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ABSTRACT

The first experimental evidence of the isotopie shift of
electronic K x-rays has been found. A two-meter focal length curved-
crystal diffraction spectrometer was used to measure the wavelengths

of fluorescent Ka x-rays from isotopically pure U233 and U238 samples,

1
The difference in wavelengths was found to be 0.00228 + 0.,00022 x-units,
This corresponds to a 1.8 + 0.2 eV energy difference, the U233 x-ray
being higher in energy. The result is discussed in terms of 1) the pure
volume effect, 2) the even-odd staggering contributions, 3) the change
of intrinsic quadrupole moments, and &) the nuclear compressibility
factor. Good agreement between the experimental result and theory is
obtained by considering either the pure volume effect, or by considering
the contributions of all four effects choosing the parameter for the

nuclear compressibility somewhat higher than inferred from the optical

Isoltope shifl measurements,
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I. TINTRODUCTION

With the high-energj resolution avéilable in optical spectroscopy,
a.hyperfine siruclure and ﬁn lsuvtope shift have Deen observed inm the
optical spectra of many elements. The hyperfine structure has been well
understood as an interaction between the orbital electrons and the
nucleus with a magnetic moment p and an clectric quadrupole moment Q. 1In
a simple view of the isotope shift, the shift can be divided into two
types: 1) the mass-dependent effect, and 2) the volume dependent
effect. In the first type, the energy of the shifted level is changed
because the reduced mass of the electron is raised with the addition of
a peutron to the nucleus. The size of the mass-dependent shift decreases
with increasing Z and becomes negligible in optical spectra for M > 140.
In contrast, the volume dependent shift increases with Z and for M > 100
is the dominant cause of the isotopé shift, This thesis will be con-

cernad with the volume-dependent isotope shift.

The volume-~dependent isotope shift represents changes in the
energy of an atomic electron as neutrons are added to the nucleus of
an element., The addition of neutrone to a nucleus expands the nuclear
charge distribution,experienéed by an electron whose wave function
penetrates inte the nucleus resulting in a decrease of the binding
energy of that electron. Since only S%_or p: electrons have wave

2
functions which overlap with the nuclear volume to any appreciable

extent, the levels of these electrons are the only ones which have

been found to exhibit a volume-dependent isotope shift.
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The nuclear volpme-dependent isotope shift of optical spectral
lines has long been a very useful means for studying the changes in
the nuclear size or shape for different isotopes of elements beginning
with M ¥ 100 and on up to the end of the periodical chart. The first
observation of the volume-dependent isotope shift was apparently

made by Merton in 19191). Later, in the early 1930's, theoretical
2)

estimates of the expected shifts were calculated by Bartlett ™,

3 &) 5) 6)

Pauli and Pelerls™ , Racah °, Rosenthal and Breit™ ", and Breit 7.

Following this work, many observations of the volume-depen-
dent shift of optical spectral lines were carried out and the theory
was refined using more modern theoretical techniques. Reviews of

some of the experimental measurements have been compiled by Mack and

7) 8)

Arroe 7 and by Brix and Kopfermann

E)

theory have been given by Breit’

, and two recent reviews of the

and by Kopfermannlo).

From the large number of observatioms of the optical isotope
shift and the theoretical interpretations which have been advanced to
explain these data, several general features of the shift have emerged
in which there is a partial failure to fully understand the shift,

- Three such features are:

1, the anomaly of the even-odd staggering,
2. the theoretical overestimate of the magnitude of the shift,

(in most cases by about 40%0; and

)

3, discrepancies in the shift for isotopes with N ﬁ=9011

Part of the difficuliLy resides in the problem of not being able
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to separate the roles Fhat.atoﬁib and nuclear effects play in the
shift, Optical.transitions involve outer electrons, Hence,
shielding corrections for optical isotope shifts are large. If

it were possible to detect a ghift in energy of one of the inmer
electrons, a more reliable comparison with theory could be made
because of the availability of better electrom wave functions, Thus,
experimental-observations of x-ray isotope shifts would contribute to
the understanding of the deficiencles of the present isotope shift

theory.

Many efforts have been made to observe either hyper-

fine structure or isotope shifts in atomic x~rays. Richtmyer and

12) 13) measured

14)

Barnes investigated the K& lines of W, while Williams
some lines of the U L series, Frilley, Gokhale, and Valadarés
attempted to observe hyperfine structure in the x-rays of several

other elements. All these gave negative results, apparently due to

15)

lack of resolution. Rogosa and Schwarz attempted to observe
the isotope shift in the Ka x-rays of Mo and in some of the L x-rays
of U, but no effect was detected, A later calculation by Wertheim

and IgolG)

showed that the isotope shifts of the ls%; 25%_and ZP%
electron states in Mo and U were too small to be observable with
the resolution available to Rogosa and Schwarz. However, an
extrapolation of this same calculation showed that the Kal line (a
) 21:'3/2 to 151/2 transition) might show a shift which is of thc samc

order of magnitude as some of the error limits presently assigned

to some of the more accurate measurements made with the bent-crystal



spectrometer. It is believed that this was first recognized by

Hatcth).

It is the aim of this thesis project to investigate whether
the Califeornia Institute of Technology two meter bent-crystal spectro-
meter can be used to study the isotope shift of x-rays. To
accomplish this, the goal was set to select a favorable initial pair
of isotopes in which the expected shift is large and attempt to
detect and measure the_size of this shift, From the results of such
an experiment, it should be possible to predict the usefulness of the

bent-crystal spectrometer in measuring additional isotope shifts.



II. SELECTION OF THE INITIAL CASE

A, Resolution of the Bent-Crystal Spectrometer

Measurements on a crystal diffraction spectrometer are pro-
portional to the wavelength of the radiation. It is therefore appro-
priate to express spectrometer capabilities and results in x-units,

a wavelength scale introduced by Siegbahn in 1919 and at that time
based on the gratiﬁg constant of calcite., The x-unit scale is now
standardized by taking the 511 x-ray line of tungsten to be 208.,5770

18
x-unitsls). The relationship of x-units to energy then is ):

1237242 (£,13)
E (keV) )

(1)

N (x-units) =

The resolution of the bent-crystal spectrometer expressed in
x-units is a constant independent of wavelength., Lt depends on the
following factors: 1) the natural line-width, 2) the size of the sample,
3) the cylindrical aberration effect, and 4) the properties of the crystal
such as the non-unifvrne bending, (he mosaic, and lineage defects. The
resolution of a line can be improved by a factor of n if it can be
measured in n-th order, Owing to the reduced reflectivity in higher
orders, this requires that counting rates he sufficiently high compared

to the background.

For the two-meter focal length bent-crystal spectrometer at
Caltech, the followlng numbers serve as an fllustration of the geo~
metrical conditions. For a 10-mil wide sample, the observed line

width is primarily due to the sample width, The line-width decreases



With the sample diameter, Broadening effects dﬁe to non-uniform
crystal bending and cr&stal defects become comparable to the sample
broadening for 3-mil samples, Generally a compromise is chosen
between 1) a high counting rate by means of a large sample and thus

a broad line, or 2) a narrow line by means of a small sample and thus a

lower counting rate,

B, The Line-Width

The natural line-width of gamma rays is negligible compared
to the mentioned instrumental resolution. For x-rays, however, the
natural line-width becomes comparable to the instrumental width, It is
Qf interest, therefore, to recall the natural line~width of K x~rays as

19 of the measured natural line-

a function of Z, The literature values
widths of K x-rays expressed in x-units are presented in Fig, 1. The
instrumental width for the 10-mil diameter samples used in this experi-~
ment is indicated by a hovxizontal line, It is evident that for low-2
atoms, the natural line-width is comparable to the instrumental width,

For higher-7Z atoms, the natural width is likely to give only a small

contribution to the ohservad width.

Because the instrumental line-width expressed in x-units is a
constant for all wavelengths, the resclution in energy units becomes
poorer with increasing energy. A differentiation uf Eg. (1) shows:

12.37 x 106

E2

AN {x-unita) = A EleV) . {2)

If the variable E in this result is replaced with the ZZ encrgy



dependence for K x-rays from Moseley's Law, one sees that the resolu-
tion of K x-rays becomes poorer with increasing Z by a factor of 24.
This would seem to strongly favor looking for the shift in lower-

Z elements,

C. Wertheim's Result and the Initial Selection

Although the resolution of the spectrometer for K x-rays
decreases as 24, one must also check the magnitude of the isotope shift
as a function of Z, A log plot of the results from Wertheim's first-
order perturbation~theory calculations of the shift of the 15%

16)

electron for three elements is displaved in Fig. 2. It has a
slope'of approximately Z6 thus favoring high-Z elements, Evidently,

the ratio of the magnitude of the isotope shift to instrumental resolu-
tion increases with increasing Z., This points to a high-Z case as being

the best initial choice. Although resolution is poorer for high~Z, the

Z dependence of the isotope shift is an overcompensating factor.

Thus, the search narrows down to the top of the periodic
chart. TFor the initial case, the pair of isotopes should not be
strongly radioactive in order to minimize background problems. In
addition, the A A between the isotopes should be as large as possible
thereby increasing the chances of detecting the shift. These

8

requirements lead to the selection of U23 and U233.



