$.01l / =4 o Or ~ AN

-0.2 1 1 1 1 1 1 1 -0.1 1 1 1 1 Nl § 1
6 -4 -2 0 2 4 6 6 -4 -2 0 2 4 6
21/10/08 . 24/10/08 .

0.3 T T T T T T T

0.2 ¢ B /
2 01t /A
..5 0 //"\ P o / //”//
S-01f \/ —~ 1

_0 2 | | | | | | |

6 4 -2 0 2 4 6
27/11/08

Figure 3.13: Residuals of th& t for the asymmetric calibrations. These residuals are cated
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The asymmetry . = arcsin Fai arcsin

. Fo i FAAj
as (arcsin =4 arcsin —~—
R —~ is illustrative; it does not enter the calculation. The
lines mark the order of acquisition, the rst point is markededently.

+

E
K

106



CHAPTER 3. BINDING ENERGY MEASUREMENTS

systematic uncertainties as discussed in the preceding sebtions. These are:
5 10 8 sporadic variations of the o set voltage;
2 10 2 dierent slope for positive and negative sides, while an oet voltage is present;
8 10 8 instability after gear re-coupling.
In total this is a systematic uncertainty of 9 10 8. The systematic uncertainty has
never been investigated systematically before, thus a coamson is not possible. The
goniometer o set was determined td~g = (425:1 3.7)f,4

The obtained result is accurate enough to serve for a good iaation of the -data of
the chlorine binding energy described ih_secfion 3.3.

The calibration was studied extensively. It was found, thain principle the calibration
is accurate enough to reach the intended accuracy Glams6. Several systematic e ects
were found which would currently perturb at this level of acgracy. These e ects can
either be eliminated or measured so precisely that a corrémt is possible: A permanent
monitoring of the voltage neutralizes any o set. A vacuum camber avoids convection and
reduces heat ow, so that the polygon coupling should not digrb the thermal stability
any more. A complete redesign of mechanic, bearings, motodata acquisition system
and operation algorithms make the procedure much faster. Hee it will be less opposed
to drifts and systematic studies of any e ects are much easie

3.3 Binding energy of chlorine-36

The best Npoh measurement onGams4 so far was based on deuterium, silicon-29 and
sulfur-33 [Dew+06]. However, chlorine-36 has the potentitéo reduce the uncertainty sig-
ni cantly. The measurement was performed on the ol€Gams4-instrument with enhance-
ments in the -beam collimation. The measurement started with the intenbn to prove
the feasibility of the measurement of a chlorine binding engy with a relative statistical
uncertainty of 2 10 8. This was necessary to justify the budget for the further irnsument
development, and also to motivate the high accuracy pennirigap community to go on
with mass measurements of chlorine. Furthermore the bestrategy for data acquisition
and source materials was searched. Before this campaignwias believed, that the in-
stabilities of Gams6 would limit any chlorine binding energy to a relative uncerainty of
4 10 7 at best.

3.3.1 Acquisition schedule
In 1997NaCl was used as source material [Dew+06]. This time three targewith 2 gBacCl,

each were usedBacCl, provides more Cl-atoms per foreign atoms. Thus it may lead ta
better signal to background ratio. However, it has the disagntage of a lower number of
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-energy date duration  number crystal Bragg order
of 4-pack of 4-packs
keV minutes
6112 24 27 Nov 2007 170 23 ILL4/7  (1;3) (1;-3)
6112 29 Nov 2 Dec 2007 90 47 ILL4/7  (1;3) (1;-3)
6112 7 14 Oct 2008 126 58 ILL4/7  (1;3) (1;-3)
1165 10 11 Nov 2007 77 16 ILL2.5 (3:3) (3;-3)
786 11 13 Nov 2007 90 21 ILL2.5 (3;3) (3;-3)
517 10 Nov 2007 48 15 ILL2.5 (2;2) (2;-2)

Table 3.2: Data sets used for chlorine binding energy. The Bragg ordeivien for (A;B) crystal
in multiples of (220). Information on the crystals are giver_able 3.4.

-energy Bragg order count rate background acquisition time
6112 keV (2008) (1,3) 30 8 60 s
6112 keV (2008) (1,-3) 22 7 60s
6112 keV (2007) (1,3) 120 70 60 s
6112 keV (2007) 1,-3) 120 40 60 s

1165 keV (3,3) 20 0 20s
1165 keV (3,-3) 20 0 30s

786 keV (3,3) 30 0 20s

786 keV (3,-3) 13 0 40s

517 keV (2,2) 60 0 10s

517 keV (2,-2) 60 0 10s

Table 3.3: Count rate in the maximum position. The peak count numbertidels the background.
In 2008 the collimation system was aligned with a new stratefjye humbers come from the VB-
algorithm and may contain spurious energies.

Cl-atoms per target mass, which may limit the intensity. Fou di erent transition energies

were recorded to have a complete cascade ($ee Figure]1.148n 4rhe measurement
started in November 2007 with the lower energies that were mily done due to the
high count rates and large Bragg angles[_Table 3.2 list the lseduling of the various

measurements[_Table 3|3 gives the corresponding count rste

3.3.2 Problematic high energy

As expected, the 6112 keV line was the most di cult to measureDue to the low re ec-
tivity of the crystals and the low e ciency of the Germanium detector the acquisition
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Figure 3.14: Inuence of thermal variations on instrument instability. &temperature is per-

turbed by the lling of the Germanium-detector (vertical lineed dashed), and more important for

the instrument stability by reference scans (vertical lirsslid black). Therefore, this whole data set
has been disregarded.

times are rather long, hence the measurement is strongly &&d by instabilities. Addi-
tionally the Bragg angles are small, thus the same amount afigtability causes a large
relative e ect. Moreover the small Bragg angle forces the tector to be close to the direct
(non-di racted) beam which causes a large background.

The instrument control software is provided with an algorihm that allows to follow a drift
of the instrument, such that the observed angle range remanwell centred around the
Bragg-peak. However for large energies and low signal-tadkground ratios this algorithm
did not work well. To compensate this, after four 4-packs a ference scan was performed.

This is a 2-pack of a 1165 keV in the Bragg orddB; 3). At this con guration, the peak
can be tracked easily.

However, as shown if Figure 3.14, these reference scans yéed the temperature sta-
bility massively. The introduced goniometer instability 5 larger than the one caused by
the lling of the Germanium detector with liquid nitrogen which was necessary every 24
hours. The reason for the large impact is the di erent Braggragle of the A crystal during
the reference scan. This requires to rotate the whole speatneter table. Consequently
the convection changes completely. Additionally, the spgometer rotation implies a
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surement. The temperatures are plotted with a di erent otséor each data set such that they t
into a common graph. The large temperature peaks in 2007 atesed by the nitrogen lling of the
detector. In 2008 the thermal insulation was carefully opted.
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hover cushion, hence thermally unconditioned compressenl & inserted inside the ther-
mal aluminium shield. And the motor heat is much higher than dring standard 4-packs.
Furthermore the crystal positioning motors are step motor®perated in micro-stepping
mode. This results in a di erent heating for di erent A-crystal positions. It is unclear
how much the four e ect contribute to the stability. But non of them was avoidable with
Gams4. All of them will be reduced strongly atGamse6.

To succeed with the campaign, the peak-tracking algorithm as improved. Consequently
the reference scans could be omitted. After that two data setwith di erent strategies
were recorded: one with a long acquisition time, collecting good statistic per scan. The
second used rather short scans. The necessary counts shdagdaccumulated over many
repetitive scans. The second method has the advantage to lesd sensitive to instabilities,
but there is some limitation imposed by the instrument hardware of Gams4: the motors
(crystal-axis, collimator and detector) cannot drive at tte same time and their speed is
rather slow. Therefore changes from the positive to the nefjze Bragg-order and vice
versa take several minutes in which no data can be recorded turned out that the short
scans resulted in a larger scattering. The standard deviat is 1.2 times as high as for
long scans. However, as the number of scans is higher, theuttsg statistical uncertainty
of the mean is 15% smaller than those of the long scans when gaming a data set of
the same total duration. It should be emphasized that theseumbers will be di erent for
every other degree of instrument instabilities and motor s®ed.

The rst evaluation of the data was very disappointing, due ¢ large thermal variations the
results were still very unsatisfying. Therefore the expearient was repeated one year later,
after improving the thermal insulation and installing a tenperature-controlled water-
cooling for the crystal-axis motors. This was successfulhdé temperature became much
more stable. Though the obtained Bragg angles still showedlarge scattering on the
10 © level only after carefully studying and improving the algathm for the correction on
environmental in uences the scatter diminished. The sucssful algorithm was presented
in Subsection 2.2.P.

3.3.3 Data evaluation

Each recorded angle in each-pro le was corrected for environmental in uences accord-
ing to [section 2.2.P. To each prole a line shape, obtaineddm dynamical theory of
di raction [Zac45], was tted via a Maximume-likelihood method [HJO1]. Prior to the t,
the theoretical line shapes were convoluted with a Gaussianhere each Bragg order and
energy has a global sigma. This resulted in one goniometerstn per pro le. These
goniometer positions were converted into angles \fia (2.2hé using the common calibra-
tion constant K = 513345109 f,=rad which is given in[subsection 3.216. It may surprise
that not the calibration constant measured right after each -acquisition is used; but all
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crystal name de220)
ILL2.5 1:920155822(96) 10 Om
(ILL2.5 - ILL4/7)1LL2.5 4:.0(1:.0) 10 8
ILL4/7 1:920155745(96) 10 °m

Table 3.4: Lattice constants of the silicon crystals. ILL4/7 refers toeoA.4mm thick crystal and

one 6.9mm thick crystal made out of the same ingot. ILL2.5 refertwo crystals of 2.5mm thickness
made out of the same ingot. The lattice constants are given 5260 and vacuum. Values from
[Dew+06].

calibration performed in 2007 have quite large error bars. M all of them disqualify
by either containing bad zero-crossing ts or large thermaberturbations. This unbiased
criterion has been explained in_subsection 3.2.3. Additiafly, when using those individ-
ual constants, the 6112 keV angles obtained in 2007 would migtch with those in 2008.
In contrast, using the global calibration constant for all @ta, they match within one
standard deviation.

Four of those angles (belonging to one so-called 4-pack) e@ombined by making twice a
weighted average and then taking the di erence of them. Theesulting angle di erences
are then converted into -wavelengths by[ (2.48). The corresponding Bragg order and
lattice parameter noted in[fable 3.2 are used. These valuesve to be corrected for the
atmospheric pressure [McS53; Nye57; Bas+389]:

doo(P) = do2ovac (1 p=(760 Torr)) , (3.1)

where =0:3452 10 8. p =760 Torr is used for all data. The relative error induced by
this simpli cation is smaller than 10 8. It should be noted that this correction is based
on elasticity-measurements, the actual deformation overldar has never been measured
on that level of accuracy. This may be a task foGams6.

Finally, the measured wavelengths as and hence energiek s have to be corrected
for recoll during the -emission.

hc hc 1 he 2

(3.2)

= +
trans meas 2M C2 meas

The obtained valuesEans = hc= yans may be summed up and result in the binding
energy. The value oh = 4:135667 33(10)10 **eVshas a relative uncertainty of2:5 10 8
[CoData06].M 36 uis the mass of the decaying nucleus.

3.3.4 \Vertical angular alignment correction

All measured Bragg-angles given in this section, have und@ne a prior correction to the
vertical divergence and alignment of the -beam. According to [[Sch&5] the correction is
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Figure 3.16: Scan of the inclination of the spectrometer table. Positinelination means that
the side pointing towards the rector is pulled up. Shown is Bragg angle di erence between the
orders (2,2) and (2,-2) of the 517 keV line. The vertical axisscaled to the minimum n,;, of a
parabola which was tted to the data.

based on three terms:

a) the divergence of the beam which results from the 40 mm saer and collimation-
height divided by the distance of 23 m from target to detectqr

b) the orientation of the di raction plane versus the -beam and

c) the orientation of the goniometer rotation axes versus #di raction plane.
The latter is negligible as the alignment is far better than 8 arc seconds. The correction
for (a) can be calculated for each Bragg angle. They are bewe8 10 8and3 10 7 in
relative size.

The contribution of (b) was measured by tilting the spectromter platform as shown
in [Figure 3.16. For the binding energy measurement, the tiltvas assured to be in the
minimum position. Hence the e ect on the data is less tha@ 10 8.

3.3.5 Binding energy result

The results of the individual transition energies are lisi in fable 3.5. Summing up
all Eyans Yields to the binding energyS, = 85797974 eV with statistical uncertainty
of 1:3 eV which is in relative terms1:5 10 ‘. This statistical uncertainty comprises the

instrument instability during the -acquisition. Several uncertainties have to be added, all
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-energy angle meas trans
keV degree fm fm
6112 0.181619943(38) 0.202887478(42) 0.202887486(42)
1165  0.95284201(21) 1.06437168(23) 1.06437182(23)
786  1.41166425(15) 1.57681199(17) 1.57681219(17)
517  1.43112681(12) 2.39782042(20) 2.39782072(20)
-energy E meas Etrans Uy
keV eV eV
6112 6110982.5(1.3) 6111539.3(1.3)2:1 10 /
1165 1164857.86(25) 1164878.09(25p:2 10
786  786296.482(86) 786305.700(86):1 10 7
517 517070.298(42) 517074.284(428:2 10 8

Table 3.5: Results for the di erent Chlorine -transitions. The transition energieByans di er
from the measured energi&sneas by a correction for recoil.

listed in relative terms: The calibration contribute with 4:1 10 8 statistical and 9 10 8
systematic uncertainty. The absolute calibration of the teperature sensor is good to
0:05 K, considering the CTE of silicon this gives an uncertainty of 10 7. The absolute
determination of the lattice constant accounts fo5 10 &.

This results in total to a relative statistical uncertainty of 1:6 10 7 and a relative sys-
tematic uncertainty of 1:4 10 7. The combined uncertainty yields to:
u=2:1 10".

S, = (85797974 1.8)eV (3.3)

3.3.6 Predictions for future measurements

Under the assumption that Gams6 has negligible instability but otherwise performs as
Gams4, one can estimate the reachable statistical uncertainty bjgnoring the scatter
between the di erent 4-packs. Combining the individual unertainties of the 6112 keV
measurements in 2008 yields to a relative uncertainty @2 10 @ within 6.5 days. Hence,
in three weeks a relative precision of 10 8 is reachable.

Consequently the systematic uncertainty has to reduced aselk With state of the art
thermometer equipment an absolute accuracy of 1 mK is feakb This will reduce the
corresponding uncertainty to3 10 °. The corresponding equipment will be provided by
collaboration partners from INRIM.

The uncertainties of the calibration could be reduced su aently maybe even withGams4,
though this would require very time consuming studies of thgear-coupling delay. With
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Gams6 there is a very good chance that this problem is gone, if not, can be studied
su ciently within a day.

3.3.7 Comparison with literature

The results can be compared to [Dew+06] and [Kes+85] which sleribe the same mea-
surement with the very same apparatus. The values of the inddual -transitions are
listed in [fable 3.6. The uncertainties for the binding enengobtained here are a factor of
2.7 smaller than in [Dew+06]. The values match within the unertainties.

A comparison to the molar Planck constant is not possible athis point, as the uncer-
tainties in the mass determination of the chlorine ions areuge. However, the equipment
for those measurements exists, as it has been proven with tireeasurement of the sulfur
and silicon masses. Yet community needed the motivation toonduct the measurement
[MyeQ7].

3.3.8 Summary

The Chlorine-36 binding energy was measured in 2007 2008. Whthe low transition
energies were unproblematic, the 6112keV line required ingpements on the experiment.
Any rotations of the spectrometer table must be strictly avaled; this makes reference
scans impossible. They could be omitted after optimizing #hinstrument software. Fur-
thermore, the thermal stability could be improved by betterinsulation and installing a
controlled and active motor-cooling. The residual thermaihstabilities could be compen-
sated by developing a better correction algorithm. A new tédor the vertical alignment
of the spectrometer was performed for the rst time. All thisimprovements resulted in
a reduction of the uncertainty of the chlorine-36 binding eergy by a factor of 2.7. It
could be shown, that after an improvement of the instrumenttability and thermometer
calibration it will be possible to achieve a relative uncesinty of 10 8 within a few weeks.

reference year Eyans=€V Etans=€V Etans=€V
[Kes+85F 1984 517070.10(23) 786297.02(39)

[Dew+06] 1997 517069.62(22) 786296.43(53) 6110980.2(4.0
This work 2007 517070.298(42) 786296.482(86) 61109823(1

Table 3.6: Comparison of transition energi€8Cl with literature values.

avalues are adjusted for changes i and dzzg, following [Dew+086].
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3.4 Further limitations of Gams4

To trace down the reasons for the instability of the instrumet, a -transition was mea-
sured over several days. The measured energies were congaveh all available pa-

rameters. A correlation was found with the humidity of the ai as shown inFigure 3.1]7.
However the goniometer readout follows the humidity with a elay of about 10 hours.
This fact would be explained by a humidity sensitivity of theglue f used for bonding the
interferometer optics. This behaviour is known since 2002xd is sort of the origin for the

idea of a major upgrade of the instrument.

shows a remarkable e ect of the environmental rditions at the experimental
site. The ILL reactor is hermetically enclosed and for sedty reasons kept at roughly
5 mbar below the external atmospheric pressure. The pressucurve reveals that the
pressure inside the reactor oscillates with an amplitude @bout 1 mbar and a rough
period of 23 minutes. A closer analysis shows that the amplide is more stable than the
period. This leads to the assumption that the pressure corl has a resolution or set-
pint of 1 mbar. And the time constant of the pressure leaks isb@ut 23 minutes. It was
veri ed that this oscillation is not a local e ect at Gams4. It appears as well atGams5
which is situated 30 m away at the opposite end of the reactorall. As the compression
is small and happens rather quickly it can be considered asiabatic. This means that
the air cannot exchange heat with the walls or any other matel, and hence will change
temperature. The e ect is too small to a ect Gams4 at the current level, but it would
perturb Gamse6.

®  4-pack energy evaluation
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Figure 3.17: Instability of Gams4due to humidity. The measured energy is correlated to the
humidity with a delay of about half a day. Graph from _[JKMO09]
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Figure 3.18: Adiabatic pressure oscillation inside the reactor bugdiause temperature oscillation.
The temperaturel oscillates with an amplitude of 1 mK, the pressyrevith 0.7 Torr which is 1 mbar.
The oscillation period is about 1500 s.

3.5 Summary

The instrument has been calibrated over 14 month, leading ta calibration constant
whose uncertainty is a factor 2 better than ever before. Thehrine-36 neutron binding
energy has been measured with an uncertainty being a facto62etter than ever before.
At the same time the relative accuracy of this binding energis a factor 1.8 better than
any other element that have a binding energy above 8 MeV  in dter words everything
except deuterium.

The key to these improvements was, besides the thermal sthbation, the new algorithm
for correcting the goniometer read out for environmental pameters.

Furthermore, it was shown, that a relative precision o2 10 8 will be reachable with

Gams6 in four weeks of beam time.

For the -acquisition a new systematic test has been introduced witmeasuring the

vertical angular alignment.

Several problems in the calibration procedure were revedleThey were analysed carefully,
such that the level of accuracy could be increased su cientlfor the present measurement.
Strategies were developed how to successfully overcomesth@ssues withGamse6.
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Chapter 4

New instrument

The new instrument calledGams6 bases on many concepts @ams4. In this chapter only
the improvements will be explained. The spectrometer thegiis explained in[chapter P.

For a better understanding, the description of the improvemnts is split into individual

independent parts: the target inside the reactor, the frontollimation, the spectrometer
table with two crystals and the interferometer, back collimtion and detector. The critical
part for the instrument stability which needs a major increase is the spectrometer. Thus
most research was invested here. The other parts have undeng a slight development to
improve the signal-to-background ratio or to increase theatio between acquisition time
and maintenance time by e.g. faster motor movements.

4.1 Interferometer

Many high resolution angle measurements are realized via l@amnsfer towards a displace-
ment measurement. A review of displacement measurementheajues and involved prob-
lems can be found in [Bob93]. A particular role in displacememeasurement techniques
is played by displacement interferometry [Law04; MNH79; D@)]. It combines several ad-
vantages, as it yields a very good accuracy down to 10 pm andgitovides an extraordinary

high dynamic range of more than eleven orders of magnitudew® types of displacement
interferometers are realized nowadays: homodyne and heatdyne. In the rst case only

one laser wavelength is used in all branches of the interfereter. The displacement de-
pendence of the interference pattern is intensity encodedhese interferometers require
a high intensity- and frequency-stability of the light souce. In the case of heterodyne in-
terferometers, di erent branches of the interferometer wesan individual laser wavelength.
Consequently the interference pattern has a time dependenttensity modulation and
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the displacement information is phase encoded in the modtilan. In this type of inter-
ferometer only frequency stabilisation is required for therice of an additional reference
signal because phase measurements are always relative. Atipalar advantage of the
heterodyne type is its capability to detect the direction ofa displacement without further
e ort.

A contrary example is the use of accurate homodyne interferetry for the determination
of the lattice parameter of silicon as described in [BCM93jnd [FMMO08].

4.1.1 Heterodyne interferometry

Heterodyne interferometry uses two beams with slightly dierent wavelengths. In a simple
model, a beam can be described fully at each point by its ampide A1, frequency! ; and
phase 1; Ay, !, and , describe the second beam, correspondingly. A wave propaggt
in a medium with the speed of lightc® is described by:

Si(;x)=A; sin(lit & 9, (4.1)

The phase ; = ¢%; + 9 contains all information about the geometrical path lengths; a
beam has travelled up to that point. Though, it requires the dginal phase o set 9 to
stay constant. If the path length di erences; s, is of interest, only ¢ 9 has to stay
constant. This is the case when both beams emerge of the samsel.

It should be noted that the optical path lengths® = S% = S is amore descriptive quantity,
as the refractive index of passed materials can change, while the vacuum speed offilig
C is constant.

When two beams overlap at a certain point, a detector observesbeating signal which
oscillates with the frequency di erence of the beams. If bbtbeams are of the same
amplitude A, the detection intensity D can be calculated as:

D(t)= A2 (sin(lit 1) +sin(lzt )3 (4.2)
[ + ! ! 2
_ 2 1 ' 2 1 2 . 1 2 1 2
=A cos > t > sin > t > (4.3)
P+ ! + 1
= A2 cos - 5 - 5 2 E(l cos[l: !'2t (1 2] . (44

The left part oscillates with the average frequency*y2 4.7 10" Hz. This frequency
is in the optical domain and therefore assures that the sighean be detected by a photo
diode. The photo diode will convert this component to a DC cuent. The right part
acts as a time modulation of the current. Notably this modulaon inherits the phase
properties of the beams.
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Previously, heterodyne laser sources generated the twoduencies using the Zeeman ef-
fect. The most common model, which is also used Bams4, was the HP-5501B laser
providing a beating frequency of 1.8 MHz. Modern concepts $a on acousto-optic mod-
ulators (AOM). In these devices a frequency shift of laserght is obtained as a result
of inelastic Bragg scattering of the light on a travelling desity wave in a transparent
medium. This technique gives a free choice of the beating dueency in the range of 0
400 MHz to the experimenter. FoiGams6 100 kHz are used as a compromise of electronic
accuracy and available bandwidth.

The interferometer signal (measurement signal) is detecteaccording to| (4.4) as a oscil-
lating sine signal. In order to retrieve the phase of this si@l, it needs to be compared to
a second signal of the same frequency. This so-called refieee signal is typically gener-
ated by an additional superposition of the laser beam branek before the impact of the
path length variation. In the case of a beating generated by @Ms, the reference can be
deduced from the signals that drive the AOMs.

The comparison of the reference and the measurement signads be realized by electronic
devices like a time-interval counter or a lock-in ampli er.

So far, the considerations or heterodyne interferometry arbased on the assumption that
in each branch of the interferometer exactly one frequency present. However, in practice
this condition is ful lled only approximately. In particul ar, the lasers based on the Zeeman
e ect provide a laser beam which is contaminated with a so-ttad frequency mixing. In
each branch a slight component of the wrong frequency is camed. This generates
a beating modulation which does not depend on the displacenteo be measured by
the interferometer. The general signatures of this e ect & well-studied [WD98; Sut87;
AD9(0] and pronounce themselves as a periodic non-linearitythe measured signal of the
interferometer as a function of displacement.

Any interferometer layout aiming for high accuracy has to belesigned such that this
mixing is suppressed as much as possible. This is particljaimportant for Gams, as
there are only few calibration points and these are at largasiances. Hence a correction
of periodic non-linearities is very di cult.

4.1.2 Old interferometer layout

Gams4 used a simple Michelson layout to measure the axis angles #sstrated in
[Figure 4.1. The HP5501B laser provides the two frequenciestiin the same beam,
separated by perpendicular linear polarization. In the irgrferometer, the laser beam is
split at the central polarising beam splitter cubea. This provides the frequency splitting
for each interferometer branch. Both beams are guided by mir prisms d,e,f to two
retro re ectors I,m sitting on each end of the goniometer arm. Each beam path comies
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to a roof prism j,k which re ects the beam by 180° but displaced in height. The laens
return their way through the retro re ectors back to the spliter cube a which now serves
as beam combiner. From there the beam goes on to the detect@ome-retarder plates
b,c, which are passed only once, rotate the beam polarizationné thus the beam is de-
viated to the detector instead of going back to the laser. Tw&lan-Thompson prismsi,h
are used to clean for components of the wrong polarization é@ithus the wrong frequency.
A compensating elemeng ensures that both beams pass through the same amount of
glass. This is important as optical path length is heavily iuenced by the refractive
index of the material. This changes with temperature. For usal materials it in uences
the optical path length stronger than the thermal expansion

An exact copy of this is used to measure the angle of the secagmhiometer arm.

Weak points

The central beam splitter which provides the frequency sepation is cube-type. The sep-
aration power is far from being su cient. Additionally the frequency separation, provided
by the HP5501B-laser, is hardly better than -50 dB. This leaglto frequency mixing and
thus to periodic non-linearity in the interferometer respase function on the nanometre
level [LKOO].

The layout of each interferometer was chosen such that the togal path length in the
zero position as well as all paths in glass are the same for bdiranches. Hence they
will compensate for global temperature changes and consequchanges of the refractive
index. However, this layout is not able to compensate movemis of the optical elements
themselves. Any of such a drift would falsify the measuremewithout a possibility for
the experimenter to notice.

This is probably the dominating e ect of the Gams4 instrument instability. The optics
were mounted on asymmetric alignment elements and bondedtlva humidity sensitive
glue. A stability test showed a correlation with humidity. See[secfion 314 for details.
Furthermore, the old set-up consisted of two separate intlearometers mounted on individ-
ual support plates. If these plates drift with respect to edctother, the angle measurement
will be wrong, again without any mean to notice.

The reference signal was taken right at the laser, which is ee optical elements and
distance away from the interferometer. Any change of the l®@fringence in the optics may
introduce a phase shift and hence a wrong measurement.

The laser was placed under the interferometer, and hence riotuces thermal gradients
and probably also thermal instability.

Each of these points is faced with the new interferometer layt.
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Figure 4.1: Gams4interferometer layout. The goniometer arms with the di raoh crystals are
on the very left and very right. See text for an explanation. Gragtetafrom [Kes+01]
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(a) Interferometer layout for one side or axis (b) Layout for two sides or axes. The same polar-

only. It is a combination of Michelson and Mach- izing mirrors are used for both sides. A second

Zehnder interferometer. The laser is injected at  laser also providing two frequencies again sep-

one spot; the two frequencies must be separated arated by polarization is injected at a di erent

by perpendicular polarization. spot. It may be a copy of the rst one, created by
a non-polarizing beam splitter. Beams for left and
right axis may overlay.

Figure 4.2: Scheme of heterodyne interferometer. The moving mirrors dsoliack lines) on the
sides can be replaced by corner cubes to obtain a goniomé&mrly four polarizing mirrors (dashed
black lines) are necessary for both interferometers. Retaplates (=4 thin black lines, =2
thin black double-lines) are used to guide the di erent fregaies to the correct path. The laser
source must provide two frequencies, separated by perpdadipolarization. For simplicity, the
retro-re ectors are illustrated by two at mirrors (thick biek lines).
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(a) Layout for one side or axis only. Monochro-
matic laser light is injected at one spot. After

passing the measuring path, it is frequency shifted
by AOMs (grey boxes) to two dierent frequen-

cies. They overlap in the detector and induce a
beating signal.
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(b) Two sides or axes. A second laser is injected
at a di erent spot. The AOMs are used from both
sides. The beams for left and right axis may over-

lay.

Figure 4.3: Interferometer layout using AOMs inside the interferomef€he monochromatic laser
source provides a single frequency. The light is still homodyhen passing through displacement
mirrors. It is shifted by AOMs into two di erent frequenciesfbee recombination.
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(b) Layout for two sides or axes. The beams for
left and right axis must overlay. Frequency sepa-
ration is done by polarization.

Figure 4.4: Interferometer layout with no AOM inside. Two lasers witlghlly di erent frequencies

are injected at two di erent spots.
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4.1.3 New interferometer layout

In order to explain the functionality of the new interferomeer it appears useful, to follow a
stepwise description which recalls the design process. Batep provides a fully functional
interferometer which may nd its niche application.

In the rst step the xed part of the interferometer is reduced to only four polarizing beam
splitters. Some additional retarder plates are necessabut very thin and do not in uence
the optical path length. As illustrated in [Figure 4.2(a), the layout is not fully Michelson-
like. Beam splitting and recombination occur at di erent spts. It resembles much more
a Mach-Zehnder interferometer. However, the measure dewics still a displaced mirror
which is hit under 90°, and the optical path to this mirror is tavelled twice by the laser
beam.

The big advantage of this layout is the extendibility to two $des without any new optics.
As illustrated in Figure 4.2(b), a second laser is injectedta di erent spot. Then, the
same optics is used to measure another axis on the oppositesi

The intention of the second step was to get rid of the Zeemarabilized helium-neon laser
and its frequency mixing [[KIMO6]. The layout was modi ed suchthat a monochromatic
laser is used to supply the interferometer (s¢e Figure 4.3@nd[4.3(b)). The light runs like
in a homodyne interferometer, but before recombination eadeam is frequency-shifted
by an AOM. Both beams are shifted to provide a symmetric depeence on possible drifts
of the AOM. Though, each beam has a slightly di erent frequeey, typically 40.05 MHz
and 39.95 MHz, resulting in a 100 kHz beating.