-8 -

III. THEORETICAL CALCULATION OF THE SHIFT

A.VIntroduction

The calculation of the isotope shift presented here is based

16)

on & method Wertheim and Igo used for the calculation of the

isotope shift of the Ly, and L. x~ray lines of U and the Kal line

Bl 1
of Mo, The calculation is extended to include the isotope shift of

the glL x-ray of Uranium,

In the Wertheim calculation, the isotope shift is calculated
with a simplifying top-slice model of the nucleus., In the top-slice
model, all the charge of the nucleus resides on the surface, A
correction to the top-slice result to account for the distortion of
the wavefunction because of the finite size of the nucleus is given
by Wertheim, Two corrections due to screening are then applied.
Because of screening from the other electrons, there is a reduction
in the probability density of the ls% electron being at the nucleus,
Thig first correction has the effect of reducing the size of the
shift. The second screening correction enters as a result of the
‘shifts in energy of the other electrons which occur when they
experience a change in screening as the ls% electron is removed or
replaced, Because a top-slice potential has been used for the

nucleus, a correction for more general charge distributions is given,

and in particular for a uniform charge distribution.

B. First Order Perturbation Calculation

The first step in the calculation is a first order perturba-
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. ' . 0 ;
tion treatment for a change in term energy SE from a point

TERM

mucleus to a top-slice nucleus of radius a:

0 _ - ;

where ¢0 1s the Coulomb-Dirac wavefunction. The difference in
nuclear potential of the point and top-slice nucleus, 8V, is non-

zero only within the nucleus:

v

1l

Y_ XY
- R r<a

(4)
5V =

(o]

r>a

where ¥ is the radial distance in the #i/mc units and y = ZO& , the
2
product of atomic number and the fine structure constant. This

change in term energy 6E0

TERM -8 differentiated with respect to the

nuclear radius which, as neutrons are added, is assumed to increase

according to:

at 1/3

m—Z=R=ROA 5)

from the liquid drop model where R0 = 1.2 x 10"13 cm and A is the

mass number, The isotope shift AE (unit mc2) becomes:

a,
; 2 2
=A[f0 (FO +GO)8Vd1] 2
La L

AE AA (6)

where FO and GO are the small and large components of the Coulomb-

“Dirac wave function multiplied by r, and where the quantity in

brackets is BEgERM of Eq. (3). Foxr the ls; electron, the wave function
1 ‘

is:
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(7

where p = (L - 72)1/2. For purposes of numerically evaluating Eq. (6),

Wertheim shows that the setting of the exponential factor in the wave
function equal to one introduces less than a 1 percent error and allows

the isotope shift to be expressed as:

1 2 2 Y A A
AE = —-[% (a) + G (ai] . {(8)
3|0 0 @+ 1y A

The resulté Wertheim obtained in this manner for a top-slice nucleus
. : 13
with CoulombsDirac wave functions and using the value RO = 1,5 %10 1 cm

are shown in Table I, TFrom these results it is seen that the shift of

Table I

First order perturbation result for isotope shift

by Wertheim and Igolﬁ) in eV

electronicelement 92U 82Pb AZMD
state
sy 1,2 6,50 |0.012
25% 0.24 0,088 10,0016
29% 0.028 | 0.0068 j 0.00003
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the lsy electron is by far the greatest and that the shift increases
2

rapidly with increasing Z. Wertheim used an R_ which is somcwhat

0

nigh, If the acéepted value RO =1.2x 10_13 cin is used, the

calculated values in Table I will be somewhat smaller., A recalcula-

tion of the shift of the lsi state in

9 U gives 0.88 ¢V instead of
5 2

1.2 ev,

C, Wave Function Distortion Correction

The first order perturbation result must be corrected for the
distortion of the electron wave function by the extended nuclear charge

distribution. The quantity BETE s defined as the change in term

RM
energy due to the cutoff of the Coulomb field at the radius of a

top-slice nucleus, is expressed in its exact form as:

() o
OF = ——
TERM ?
and is to be compared with SE;ERM, the quantity in brackets in

Fo

GO) is the Dirac wave function in a pure Coulomb

Eq. (6). =(
field (see Eq. (7) ) and ¥ = (i) is the exact Dirac wave function
of the electron in the potential of a top=-slice nucleus, The first-
order perturbation result must be corrected for the errer which
distortion of the wave function introduces into Eq. (6)}. This
Wertheim did by calculating an approximate expression for 6ETERM

which was then tested for accuracy by numerical integration and

found to be good within one or two percent. This approximate expres-

0

sion for EETERM was then compared with the expression for BETERM
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used in Eq. (6). 1In this manner, the wave function distortion factor

CWFD was found to be:
' SE ) _
c = TERM ~ p(2p + L) (10)
WED ™ 50 +2
TERM P

which for the case of uranium is 0.67.

D. Screening of the Valence Electron

The first of the two screening corrections is due to the
screening of the valence cleetron wave function by all other
electrons . In this thesis the term 'valence electron" refers to
the electron involved in the x-ray transition under consideration rather
than one of the outer electrons generally referred to as the valence
electron. Wertheim took the screening of the wave function correction

to be:

@k, (a) + G @)

C = (11)
SWF 2 (a) + GZ

Four, cour. %)

the ratio of the probability density at the nuclear radius for the
wave function ot the valence electron im a Fermi-Thomas potential to

that of a wave function in the Coulomb field. Using the phase ampli-

20)

tude method™ *, Wertheim calculated CS for the 2s, and 2p; electron

WE 53 2
in U by numerical ifnlegration of equalbivns representing the pertur-
bation of B8V (r) (where &V (r) is the difference between the Fermi-

Thomas and the Coulomb potential) on the unperturbed wave function

in the Coulomb ficld, Rcaults of:
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CSWF (25%,.2 = 92) = 0.90 (L2a)

Cour (le_é_, Z = 92) = 0.76 (12b)

Ogup (Lsys 2 = 42) = 0.98 (12¢)
21)

were found. Reitz "5 in connection with a calculation of the effects
of screening on internal conversion and beta decay, calculated wave

functions for the lsi and 283 electrons in a Fermi-Thomas field by direct
: 2 2

numerical integration of the radial equations. Wertheim used this
result for comparison with his calculation (Eq, (12) )} by the phase-

amplitude method and obtained agreement to within 2 percent.

For the case of the ls; electron, C (1s1, Z) has been
= SWF =
22)

recently calculated and the plot of CSWF (g1, Z) as a function
=

of Z shows that CS increases with Z, until it levels off with

WF

Csm;,‘3 0.99. Thus we have for the case in which we are interested:

Coyr (151 2= 92) = 0.99. (124)

"E. Screening of the Non-Valence Electrons

The second screening correction involves the relative change
in energy of the non-valence electrons due to the relative difference
in the change of screening they experience when the valence electron
makes its transition . An estimate using Eq; (12d) of the maximum

contribution to the effect from the non-valence ls; electron due to
2
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the other 1s; electron if one ascribes all the shielding to this
2

other 1ls; electron is 1 percent.
2 ‘

In the calculation of the contribution from the 2s; electrons
2

Wertheim notes that the isotope shift of the 2s; electron shows the
. 2

following approximate proportionality on y and p:

2p
AEey (xfg") (13)
which gives for the fractional change in the isotope shift of a 2s3
2
clecctron for a change A Z in the shielding charge:
F(2sy) = & [agl _ 2041 2y laCa/B) | ,,. (14)
2 AR z 137 p

If it is assumed that the Zs% electron sees a change in charge

AZ =1 when a ls%_electron is removed, then F(ZS%) = 0.08. Taking
into account the relative magnitude of the 2s%.and 18%_isotope shift
- (see Table I), it is calculated that the contribution to the isotope
shift from the Zs%_electrons is at most 3 percent., At the same time,
it can be seen that the contribiition from the 29% electrons is
negligible. <The total possible contribution from the non-valence

electrons adds up to 4 percent or CSNV = 0.906.

F. Final Result for a Non-Deformed Nucleus of Uniform Charge

First oxder perturbation calculations have been performed by

5) using a more general potential;

@LE e e

-Breit
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with adjustable n, For n = w», the potential is a top-slice potential,
With n = 2, it represents a uniform charge distribution, and as n
becomes smaller, the charge distribution becomes more and more
concentrated at the center of the nucleus. From Breit's general result,
Wertheim shows that the correction factor for the shape of the nuclear
potential CCD is:

_[AE]n_ - .

[AEle 2p+n+1

cCD

CCD has wvalues 0.63, 0,67, and 0.70 for n = 1.5, 2,0, and 2.5,

respectively,

Combining the coxrrections for the wave function distortion

GWFD’ for the screening of the wave functilon C s for the contributions

SWF
from the non~-valence electrons CSNV’ and for a uniform charge distribu~
tion CCD’ and applying these to the first order perturbation result
of 0.88 eV/A A for a spherical top-slice nucleus (Sec, B) wc have
~for the A A =5 case of U-238 - U-233 the predicted values listed in
Iable IT,

Table TI

Result of the Isotope Shift Calculation for a Spherical

Uniform Charge Nucleus of Radius R = 1,2 A1/3f

238) _ E(U233)

h(U238) _ k(U233)

E(U - 1.8 eV

0.,0023 x-units
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G. Additional.Conéidé#atibﬁs
The calculations performed thus far have not taken into
coﬁsideration:
1) the mass effect,
2) even-odd staggering
3) deformation effects,
4) polarization effects, and

5) compressibility,

The mass effect, the major cause of the isotope shift observed at the
lower end of the periodical chart, can be shown to cause a shift of
less than ].0"2 eV for uranium with A A = 5. It is therefore safely
negligihle, However, the other considerations listed ahove can
possibly give significant contributions to the shift and deserve study.
However, their consideration will be deferred to Chapter VII where
they will be discussed in connection with the experimental results for

the isotope shift measurement,
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IV. CONSTRUCTION OF THE EXPERIMENTAL SYSTEM TO DETECT THE SHIFT

A. General Considerations

The basic scheme for measuring the isotope shift is illustrated
in Fig., 3. The uranium sample is mounted close to an x-ray tube
p

which is operated above the K.a1 edge (115.6 eV) to produce fluorescent

bs
x-rays in the sample atoms. The sample is located at the focus of the
two-meter focal length bent-crystal spectrometer of the Henrikson

23)

degign using the (310) planes of a 2%—x 3" quartz crystal.