In the third step, see Figure 4.4(d) and 4.4(lb), the AOMs werbrought out of the inter-

ferometer to avoid the heating of typically 50 mW. The laser bsm is split outside the
interferometer and both parts are shifted by di erent freqencies. These two beams enter
the interferometer at di erent spots. To provide a working nterferometer two additional
optical elements are necessary to make the correspondingaims overlapping. In this
layout the beams for the two axes cannot be separated spatjalAll separation has to be
done by polarization.

In the fourth step this spatial separation is re-establishe as illustrated in [Figure 4.5.
At the same time the practical realization of the layout is faed. So far all mirrors and
polarizing beam splitters were assumed to be (in nitely) tin surfaces. However real
beam splitters require a substrate. A common splitter is a &e that consists of two
right angled prisms that are in contact on their hypotenusesurfaces. The contact got
a special coating which de nes the re ection, transmissio@nd polarization properties.
These cubes match the theoretical thin surfaces quite welHowever the perpendicularly
passed entry and exit surfaces cause unavoidable re ectoonThis causes periodic non-
linearities [Wu03]. Consequently, surfaces perpendiculto the beam should be avoided.
Additionally those cubes deviate the transmitted beam duedt imperfect manufacturing.
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Naming conventions:
First letter position on z-axis: Second letter position on Third letter function:
L lower side of the map and X-axis: P polarizing beam splitter,
close to the laser; A A-axis of spectrometer, the R reference beam splitter
M middle part, used for -beam arrives here rst. on  (non-polarizing),
reference beams; the left side of the D deviation of the beam,
U upper side of the map; layout-map. B balancing, to provide same
T top, close to the detector B B-axis of spectrometer, path length inside material,
and serves for recombination | injection of the laser beam.

of the beams.
Exceptions are LMM and UMM main mirrors and RRP reference roasm.

Figure 4.5: The nal interferometer Layout in a true to scale scheme. Theicpis realized by
substrates (grey boxes) with parallel and at surfaces that gloerent coatings: full mirror (solid
black lines), polarization dependant mirror (dotted lin@pn-polarizing semi-mirror (dashed line) or
anti-re ection (no line). Retarder plates are not drawn. Aleédms lie within a plane, except the
second half of the reference beams, that are shifted through rihof prism RRP by 7mm to a
parallel plane. See Figure 4.4(b) for the direction of théigThe coordinate system is described in
subsection 2.116.
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With these deviations the proposed layout is dicult to build, as each optics is used
for several beams. Hence, there are more alignment congttaithan free parameters,
and no deviation can be compensated. Possible substrates fbe re ection surfaces
are at cuboid substrates. They can be produced su ciently at, such that the beam
is not deviated. If placed in a 45°-angle they displace the &® and can provide all
necessary re ective properties by di erent coatings (nonepolarization dependent and
full re ection). Furthermore a stable mounting (sed_sectin 4.1.8) is easier with this solid
cuboid-shaped substrates. The layout provides the posdityi to be upgraded with an
additional beam to monitor the e ective length of the gonioneter arm. However, at the
current stage this does not seem to be necessary, and is ndtestuled so far.

Further variations of the basic layout were studied. The oneéescribed in step four and

was chosen as best compromise. It was found to be tnly one providing all
of the following advantages.

" The beams towards the retro re ectors are symmetric. If alfour beams to the retro-
re ectors have the same distance to the goniometer axis, $gmatic e ects can be
studied much easier, and some drift e ects are even competeshby this symmetry.

Frequencies are separated spatially throughout the intéerometer. The alternative

separation by polarization can never be perfect and would hee cause periodic
non-linearities.

A more stable laser than those based on the Zeeman-e ect cée used.

No heat sources inside the interferometer. Any AOM insidette interferometer would
cause thermal gradients and eventually interferometer itesility.

The layout can easily be equipped with reference beams.

There are no surfaces perpendicular to the beam. Conseqtlgnhere are no residual
re ection which would cause periodic non-linearities.

However, it implies also some negative aspects.

" There are additional optics necessary to make all paths toebof the same length.
Even though the total path length dierence Bsiy Brer) (Asig  Arer) Would be
balanced, small asymmetries introduced during the mountgnprocess would cause
asymmetric drifts. This would reduce the auto-compensatiofeature.

" The optical paths are not of the same length. As the interfaymeter is operated in
vacuum only, this is less critical. Only small residual e ets caused by the beam
divergence remain. To monitor these e ects over time, the igth of the reference
beams was chosen to be asymmetric as well.
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" Parallel at optics can shift the optical path length when rotated around an axis
which is not parallel to the beam. This e ect is much strongewhen the substrates
are passed in an 45° angle than passing them perpendicular.onSequently the
substrates must be xated rigidly concerning rotation. Howver, the reference beams
compensate most of this e ect.

A~

The retarder plates can not be xed onto the main optics as i would be possi-
ble with beam splitter cubes. Consequently the retarder plas require individual
mountings. Fortunately they are very thin, consequently ay drift has no signi cant

in uence on the optical path length. And nally most retarder plates are monitored
by the reference beams. A small in uence on the polarizatiodoes not matter, as
polarization is only used for intensity optimization.

Auto compensation

One big feature of the layout is the auto-compensation of dts of the optics. If any of
the main optics (polarizing beam splitter or main mirror) difts, the interferometer of one
goniometer axis will provide a false readout. However, excthe same drift is also seen
by the other interferometer side since it uses the same elemeThis will result in the same
false readout. Consequently the di erence is independentoim any drift. As the Gams
spectrometer depends only on the angle of the two crystaldaBve to each other, the total
result does not depend on any drift. However this is only tryef both goniometer arms are
of the same length. If they are not, any drift is suppressed e ratio between the arm
length di erence and the average arm length. Considering éhdesign of the interferometer
arm and the retro re ectors, achieving the same interferonter arm length, i.e. distance
of the optical centre or the corner cubes, should be feasibigthin 0.1 mm or better.
Together with an arm length of 300 mm this results in a drift sppression of 1/3000 or
better. Considering the target accuracy o2 10 8 this means e.g. for the main mirror
a possible drift of 50 nm without consequence. Without the compensation e ect a
stability of 20 pmwould be required.

4.1.4 General goniometer theory

So far, the goniometer-interferometer relation was alwaysduced to equatiori (2.2), some-
times extended by diverse o sets of angles and interferonegtreadout. This relation in-
cluding all the extensions assume an ideal interferometeifhe real interferometer will
show deviations from this behaviour due to unavoidable thigs like misalignment of laser
beams or non-centric bearings of the goniometer axes. Theesiof the consequences on
the accuracy of the goniometer have to be estimated. Thereéoit is necessary to know
which projections of which length do nally impact on the reaout.
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The intention of the goniometer is to measure the rotation ahe crystal around a vertical
axis. A goniometer arm is used to amplify the arc length of tkimovement. At each end
of this arm a retro re ector is mounted. The interferometer nonitors the displacement of
these re ectors. As explained below, retro re ectors of caer-cube type re ect the beam
in a way that the path length of the beam is independent from té orientation of the
corner cube or the incident point of the laser.

Properties of perfect corner-cube retro-re ectors

Retro re ectors are de ned from the property to re ect back light parallel to the incident
direction; independent from the orientation of the beam wh respect to the retro re ector.
They exist as cat eye or as corner cube type. Only for the lattéhe total path length of
the beam is independent from its position. Already [Pec48jglied the use of corner cubes
within a Michelson interferometer. These corner cubes casts of three re ecting surfaces
which are pairwise perpendicular. A typical former produgbn was to cut a corner from
a cube of glass and hence to form a three-sided pyramid.

The present corner cubes are hollow that means that the fullght path is in vacuum, not
in glass. The actual way of production is described in_secfigt.1.7 where the cubes are
characterized. The advantages against the solid glass-&ys explained there as well.

The main properties of perfect corner-cubes are:

- A perfect corner cube re ects a beam anti parallel to its indent direction.

- The distance between incident and re ected beam is invamé to rotations around its

optical centre, which is for the new hollow corner cubes idical to the geometrical corner.
- The total path length of a light beam is independent on its inident spot if measured
along the incoming light direction. This is not trivial as the interferometer layout requires
a main mirror which is perfectly perpendicular to the beam

- The total path length of the beam does not change when the awr cube is translated
perpendicular to the incident light direction. Though the Ight spot travels on the main
mirror, hence this must be very at to not change the laser pdt length.

Goniometer with two perfect corner cubes

The interferometer measures the projection of the corner ba movement on the laser
beam. However, several deviations from a perfect situatiaran occur.

- The movement of the axis may be not a plane rotation, but anyriegular movement in
three dimensions. The consequences of such an movement amel tequired perfectness
are described in_secfion All. A characterization of the acéiliaxes is given il_secfion All.
- The interferometer measures two corner cubes on an axis. &hesults of these measures
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Figure 4.6: Wrong interferometer readout due to horizontal misaligninefithe interferometer
beams towards the corner cubes.

add linearly. However, if the laser beams towards the corneubes are not parallel this
leads to non-linearities. This is explained in the next pagraph.

If the rotation itself is perfect, and both interferometer leams are parallel, it still might
be the case that the axis of rotation is not perpendicular totte plane formed by the
interferometer beams. In this case only the rotation projeed on this interferometer
plane is measured. Consequently also a projection of the Brpangle will be measured.
it is necessary to align axis and interferometer plane withi 30° to keep the relative
uncertainty below1 cos(30y 2 1038.

Horizontal alignment requirements for interferometer beams

If the two laser beams are parallel, they form a Euclidean pt@. If one of the lasers is
slightly misaligned by an angle within this plane, its zero angle changes, and thus its

interferometer equation (2.2) from:
F = K=2sin()

to
F=K=2sin( + ).

The assumption that both corner cubes contribute equally téthe interferometer read out
Is quite good, and so the calibration constanK is split equally between both corner
cubes. For simplicity the interferometer zerd-q is left away.
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The combined readout of both corner cubes is then:
F=K=2 sin()+ K=2 sin(+ ). (4.5)

If one tries to deduce the original goniometer angle from thiread out via equatior] (2.2),

one obtains: ' _

K=2 sin()+ K=2 sin( + )
K

The absolute incorrectness ©  of the obtained read out is illustrated in[Figure 4.5. If
one tries to estimate relative incorrectness of such a measment between an arbitrary
goniometer positions ; and the zero position , = 0, one retrieves large values. These
values, illustrated in[Figure 4.7 would indicate the neceig of either very parallel inter-
ferometer beams of far better tharl® which is impossible, or the need for a quadratic

correction of[(2.2) as suggested in (2.62) on pagé 83.

However, the estimation the relative incorrectness of a mearement between the goniome-
ter positions ; and ,, both arbitrary, yields:

9= arcsin

(4.6)

sin( 1)+sin( 1+ )
2

arcsin arcsin L2t 2 )y

4.7)

1 2
The illustration in show the high correctness wit moderate alignment require-
ments of 80°° It should be noted that the o set is not important, as the gornometer is
calibrated afterwards. Important is that the di erence between the error of a polygon
angle of 15° and of the smallest angle in ¥Cl binding energy measurement of 0.2° is
lower than the desired relative accuracy o 10 8.

Vertical alignment requirements for interferometer beams

If the second interferometer beam is misaligned in the vectl direction, strictly spoken the
interferometer plane is not de ned any more. But the originbplane without misalignment
can be considered as this plane to estimate the incorrectses

In this view, the beam tilted by an angle experiences a change in path length elongated
by the factor —t~. This results in a relative incorrectness of a measuremenetween the

) cos( ) : .
goniometer positions ; and », both arbitrary, if:

C S W) ggine ) LS 2) ygine )
arcsin == —— arcsin == —— (1 5)

(4.8)

1 2

As illustrated in a parallelism of80%is su cient for the desired accuracy.
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Figure 4.7: Resulting relative error in an angle measurement due to heti#anisalignment of
10°%thin line) and 1%%(thick line). This would require very parallel beams to reactelative accuracy
of 10 & However, this is a result of a simple interpretatior] of Figdr§ and it is irrelevant for angle
di erence measurements conducted in binding energy measeants. An interpretation which is more
meaningful to this is found ip Figure 4.8. This graph is onlysereed here to allow error estimations
in future if Gams6is used in an unintended mode.
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Figure 4.8: Error of an angle-di erence measurement due to horizontasatignment of the
interferometer beam. Misalignments 86°9(thin line left scale) and10°(thick line right scale) are
drawn. For an interpretation see text.
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Figure 4.10: Angular misalignment of two beam components leads to lossoofrast. It should
be emphasized that this is the nal misalignment at the detact
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Interferometer contrast

A further restriction for the beam alignment comes from thenterference principle and
the nite beam width. Two overlapping beams of the same intesity produce a beating
depending on the phase of the beam according to equatipn (#at each point on the
detector. If assuming nearly plane wave fronts perpendial to each beam propagation
vector and if placing the detector perpendicular to one of thse beams, then the phase of
the second beam has a spatial dependence on the detector acef

2= 1+ x= .2 sin(), (4.9)

where is the angle between the two beams, andthe distance from both beam centres
in the direction of the projection of the second beam on the tkxtor plane. The laser has
the wavelength |, a beam diameterw 2:2 mm and an intensity pro le of:

2 2

f(r)= e a7 (4.10)

where r is the distance from the beam centre. As the detectos a photodiode with a
sinlge pixel, it sums all light on the surface and converts ia an electrical signal
ZZ

P
Da= f  x2+y2 1=2[1 cosft [: ,])]dxdy. (4.11)

The contrast is given by:

maX(Del) min(DeI)

maX(DeI) + min( Del) .
The evaluation of this term is drawn in[Figure 4.1ID. It turns ait that a misalignment of
40still deliver a contrast of 50%. It must be noted, that this msalignment angle refers
to the total deviation of the beam nally arriving at the detector. This may be the sum of
all previous misalignments. As the new interferometer layh uses most optical elements
in multiple passes, it is hardly possible to compensate onasalignment by intentionally
misaligning another element.

(4.12)

Therefore the laser beams from the interferometer plate t@rds the corner cubes have to
be aligned parallel with a deviation less thar5®® This accuracy is well possible with the
help of an optical autocollimator and large transfer mirrcs.

4.1.5 Performance tests
All four presented layout variants have been built and test This happened along the

design process. Properties and problems learnt from earlieersions in uenced the later
ones.
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Alignment feasibility The objective of the rst variant was to prove the feasibility to
built up such a layout. This was not clear at all, as the two sids put a lot of constraints
and require some anti-parallel beams. Using the appropraalignment procedure, it was
possible to set up a working interferometer on an optical baglboard with commercial
mounts for the optics.

A test of the interferometer provided a surprising result. De to the in uence of air and
the missing thermal stabilisation, no perfect stability wa expected. However the readout
provided non-periodic oscillations with a time scale of alwb 25 minutes. An oscillation
of the breadboard or the mounting is almost excluded. The mbgrobable cause seems to
be the commercial HP laser. It is stabilized through the Zeeam e ect. The feedback is
realized by measuring the polarization ratio and correspdingly heating the resonator.
The laser frequency is thus stabilized by the thermal expaios of the resonator. It seems
that the feed-back loop has a time constant in the order of 20inutes. Thus the observed
oscillation may have been induced by a back re ection from #hinterferometer into the
laser. In subsequent set-ups this was avoided by Faradaysuiators, later on by the
combination of an AOM and an optical single-mode bre.

Linearity test ~ The second variant was built to examine non-linearities. Athe same
time experience with the AOMs was gained. The interferometeeadout was compared
to the Nano-comparator at PTB [KFBO5] which runs with a few nmaccuracy. In this
test, the interferometer performed well, there was no nomakarity detectable.

Also the third variant was set-up. It could be proven that it is mountable and works.
However, due to the immanent polarization mixing (a few peent) the periodic non-
linearities were unacceptable.

Prototype  The fourth variant was build as a prototype of the nal interferometer. It
uses dedicated optics, and a granite block as base plate. Thlggnment of the optics is
done by aluminium tables (sek subsection 4.1.8) to which tloptical elements are clamped

down (seq Figure 4.15).

This prototype was used to replace th&ams5 interferometer. Here, it could be tested
under real conditions. These tests included long time rebdity and stability as well as
linearity. However, Gams5is not equipped with a vacuum chamber, thus the interferom-
eter was exposed to the in uence of the refractive index ofraand thus could not show
its full stability capabilities.

With the availability of the Gams6 vacuum chamber (seE_section 4.2) the prototype could
be tested in the position of the nal interferometer, admitedly without corner cubes and
therefore only the reference path was operated. This pathaae is not compensated in
the prototype-version, thus the stability in vacuum could ot be tested.
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Even though the prototype was not designed for vacuum opeilah it contains dead
volumes and porous materials a pressure belod0 # mbar was reached quickly. The
interference signal remained strong, even during evacuati.

4.1.6 New laser

Gams4 and the early version ofGams5 used a two-frequency helium-neon laser as light
source, i.e. the Model 5501B from Hewlett-Packard (now Akgnt). They have a laser
tube inside a homogeneous magnetic eld. Due to the Zeemaneet a splitting of the
laser line occurs. These wavelengths have a di erent polaation.

Even though they are quite reliable, lasers of this type haveeveral disadvantages. The
separation by polarization is never perfect, more than -5dare not achievable. Further,
this light can hardly be injected into an optical bre (without destroying the frequency
separation), thus the light cannot be transported, and thedser has to reside close to the
interferometer. This causes thermal gradients and is hencafavourable.

Therefore the laser is replaced with a monochromatic HeNasker. A nowadays standard
model 117A from Spectra physics is frequency stabilized angerates in continuous wave
mode with an output power of about 1.8 mW. Due to the calibratia procedure of the
goniometer an absolute knowledge of the wavelength is notagssary.

Optical bres

To allow a spatial (and thus thermal) separation of laser anthterferometer, the light is

transported in optical bres. Single mode bres are necessato provide a low divergence
and a at wave front of the resulting beam. The interferometerequires polarized beams,
as the laser provides a high polarization, polarization mataining bres are used for

maximum intensity.-

The bres were operated together with the prototype succeisly for 2 years at Gamsb.
Though during a test of the nal copy on the Gams6 vacuum chamber, a very strong
sensitivity to vibration was discovered. The prototype bres do not show this problem.
It is unclear whether the problem arises from a bad productio batch or a bad laser
polarization before injecting. In case the problem persistin the nal installation, a
replacement of the bres may be necessary. In the worst caghe interferometer can be
operated without bres. The light can be injected through a vindow into the vacuum
chamber.

»Otherwise a full depolarization succeeded by a re-polarizeon would be necessary to get a stable
intensity. This would result in a loss of 50% of the light intensity.
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Figure 4.11: Maximal intensity coupled into the bre at di erent distancefsom the laser. The
measured laser intensity is75mW. For an interpretation see text.

AOM-box

The laser light needs to be split and shifted by two di erent fequencies before being
injected into the interferometer in order to produce the beng. The shifting is done two
AOMs, at 39.95 Mhz and 40.05 Mhz. In a rst version, the laseisicoupled into an optical
ber. At the end of this bre, the light is split out-coupled a nd shiftd by the AOMs. Then
each beam is coupled into its own bre and guided to the inteefometer. The box has
been performing well onGams5 for the last three years. A frequency separation of more
than 80 dB was reached. This value is limited by the Signal toaise ratio, a frequency
mixing was not observed at all.

The second version was optimized by leaving out the rst bre This should increase the
outgoing intensity by 20%. At the same time the Fraday-isol@r can be left away. In
the rst version it was necessary to avoid re ections from te rst bre back to the laser.
This is now provided by the AOMs.

Though during the construction phase of the second box, it wadiscovered that the light
intensity after the bre decreases with the distance betwaelaser and bre as shown in
[Figure 4.11, much to the surprise of the manufacturer. Thefere the AOM box had to be
built very compact. In its nal state, the second version hadan output power of 400 mwW
per bre, compared to to the rst version having 250 mW per bre.
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4.1.7 Optics

Former interferometers of GAMS lacked mechanical stabijit Although using a low expan-
sion ground plate, the optical elements were mounted with s metric exure bindings
and a glue that is supposed to be humidity sensitive. This isow avoided by fully sym-
metric mountings and xation by clamping. Any symmetric material expansion does not
cause any drift in the signal. Additionally chemical bondiag is used to connect ceramics
and glasses.

In the past, the optics had been a collection of polarizing laen splitter cubes, roof prisms,
solid corner cubes and Glan-Thompson prisms, the latter irylindrical housings. These
irregular shapes does not permit a rigid xation.

For Gams6 it is assured that all optical elements can be mounted rigigll

The beam splitter cubes were replaced by right cuboids. Theyovide a homogeneous at
ground surface that is ideal for a rigid xation. Furthermore they can be produced with
high parallelism. Therefore the transmitted beam is not deated, in contrast to beam
splitter cubes which create always some arc seconds dewati Additionally a cuboid will
be aligned with an angle of 45°with respect to the beam and doaot have any surfaces
perpendicular to the beam. This means that no re ection canause spurious signals.
Double re ection which are parallel to the beam are that muclseparated in space that
they can be blocked by diaphragms.

The surfaces traversed by the beams are polished 020 and coated according to their
function: mirror, polarization sensitive or anti-re ection. These coatings are not necessary
for the principal functioning of the interferometer, but wthout them there would be no
reasonable intensity arriving at the detector. The best cdag available were used, and
still about 50% of the light is lost in unwanted re ections.

Hollow corner-cube retro-re ectors

Corner-cube retro-re ectors are well known in distance metlogy and have been studied
intensively [Pec48], also when used for a goniometer [SchHowever, these consideration
care only the aspect of solid corner cubes. And they ignoredtle ect of non-perpendicular
surfaces.

For Gams6 it would be not suitable to use solid corner cubes as it is exdmely di cult to
assure a symmetric production and mounting; non-lineartis would be unavoidable and
cause too large systematic errors. The same is true for a teempture change that will
move the optical centre of a solid cube. Additionally, a rigi mounting of a solid corner
cube is rather di cult.

Hollow corner cubes, on the other hand, provide usually a weibad perpendicularity.
Together with an optical workshop (Bernhard Halle Nachfolgr GmbH, Berlin) a new
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Side view Front view

&

Figure 4.12: Scheme and photograph of the corner cube. Parallel surfacesl@wn in same
colour. The aperture is 42 mm.

design of hollow corner cubes was developed. It provides glhiperpendicularity within
1% a at ground surface for good xation and at the same time it ces not require any
glue which could lead to drift.

The design can be understood as a solid corner cube which staron the surface which
would normally be the entry surface. One of its side faces i®ated with a mirroring
layer. On the other two surfaces at mirrors are xed by optial bonding. This allows
an excellent perpendicularity. Furthermore, the gap on the&orner between two mirror
surfaces can be smaller then 0.1 m. Figure 4]12 shows a dkettthe design and one of
the four pieces that have been produced.

In contrast to solid cubes that work with total re ection, th e hollow cubes need a re ective
coating. This reduces the nal intensity a bit. During one p&sage of the beam it will
always hit all three mirror surfaces.

The corner cubes are together with the main mirrors the onlyptics that experience a
moving beam which means that for di erent goniometer angleshe laser beam probes
a di erent spot of the optics. Consequently these surfacesad a very good atness as
explained in[section 2.313. Therefore the surface of the focorner cubes was mapped
using a WYKO 6000 zeau interferometer. This device emits a tge laser beam with

a plane wave front. After being re ected from the test objectthis wave interferes the

re ection of a at reference plane. The interference pattar shows the total path length

inhomogeneity that can appear after the three re ection in he corner cube| Figure 4.13
shows this surface atness. A maximum wave front deformatioof 30 nm was observed,
up to 60 nm (= =10) would be acceptable foilGamsé.

The angles between the mirrors were measured with two di ené methods. First again
with the WIKO 6000 zeau interferometer. It returns a fringe pattern according to the
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Figure 4.13: Surface quality of retro re ectors measured with a WIKO 6000 @80 nm at reference plate. Surface deviations
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are given always relative to a plane tted to each sector indiviuarhe grey shading indicates the 10-range. The green line

indicates the movement of the 8 mm diameter laser spot whergthdiometer is rotated from 0° to 15.1°.
the incoming beam from the interferometer, the upper towartie tmain mirror. The yellow zones apply instead, when theoretr

The lower marks intBca

re ector is used on the right side of the goniometer arm. Inethvords from the interferometer always the lower side beingecto
the goniometer axis is used to shoot in. The image should betggmmetric. Deviations from this may indicate lens defectshef t
WYKO 6000. Note that goniometer can run to30° without loosing signal. However, it would use then di drarirror sequences
inside the retro re ector. As the surfaces are not perfectlytaagular this causes strong non-linearities. Additionattprbations

are to be expected on the surface junctions.
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mirror direction ccl cc2 cc3 ccd

sequence of deviation z. pair z. pair z. pair Z. pair
horizontal 160 106 198 204 -1.08 -1.88 -0.49 0.49

CAB vertical 229 156 -0.02 -1.27 266 297 185 141
combined 279 188 198 241 287 351 191 150

horizontal 223 155 005 024 081 -0.24 0.64 0.98
ACB vertical 071 071 105 184 -0.14 0.14 -0.26 0.57
combined 234 170 105 185 083 028 069 1.13

horizontal 057 024 0.79 -0.08 -1.06 -2.04 0.11 -0.16
ABC vertical -2.04 -156 045 127 -265 -297 -155 -141
combined 212 157 091 128 286 360 155 142

Table 4.1: Measurement of the angular imperfectness of the four cornbesy(ccl cc4). Given is
the deviation of a re ected beam versus the incoming. Two dirrenethods have been used: z.

a zeau interferometer. pair the angle between the mirrafsB and C was measured pairwise with
an accurate indexing table. The deviation of a re ected beam tn calculated. All numbers are
given in arc seconds. All uncertainties are ab01a°%

atness and the alignment of a surface. By tting a plane to eah of the six sections of
a corner cube. The dierence between two facing sections oespond to the deviation

of a re ected beam. This deviation will depend on the sequeadn which the the three

corner cube surfaces are passed. An independent measurdmes done at INRIM using

an accurate indexing table. This is a calibrated table that @n be rotated at discrete
steps, e.g. 90°. Small deviations are measured via an elentc autocollimator [PAQ6].

The results of these measurements are showrlin fable|4.1. Tefthe corner cubes where
found two match the requirements of 1.% The other two are at2:5°and can be used on
the A-axis of the goniometer as it is less sensitive to this e of misalignment.

Hollow double-sided roof-prism

Similar to the corner cubes, also solid roof prisms are pr@phatic in xation and optical
stability with respect to temperature changes. But a similasolution is possible. A solid
roof prism stands on its entrance surface and serves as a &bcld at mirror is xed to
one of the sides. This mirror and the remaining side of the daat prism form a hollow
roof prism. A second at mirror can be added to the free side dhe socket prism, then
a second hollow roof prism is created.

This feature of having two opposed roof prisms on one elemeésiused in the interferometer
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Figure 4.14: Scheme of the roof prism. The base and the orange mirror aegl isr the A-axis
interferometer while the blue mirror and the base serve for th@xB interferometer.

layout for compensating drifts, in case this double roof pm is drifting, the combined
goniometer readout stays stable.

If using plan parallel at mirrors, the two opposing roof prisms can be made collinear.
However this would require a recess in both mirrors. As theyaut requires rather small
and thin pieces, the manufacturer could not guarantee theiatness.

4.1.8 Mounting method

As described inCsection 314, the stability olGams4 was supposed to by perturbed by
a humidity sensitive glue. It is hence preferable to avoid gnglue, and any material
mix. Preferably only low expansion material is used and allgsts should provide such a
symmetry that remaining expansion do not a ect the goniomedr read out.

The problem is quite tough, as a complex layout of 20 individual components needs
free alignment with 1 arcsecond precision. This orientatiomust be kept over a long time
(months) and it must survive moderate mechanical shocks frorotating the spectrometer
table.

The strategy to solve this problem is:

- decouple the di erent alignment orientations as much as sible,

- use symmetries,

- use exible springs to push objects against hard materiglshus any drift behind the
spring does not matter,

- use low expansion materials where symmetries may be brokenwhere inhomogeneous
expansion may cause an undesired e ect,

- do not use any glue and

- remove all alignment actuators, once the alignment is aaved.
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Figure 4.15: Mounting method for optics used for the prototype. The main parta rigid bridge
consisting of a horizontal bar which is supported by two waiftiubes and xed by two screws. The
latter are individually placed to avoid collisions with thesda beam. It allows to clamp down the
optics by two screws with a spring loaded tip @ N). An aluminium plate distributes the force on
the polished bonding surface and a double layer of Te on redisteer forces and avoids scratches.
The vertical orientation of the table can be adjusted by pulig the legs with an accuracy df°
After adjusting the horizontal orientation and position byghing with micrometer screws, the table
is xed by clamping down via three springs (100 N). The micrometer screws are removed after
clamping.

This led to construction principle:

1. mount all optics to small tables with little legs that allov a ne adjustment while
being rigid afterwards,

2. clamp those tables vertically to a common base plate.

This construction principle allows to x the optics to the little tables via chemical bonding.
This rigid technique is explained in the next subsection. Télittle tables can be adjusted
in inclination by polishing their three legs. This allows a ®ry precise alignment. And
once the alignment is done, this will neither change nor dtiiny more. The horizontal
alignment in orientation and position is done via micrometescrews. However, these
are removed after clamping the tables vertically in order t@void drifts from expanding
material. The principle is illustrated in[Figure 4.1% and Fgure 4.16.

For budget reasons, the same optics that was used for the pobtpe has to be used for
the nal set-up. Hence, the optics must be mounted removablen the table while still
being stable enough. The nal version later on can use a perment xation. Therefore,
during the prototype phase the optics was simply clamped tde tables.
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Figure 4.16: Final optics mount. The optics is bond chemically to a litderodur table. Its legs

are polished until the desired alignment is achieved. Thés téible is clamped to the interferometer
plate. The metal clamps are pressed done by screws via sgrind®0 N). The clamps press on the
table straight above the legs.