The theoretical prediction of the size of the shift for a non-
deformed nucleus with a uniform charge digstribution calculated in the
previous section is 0.0023 x-units. To gain an idea of the size of
this effect, one can calculate what rotation of the bent-crystal this
wavelength difference corresponds te. The lattice spacing d of the
(310) planes in quartz is 11738 R . Differentiating Bragg's Law, one

"has for first order diffraction (N = 1),

A8 = _Na 0.2 scconds, 17

2d cos 6

Thig is an exceedingly small rotation of the crystal. It will not be
possible to observe the shift by mixing the two isotopes together in
one sample and then resolving the two Kaltlines becanse of the instru-
mental and natﬁral line-widths. Operating the bent-crystal spectrometer
under optimum resolution conditions by using ; very narrow source and
reduced bent-crystal aperture will still yield an instrumental line-

width at least 40 times greater than the shift itself, It is seen
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from Fig., 1 that the natural line-width is perhaps 50 times

greater than the shift.

Therefove, the method we have chosen for detecting the shift
involves measuring the energy of the Kdl x-ray of each isotope
separately and obtaining the value of the shift through taking the

difference.

B. Sources of Error

Whenever the result of an experiment depends on a small differ-
ence between two measurements, sources of systematic errors become
extremely important. The very small size of the isotope shift places
requirements on the accuracy, stability, and reproducibility of the
bent-crystal spectrometer which considerably exceed its original design
limits; the performance of eritical spectrometer parts must be
checked and improved where found necessary, Before this experiment
was begun, deviations in the reproducibility of spectrometer runs
(using sources of comparable size and strength to the uranium sources
used in this experiment) were considerably greater than the size of the
isotope shift itself. Below are listed some of the important factors
which were considered and met.

1. Temperature stability,

2. ZX-ray tube oﬁtput stability.

3. Maintaining fixed sample position relative to the crystal.

4, Precision lead-screw linearity and freedom from local defects.

5. Nom-stiction in the crystal-pivot bearing.,
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6. Wear in the lead-screw thrust bearing and end plate.

7. Reproducibility of the rotation of the lead-screw to the desired
angles.

8. Accuracy of the division of the circle on the main dial,

9. PFreedom from collimator effects.

10, Spectrometer alignment and vertical divergence.

11. Prevention of a non-uniform background.

12, Clock timing.

In investigating each of these problems, the goal was set that
the experimental system be constructed, organized, or improved so that
the net possible effect of any given source of errvor would be of the
order of 1/10 the size of the shift or smaller (i.e., of the order of a
0.02" rotation of the crystal relative to the sample). The above items
for investigation can be classificd under four gencral hcadings and

are discussed further in appendices.

1. Experimental Eanvironment - Appendix T
2. Spectrometer Mechanism - Appendix IT
3. Alignment of the Experiment - Appendix III

4, Systematic Error Considerations - Appendix V.

The measurement of rotations with a relative precision of
nearly 0.01" is neceasary for the checking of some of these listed
items., This was accomplished through the use of a set of thermo-

24)

" micrometers . As an example of the value of the thorough checking

of the performance of the spectrometer mechanism, Fig & is presented.
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It illustrates the improvement in the linearity of the sine-screw
mechanism which resulted when the wear problems of the sine-screw thrust

bearing and end plate were solved.

C. The Final Experimental Set-Up

The experimental set-up that resulted from the investigations is
illustrated in.the line-drawing of Fig. 5 . 1Isolation of the crystal-
pivot unit and the-sample table from the rest of the apparatus and the
building was found to be necessary., Therefore, the former were placed
on a two-foot thick concrete slab. The temperature of the room was
controlled to * 0,1°C. The radiation shielding discussed in
Appendix ITI-B and illustrated in Fig., 6 was carefully positioned to
prevent contributions to the background which might make it uneven,
Automatic control and data recording equipment necessary for the
method of fast and repeated sweeping over the peak, to be described

in Chapter V, were also an important part of the experimental system,
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V. EXPERIMENTAL PROCEDURE

A, Sample Preparation

Isotopically pure U-233 (99.46%) and U-238 (99.99%) samples
were obtained from the Atomic Energy Commission, Oak Ridge. They
were both in tEe form of an oxide powder U308. Six quartz capillary
tubes, matched in pairs, were filled with this oxide powder, 3 with
U-233 and 3 with U-238. Two of the capillaries were 7-mil I.D. and
.four were 10-mil I.D. Some difficulty was experienced in filling
the 7-mil capillaries uniformly without clogging, particularly in the
case of U-233, (Because of poor packing, the 7-mil U-233 sample was
not used in the experiment.) Increasing the diameter fo ten mils
reduced this problem and four excellent ten-mil samples in which the
material was uniformly distributed were obtained, two of each isotope

filled to a height of one inch,

B, Sample Placement and Shielding

The sample capillary tubes were made lomger than the 1 inch
depth to which the éxide was filled so as to allow their support in a
holder ﬁhich would keep the éample material up free and in the clear,
(See Fig. 7 ). The samples could then be placed and so shielded such
that when;vieWed from the bent-crystal, only the upper portiom of the
capillary which contains the sample could be seen, As shown in Fig. 6
the lead housing around the samplc has opemings both front and back.

Because the back-opening is larger, the oanly object within the lead

housing which is visible to the bent-crystal is the 1 inch high sample
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and quartz capillary. This is necessary so that the counting back-
ground will be smooth, balanced, and low. (See Appendices ITII-B and V-E

for more disrussion of the background.)

The x-ray tube is mounted overhead and about 45 degrees forward
of the sample as illustrated in Fig, 5 . The x-ray tube can be
cranked up te allow the changing of the sample and then lowered back
into its former position. It does not come into contact with the
sample, the lead housing of the sample (not shown in Fig. 5 ) or the

sample table,

The base of the sample holder fits into a special well which
allows easy switching of samples without placing much force on the
tahle (and thereby moving it slightly) thus insuring rhat each sample

is held in nearly the same position relative to the bent-crystal.

As is discussed in Appendix I-B the only objects on the concrete
isolation slab are the sample table, necessary shielding, and the

crystal-pivot unit,

C. Data-Taking Procedure

The results of a genefal scan in the region of the Kd X~-Yay

1.
are presented im Fig. 8 ., The Ea1 x-ray is well isclated from the
other x-rays present. So that good data on the background and the
slope of the backgwound will be collected during the experiment, the

© region over which the spectrometer will be made to sweep extends

beyond the edges of the x-ray line as indicated in Fig. 8,
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Another set of x-ray peaks exist for negative Bragg angles as
illustrated in Fig. 9 . Both positive and negative sweeps are
necegsary for a Wavelength-determination because the effectrive zero of
the instruﬁent does nbt correspond to the zero reading of the main
dial. The exact value of the effective zero (called the spectrometer

beta-point) depends on the exact location of the sample,

Automatic spectrometer control and data recording equipment was
developed for the execution of the experiment. Briefly, the spectro-

meler was programmed to sweep over the Ej line taking counts at 35

1
different points on the line. It advanced from point to point every
20 seconds and punched out the number of counts on computer cards by
weans of a modified IBM keypunch wachine, The general pattern
followed by the spectrometer was to perform four of these sweeps on

the positive side in succession and then to go over to the negative

side and perform four sweeps there,

This series of four positive sweeps, then four negative sweeps
is repeated without interruption (the x-ray room is unentered and
completely sealed) for approximately 24 hours. Then the sample 1s

removed and replaced with the next one. The samples are rotated daily.

D, Data Reduction

The reduction of the data thus collected was analyzed in three
" steps which will be discussed briefly, For additional detail, reference
is made to Appendix IV. First, an individual least-squares fit was

performed by computer on the line resulting from each cycle. An
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example of one of these lines is shown in Fig., 10. Typically from
the counting statistics involved, the peak center of a given cycle

is determined to « + 0,001 x-units,

A plus and minus cycle paired together determine a value

for the wavelength of the Ka x-ray from one

~ MSTNGLE MEASUREMENT 1

isotope. The second step in the reduction of the data involves
solving for each o£ the KSiNGLE MEASUREMENT values which are contained
in the consecutive plus-minus pairs in the string of cycles which
constitute the run. In effect, a run simply consists of a string of

repeated measurements, This provides a check

1S .
SINGLE MEASUREMENT
on the reproducibility of the instrument within a given run and allows

the determination of a standard deviation which includes the effects

of instrument irreproducibility and shifts from vibration, etc.

In the third step, the value of the isotope shift can be
taken to be the difference in the averages for the U-238 and the
U-233 samples, respectively, However, one can do a little better by
deriving a weighting factor for each NSINGLE MEASUREMENT where
this weighting factor represents the dependability of that particular
measurement. The weighted mean values for the U-233 and U-238 measure-
ments are then found. The shift is the difference between these two
weighted mean values, The weighting factor can be obtained from the

standard deviation which results from the reduction of the individual

~runs, This weighting factor is discussed more fully in Appendix IV-C,
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VI. RESULTS

Measurements were taken using four 10-mil samples and one
7-mil sample. The set of & closely-matched 10-mil samples, two of
each isotope, allowed the measurement of the effect under conditions
in which all sample parameters were maintained as nearly identical as
possible for the two isotopes while also providing the check of being
able to compare the results for two different samples of the same
isotope. As a test of the sensitivity of the wavelength result to
these sample parameters, two additional runs were made where sample
parameters were radically different, 1In the first, the sample
diameter was decreased by 30% (by using the 7-mil U-238 sample) pro-
ducing a significantly different peak height and width. In the second
sample effect test run, measurements were conducted with a 10-mil U-238

saﬁple lowered from its normal height by 5/16".