Chemical bonding

Constructing an interferometer requires a technique to x a optical element rigidly that
means without any drift. At Gams4 bad experiences were mad with a glue that was
particularly non-shrinking during curing, but humidity-sensitive afterwards as shown in
[secfion 3.4.

Chemical bonding is such a technique that allows to conneawd surfaces of silicon oxide
rigidly together [ElI+05; Bog10]. The method is patented ad was improved by the univer-

sity of Glasgow for interferometry in a space craft. It was t&ed to survive a rocket start

with accelerations 0f300 mrs?>. The method was provided to ILL under non-disclosure
agreement.

Chemical bonding works with two pieces of silicon-oxide su@as Homosil, Zerdur and
Clearceram. Both surfaces must be polished very at. A smalmount of water is applied

and the two pieces are brought into contact. The water open$¢ Si-O bonds on each
surface. After the diusion of the water into the bulk, the bands recombine with the

other surface, forming a strong connection. Test at ILL shasd that a bonding surface
of 2 cn? can stand shear forces of more thaB00 N For the need ofGams the technique

was modi ed, such the bonding was possible within normal ladvatory conditions.

4.1.9 Summary

A new interferometer layout was presented, that includes a @asurement of both crystal
axis within one interferometer. Therefore it provides comgnsation e ects against drifts.
The new layout was studied in detail for systematic errors. & xation techniques were
developed that are much less susceptible to drifts, this ihmes new alignment and bonding
techniques. A new type of retro re ecting solid were devel@a that allow much better
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xation and are much less a ected by thermal changes. A protiype of the interferometer
was built and tested onGams5 as shown in Figure 4.717. It served in regular operation
for more than one year.

The nal version of the interferometer has meanwhile built ad installed on Gams6. See

Figures[4.18 and’4.19, as well @s Figure 428 on pagel162.

4.2 \Vacuum chamber

As any environmental change will change the index of refrdoh of air and therefore also
the interferometer readout, the interferometer must run invacuum to achieve the aimed
accuracy. With the needs of thermal isolation and low vibratin it was necessary to design
a chamber such that the internal parts are completely sepaed from the chamber wall.
Additionally the distance of the -beam to the oor is given by the reactor. With 94 cm
it is very limited. The lack of space made many constructiongery di cult.

At the same time, a vacuum chamber provides an additional thmal shield including a
rather large heat capacity.

Chamber characteristics The chamber comprises a volume of 500 litres while having
a mass of 550 kg. Viton joints are used for sealing. The plentf access anges cause
a total sealing length of 12m. The top part is removable and d&es access to the full

spectrometer for manipulation and alignment. Service angs give access to the lower
parts.

To eliminate vibrations that are induced by the turbo pump, he chamber was designed
such that it can hold the vacuum without pump for more than 12 burs below the critical
pressure ofl0 3 mbar. In an alternative mode, the pump can be connected with a 40 cm
diameter tube of 1.5 m length for vibration insulation. Thisallows to keep the pressure
below 10 4 mbar. The latter con guration was tested with the interferomete prototype
inside which has very bad vacuum properties as it made out ofarble and has many dead
volumes.

The hole spectrometer must be rotated for di erent Bragg arigs of the A-crystal. There-
fore the chamber is mounted on a air cushion & cm 140cm The cushion is lifted by
pressurized air only during changes of the A-crystal Braggigle.
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Figure 4.18: The nal interferometer ofGams6mounted inside the vacuum chamber. Goniometer
arms and crystals are not mounted.
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vacuum chamber

axis with crystal and retro-reflector
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Figure 4.20: Scheme of the vacuum chamber. The internal parts are isolagainst vibration of
the chamber wall. The interior is rigidly xed to the air cushiavhich lies on the granite block. The
vacuum chamber is mounted to the air cushion via vibration daghiu ers.

4.2.1 Vibration isolation

Vibrations induced by the vacuum pump and resonances froméhvacuum chamber must
be kept away from interferometer. Therefore the spectromet table which holds axes and
interferometer is mounted directly to the air cushion whichies on the granite block. While
the vacuum chamber is mounted via damping bu ers to the air cghion. The mounting
points of spectrometer as well as the motor feed through ofdhaxis are connected to the
chamber via edge welded bellows. The concept is shown in Higu4.20 and was presented
in [Kre+08]. In the rst stage of operation, the damping bu ers have not been installed
to simplify the handling, thus the chamber is mounted rigid} to the air cushion. The
damping bu ers can be installed at any later point.

4.2.2 Anti vibration platform

The heavy water pumps for the reactor cause a rather high ldvef vibration coming
from the the ground. The spectrometer must be protected frorthese vibrations. The
is done by a platform of1:8 m 1:4 m and a mass of 2 tons. This platform is hold on
air pistons which damp the vibration. The air pressure is controlled indedback-loop
by the position of the platform. A precision of better than 1 m in position and better

» Seehttp://www.techmfg.com/products/gimbalpiston.htm#isolationpneumatic
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than 1%can be achieved. FoGams4 this platform was made of iron with a honey comb
structure. However the iron was too exible and led to a defonation of the platform
causing di culties with the air cushion and a variable tilt of the spectrometer. Gams6
uses a granite block, since this has been used successfullsams5.

4.3 Data acquisition system

In order to to achieve the desired level of systematic unceihty it is necessary to increase
acquisition speed. This task splits into a mechanical parthat allows to drive the motor
axis with a higher speed while not causing any vibrations thavould cause the loss of
fringes. Additionally the software has to be modi ed such tht several motors can run in
parallel, e.g. the crystal-axes are mechanically indepegnt from collimator and detector.
The motor control has to be optimized so that the positioningcan occur much faster.
These improvements do not only reduce the necessary beam dinthey also allow sys-
tematic studies of the instrument which are not possible wit Gams4 due to the low
operation speed. Therefore they are crucial for the succeslsGams6. Furthermore a

-triggered position readout can improve the instrument pdormance by either reducing
the necessary beam time or increasing the instrument resbbn by passing a limit that
was so far given by the crystal vibration.

It was not possible to modify the old acquisition system suckhat it would meet the
requirements, neither hardware nor software. Therefore wesystem was developed. At
ILL the instrument control group service contrle des inguments (SCI) delivers most
instruments at ILL with DAQ electronics and software. Tradtionally the nuclear an par-
ticle groups and henc&ams did not pro t from this service as the instruments are quite
di erent. However Gams resembles a bit to neutron scattering instrument. Therefer
the DAQ system was developed together with the SCI. Some partould be easily copied
from other instruments, such as all control units for motordike detector, collimator and
spectrometer table. Similarly the ILL-wide instrument cotrol softwvare NOMAD could
be adopted in large parts. However, the crystal-axis coargeotors, the ne positioning,
the interferometer readout and counting have much di erent requirements and proper-
ties in terms of position resolution, axis speed, motor spg@nd axis inertia required new
developments or very careful and time consuming modi catits, testing and bug- xing.

The hardware is now modularized within a common VMEDbus:

The phase detection module handles the readout of the gonietar and controls the
crystal-axis ne positioning with a feedback-loop. It prowdes the goniometer readout
to other modules via the VMEbus. This module will be descrilzkin detail in the next

subsection.

The motor module handles all motor movements including theoarse crystal axis. For
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Figure 4.21: DAQ board for phase detection. The service and control desrtinsents (SCI)
group of ILL developed on our demand a phase detection boaalaVinterface board it is operated
in a VMEbus crate. Its FPGA is running on 200 MHz and allows kigturate phase determination
while at the same time it keeps track of the fringe numbers.

the latter it obtains the goniometer readout from the phase etection module.

The acquisition module can handle up to 16 channels of Germam detector signals.
They are converted into pulse height values. It is possibl® tobtain the data as histogram
as well as a list of single events. This list comprises the gometer position at the time
of the event, obtained from the goniometer module. This Evémode data acquisition is
discussed later on.

4.3.1 Phase detection module

The acquisition of an interferometer is a bit tricky as it delers a sinusoidal signal, and
all information is encoded in the phase only. This implies #t only a very short range of
up to one wavelength is unambiguous. This is known as the ftamnal part of a fringe.
For any longer distance measurement the acquisition modukas to count permanently
the passing fringes This number as called the integer partt is crucial that no integer
fringe is lost, for example because the acquisition dewads busy. It would be impossible
to recover the original position unless some kind of referem position is available.
Traditional DAQ systems split the task of fractional and integer fringe measurement in two
di erent modules. They are recombined later on via softwareHowever, the axis coarse-
motor pro ts extremely if the fractional information is present. First its positioning is
not limited to one fringe any more. And second the positionm speed and reliability
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increases dramatically when targeting for a few fringe ac@acy. This is crucial as the ne
positioning has a range of only 8 fs.

The module is consists of a FPGA which is currently running o200 MHz, this can be

changed to 800 MHz with limited e ort. The goniometer signalis guided through a 1 kHz

high-pass Iter. Then zero-crossings of the 100 kHz beatiraye detected. Their delay to

those of the reference signal is measured. Dividing this geadelay through the period of
the signal yields the fractional part of the fringe number. His measurement is repeated
continuously. Each measurement is compared with the prewis one. If the di erence

is larger than 0.5, the internal counter of the integer fring number is either increased
or decreased by one, depending on whether the di erence oktliractional numbers was
positive or negative. The fractional and integer parts arehten combined and provided
over the VMEDbus.

At the same time, the module can receive a set-position fronhé computer. It calculates
the di erence from the current position and provides a contrl signal to the crystal axis
ne positioning. Thus the crystal position is hold by a feedbhck loop.

The FPGA checks for zero crossings with a frequency of 200 MHEhe goniometer beating
frequency is 100 kHz. To avoid fringe loss due to a noisy siginghe maximum fringe
detection rate is limited to 25 kHz. The zero-crossing meamment yields a resolution of
0.0005 fringes with a repetition rate of 100 kHz. When averayy 100 of these values a
resolution of 0.000 05 fringes can be obtained at a repettigate of 1 kHz.

4.3.2 Event-mode data analysis

The Gams acquisition up to now holds the B-crystal at a certain positn and counts the

-events over a certain time. This is repeated for several ptisns to scan the peak pro le.
At each position the crystal angle is recorded and averagestes the same time interval.
The -count rate is assigned to this averaged position. Howevexs the crystal underlies
a certain vibration, all structural information of the rocking curve below this vibration
level is lost. The idea to overcome this problem is to take theéata in event-mode: For
each -event the crystal position is recorded and stored indivically.

The question arises, how to estimate the peak centre from tHest of collected angle
reading. Conventional t-methods require a discrete proMlaility distribution of the data,

in other words a histogram. However, but this would required bin the recorded angles. A
coarse binning leads to the loss of information; in the extmge case of putting all angles into
one single bin, no information of the peak centre is availabbhny more. A small bin-width,
which corresponds to the resolution of the detector, does thocause any loss. However
most bins will be empty and consequently Least-squares ttig methods will fail[HJO1].
Maximume-Likelihood methods can deal with this. Though, eue they require a uniform
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Figure 4.22: Time record of the angle values of the B-crystal axis. The red iinthe measured
average angle in each scan-step. Thé angle range corresponds to0:375urad.

Figure 4.23: Frequencies of the angle values. The same data set as in FgRPewas binned
with a bin-width of0:0001§ 0:623 nrad
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probability distribution of the crystal angles prior to any -recording. This condition is
not ful lled at Gams. A typical trajectory of the crystal angle is shown in Figure4.22.
After binning, the corresponding histogram has many peaksée Figure 4.23). These are
the centres of the scan steps. They are blurred by the vibrains.

In order to cope with such irregular angle frequencies, a nedata evaluation method was
developed together with Giovanni Mana and Luca Ferroglio @m INRIM. This theory was
published and is outlined in [MKF10]. In the following paragaphs the aspects relevant to
Gams are condensed.

The method uses the Bayes theorem [Jay03; SS06]. First, the threed for peak-centre
estimation in case of a general crystal angle probability slribution and a single -event
is derived. Then, it is extended to many -events. Finally, it is extended to the case of
measured probability distributions and it is applied to a senple data set that was recorded
on Gams5.

In the following convention a -detection triggers the readingx; of the crystal anglex.
The probability of detectingn = n; -events in a countinterval T is Poisson distributed:

(I Tyne!' T
nq!

Pn(nljxl) = , (413)
where the peak pro lel (x;) is assumed as known. The functioh(x;) must be integrable,
but it is otherwise arbitrary; for the sake of simplicity oneassumes that it depends on
four unknown parameters, the background leved, maximum b, centre ¢, and width d.
The interest lies in nding the best estimator for the peak cetre and its uncertainty.

In the following, the notation P, (r;js;) will be used to indicate the probability that the
guantity r has the particular valuer = r; if the parameters in the probability distribution
P: has the particular values = s;. Irrelevant conditionals such asa; b; ¢ anddin (4.13)

are dropped.

The peak centre estimation has no answer until the prior digbution P,(X1) is speci ed.

It assigns the probability of reading the anglex = x; independent of any -detection.
In case of ignorance, invariance with respect to a change ¢fetangle origin indicates a
uniform distribution [Jay68]. However, one can hardly be sgnorant: testable information
restricts the probability assignment. For instance, if thegoniometer scans only the angles
jXj  wor the survey frequencyp(x) is known, the principle of maximum entropy indicates
Py(x1) = If(jxej w)=(2w) where If(:) is one if its argument is true and zero otherwise
or Py(x1) = p(x1), respectively.

Pa(n  1jX1)Px(X1)
Z
1 I:"n (ijl) I:)x (Xl)
Z )

Px(xajn 1) @14
4.14
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where the evidence oh 1
Z .,
Z=Py(n 1)= 1 Pr(0jx1) Py(x1) dxy (4.15)
1

is the probability of detecting at least one , independently of the goniometer angle. In
the limit when the observation window tends to zero,

- . - - I T —
I|Tr!nOPn(OJx1) = |IP!1 0e =1 I 7T (4.16)
and the evidence is Z.,
Z=b T MXy; &;c; APy (x1) dxq , (4.17)
1
where I = |=b is the peak prole scaled to its maximum. This limit ensures hat at

most one is detected in each observation window, for all practical pposes. Eventually,

(4.14) is

MX1; &; C; JPx(X1)
Z(a;c; 0

Pu(Xqjn 1) = : (4.18)

where ~

= s = ha;c;di (4.19)
Is the expected value of the peak pro le with respect té(x1). It is worth noting that
the peak maximumb disappears from the analysis, consistently with the fact #t a single

angle reading does not deliver any information about the- ux.
In the last step, the Bayes theorem is used again to write ther@bability density of the
unknowns given the angle reading = x;. Itis
Paca(8;¢;dix1) / Px(xain  1)Paca(®;¢;d)
_ (%1856 )Py (X1) Paca(8; €; ) (4.20)
) Z(&;¢;4) '

Once the sampling distributionP,(xjn 1) and the sorted angle are given, the only re-
maining input for calculating Pacd(a;c;d]xl) is the prior probability Paq(4; C;@ whatever
the angle reading is of the model parameters. Objective maa to incorporate the avail-
able information into the prior probability are discussedn [Jay68]. It is known in advance
that the background level and peak width are positive; theffere, this information must
be incorporated into Pacd(a;c;d).