The results of these various runs, presented in detail in
Appendix VI and summarized in Table ITI , show good agreement between
all runs conducted with the same isotope and show a consistent shift
when runs with different isotopes .are compared, No sample effects
appear in the special test runs. This indicates that the final result
is free of possible bias due to sample effects. Additional considera-

tion to these effects is given in Appendix V.

It should be noted that the values A * ¢ listed in Table III
are not intended to represent the absolute value of the wavelength of
the Ka1 x-ray. As discussed in Appendix II-D, the action of the

spectrometer correction-cam was intentionally defeated. This may
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introduce a systematic error into the absolute value of the measured
wavelength, However, it will be identical for each sample, Therefore,

this systematic error will .cancel in the isotopic shift determination.

The final result for the isotopic shift taken as the difference

between the weighted mean of all the A values for

SINGLE MEASUREMENT

each isotope is presented in Table IV,

Table IV

Final Result for Isotope Shift

A (U-238) - A
Kal Kal

(U-233)

Ml

0.00228 = 0,00022 x-units

E (0-238) - E_ (11-233)
Kt K

- 1.8+ 0,2 &V
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ViI. DISCUSSION OF THE RESULT

The experimental resuit in Table IV and the theoretical
prediction of Chapter IIT séem to be in cxccllent agreement, However, the
theoretical prediction is based on the simple model of a uniformly
charged non-deformed nucleus of radius R = ROAll? Thus, this model has
ignored even-odd staggering effects, deformation, polarizability, and
compressibility of the nucleus, The comparison of the experimental
result to theory must also include a consideration of the effects men-

tioned above., The first two effects can be determined by means of study-

ing optical data which is available for uranium,

A, Even-0dd Staggering

The even-~odd staggering effect is exhibited in a number of

25)

optical experiments where the isotope shift has been ohserved for a
series of isotopes (A, A+ 1, A+ 2, ...) of the same element, With the
excellent resolution available in optical work a line characteristic for
a transition between two electronic states can be resolved into a set of
lines, each corresponding to a different isotope, These lines do not
lie separated by equal amounts, but appear to be staggered. The line

from the odd-isotope lies closer to the line of the lighter even-

isotope neighbor than to the line of the heavier neighbor.

Optical shift measurements for uranium exhibit this even-odd

staggering effect, TFigure 1lla illustrates the data by D.D. Smith et al.262

This same line has been measured independently by A,R, Striganov et a1,27)

and the results are in agreement to 2,.5% or better.
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Although the cause of this even-odd staggering is not under-

gtood, it is probably a nuclear effectzs). The even-odd staggering has

been observed for many even-Z nuclei, but until it was observed for the

29)

first time in an odd-N, odd-Z nucleus by Hull and Stroke " ‘, there was
confusion as to whether it was the odd=N or odd-A isotope which was

staggeved in the direction of its lighter neighborBO). The shift data

for 7 Tl isotopes (Z = 81) by Hull and Stroke, are compared with data

31)

for 6 Hg isotopes (Z = 80) by Kopfermann in Fi1g, 11b, This comparison
strongly suggests that the staggering effect is dependent on the neutron
‘number and it appears to be relatively independent of whether the nucleus

has an odd or even number of protons,

It would be an interesting theoretical problem to investipgate
whether the pairing model of the nucleus is able to explain the even-odd
staggering effect, The additionm of an odd neutron Lo a nucleus cbeying
the pairing model might not greatly affect the size of the core since the
odd neutron prefers to remain outside the core., The addition of the odd
neutron would therefore not appreciably increase the gsize of the charge
distribution of the core, Thus, only a small isotope shift would
resﬁlt. However, with the addition of the second neutron, the neutron
pair so formed interacts with the core expanding its average radius,

This enlarges the proton distribution which in turn causes a large
isotope shift. It would seem that the results would be independent of
whether Z is even or odd, To date, no theoretical calculations have been
performed on the pairing model to test this possible cause of the even-

odd staggering anomaly,
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B. Deformation

Wilets, Hill and Ford32) have studied the effect of the defor-
mation of the nucleus on the isotope shift. TFor an s electrom, the
charge density of a deformed nucleus is equivalent to the charge demsity
obtained by averaging over all angles, Therefore, a deformation has the
effect of increasing the value of (rz) and contributing to the shift,
Wilets, Hill, and Ford assumed a cylindrically symmetric ellipsoidal

deformation in which the nuclear radius R is:

R(@) = RO [? + o Pz(cos SE] . (18)

Assuming a constant volume and a uniform chafge density, Wilets, Hill
and Ford show that the ratio of the isotope shift due to a deformation
change to the isotope shift due to the normal wvolume effect Is:

(A E)
—DEL 3 05+ 3) A (“34—1052 ) (19)

~ 10
(A B)gop, AN

where p = (1 - ng2)1/2 and A is the atomic weight, The shift, it

should be noted, is sensitive to the change in deformation.

We now express this same result in terms of the deformatlon

33)

parameter B as used by Bohr and Mottelson . In terms of B the nuclear

radius is
R=28(L+8 %2 (20)
0 2 ) -

A comparison of the spherical harmonic ¥ 0 and the Legendre polynomial

2

P2 gives the relation:
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o = i B (21)
and hence
(A E) a2
.._E_F_ = -Sgc- (Zp + 3) A (A._q}_.l) . (22)
(A E)VOL AN

Inserting ¢ = 0.74 and A = 235, we have for uranium

N E 2
L_AE.F_ = 125 ABDD (23)
{A E)VOL AN

The relationship between the Intrinsic quadrupole moment QO and the

33)

deformation parameter B is :

Q0=._3_. ZR2 B(L + 0.7 B+ ...) . (24)

Jsw

Column 2 ol Table V lists the experilmentral values for QO for uranium,
Using these values for Q0 and Eqs. (5) and (24), the values for B for
seven isotopes of uranium were obtained and are listed in column 4 of

/AF ratios determined from the

Table V, Also given are the AEDEF VOL

deformation values B and Eq. (23). For comparison, the experimental

26)

optical isotope shift values by D,D, Smith et al, are included in
Table V. It can be seen that the deformatinn effects on the isotope

shift are sizeable.

Another comparison illustrated by means of Fig. 12, will show
this morc clearly, The center set of lines represents the evenly
spaced isotope shift spectrum which results if the nuclei obey the

/3 relation, At the bottom of Fig, 12 (in the same scale but

1
R = RO A
adjusted so the U-238 lines are lined up) is presented the spectrum as

it should appear if the effects of the deformations listed in Table V are
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c)
d)

e)

- 32 -

Table V
Q <) AT d) Optical e)
- L50TOPE b B ~DEF Shift
aIns AE Data
VOL '
U-238 | 10,52 * 0,48 a) | 0.274 - -
U-236 | 10,35 + 0,44 a) | 0.271 | 1 0,11 0.147 + 0,010
U-235 | 10,5 = 1,2 b) |0.276 | = 0.05 0.251 + 0,002
U-234 9,77 £ 0,38 a) | 0,257 | + 0.28 0,300 = 0.003
U-233 11,9 * 1.0 b) | 0.314 - 0.59 0.396 + 0,005
U-232 9,98 = 0,28 a) [0.264 | + 0.11 -
U-230 9.46 + 0,52 a) j0.252 | + 0.18 -

By method of lifetime measurement

By method of Coulomb excitation,

of first excited state, Ref. 34.

Ref, 35 and 36,
/3

Deformation parameter calculated using Eq, (24). R = 1,2 Al f,

Calculated using Eq. (23).

and U-238,

Shift is between indicated isotope

Q
Optical isotope shift data of line 4244,372 A expressed relative to
0
U-238 in A units, Ref, 26,
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included. It is seen that the isotope shift spectrum is extremely
sensitive to the changes in the deformations., The experimental isotope
shift data of D.D..Smith et 31.26) is disﬁlayed again for convenience
at the top of Fig. 12 with the scale arbitrarily adjusted to make the
lines for U-238 and U-236 line up, This optical isotope shift data is
strong evidence that the quadrupole moments of the uranium series of
isotopes chaﬁge very smoothly from ome isotope to the next, The
intrinsic quadrupole moments data of Table V are presented in Fig. 13,
and a solid line is drawn through the data to indicate how the quadru-
pole moments may actually vary with A for uranium in order to account
for the optical isotope shift data. Since accurate theoretical esti-
mates of the size of the optical isotope shift are not available, the
slope of this line cannot be uniiquely determined from the optical
isotope shift data nor does the isotope shift data indicate the hedght
of the line. What the optical data does indicate 1s that the line

. should be straight., The line drawn is the one which seems to best fit
the quadrupole data, Lines of other slopes and heights are not

excluded by the optical isotope shift data,

If one were to attempt to explain the even-odd staggering
observed in uranium by ascribing different quadrupole moments to the
odd-N isotopes of uranium, the quadrupole moments of the odd~N isotopes

would be lowered as indicated by the dashed lines in Fig, 13,

On the bagis of the optical isotope shift data for uranium, it

appears that the quadrupole moment reported for U-233 by‘NeWtonBG) is

too high, In a Coulomb excitation experiment, the intrinsic quadrupcle
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moments QO(Z) and Qo(l) of the second and first rotational states were
estimated to be 11,9 % 0.4 and 15,7 * 1,6 barns, respectively, Newton
was unable to account for this sizeable discrepancy, but since QU(Z)
involved fewer assumptions than QO(l), Newton took QO(Z) as the more
reliable result, It is also the one we have taken for Table V and
Fig, 13, But the optical isotope shift data appear to require that

the Q, be even lower than Newton's value for QO(Z)°

Therefore, we shall not use the Coulomb excitation value for
the intrinsic quadrupole moment of Uw233., TInstead, we ghall assume
that the deformation of the uranium isotopesvaries as indicated by the
solid line in Fig, 13, In addition, we shall also assume that the
even~odd staggering and deformation differences affect z -ray and optical
isotope shifts in the same way. With these assumptions, we can use
the optical shift data of Table V to predict what the combined effect
of even=-odd staggering and deformation differences are on the x-ray
isotope shift between U-233 and U-238, Taking the intrinsic quadrupole
moments of U-Z3¥8 and U-233 to be 10,5 and 10.0 barns, respectively, we

find that by means of Eqs. (5}, (24), and (23) that (AE)___/(A®)_ __= +0,15,

vor.
If we take the optical data of Table V and multiply the U=-238 to U=-234

NEF

shift by 5/4 to see what value a non-staggered U-238-U-233 shift would
have, we obtain 0,374 K . Thus, the optical result of 0.396 X for U-238-
U-233 represents a factor of 0.396/0,374 = 1,06 enhancement of the shift
due to even-odd staggering, Combining the 15 percent inercasc due to

a deformation change with the 6 percent increase from the even-odd

staggering, we conclude that the isotope shift calculation of Chapter III
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for a non-deformed nucleus should be increased by 21 percent giving

a correction factor CSD of:

(& E) o, + DET
Cop = 1 + STAGGER + DEF _ 4 ,; (25)
(A E)
VOL

C. Compressibility

if ENC is the energy and RNC is the radius of the nucleus in
the absence of Coulomb forces, then in the presence of Coulomb forces,

37).

the energy of the nucleus as a function of its radius is given by

Byl . 1om (B Ruc)?
I = ENC + EC (_ﬁ—) -t E ENC (—“‘ﬁ]':l'é"—) + aee (26)

where Eﬁc = [%2 azENC/B Rf] RyG and EC is the Coulomb energy:

ZZEQ

Rxe

EC =

(27)

(SR EeY

Assuming (R - RNC) to be small, the equilibrium radius is approximately:

e
R = RNC(l + E'“'"-) . (28)

NC
From the property of nuclear saturation, it is customary to introduce

thc comprcssibility factor K as

Ei\'IC:KA. ' (29)

.From Bgs. (27) - (29) and taking RNC = R0A1/3, we can derive for the

change in radius of a compressible nucleus due to a change in neutron

numberBs):
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e [__--_" € ] ) (30)
ENC + EC

This is to be compared with the relation:

oR _ R
Y S
which results from differentiating R = ROAI/B. In the derivation of

Eq, (8) in Chapter I1I1, the incompressible result of Eq., (31) has
been substituted for the factor A R/A A in Eq, (6) instead of the
compressible result (Eq. 30). Therefore, to account for compressibility,

a corrvection factow, s equal Lo

Coom
4 E
Ccom = |: - T‘C—:l ¢2)
BN+ B,

must be applied to the incompressible result of Table II.

A théoretical caleulation of the compressibility factor K by
Falk and Wiletssg) gives a value of K= 214 MeV while that of
Brueckner and Gammel gives K = 172 MeV, Semi-empirical results
of 175, 218, and 302 MeV have also been obtained39). Using Egs. (5),
27y, (29), and (32), we obtain the compressibility corrections

listed in the table below for various values of K,
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Table VI

Correction factor CCOM to account

for the compressibility of the nucleus

K in MQVV CCOM
50 0,69
100 0.84
150 0.89
200 0.92
300 0.95

We have listed the lower values of K (50 and 100 MeV) because
of the interesting and not understood discrepancy which exists between
the experimental and theoretlcal optical isotope shift results, It is
found that on the average

(& E)
EXE o~ 0.7 (33)

) prmory
. . , 40)
where the theory is based on an incompressible model . It has been
the practice in optical isotope shift work to ascribe all of this
discrepanéy to the compressibility of the nucleus, This requires a
compressibility factor K which is much lower (K =~ 50-75 MeV)than the
theoretical or semi-empirical results, It will be interesting to see

if the x-ray isotope shift result alsc requires this value fur the

compressibility factor,
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D, Polafizability

41)

It was suggested by Breit et al, that polarization of the

nucleus by the electron might influence isotope shifts, This

11)

possibility has been investigated by Reiner and Wilets who f£ound
that the size of the polarizability contribution in terms of the

deformation contribution to the shift is:

(A E)
—_— koL _ i% = - 0,05 (for z = 92). (34)
(& B) pgp

Since we found (A E) = 0,15, we can safely neglect the

per’ @ B,

effects of polarizabllity of the nucleus by the electron,

E, Electron Scattering Results and the Radius of the 92U Nucleus

Tn Eq. (8) the square of the wavefunction was evaluated at the
nuclear radius [Foz(R) + GOZ(R)], to give the first order perturbation

result of Chapter III. The value used for the nuclear radius was

-13 A1/3

7.38 = 10"'13 cm obtained from the B=1.2 x 10 cm relation, However

42)

Elton has found from electrom scattering results that the expression

1/3 1/3

R = 1,115 AY3 + 20151 A7Y3 1,742 A7 (35)

gives a better fit to the data, This slightly decreases the radius
to the value R = 7,20 x 10—13 em for wranium, This leads to the small

correction CES:

2 2
g e L

i [FOZ(R) + GOZ(R)]R _

CES = 0.96 ., | (36)

7.38£
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¥, Comparison of Theory with Experiment

Combining the corrections for even-odd staggering and

delorwalion (CSD), for compressibility (C.. ), and for the radius

CoM

modification from electron scattering data (G we arrive at the

ES) 2
values for the shift displayed in Table VII in which different values
of C have becen uscd corrcsponding to different compressibility

coM

factors K.
Table VII

Predictions Assuming Different Compressibility Factors

K in MeV '(A.E)THEORY in eV
50 1.44
100 1.75
150 1,85
200 1,92
300 1,98

Comparing this with our experimental result of 1,8 * 0.2 eV, it is
'tempting to conclude that thg lower value for the compressibilicy is
excluded. However, such a conclusion cannot be fully justified on the
basis of this one experiment because of the uncertain validity of the

two assumptions which were used to obtain C__.

sh
To test the assumption that the even-odd staggering behaves
in the same way for both x-ray and optical isotope shifts will require

the measurement of the x-ray isotope shift for additional isotopes,
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A megsurement of U-234 - U-238 would be helpful, To test the othexr
assumption made in determining CSD would require more accurate
deformation data. If the correct value for the compressibility factor
CCOM could be obtained either through improved theory or from the
systematics of a large mumber of xX~ray isotope shift measurements, then
it is possible that the isotope shift measurements will give the best
values for the chapges of the quadrupole moments from one isotope

te the next.

The result of this experiment does show that the large
intrinsic quadrupole moment listed in Table V for U-233 is too high
relative to QO for U-238, This wvalue for the quadrupole moment implies

a deformation contribution of (A E) - 0.59 as listed in

per! A Elyor, =
column 4 in Table V, Using this value instead of the deformation
coutribution value of + 0,15 which was determined in Section A of this
present Chapter, the size of the predicted shift (for K = 200 MeV)

would be 0.7 eV, This is in clear disagreement with our result of

1.8 = 0,2 eV,



VIII. CONCLUSION

The goal of this thesis project was to succeed in the first
experimental detection of the isotope shift of an electronic x-ray.
This has been accomplished through the use of the Caltech two-meter
focal length bent-crystal spectrometer for the isotope pair of U-238 -
U~233. The Kal x-ray from the U-238 sample is 1.8 = 0,2 eV lower in
energy than the Kdl x-ray from U-233, This is in good agreement with
the Lhevretical prediction 1f certain assumptions are made about
1) the not yet understood even-odd staggering, 2) the values for the

intrinsic quadrupole moments, and 3) the values for the compressibility

" factor K.

The first assumption is that the ratio of the magnitude of the
even=odd staggering effect to the magnitude of the normal volume-
dependent effect is the same for both x-ray and optical iscotope shifts.
This assumption seems to be reasonable becausethe staggering effect

is believed to be of nuclear origin.

The second assumption involved taking the quadrupole moments
of the uranium isotopes to be those indicated by the solid line in
Fig, 13.7 Justification for mﬁking the line in Fig, 13 smooth comes
from optical isotope shift data. The slope of the line is less certain,
but the present x~ray isotope shift result indicates that the Coulomb
excitation value for Q0 of the U-233 nucleus is much too high, Thus
" the present result lends support to the assumed slope of the line

in Fig, 13,
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Improved knowledge of nuclear compressibility effects could
be gained from the systematics of many x-ray isotope shift measure-

ments on a large number of isotopes,

We therefore conclude this thesis by considering whether the
Caltech bent-crystal spectrometer can be used for detecting further
igotope shifts in other regioms of the periodical chart. F.A, Babushkin
has recently made predictions for the size of the shift in the region
372 82 for AA =2, We present his resultséB) in Fig. 14, The
solid curve represents the shift calculated for an incompressible,
spherical nucleus which exhibits only the volume-dependent isotope
shift, The dots represent the predicted shifts if experimental values
for the deformations of the nuclei are assumed*. The shift is for
A A =2, so predicted shifts between isotope pairs of different spreads
in A A must be adjusted accordingly. The horilzontal line indicates the

error bars achieved in this present work,

It can be concluded that many more cases can be measured,
particularly for isotope pairs with A A greater than two, Of parti=-
cular interest will be the N = 90 region where the nucleus undergoes
" a large change in deformation which greatly enhances the size of the

effect, The result of this present experiment demonstrates that it

% In his deformed calculations, Babushkin included the 0,7 compres-
sibility factor as commonly used in optical isotope shift calcula-
tions. Because the validity of this 0.7 factor is not confirmed
in the case of x-rays, we have deleted this factor from his results,

i.e,, the deformed nucleus calculations presented in TFig, 14 also
assume an incompressible nucleus,
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will be possible to measure x=-ray isotope shifts in many elements with
the bent~crystal spectrometer and that such measurements will add to

our knowledge of the nucleus.
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APPENDIX I.