The next step is to determine the prior probability within the parameter space. If addi-
tional testable information is available, the maximum-entopy criterion allows information
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to be converted into a unique probability assignment. Othavise, the prior probability is
set by nding the parameter transformations which leave thesampling distribution un-
changed a shift of the angle origin and a change of its meagment unit and, then, by
asking for the invariance of the prior probabilities with rspect to the same transforma-
tions. The result is [Jay68]:

If(a>0&d> 0)

Pacd(a;C;éb / 4

(4.21)

It must be noted that (4.21) is an improper probability dengly. This is not a serious
di culty; while the prior norm diverges, the post-data probability density is usually

integrable. If not, as in the case of a single reading, the Bay theorem is warning that
there is little information in the data and it is necessary toset at least lower and upper
bounds to the prior knowledge.

If the goniometer angle is in the[ w;w] interval with uniform probability, that is,
Pu(X1) I If(jxdj W), 7
+w

Z= Mx)dx . (4.22)

Contrary, if the angle is xed, say x = 0, the probability of recording, irrespective of

-detection, the angle valuex; is Py(X1) = (X1), where (:) is the Dirac's function.
Therefore, Z = IMxy;a;c;d. Consequently, from (4.18) and (4.20)Py(X1jn 1) =
Py (x1) and Pacd(a;c;c’i]xl;n 1) = Pacd(a;c;él), since, in this case, proportional means
equal. Hence, the post- and pre-data probability densitiesre equal and no information
is delivered by the measurement, as expected.

The background level and peak width take part in the analysjdut they are of no interest.
To obtain the probability density of the centre, irrespectve of them,a and d are integrated
out from Paq(A;€;djx1;n 1) by marginalization. Hence,
Z .,
Pc(8jx1) = Paca(®;6:dix1;n  1)dadd. (4.23)
1

Extension to many readings

The previous analysis can be extended to many readings, eamhe triggered by a -
detection. In this case, the sampling distribution oN readingsx = fX1;X,;:::XnQ IS

s
M(xi; a; ¢; A Px (i)

Px(xj8in; 1)= = acg (4.24)
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The choice of independent prior-probabilities, whethers are detected or not, re ects the
absence of any time coordinate and ordering in the readingstj as well as it excludes
pathological scan laws, such as a xed goniometer position.

By leaving out all the terms independent of the model paramets, the post-data proba-
bility density is

W
Paca(®;6;d) x5 8;¢;d)
Paca(®; €;djx) / = . 4.25
acd( | ) 7N (&;C;(ﬂ) ( )
The peak maximum still disappears from the analysis. This cabe understood by ob-
serving that, in the absence of any time information, havinghe angle list collected in one
second or in one hour makes no di erence and there is no basisevaluate the - ux.

The post-data probability density is the basic result of th analysis. To convert it into

a single numerical estimate for instance, of the peak cemra loss associated with a
wrong estimate must be speci ed. Hence, the optimal estimat will minimize the mean

loss with respect to the relevant marginal distribution; inthis case,P.(€jx). If the loss

function is proportional to the squared error, the optimal setimator is the mean,

Z.,

E(c) = P jx)d . (4.26)
1

If the loss is proportional to the absolute error, or it is a castant, the optimal estimator is
the median, or the most probable value. Con dence intervalare expressed by integrating
P:(¢jx) to obtain the cumulative distribution function.

Application to Gams data

At Gams, the probability density of the angle between the A-crystabnd the B-crystal
deviates from a constant value. The occurrence frequenci&s35157angle valuesx® were
recorded by sampling the crystal rotations every 125 ms indendently from -counting.
This scan consisted of 44 angle-di erence steps each lag§i20s. According to the detec-
tor resolution they were counted intoM = 1701 bins resulting in a smoothed probability
distribution p(xjo). It is shown in Figure 4.23. The probability-density moduléion is due
to the angle jitter; the increasing probability midway the angle range is due to smaller
steps, because of the peak detection. A subset of the recatdangle di erences is plotted
versus time in Figure 4.22; a signi cant jitter about the mea angle-values is clearly visi-
ble. During the same scanN = 166 angle valuesx were collected by using the Ge-detector
to trigger the angle readings on -detection; their histogram is shown in Figure 4.24.
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Al o

Figure 4.24: Histogram of the 166 angle readings triggered byetection.

Assuming a Lorentzian intensity pro le, the evidence of -detection is

1
1+(x) 2=k

N
z p(x?) a+
j=1

(4.27)

where the integral in (4.17) has been approximated by a surfix9; x3; :::x$, -,50, g are the
angle bins andPX(ij) = p(xjo) the associated frequencies, as determined experimentally
(see Figure 4.23). Hence,

¥ 1
a+
- 1+(x; 6)2=
Paca(®; &;djx) / T — (4.28)
p(x?) a+ !
=1 1+(x0  ¢)2=(P

in the allowed range of the model parameters.

Apart from the d term in the denominator which originates from the prior praoability
density and is irrelevant if there is a reasonable amount ofath equation (4.28) is the
data likelihood. Therefore, the most probable values= 0:000":03), c=w= 0:045 0:011,
andd=w=0:104 0:016 where the associated uncertainty are the standard deviains of
the Gaussian approximation of (4.28) are basically the mamum likelihood estimates.

After marginalization, the probability density of the peakcentre is shown in Figure 4.25;
the relevant estimate is againc=w = 0:045 0:011 (expected value plus/minus one
standard deviation). It is not so for the background level. i fact, the relevant marginal

probability density is exponential, as shown in Figure 4.26Consequently a better back-
ground estimate isa = 0:007":35¢ (median plus/minus quartiles).
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Figure 4.25: Posterior probability density of Figure 4.26:  Posterior probability density
the peak centre given the angles in Figure 4.24.of the background level given the angles in
Figure 4.24.

4.3.3 Summary

The DAQ system for Gams was completely renewed. This comprises motors, motor-

controls, interferometer readout electronics, -acquisition electronics and software. This

system was developed and tested ddams5 and has been in successful operation there

since 2008:

- The motors for detector, collimator and crystal-axes candoperated in parallel.

- A new phase detection module allows a ten times higher topeed of the goniometer

axis.

- A better communication between this module and the motorantrol reduces the time

the axis needs to nd its target position.

All these changes reduce the time which is necessary for chary the Bragg order, and

they speed up the calibration.

- A direct communication between phase module and-acquisition module allows the
-triggered interferometer read-out.

- A new method for evaluating such data has been developed.

- The common instrument-control software at ILL has been agded for Gams. As it is

maintained by the SCI-group, it consumes less time from instment-scientist for software

issues. Additionally, it allows better scheduling of acqsition sequences and has extensive

monitoring capabilities.

The system stays in operation atGams5. A copy was made forGamse6.
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4.4  Further improvements

Several small changes will further improve the performana# the instrument. These do
not involve any scienti ¢ discovery, but they are crucial fo the success oGamsé.

crystal-axis motors

The crystal axis motors used to be step motors. They were oged in micro-stepping
mode to achieve the necessary precision. This mode causestaof heat. Even worse,
this heat production is di erent for each crystal angle. Cosequently the temperature
sensitive goniometer received a systematic error. The sittion was improved by installing
an actively regulated water-cooling system in 2008. Fddams6, a further improvement
will be done by changing to DC-motors with reduction gear andeedback control from
the interferometer.

Thermal stability

By means of optical bres, the laser was brought 3 m away fromhe goniometer. Before,
it was sitting below the interferometer with the consequerec of asymmetrical heating.
Several holes in all layers of the thermal shielding were dmvered (see Figure 2.10 on
page 64). The outer concrete wall is tamped now. The alumimu foil is replaced by
a polystyrene-foam housing. It is much closer to the spectreeter table. In fact, so
close that the compressed air, that is used for the air-cusm for spectrometer rotations,
remains outside after emerging from the cushion. It does geharm there, as the heat
capacity is much higher and the active temperature regulain can heat it up quickly.
The innermost thermal shielding, which has been a Mylar fqils replaced by the vacuum
chamber. Naturally, this is much more leak proof, but it alsgrovides more heat capacity
to average residual temperature uctuations.

New di raction crystals
To avoid crystal changes throughout a measurement, a new stgl design was developed.
This includes new mounting techniques. Both is presented texsively in chapter 5.

New goniometer axes

The transfer of the spectrometer into vacuum required a newegign of the goniometer
axes. While the motors needed to stay outside the vacuum chaeh the axes must be
inside and they must be mounted to the interferometer tablerdy. This permits a per-
manent alignment relative to the interferometer and a pard¢lism of both axes with an
accuracy of10°0 Any play of the axes must be less than the detection limit 01 Any
wobble must be less thad(?® The characterization of the axis is presented in section A.
The ne-positioning part of the new design has a smaller mome of inertia which leads
to higher resonance frequencies and thus less a ection to chanical vibrations. Special
care was taken to keep the axes including goniometer arm amarner cube strictly sym-
metric. Consequently, no translational vibrations are corerted into rotational vibrations
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of the axes. Only the latter would perturb the performance. e coupling of the piezo-
electric actuator for ne-positioning was improved by appfing a pre-load from the axis,
not only from the actuator housing.

Collimation

Gams4 was originally designed to be operated at NIST with an X-rayraa low-energetic -
source. The collimation was designed accordingly. This ifigs an inter-crystal collimator:
two pairs of little lead-bricks. They cut the non-desired bam at two positions: right after
the A- and just before the B-crystal. This reduces the backgund very well if the non-
desired beam hits the front side of these lead bricks. Howeyhigh -energies result in a
small Bragg-angle. Consequently the parasitic beam willthihe inside of these collimator
pairs. Unfortunately, the forward-scattering cross-semn increases for higher energies as
well. Therefore these parasitic beams are mirrored into théetector. Hence, partially
removing this inter-crystal collimator can reduce the badgound massively. The optimal
con guration depends strongly on -energy and Bragg order.

4.5 Summary

Gamsb6 bases on the same concept &ams4, but all parts of the instrument have un-
dergone improvements. The core of the instrument, the speotneter table with the
interferometer are a complete new design. The major changase the transfer of the
spectrometer into vacuum, and the redesign of the interfemweter. The vacuum chamber
Is a rather standard engineering piece, but it has a dedicatelamping concept. The inter-
ferometer is a dedicated design faeams. New features are the auto-compensation e ect
against drifts and built-in reference beams. All optical e€ments were re-designed and
they are mounted without glue. To improve the thermal stabity the laser was separated
spatially from the spectrometer and the thermal insulationrwas improved. A complete
exchange and partial new-development of the instrument ctol and data acquisition
system allows a much faster operation and-triggered position read-out. A theory for
evaluating these date was developed.
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Figure 4.27: Construction plan folGams6é The interior of the vacuum chamber: support struc-

ture, interferometer block, crystal axes, goniometer arms/goh and autocollimators. The vacuum
chamber and the crystal holders are not drawn. The inlet shitthvesinterferometer block equipped

with alignment tables (yellow), clamping mechanism (vipletnd optics (white). The mounting aid
(green) is removed in normal operation. The laser paths adicated (red).
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Figure 4.28: Interferometer installed inside tt@ams6vacuum chamber. Collimator and Detector
are visible in the background.
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Chapter 5

New crystals

The diraction crystals that were used for Gams4 have two disadvantages. First, their
absolute lattice spacing was never measured directly. Onpyeces of the same ingot have
been measured in a lattice as explained in section 1.1.6. Tie&ason is of technical nature.
The Gams crystals have a rather short lamella and some of them are rahthick (up to
6.9 mm). The triple Laue interferometer for the absolute ldtce-constant determination
requires a long lamella. Furthermore, the institutes opetang such devices are equipped
with a low energetic x-ray source only ( 17 keV). A thick crystal would absorb all
intensity, usually these apparatus work with a 0.5 mm thickdmella. Secondly, a binding
energy measurement consists of the determination of di emetransition energies in a large
range from 500 keV up to 6 MeV. This large range requires di ent crystal thicknesses.
So far, a new crystal thickness required the exchange of theystal. This means a human
intervention on the spectrometer, causing a large perturlvan to the thermal instability
and required several days of waiting for the instrument stality. As Gams6 operates in
vacuum, a crystal change is expected to be even more incones.

5.1 Design of the crystals

Both problems were solved by a new crystal design proposed Bjovanni Mana. A
crystal that can be operated in a triple Laue interferometer The lamella is over large
parts su ciently thin (1.0 mm). Two short parts of the lamell a are thicker (2.5 mm and
6.0 mm) and thus optimized for binding energy measurement$ &ams. The outer shape
of the crystal, including its bounding surface is identicato that one used in the INRIM
experiment for the d,,o measurement of silicon-28 in the frame of the Avogadro-pegt.

Therefore, the lattice constant of this crystal can be meased in absolute terms. This
very same crystal can then be mounted oams6. Here the thin and the thick parts
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Figure 5.1: Photograph of theGams6crystal. The lamella is 50 mm long. The roman numerals
indicate the parts of di erent thickness: LIl and V are 8@mm 1V is 2.467 mm and Il is 5.963 mm
thick. Photo and numbers from [Mas+10].

can be compared by measuring the sameenergy, without changing the crystal, just by
translating the spectrometer table. A photograph of the crstal is shown in Figure 5.1.
Two of these crystals were produced, one for the A-axis andefor the B-axis.

The design was studied for deformation due to the own weigh#&fter adding tiny cuts to
the design, a nite element analysis yielded that the deforation of the lattice constant
will be smaller than 5 parts in1® in the relevant regions of the lamella. The result is
shown in Figure 5.2. These studies were performed by Luca Feaglio. The studies rely
on the fact, that the crystal is mounted on three de ned poins of its ground surface, and
that it is is hold by nothing else than its weight. Particulady no clamping at any part of
the crystal is allowed.

5.2 Mounting

The deformability of the crystal lattice that has been mentbned in the last section imposes
harsh restrictions to the mounting and xation of the crystd. In a triple Laue interfer-
ometer used for the absolute lattice determination the modimg is not that critical as
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Figure 5.2: Strains in the crystal lattice, induced by its own weight. $hivas obtained from a
nite-element analysis. Dimensions are in mm. The colour fpaleanges from 5 (blue) to +5nm=m
(red). Crystal parts where the strain is out of scale are blafike graph is from [Mas+10].
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Figure 5.3: Stability of the mounting of the GAMS-I crystal on the B-axis @ams4 Shown are
the 4-pack values of a (3,3);(3,-3) scan of a 816 keV line.
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the crystal itself has a polished surface which is part of thebserving optical interferom-
eter. However,Gams relies on the rigid mounting of the crystal to the goniometearm,
therefore a stable mounting is crucial. In a rst try three bdls were glued to the crystal.
The goniometer was provided with an adapter that had one coral hole, one groove and
one at surface to hold the balls freely. Designs like this & used in lattice measurements
[Bec+81], but it was not successful aGams. Thermal changes in combination with di er-
ent CTEs of di erent materials or little and unavoidable madining imperfections caused
massive instabilities.