EXPERIMENTAL ENVIRONMENT FOR THE SPECTROMETER

A. Temperature Environment

| A calculation of the effects of the thermal expansion of the
spectrometer lead screw, levex arm, and the quartz crystal lattice
spacing shows that there can be spurious shifts due to room tempera-
ture changes, To first order, the change of wavelength A A for a

temperature change A t is:

AN = ;k(carm - C -G )A t. 37D

gcrew crystal

The spectrometer lever arm is aluminium (Carm =25 x 10-6/00), the

lead screw is steel (CS =10 x 10"6/0C), and the crystal is quartz

crew

10 = 10_6/00). Therefore, in the region of interest for

(c

crystal

this experiment (A = 125 x-units),
AN = 0.0006 x-units/1°C, 38)

which means a variation of only £°C would produce a shift equal to the
isotope shift. Furthermore, this value depends on appreciable cancel-
lation of the thermal expansion coefficients. Therefore, the result

cannot be expected to be very reliable,

Thermal effects can affect the measured wavelength by other
means as well. A horizontal movement of'only 2 microns of the sample
in a direction perpendicular to a line drawn‘from the sample to the
bent crystal, shifts the beta-point {(defined in Fig. 9 ) by an amount

greater than the shift. Thermal expansion of the members of the
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sample table or crystal-pivot frame, or even expansion of the floor
itself could shift the.beta-point. 0f itself, a shift in the beta-point
- does not affect the measured Waﬁelength since it displaces both the
positive scan and negative scan in the same directiom, but a beta-point
changing periodically with an unfavorable frequency could produce a

systematic error,

The solution of the problem of temperature effects lies in
carefully maintaining the temperature within small limits, Achievement
of this solution was facilitated by the location of the spectrometer
in a corner room of the sub-basement of the building., All air
communication to the spectrometer room was sealed off, The adjoining
spectrometer control room was also gealed and its air temperature regu-
lated by air conditioning to * 1°C. To insure equilibrium, the
temperature of the room had been held to the wvalue it had during the
actual data-taking (26.100) for several weeks prior to the beginning
of the experiment. During a rum, it was not necessary to enter the
gspectrometer room, Its temperature was observed by telescope to be

very stable and it remained within limits of # 0.1°c.

B. Requirements for Rigidity of the Floor

The experiment was originally set up using the existiung floor
as a base. This however, was shown to be inadequate for the present
experiment because of excessive bending and flexing of the floor itself,
‘producing shifts in the position of the sample relative to the crystal-
pivot frame, This problem was discovered through the use of a

Davidson medel D600 auto-collimator., It was placed on the sample
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table and used to observe images reflected by a set of plane mirrors
placed on the érystal pivot in place of the bent crystal., It was
discovered that even the disturbance of a'person's weight in the wvicinity
of the spectrometer distorted the floor enough to produce a shift in the
orientation of the bent-crystal by an amount which was an order of magni-~
tude greater than the expected isotope shift. During the experiment,

the situation would be considerably worse. Although the room is not
entered during the data taking, the hecavy collimator-detector (~ 600
pounds) will swing from one side to the other as plus and minus scans

are taken,

The solution involved removing a 9 foot by 4 tfoot rectangular
portion of the floor, digging dowm to solid dirt below and casting a
heavily reinforced concrete slab in its place about two feet thick
and decoupled frow the [loor of Lhe building by = 3/4" layer of feld,
Only sensitive or mnecessary cbjects were placed on the slab. The
sensitive objects are the sample table and the crystal-pivot unit aund
the neceggary objects are the warious lead shielding plates. The
x~ray stand and collimator-detector unit were placed off the slab as

shown in Fig.b5.

With Lhe Installation of the concrete slab, shifts could no
longer be detected with the D600 auto-collimator. Further tests using

%)

a special thermo- micrometer which had much greater sensitivity
.(~0,0001 x-units) showed that the swinging of the collimator-detector
from side to side produced shifts of 0.00015 x-units magnitude. Since

these shifts were comsistently the same magnitude each time, the



effects from the collimator-detector swinging are safely negligible,

waever, the thermo ~ micrometer did show that even with the
isolation provided by the éoncrete slab, large shifte (somctimecs
equivalent to many times the size of the isotope shift) occurfed
occasionally due to objects being dropped in or around the building,
doors being slammed, etc., and perhaps due to local seismic activity.
However, the infrequent occurrence of these disturbances did not merit
the expense of a further isolation of the experiment from the outside
world., The experimental procedure and method of data reduction
described in Appendix IV was adequately able to average out the effects

of these disturbances.
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APPENDIX TI,
TESTING THE SPECTROMETER MECHANT.SM

A. Basic Features of the Spectrometer Mechanism

The California Institute of Technology two-meter focal length
bent-crystal spectrometer of the Henrikson design was used, Since the
operation and design of rhis spectrometer have been presented in detail

23)

elsewhere ~; only basic features of itsoperationwhich are relevent to

the present experiment are to be discussed here,

The heart of the instrument is the precision gine-screw
mechanism.which converts precise rotations of the lead-screw into a
motion of the lever arm which rotates the bent-crystal around an axis
defined by the pivot bearing. (See Fig., 5.) The sine of the Bragg
angle is determined through the sine-screw mechanism, The dial
reading on the lead screw is directly proportional to the wavelength of
the radiation which satisfies Bragg's lLaw and is diffracted by the bent-
crystal into the collimator-detector, The instrument was designed
so that a one-half revolution of the lead-screw corresponds to a change
of one x-unit when the diffraction is from the (310) planes of a quartz

crystal., Consideration must be given to:

1. the main dial accuracy,

2. the stepping motor accuracy and reproducibility,

‘3. the precision lead-screw linearity,

4. the thrust bearing and end plate precision and wear problems, and
5, the possibility of striction in the crystal pivot beéring which

could produce distortions in the frame of the entire unit.
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These problems will now be discussed.

B, The Main Dial Precision

It is desirable to be able fo read the main dial which is
attéched directly to the lead-screw to a resolution of 0.0002 x-units
. for purposes of:
1. being able to check the accuracy and veproducibility of the steppiug
motor which drives the lead screw, and
2. being able to accurateiy read-out the values of the settings used
during the emperiment.
This is equivalent to dividing the circle accurately to 1 part in
10,000 or to about two minutes., A dial was ruled to within this
tolerance by a precision dividing head ( whose absclute precision is
t 6") available at the Jet Propulsion Laboratory, With the use of a
microscope, the new spectrometer main dial could be read to a precision
of 1 part in 20,000. This precision dial could then be used to check the
“accuracy of the division of the circle and the reproducibility of the

200-position stepping motor which would drive the spectrometer.

C. The Stepping Motor

The reproducibility of the spectrometer is only as good as the
reproducibility of the stepping motor used to drive the lead-screw.

The characteristics of a commercially availab1e44) inductor motor were
examined using the precision main dial, The motor can be operated as a
rphase-switched stepping motor with 200 switching operations corresponding

to one revolutiom, It is designed with bifilar windings to allow

the use of a single~ended power supply as the driver. Therefore,
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equivalent current.configurations in the motor's windings occur every
Ffourth step. By operating the motor so that the spectrometer counting
positions always correspondhto the stepping motor being in the same
current cbnfiguration, it is possible to achieve both a precision in the
reproducibility and an accuracy in the division of the circle good to

* one part in 20,000, This is equivalent to * 0,000l x-units.

D, The Lead-Screw, Thrust Bearing and Crvstal-Pivot

As soon as it has been ascertained by means of the main
dial that the stepping motor is reproducibly and accurately rotating
the lead-screw, then the performance of the combination of the lead-
screw, thrust bearing, and crystal-pivot bearing can be checked,
This is done by directly measuring the rotation of the bent-crystal
turntable resulting from successive steps of the stepping motor. For
the requirements of the present experiment, this rotation must be
measured to a relative accuracy of 0.02 seconds. A set of four thermo-

24)

micrometers was used to obtain this sensitivity and relative

accuracy,

The magnitudes of v 150 successive rotations of the bent
.crystal turntable were measured semi-automatically to provide data
for a calibration run., Many calibration runs were taken, The resulfs
of each run were reduced by compuler to pfuvide a calibration plot of

the actual turntable positions versus spectrometer main dial readings.
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: : % .
Deviations from linearity in these calibration plots indicate defects

somewhere in the mechanism,

Initial calibration runs produced very poor results in terms
of what ié required for this present experiment. An example was
given in Fig. & . The initial calibration curves were very rough and
periodic with each revolution of the lead screw. ©Small local imper-
fections repeated with every revolution. Repeated calibration runs
over various portions of the lead-screw lead to the conclusion that
the principle defect was the wearing of the lead-screw thrust bearing and
end plate. Additiomal tests on the wearing properties of various
materials resulted in the choice of using a polished end platc made
of Morganite, It is a commercially available material of high compres-
sive strength (up to 45,000 psi) made by compacting a graphite-carbon
composite under high temperature and pressure. Careful polishing of
the thrust-bearing while mounted on the lead-screw was also important.
Following these improvements, the calibration curve did not show any

deterioration or change in characteristics even after extensive use,

The spectrometer has a special correction cam illustrated
in Fig. 15, which is used to correct for accumulated errors in the lead-
3
acrow ). It works very well for applying small corrections to the

lead-screw so that the spectrometer is well calibrated throughout its

entire region. However, this experiment does mnot require calibration

% Technically, the calibration curve is not linear, but follows the
sin 6 dependence required by Bragg's Law. However, the region of
" scan involves such a small change in € that this deviation from
linearity is not detectable,
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throughout the entire spectrometer range; it only requires that the
rotation be linear and accurate over very small regions, i.e., just
over the Kal x-ray line on the plus and minus side, The action of the
correction cam was defeated for this experiment Lo prevent the possi-
bility of its introducing systematic errors, This means, however, that

the absolute wavelength measurements of the K, x-ray for U-233 and

45)

U-238 can both have a systematic error of as much as 0.0l x-units .