Another method was tested successfully. The crystal is plag on a at silicon surface.
On the three little legs a very small amount of viscous silicooil is applied. After a

setting period of some days the connection is rather x. Evethough this method has
been used similarly at INRIM, the success abams was doubted. At INRIM the crystal

itself is part of the optical interferometer, and hence thetability of the mount is of lower

importance. Furthermore, the ongoing angular acceleraticthat occur during the change
from one Bragg order to another are not found in other metrolyy experiments. However,
a measurement withGams4 could not reveal any instabilities above the instrument ins-

bility for a su ciently long period. The result is shown in Figure 5.3. The crucial point of
this method is to use a counterpart that is thick enough so it W not deform. Its surface
must be rather at and smooth. And it must have the same CTE ashe crystal. Gams6
will use doped silicon. It provides all these properties. Atitionally, it is well machinable

by electric discharge machining.

5.3 Absolute lattice spacing

The lattice constant of the thin parts of the GAMS-I crystal was measured at INRIM with
the same apparatus that was used to determine the lattice cstant of silicon-28 in the
frame of the Avogadro project [And+10]. The lattice constahwas measured twice, once
in March 2008 and a second time in September 2009. In betwede tcrystal was brought
to ILL and mounted on Gams4 for a comparison of the thick parts of the lamella. The two
absolute measurements di ered by 1 part ifl0°, while the accuracy of the measurement
was 5 parts in1(. This proves that the transport from Turin to Grenoble is posible
without harming the crystal. The value for the (220) lattice constant for this crystal is
1920155702(10) pnmMas+10]. The values for the three thin parts of the lamella i@ in
good agreement as shown in Figure 5.4.
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Figure 5.4: Absolute lattice constant measurement of the GAMS-I crystAbth measurements
were performed at INRIM, (a) in March 2008 and (b) in Septembe®20In between the crystal was
mounted onGams4 Graphs from [Mas+10].

2 10° , |
6 | . ) o _
§ 1 10 % : . il ﬁ i
E 5107} ) P ox |
qg O 1d) o : o X | DE } |
S 7 = T ﬁ
E > 10 i 5 » ﬁ o } i
> i B n
3 110°6¢ D _
> 1.0mm(l) ——
g 200 6.0 mm (I1) .
2 210° 1.0mm (1) =
i | 2.5 mm (IV) .
2 10 6 ) ) ) . . | 10 mm (V) .
29/11/2008 30/11/2008 01/12/2008

date

Figure 5.5: Comparison of the lattice constant of all parts of the GAM&ystal. The measurement
was performed oiams4 Thermal instabilities inhibited a better precision.
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5.4 Lattice constant comparison

When the GAMS-I crystal was mounted onGams4, it was the rst time that is was
possible to compare a thick lamella to a thin lamella that hadbeen measured in absolute
terms on this very same spot. Unfortunately, during the exp@nent only one of the
new crystals was available. Consequently an unorthodox spiemeter con guration was
required to measure the non-central parts of the lamella: Ehspectrometer table was
rotated such that the once di racted beam would hit the inteesting spot. The A-crystal
had to be rotated by the same angle in the opposite directiorlhis results in a di erent
A-crystal position, and this perturbs the instrument stablity, as already observed during
the 6112 keV chlorine measurement (see Figure 3.14 on pag®)10The same happened
here. The instrument stability is not better than 10 ©. Therefore this is the upper limit
that can be given on the equality of the lattice constant in dlparts of the crystal. The
data are shown in Figure 5.5.

On Gams6 the thermal stability as well as the instrument stability stould be much better.
Additionally a second crystal of the same type will be availale for the A-axis, hence by
translating the spectrometer table, the measurement can lone at symmetric B-angles.
Therefore a much smaller precision can be expected.

5.5 Summary

A new crystal was designed. It allowed for the rst time to meaure the lattice constant
of the actual spot of silicon that is used for the binding engy measurement. The lattice
constant was measured in absolute terms at INRIM. Therthis crystal was mounted on
Gams4. The stability of the mounting could be successfully shownithin the limits of
the instrument. A comparison of the thick parts of the lamek (Il and IV) was done. Due
to the instabilities of Gams4 this test was not better than 10 ©.
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Chapter 6

Perspectives

Even though the Gams instrument was completely revised throughout this work, nioall
reachable improvements could be studied in detail. The isss for the near future are
divers. It may be an improvement of the actual experiment byhe use of new target
material. It may go further by studying the molar Planck consant on another particle
such as the electron. It may be also a completely di erent usef the instrument as
accurate device for lattice constant measurements for ctggs which are not accessible by
other means. And it may even go so far to use the technique Glams6 at completely
new -source facilities for energy-stabilization.

6.1 New target materials

The target material is brought close to the reactor core. Theadiation heating is ap-

proximated with 1 W/g. Cooling by convection or conductivity in the 800 mbar Helium

atmosphere is little and di cult to calculate due to the complex geometry. Depending
on the target material and mass, typical temperatures are h&een 400 %o and 900 %eo.
Security reasons require the target to be stable at the exged temperatures. Therefore
the choice of material is limited. Metals can usually standhese conditions. Other ele-
ments are typically used in the form of an ionic compound. Thehoice of the compound is
guided by the number of interesting atoms per compound masBut also other parameter

as the neutron absorption cross section of the compound paer can be important.

With respect to the molar Planck constant determination, beter target materials for
sulfur and hydrogen are welcome to improve the signal to neigatio. Al,S; would be
a good candidate. Though there are some open technical quess. Al,S; is moisture
sensitive and forms the gas hydrogen sul de. After neutronxposure this gas will be a
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pure beta radiation emitter. The targets are disposed in a ggial poubelle after use. It
is still unclear if the poubelle is and can be guaranteed to lgas tight for longer times.

For the deuterium binding energy measurements Kapton was e as target material, so

far. To avoid decomposition of the material the temperaturdnas to be kept low, hence
the target mass is limited [B)5]. A more stable material could yield a higher event rate by
increasing the mass. Zirconium hydride can sustain higheemperatures. However, the
compound has the chemical formulZrH,, where thex depends strongly on temperature
and hydrogen partial pressure. At 950 %o partial pressure 00Q@ mbar is necessary [DB73]
to keepx above 1.8, if the partial pressure drops to 1 mbax will become smaller than 0.1.

As there is no hydrogen in the atmosphere at the target postin the compound would

decompose quickly. However, a thin gas tight casing can keep the inner hydrogen

partial pressure. Though the search for such a hydrogen tighousing was not successful
yet.

A di erent solution in the future may be carbon nano-tubes. They can bind hydrogen in

good atoms to mass ratios. However, the density of this matat is still far to low.

6.2 Positronium

The relative accuracy of the determination of the molar Plack constant with Gamsé6 is
limited through the high binding energy. In particular the transitions of several MeV are
di cult to measure due to their small Bragg angle and the low e ectivity. Both is leading
to a very bad signal to background ratio.

Up to now no alternatives were available. However, recent d@glopments in positron
handling technology may provide a mean to produce cooled @osnium in a su cient
quantity [Hug09]. Thus its decay energy can be measured witBams. The -energy
is about 511 keV. This leads to a large Bragg-angle. Hence thgeniometer resolution
is no longer limiting the experiment. The next limit will arise from the calibration of
the goniometer. As the atomic mass of the electron is knownryeaccurately 4 10
a relative uncertainty of a determination of the molar Plank constant of 5 10 ° is
conceivable.

6.3 Accurate lattice constants

So far, the only mean for absolute lattice constant measuremts is a triple Laue x-ray
interferometer. They require three thin lamellas of the sammaterial that have to be be
perfectly aligned. It is very laborious to build such an intderometer for every material.

»French: waste bin.
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For some materials, it is even not possible because they aret 1su ciently machinable.
Copper, for example, is too soft. Any machining has a huge irapt on the crystal lattice.
Furthermore, it is not possible to measure the lattice conant of thick crystals, this
includes objects which must not be modi ed or destroyed.

After Gams6 has measured a certain transition wavelength using a silicarystal from

which the lattice constant is known, the instrument is calilbated. Subsequently, it can
measure the lattice constant of any other material with su dently strong Bragg re exes.
High -energies have a large penetration depth. This allows the tdemination of the

lattice constant of large objects. For example the 91 mm diagter silicon ball of the
Avogadro-project may be measured without destruction. ByHis it can be measured if
the lattice constant inside the bulk of this polished ball ighe same as it is in the thin
etched crystals (see section 1.1.6).

6.4 Intense -rays

Up to now Gams is a niche instrument. It provides unique resolution and acracy for
the spectroscopy of high-energy-rays. It is very specialised and can operate only at the
through-going beam tube of the ILL high ux neutron source.

These days, there are new high intensesources in preparation [Hab+10; Hab+08]. These
sources will provide -beams with an energy up to 19 MeV and with a low divergence of
100 prad and a relative energy broadness d0 3. Though, these sources lack of stability
and absolute calibration. Both issues can be handled witiams6 or an instrument using
its technologies [HK10]. It would serve as energy monitor ia feedback loop.

Also high resolution detectors are missing at this high engy. Gams can be used here as
well. Even though the energy resolution osams is at these energies limited by thevide
acceptance angle of the crystals of 0.1 prad; at 10 MeV and ird®Bragg order this results
in a resolution of 1 keV (FWHM). This relative resolution of 10 # is still far better than
other detectors like HPGe. When assuming a spectrum that caasts of individual sharp
lines the experimental resolution may be increased by aboatfactor 10, as the expected
count rate is high and hence allows appropriate tting methds. Despite the resolution
limit an accuracy of better than 1 eV can be reached.

All limitations given in the last paragraph are based on a thid Bragg order re ex. This
Is typically the maximum what can be measured aGams6 with reasonable count rates.
However, the new high intense -sources will produce a much higher intensity. Therefore
measurements at higher order become possible. For exampleasuring the 20th Bragg
order may become feasible. This has never been done beforenfext neighbour atomic
lattices either the count rates were too small or the di radion angles were larger than
180°.
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It should be noted that such high intense beams have a radiah power of 2 KW. A thin

silicon crystal of 1 mm would absorb only 5% of the radiation. This is 10 W on a quite
small surface of0:1 mm?. This will cause thermal gradients in the crystal and destip

the knowledge of the lattice constant as well as it reduces ghresolution by deforming
the lattice. This problem can be faced by adding a third crystl before the spectrometer.
It would yield a diracted beam with lower intensity which can then be analysed by
a double crystal spectrometer. This primarily diracted bem would have a reduced
divergence compared to the 100 prad of the initial beam, buiey a larger divergence than
the acceptance angles of th&ams crystals of 0.1 prad.

6.5 Summary

Gams6 has been optimized considering the present possibilitiestechnology. A few little
improvements concerning the -source can still be done. In contrast, recent developments
in other technologies opened new elds where th@ams6 technology can be applied. This
implies particularly the high intensity -sources.

The Gamsé6 instrument can certainly extend its application eld to multi-purpose high-
accurate lattice-constant measurements. And in case the gitstonium production works
ne, the initial intention to determine the molar Planck constant will be boosted.
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Appendix A

Component testing

A.1 AXxes

The axes for rotating the crystal and the interferometer armhave high mechanical con-
straints. If the e ective rotation di ers too much from a perfect rotation the calibration
will have systematic errors, as the polygon would rotate anngle sum di erent from
360° during one turn. The axis-design had been chosen withredsee Figure A.2). High
guality ceramic bearings ensure a precise operation evenvacuum.

While the housing of the axis is connected rigidly to the intderometer table and is
therefore a good base for a coordinate systget §; 2), the inner shaft A5 of the axis might
have any orientation. The top surface described by its nora A; is rigidly connected

to the inner shaft, but its orientation to the shaft is arbitrary and a priori not known.

The orientation of the top surface can be identi ed with the oientation of crystal and

interferometer arm as they are also rigidly connected, thukie option of alignment with

shims and piezoelectric actuators exists. But as the AngleetweenA; and A is arbitrary

this does not limit the model.

Any rotation of the axis will result in a rotation of the entire rigid unit of shaft, top
surface, crystal and interferometer arm. While the physicatotation will additionally

cause a translation of this entire unit, the experiment is nosensitive to any translation.
Hence we can without loss of generality limit the model to therector A; that will be

rotated around an e ective axis of rotation+. Note, that all vectors indicate directions
and no positions and can therefore be considered as startirgm the origin. However,
we have to consider thatr might be di erent for each angle of rotation . For a proper
calibration it is necessary thatr  1(P°for all possible 2 [ 20;+20 ]. To determine
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Figure A.1l: Axis rotation scheme vector
model for the e ective rotation of the axis
which must not match any axis of a physical
part. The coordinate system is chosen exter-
nally maybe from the housing of the a¥ig.
directs along the inner shaft of the axi#;

is the normal vector of the top surface of the
axis. The e ective rotation axis is not nec-
essarily collinear to any of the axis.

Figure A.2: Cut through the axis. 1) Flexure
with piezoelectric actuator for ne movement 2)
Housing 3) intermediate axis (coarse positioning)
4) top plate xed to crystal and interferometer
arm 5) housing 6)bearing 8) connection to coarse
motor 9) bearing 11) bearing 12) bearing 13) bear-

ing.
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. . 1 .
the variation of +, one measure#, , rotates the axis by ; and measuresﬁt( ). A rotation
in three dimensions around the axis can be described:

At(l) =+ A)+ * * + A, cos + ¢+ (A *+ A))sin (A1)

. 1 .

if jgf =1. If At,At( ), and are known,+ can be calculated. For non-pathological cases
. . 1 . .

sin > sin\ A:t;Art( ) , there will be two solutions for+. In case of theGams axes the

angles between all vectors are below 0.002rad. Hence thei e always two solutions
except for those cases where is 0°, 360°, or close to these angles and the reproducibility
of the orientation measurement is not good enough. From thevd solutions, one should
choose that one which is not almost anti-parallel to the othevectors. If the set of obtained

+ is within the desired range the axis passed the test.

Both axes were tested individually after their assembly wit a coordinate measuring ma-
chine (CMM). The CMM measures a number of 3D coordinates of ¢htop surface and
calculates the best tting surface. The normal of these suates and the deduced- are

shown in Figure A.3.

Errors by imperfect axis bearings

The crystal and the goniometer arm are mounted on an axis shafhich is hold in positions
with bearings. Two bearings per axis aGams4 and Gams5, three bearings per axis at
Gams6. These bearings de ne the actual movement of the axis shafepending on their
mechanical properties, this movement is not necessary a purotation around one axis
(which would be desirable). It may be any combination of rot@gon and translation, or
even worse, this combination may change in dependence of timmiometer angle. And in
the worst case the bearings have some play and the motion hasre hysteresis or is not
reproducible at all.

The translation induced by axis bearings has no e ect on the goniometer readout.
As the optical path length of a beam re ected by a corner cubeagks not change when the
corner cube is displaced in the perpendicular plane, any tralation in § or 2 direction
does not a ect. As the interferometer measures the path letty di erence to both corner
cubes, also a displacement iR direction has no e ect. This is limited by the fact, that
the laser beam must still hit the high quality surfaces of th&orner cube.