1

This will aot affect the resull of this experiment since the same
systematic error is present for both isotopes and it is the relative

shift between them which is the desired gquantity.

The resulting calibration curve {(Fig. 4 ), after these corrections
were applied to the spectrometer mechanism is much improved., It still
exhibits evidence of some wow in the screw which cannot be easily
corrected, but the magnitude of the wow is quite acceptable as is
demonstrated in Appendix V-A where the measured wavelength is examined
as a function of the spectrometer beta-point. The crystal-plvot

bearing shows no hint of stictiom in Tig, 4.

A number of reproducibility rums in which the spectrometer
was put through motions similér to those occurring during the actual
data taking runs was pertérmed. The crystal-turntable positions were
measured with the thermo - micrometer. These runs indicated that the
cr&stal rotation was reproducible to 0,0001 x-units or better over
" short time spans. Ils reproducibility over long time intervals could
not be checked because 1) of the presence of distufbances such as
building vibration, and 2) because the stability of the thermo-.

micrometer over long periods of Llwe is not known.
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APPENDIX ITT
ALIGNMENT OF THE EXPERIMENTAL SYSTEM

As has been shown iﬁ Fig, 5 , the experimental system consists
of four independent units; the x-ray stand, the sample table, the
crystal-pivot unit, and the collimator-detector rack. To this list
conild alan he added several moveable lead plates which are placed for
shielding purposes, This appendix will discuss certain aspects of the

placement of these units which are critical for the present experiment,

A, Cuollimatox

The collimator does not play a role in the resolution of the
spectrometer, The spectrometer derives all of its resolution from the
bent-crystal, The collimator serves instead to reduce background from
straight-through radiation when high-energy lines requiring small Bragg
angles are being scanned, The Caltech spectrometer has been provided
with &« collimator which has a transmission curve width of v 5 x-units,
This allows the measurement of gamma radiation to energies well over
1 MeV. Because of the many shielding strips necessary to accomplish
this, its transmission cfficiency is only 50 percent and the flat
'portion of its transmission curve is only 0,5 x~units wide. For the
usual measurement, this is perfectly acceptable. But the danger of the
cnj1imatnr tailoring to a small extent the edges of the x-ray peaks
of this present experiment (FWHM of x-ray line is (.37 x-units) is too
-great. The resolution of the collimator was éreatly reduced (the total
width of its new transmission curve is w» 100 x-units) by the removal

of all but three of its shielding strips. This helps the counting
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rate as well because its new transmission efficiency is nearly 100%.
Even so, the flat portion of its new transmission curve is mcasured
to be only 5 x-units wide, ' Therefore, careful aligmment for con-
centricity of the collimator-detector rack with the bent-crystal

turntable axis ie neceessary.

B, Shielding for a Low and Uniform Background

Because shifts of the order of 1/150-th of the width of the
%-ray line are to be measured with an error of only 1/1500-th of the
width, the background must be very clean and uniform., Direct
radiation from the x-ray tube is confined to the inside of a special
lead housing box which contains the uranium sample, This shielding
box has Lwo windows, one facing the bent-crystal which must receive
the fluorescent x-ray radiation from the sample, and a second window
which is located on the opposite wall of the box. This second window
is largcr so that when the box is viewed from the bent-~crystal, the
back wall is not visible, From the bent-crystal, the only object
within the shielded box that is visible is the sample itself which is
supported up free and clear in the air by means of the holder shown in
Fig., 7 ; A lead backstop located 3 feet behind the lead housing and
upon which no direct x-réy radiation from the x-ray tube can fall

serves as the background to the sample.

Because direct radiation from the x-ray tube can fall on the
edges of the front window, additional shields located in front of the
lead box define an even smeller window. Onc last large shield with a

small window is located halfway between the sample and the crystal,
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Tt serves to prevent problems of scattered radiation entering the
detector from those regions in the room toward which the collimator is

" aimed., Fig, 6 illustrates some of the features of these various shields.

C. Alignment to Reduce the Vertical Divergence

Vertical divergence considerations make three different
alignments important,.. First, the height of the sample tablermust be
properly adjusted relative to the bent-crystal. Second, the axis of
rotation of the bent-crystal turntable must be vertical, Third,
vertical window defining slits should be used in fromt of the sample so
that the apparent length and height of the samples as seen by the crystal
are the same. These three alignments will be discussed_after a deriva-

tion of the vertical divergence cffcct.

For the moment, consider the sample to bea point instead of a
line, Then, propér alignment would dictate that the sample table height
be adjusted such that a plane normal to the rotation axis of the crystal-
pivot turntable and passed through the center of the crystal will also
pass through the point sample. Should the sample be too high or too low by
a distance d,. then radlation from 1t will strike Lhe crystal obliquely

with an angle of vertical divergence ¢ defined by:

P = arctan (%) (39)

where f is the sample to crystal distance. If the central ray incident
on the crystal maRes a Bragg angle & with the reflecting atomic planes,
then the obliquc ray from the displaced gample of vertical divergence

angle ¢ makés a Bragg angle €', By spherical trigonometry, the
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following relation is obtained

sin 6' = sin 6 cos © . (%0)
The wavelength shift (by application of Bragg's Law) due to vertical
divergence ¢ is:

] . . 1
5 = No— N . 8in 8 -~ gin 6 =1 - cos & =~ % ¢2 (41)

A sin ©

The wertical divergence correction 6p0. resulting from the

int

use of a point source and a finite crystal of Fig.16a is calculated by

obtaining the mean value of B3

Py ?,
{1 2. 1,2 2
6point~fzfpd¢/[dcp—-6 (@7 = 0, + 9,70 (42)
s Is!

If we consider mow a line source, we can use the above result with the
substitution of 9, = @1 + @2 to integrate over the source, using ¢, as
the variable of integration as indicated in Fig.lob, We obtain as the

result the vertical divergence correction for a line sample B

..

line

P + QS
2 (‘.
1 2 2
f g[(qac—cpz) —cpz(@u—cpz)+®2:|dtp2
@c B CPs
- 2
line
¢c + @S
C 2

CPc " CPs
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- 2 2 (43)

where P is the vertical angle subtended by the crystal of height ¢ as
viewed from the sample and c‘pS is the vertical angle subtended by the

sample of length s ag viewed from the crystal.

If the entire line sample should be displaced vertically.

by a distance d from its true alignment, then the correction for vertical

divergence, adisplaced’ is

J

CPC B CPs + 2CPd

Pt P T 29y
2

N[

2 2

5 2
displaced
isplace $c + ¢S + 2@5
2
CPC - CPS + chd
2
= 1 2 2 1 2
2% P T ) T3 9y e

where ¢d = arctén (%) .

This experiment 1s not concerned with the absolute wavelength
but with the relative wavelength difference between two sources. We

are concerned therefore, with two relative changes in the vertical
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divergence correction: 1) the change A (81; ) between samples of
' ine

different length A s calculated by differentiating FEq. (43)

_ L
A (B =5 % A9, and (45)

line

2) the change A (B d) between samples which have been mounted

displace
at heights differing slightly by the amount A d calculated in a

similar manner from Eq. (44)

A B ) =9y A, (46)

displaéed

The length s of every sample was 1 + 1/16 inch. Using these

7

values and Eq. (45), we have A (3 ) = +£ 8.2 x 10°'. This represents

line

a shift in wavelength A (A Yy = + 00,0001 x-units which is almost

line
small enough to be safely neglected. To make certain, vertical window
defining slits (see Fig. 6) were added in front of the lead housing and
they were adjusted to just clip the top and bottom of the samples so

that as viewed from the crystal, the effective length s was the same for

all samples.

From Eq. (46) it is seen that P4 should be made as small as
possible. With the aid of a level ( semsitive to a fraction of a second),
the crystal turntable axis was adjusted to within 5 seconds of being
vertical. The sample table and sample holder were then adjusted so
that the ceunter of the sample was to within * 1/16" of being at the same
_ height as the center of the bent-crystal, thus making d = 0 * 1/16 inch.
A displacement d = 1/16" produced a relative shift in wavelength of

0.00004 x-units, The previously mentioned addition of the vertical
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window defining slits further reduces chances of error from this source.

Vertical divergence effects can still enter the isotope shift
result through a non-uniforlmity in the distribution of the sample
material within the quartz capillary tube, Visually, the isotope samples
appear to be very consistent. But, for purposes of calculation, assume
a defective sample in which 10% of the material is concentrated in one
lump at one end of the capillary, Then the calculated change in the
wavelength relative to a uniformly distributed sample is of the order
of 0.00016 x-units. Therefore, the importance of good samples and

careful alignment of the spectrometer is recognized.



APPENDIX IV

DETATLS OF THE DATA REDUCTION

A. 3Step Oue- Reduction of Cycle Data

The data from each cycle are first reduced independently. These
data consist of the number of counts versus spectrometer position for
four consecutive sweeps over the line on a given side of the spectro-
meter. Initially, the data of each sweep are scanned for consistency
with the other three sweeps to draw attention to any possible spectro-
meter or data recording control failures, etc, Passing this test, the
counts of the four sweeps are combined into one equivalent sweep by
adding the counts for each position, This equivalent line is then

fitted by a lcast-squares program to a Gaussian lunclion:

x - P4 2

- & 1n () =)
y(x) = PL{1 + P2 (x - P&)} + P3 ¢
&7)

in which the independent variable x stands for the x-unit reading and

where the five free parameters are:

Pl = background counts

‘P2 = slope of background

P3 = hcight of peak above background
P4 = center of peak in x~-units

P5 = TWHM of line in x-units

The shape of the observed line results from a fold of the instrumental
window with the natural line shape ofrthe x-ray, Although the natural

line shape of the x-ray is a Lorentzian function, it 1s so narrow
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(see Fig. 1 ) relative to the instrumental width that the observed
line can be fitted very well with a Gaussian function. This is demon-
strated in Fig. 10 which presents the experimental data and the result-

ing fitted Gaussian curve for a typical cycle.