A displacement of the silicon crystal would shift the di raded beam, making it touching
the collimation. Due to the small di raction angles, this e ect is suppressed. Further the
displacement would bring a di erent spot of the crystal intothe beam. If the crystal is
not perfect this spot may have a di erent lattice spacing.
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Gams6 axis shaft - rotation by 360° in 45° steps
measured 08/12/2008 - evaluated 28/01/2009
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Figure A.3: Inclination of the axis during a rotation by 360°. Drawn is #hetual inclination of the
normal to the top surface, determined from two rings of di eteiameter measured by the CMM.
Also shown is the centre of e ective rotation which is dedudemin the inclination values.

mirror

Nye
m : .
tilt axis
4)‘/ o
————— N,
=T =R AN
,,,,,, \ \
e \ \
g \
.- \ \
P \
\
/ kY N,
K N N
\ \ \
N, | - N,
\ 3 \
N, Ay Ay
\
\
\

auto-collimator \ \
\
\

sensitive plane

Figure A.4: E ect of axis tilt on calibration. A tilt of the axis while rotang, due to a bad bearing,
would tilt the mirrors of the polygon. The autocollimator widunotice such a tilt as slight projection
into its measuring angle.
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The calibration is not a ected by translation as long as the atocollimator still sees the
mirrors of the polygon.

For all these e ects, a displacement 0D:5 mm would be acceptable. The new axis of
Gams6 meets these requirements as shown in the previous subsettio

A.2 Monte-Carlo simulation of interferometer proper-
ties

The approximate response function of the goniometer is givén equation (2.2). However
this is only valid for a perfect system. In reality, it is in uenced by the optics and the
laser. The involved theory of beam propagation is well undetiood. Due to its linearity

the calculations are easy. However, due to the numerous agl surfaces and the three-
dimensional geometry (corner cubes and polarization), amalytical calculation of the

interferometer response function is rather di cult. Though a Monte-Carlo simulation of

the interferometer is perfectly possible.

One target of such an analysis was to estimate the induced nbnearity of the interfer-
ometer response-function. On the long range domain of sealedegrees such as di erent
Bragg orders or calibration points this is induced by misajinment of the optical elements,
asymmetric path length while having a divergent beam and a meplanar wave front on
an expanded photo detector. On the short range domain the giance of one wavelength
or small-integer fractions of it frequency mixing is impotant. In the nal layout, it is
mainly induced by non-orthogonal re ections, stray light ad bad alignment. Another
target was to estimate the in uence of drifts of an optical eédment on the interferometer
output.

Commercial software for optical calculation is available.However none of them corre-
sponded to the speci c requests, in particularly polarizabn and frequency mixing, but
they also provide only limited con guration and batch posdiilities to simulate the long

range displacement of the retro re ectors during the calilation. Access to intermediate
data is hardly available. Documentation about the calculabn methods and numerical
precision are sometimes poor.

A.2.1 Program hierarchy and principles of the algorithm

Therefore a Monte-Carlo simulation was written from scratt in the languages C++

and perl. The highly speed optimisedC++ core-part uses a single text le as input for
the con guration. This describes one static situation of tle full interferometer. Several
millions of photons are then simulated and the result is putd one or several text les

\'
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which describe the signal in the photo detectors. The highlexible perl part modi es
the con guration le such that e.g. the rotation of an interferometer arm is pictured in
several steps and each of them thé++ program is called. Theperl program will also
collect and combine the resulting output les.

As the perl program is only a manipulation of text les including some rtation and
translation of three-dimensional coordinates, the followg description applies to theC++
program. This simulation provides one or several light sooes at which photons are
generated randomly according to a given spatial and anguldistribution. For each photon
the path through the interferometer is calculated. At eachallision with an optical surface
that would split the light, randomly only one of the possiblepaths is followed in the
calculation. At the detector all photons are summed up accding to their phase or other
properties.

The algorithm determines automatically which element is hinext. However, for each
element a set of exclusive successors can be de ned to redoamputing time. This can
be abused to disable parts of the interferometer if other prneed to be investigated with
higher statistics.

The polarization is stored as a unity vector perpendiculara the current direction of the
photon. At each interaction point it may change according tdhe rules described below.
The wavelength is attributed to the photon at its generationin the light source. The
heterodyne frequency split is realistically implementedyba slightly di erent wavelength.
The optical refractive index of any material will in uence the actual value of the wave-
length. The phase of the optical wave is calculated from theagh length and the actual
wavelength. The phase value at the collision point with the etector is most crucial as it is
used for calculating the signal intensity. This is done by saming the complex amplitude.
Usually this is done per detector pixel. It can be done alsoarated by wavelength, and
thus frequency to reconstruct the time shape of the detectaignal.

A.2.2 Available optical elements

The simulation provides di erent types of optical elementavhich can be freely positioned
and oriented in space. Depending on their physical meaningree of them have param-
eters. Each element is simpli ed as a planar surface with arcular diameter. A solid

object, like an optical at, must be described by at least twoelements: an entry and an
exit surface.

laser generate photons with a speci ed space- and divergence-peo Wavelength, phase
and polarization can be speci ed.

Vi



APPENDIX A. COMPONENT TESTING

passive surface usually indicates the surface of a massive object and hendetchange
of the refractive index, as for a mirror or an optical at, induding any coating. Two
di erent re ective indexes may be specied for two orthogoml directions in the
surface plane. Each element may accept an overruling transsion and re ection
probability.

active surfaces are used for functional complex objects which would occupygh com-
puting time when build from basic passive elements. Such fetions can be as simple
as polarizer and retarders or as complex as an AOM for waveggh shifting.

detector several types of detectors are available and can be combinédhey store and
sum the properties of the photons such as phase, travelledtpapolarization and
frequency.

beam dump provides a way to count photons which are lost at a particulaspot, without
having the full computing overhead of a detector element.

During the calculated path of a photon it is never split. In cae of two successive light
paths one is chosen according to the transmission or re egity probability. This choice
incorporates the polarization: The polarization of a photo is stored as a vector orthogonal
to its direction. Each surface can have two distinct orthogaal orientations which can react
di erently on the polarization of the photon. Hence, the prgection of the current photon
polarizations is calculated. The photon polarization is gdsted randomly to one of the
surface orientations. The calculated projection is used a amplitude of the photon to
assure the normalization of the light intensity.

Of course this method neglects single photon interferenceets. But in this purpose the
light source can be considered as perfectly coherent. Howewthis indicates that many
photons are necessary for an accurate result. Consequerftly the sake of computation
time it is useful to implement some objects as active surfacestead of passive ones, e.g.
retarder plates as active surface rudely re-orienting thegtarization vector.

The numerical precision of most computer programs is 15 dewl digits provided by a
usual 64 bit doubledata type. The required accuracy comes quite close to thigmit.
To avoid numerical artefacts theC++ code uses 80 bitong doublevariables providing
a precision of 19 decimal bit. All values are stored in full Slnits as metres or seconds
without any pre x.

On a Pentium-4 single core processor at 3.2 GHz the calcutati takes per photon about
1.3 ms when simulating the full interferometer. For precisn of =14000considering a
curved wave front about 20 million events and thus 7 hours amecessary.
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A.2.3 Lacks of the simulation code

The simulation does not consider any di raction. The e ect & diaphragms could be sim-
ulated by the implementation of another type of active surfee. However, this has not
been implemented as analytical calculations showed no etdor Gamse6 interferometer.
Inhomogeneities of materials cannot be considered. Aparbfn diraction this could be
implemented, but would increase the computing time unaccegbly. Furthermore, studies
of the in uence of the non-homogeneity of individual elemes justify this approximation.
The refractive tensor of materials is not implemented. Cuently the two projections of
the tensor which are a ecting the beam have to calculated bydnd. Yet, this is not such
a drawback, as most material speci cations doe not providehe full tensor. Similarly,
light absorption in material is not implemented. This is aceptable as heterodyne inter-
ferometry is amplitude independent.

The simulation is restricted to at optics which have a circdar boundary. This is su -
cient for the Gams6 purpose. A little programming e ort would make arbitrary boundary
shapes possible, or even spherical surfaces, however, anabst of computing time.

A.3 Autocollimator

The autocollimator returns voltage  which depends highly on the angel of the facing
mirror, and thus, on the goniometer angle . In a small range & 10purad), when a
polygon mirror is almost perpendicular to the optical axis bthe autocollimator, this
response function is very linear.

The principle of the autocollimator is based on &um wide slit that masks light source and
detector. The slit is placed in the focal plane of a lens (fockength 171mm). In front of
the lens the polygon surfaces are passing by. Only when a pgdyn mirror is orthogonal to
the optical axis, the light is re ected back to the detector.To increase the sensitivity of the
system, the light between lens and slit is routed over an o#iating mirror, as illustrated in
Figure A.5. Hence the detector signal is modulated with the mror oscillation frequency,
as shown in Figure A.6. Using a lock-in ampli er as demodulat, a precise information
about the polygon mirror angle can be obtained.
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Figure A.5: Autocollimator scheme. Drawing from [LDT84].

The geometry of the autocollimator leads to the mathematidadescription:

M() = Mpsin(t) (A.2)

L(X;Xo) = Loe (Xz:g)z (A.3)

D(X) = ( x+b®2) ( x+b2)=b (A.4)

Xt ) = MO+ ) f (A.5)

S(t; ) = D(x) L(Xxo(t; ))d x (A.6)
Z

() = i sin(t) S(t) e dt, (A.7)

1

with the mechanical parameters: light slit width s, detector slit width b, and focal
length f . The functions oscillation mirror angleM , source light distribution L, detector
slit function D, centre of re ected beamxq, detector signal S, and lock-in ampli er

response depend on the variables timd, distance from slit centrex or polygon mirror
angle . The parameters mirror oscillation frequency , mirror oscillation amplitude

My, light source intensity Ly, and integration time T can be adjusted to optimize the
sensitivity of the system.

A rather high frequencyz!— = 1:155kHz was chosen in order to allow a small integration
time T = 300ms. The latter must be su ciently longer than an oscillation period. A long
integration time would require a longer waiting time at a ceamin position before the volt-
age acquisition can be started. Additionally, it would avesige over fast axis oscillations.
This would not allow an coincident event-mode data acquisdn of autocollimator and
interferometer. For Gamsé6 it depends on the actual level of vibrations whether event-

»The set-up constrainss = b, where S and D could be better described by a single slit di raction
pattern. However, the model used here especially the Heavisie step function () is computationally
much lighter and agrees with the experimental data.
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Figure A.6: Autocollimator signal calculated from theory. The topmogtaph shows the induced
wobbler mirror oscillation, below are the detector signal di erent angles of the polygon mirror.
Note the increase of the signal in the far approach ( 2001;). Important for the position sensitivity
is the phase change at=0f 4. All axes are in arbitrary scale.
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Figure A.7: Autocollimator asymmetry and comparison with theory. A cabyhe data is mirrored
at the origin to illustrate the asymmetry in the region aroung00 f4. The theory was scaled to the
data by tting to the data range 380 to +40 f4. The discrepancy at high signal may be due
to saturation of the photo detector or the lock-in ampli er dnwas not further investigated. The
signal was measured without ampli cation, and is thus aboQttitnes smaller than usual. For better
comparison, it was scaled back. The reason to do so is theatdm limit of 10 V of lock-in ampli er
and analogue-to-digital converter.
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mode or time-averaged data-acquisition is most favourabl&rom the current experience
a time-averaged approach seems to be necessary.

At Gams4 the vibration level of the axis was measured on 18/12/2008 tbe 19 ;. ms.

Considering the autocollimator slope o0fLl098 m\&f, at this time, one would expect a
voltage vibration of 21 mV,,s. The measured value wa88 mV,,s. While a 1:155kHz

oscillation of 6 mV,,s could be identi ed. The latter is caused by the nite integration

time.

At this occasion it was also found that the outer parts of theunction are not symmetric.
The drop marked in Figure A.7 appears for all polygon mirros which indicates that it
is most likely not due to polygon surface imperfection. It nght be caused by a dark spot
on the lens or a similar asymmetric defect in the autocollimar housing. It will in uence
the central section of . However, the e ect seems to be constant over time. It is snial
enough so that the central part of is still su ciently linear for a good t. Even though
the resulting e ects are estimated to be negligible foGams4, it is necessary to study the
autocollimator function for each polygon mirror at each phsing angle (asymmetric cali-
bration) carefully with Gams6. The new instrument is much faster, so the autocollimator
can be studied extensively, and thermal instabilities of th interferometer have much less
impact. Moreover,Gams6 will be equipped with two autocollimators in parallel, allaving
further systematic checks.
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Appendix B

Units & conversion

The following units are frequently in use atGams:

radian Sl-unit for a plane angle. Often used as micro radian (uradpano radian (nrad),
or pico radian (prad).

as or 1°° Arcsecond, a unit for small plane angles, frequently used ioptics. 1% =
1=1000 degree 0:48 yrad. At Gams used when referring to the alignment of
optics or mechanics.

puas Microarcsecond. Unit for even smaller plane angles.

f Fringe. The natural unit of the interferometer. Correspond to four times the inter-
ferometer lever arm length in units of laser wavelength. Makave a low index to
indicate at which instrument it was obtained to respect the derent calibration
constants.

f4 Fringe on Gams4, also called electronic fringe. The old analogue acquisiti system
required to multiply the number of optical fringes by four inorder to distinguish
between movements in positive and negative directions, artd assign sub fringe
information (phase) to the integer information correctly.
1f, 1948 10 “rad 0:040° Which correspond to a corner cube distance of
about 8 inch.

fs Fringe on Gams>5, never used in this work.Gams5 has a corner cube length of 25 cm.
Before 2006 a electronic multiplication by four was usedimilar to Gams4.

f¢ Fringe onGams6. 1f; 53 10 “rad 0:11%°
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Torr pressure unit used for the refractive index of air calculains.
1 Torr = (101 325=760) Pa.

date The British date format is used, that isdd/ mm/yy.
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Appendix C

List of abbreviations

Symbols

uy(X) absolute uncertainty of the quantity X
u,(X) relative uncertainty of the quantity X, u,(X) = uy(X) =X

X unit,ns the index rms indicates that the preceding value is the root mean square of
a vibration or oscillation around an unspeci ed average vak.

approximate

in the order of

Abbreviations

Gams gamma-spectrometer, several generations of high-resolution ddekcrystal -
spectrometers, hosted at ILL

Gams4 aspectrometer with two at crystals, provides possibilityto absolute calibration
in operation since 1980

Gams5 a spectrometer with two at or bent crystals, in operation snce 1998
Gams6 the successor oGams4, scheduled to be in operation in 2011
AOM acousto-optic modulator

CTE coe cient of thermal expansion

XV



S| international system of units (systeme international)

XRCD X-ray crystal density method (Section 1.1.6)

Institutes and organizations

BIPM Bureau International des Poids et Mesures in Sévres, France

ILL Institut Laue-Langevin hosts a high- ux neutron source in Genoble, France
INRIM  L'Istituto Nazionale di Ricerca Metrologica in Turin, Italy

NIST National Institute for Standards and Technology, Gaithislirg/Boulder, USA

PTB Physikalisch-Technische Bundesanstalt in BraunschweiGermany

CIPM Comité international des poids et mesures
CODATA Committee on Data for Science and Technology

CGPM Conférence Générale des Poids et Mesures
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