Although the parameter of interest is the peak-center, P4, the
values of the other four fitted parameters are also saved from the
least-squares reduction of each cycle as an aid to the interpretation of
the data (see Appendix V), IFigure 17 presents a plot of the values of

" the five parameters for each eycle during run HR.

B. Step Two - Reduction of the Run Data

In the second step, the set of peak-center values, P4, from
the series of plus and minus cycles yields a set of consecutive wave-
length measurements. The measured wavelength corrcsponds to one-
half the difference between a plus-side peak-center measurement P4{+)
and a minus-side peak-center measurement P4(-). As can be noted from
the loweet plot in Fig, 17 , the results for P4 are not particularly
stable, The value for P4 varies with slow long-term drifts which are
interrupted by occasional jumps. Described in Appendix V-B are some
of the efforts that have been made to isolate the origin and reduce or

eliminate these drifts.

The effects of the long-term drifts are cancelled by reducing
-each P4(-) value with the average of the P4{+) values which precede and

follow it:
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i IO £ C5 el TY o Yt VL I YOS
SINGLE MEASUREMENT 2
(48)

where the index i rume from 1 to m to include all (Zan + 1) cycles.
"SINGLE MEASUREMENT" will be abbreviated by "SM" in the discussion

which follows.

The resulting series of wavelength measurements, héM’ can be
seen by means of the next to lowest plot in Fig. 17 to be considerably

more stable than P4, The same scale is used for K;M as for P4 in

the plot, The effect from the spurious values fox K;M which ovccur

whenever there is a sudden jump or reversal in trend in P4 must be
i

averaged out by taking a sufficient number of KSM

measurements, The

i . c s
average of kSM for the run, XRUN’ ite standard deviation o d

RUN’ an

the standard deviation for a single measurement, o, are formed in

SM

the usual way for the n measurements in the run:

1
N
_i=1 "sm
KRUN = (49a)
Py
i 2
B 5 Mgy = Mpow (49b)
RUN ~ n{n - 1)
R (49e)

'C., Step Three - Obtaining the Weighted Mean

The final result for the wavelength of each isotope could be



" 63 -

taken as the average of the ARUN values from all the runs of a given
isotope. Tt is desirable, however, to apply a weighting factor which
gives more weight to those particular runsin which jumps in P4 have

been less frequent or less severe,

It can be observed from Table VIII in Appendix VI which lists
ARUN’ TN’ and Tam of the various rums, that the standard deviations
vary from run to run therefore making it worthwhile to apply a
welghting factor, We can derive from Oay the weighting factor we

desire if we apply it to the XSM values instead of the KRUN values,

Therefore, in the last step of the data reduction, we take:
N

20

i

R

It
[y

(50)

i
_ SM
MeTHAL = .
W

INg®

1

where N is the total number of single measurements taken in all the

1

runs of one isotope combined, and where the weighting factor W is
2
W o= == (1)

in which the value for oo

SM

corresponds to the Cam of the run of which

i,
hSM is a member,

In the usual manner, the standard deviation for the weighted

N
> > 4
1 . i=l (hsm _‘KFINAL) - W

OFINAL T [N - 1 N ] (2)
Wl

average UFINAL is:

i=1
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The final results given in Table IV were computed in this manner.

For comparison, if the unweighted average is taken instead,

the final results for all runs of each isotope are:

125,68056  0,00016 x-units

it

A (U-238)

A (U-233) 125.67829  0.00020 "

Isotope Shift 0.00227  0.00026 "

The wavelength values are not appreciably different from the weighted
results. But the standard deviation is a little larger because Lhe
poorer data received as much weight as the more consistent data did.
Therefore, the final results presented in Table IV used the weighted

average.
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APPENDIX V
SYSTEMATIC ERROR CONSIDERATIONS

Because the isotope shift effect is so small, careful considera-
tion must be given to possible sources of systematic errors in the
experiment, either from instrument biés or sample effects. For this
reason, the values for the other four parameters resulting from the
least squares fit (see Eq. (47)) were plotted versus cycle, (see
Fig. 17 ). 1In addition, all parameter values were averaged for each
run and any varialivus which appeared between different samples or
different runs were studied, Also, the room temperature was observed

to an accuracy of + 0.1 degrees Centigrade and any variations noted,

A) Sample Position Effect

Movements of the sample in either the sideways direction or in
the vertical direction are of concern, The former affects the beta-
point of the measurement, and the latter can cause sizeable apparent
shifts in the wavelength if the instrument is not well aligned. These

two effects are now considered in order.

As illustrated inm Fig, 9 , the beta-point is the effective
zero of the instrument. The spectrometer ies operated with the beta-
point as close to the actual main dial zero-point as possible, but
slight deviations are unavoilidable since a sideways displacement of
_ the sample by only 8 microns will shift the beta-point by 0.0l x-units.
The experiment was conducted with the majority of the runs having a

beta-point of - 0.15 to -0.23 x-units. The effect of variationms in
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the value of the beta~point should be checked because of the presence
of wow in the sine-screw mechanism (see Appendix iI#D and the graph
in-Fig. 4 ). A plot of the results of the individual rumns versus
beta-point values shown in Fig, 18 indicates that both the beta-point
variation and the wow of the sine-screw mechanism are small enough so

that the results have not been systematically affected.

We shall now consider vertical displacement effects., As is
discussed in Appendix TII-C, should the instrument be poorly aligned,
'a variation in the height of the mounting of the sample from one run
to the next or a non-uniformity in the distribution of the material
within the quartz tube of one isotope could make sizeable wavelength
shifts. On the other hand, careful alignment of the sample table
height relative to the bent-crystal elevation should make vertieal
divergence effects small since vertical divergence effects are
proportional to the square of the displacement from true alignment,
These effects should be further reduced by the placement of the
verLical window defining slits. Although the alignment was dctcrminced
optically to be good, it was deemed desirable to confirm it by
purposely taking one run with the sample lowered by 5/16". As is
shown in the data of Table TIF, the wavelength measured for this test
run is not in disagreement with the other runs, The result confirms

that the spectrometer sample table is not misaligned.

B. Chanses in the Beta-Point durlng a Run

As noted in Appendix IV-B, both long-term drifts and occasional

sudden jumps in the beta-point occurred during the runs. A considerable
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amount of investigation has been made to find the sources of these
drifts, The plots of the othgr parameters from the least-square fits
for all the rums (of which Fig. 17 1s an example) have been studied

for clues or correlations. A search for correlations with temperature,
A-C line voltage and time of day has been tried. The drifts seem to be
random in nature. There has been no indicatiom of the drift originating

from anything other than two general sources:

1. movement of the sample and/or crystal-pivot unit relative to omne

another, and

2. fine mechanical changes in the spectrometer crystal-pivot unit
(see Fig, 5 ) at such likely points as the thrust bearing,

stepping motor, or stepping-motor-to-lead-screw-coupling.

As many steps as possible were taken to control or eliminate theac
sources of drift during the setting-up of the experiment described

in E£hapter IV, of which mounting the critical parts on a comncrete
isnlation slab is an example. But it was ohserved during the
thermo - micrometer measurements that physical bending of the slab and
transfer of building vibrations still occurred, although to a much
reduced extent., It must be realized that a movement of only 1 micron
of the sample relative to the crystal 2 meters away can produce a
shift of more than 0.001 x-units in the beta-point and that over periods
‘ of time, movement from vibration and flexing of this magnitude can be
expected. The method of taking fast and freqﬁent sweeps over the
lines and perfofming the measurement many times worked quite well in

averaging out random effects. Because it might be expected that some



of the disturbances are related with the time of day, the runs were

begun and Lerminalted as much as possible at the same time cach day,

¢, X-Ray Output Stability

If the x-ray output were to fluctuate in zn unfavorable mammer
g0 as to give on the-average a higher counting rate while the spectro-
meter is on one side of the peak than while on the other, then the
measured wavelength will be shifted, To prevent this, the filament
voltage to the x-ray tube was regulated, However, the high voltage
on the target is not regulated and can vary with the primary AC line
voltage. As a test, the spectrometer was left on the center of the
peak and the counting rate monitered. The output stability was good.
The experimental procedure of forming a peak from four repecated fast-

scans over the x-ray line serves to further average out x-ray output

fluctuations.

D, Helght and FWHM of Lhe Lines

The results for the other parameters in the least-aquares fit
were also averaged for the various runs. The line widths are very
nearly the same for the 4 different ten-mil samples showing that the

diameters are very well matched:

Sample FWHM {x-units )
First U-233 ten-mil 0,375
Second U-233 ten-mil 0.377
First U-238 ten-mil . 0.380
Second U-238 ten-mil .379

First U-238 seven-mil 0,310
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However, both U-238 samples show greater peak heights than the
corresponding U-233 samples., In this one respect the samples for the
two isotopas are not well matched as the U-238 capillaries contain more
material than the U-233 samples., It would have been desirable to have
had the samples matched in every respect, buf limited isotope material
was available and it was entirely used in making the present samples,
Fortunately, wavelength determinations with the bent-crystal spectro-
meter are not at all sensitive to the source strength except with
regard to the size of the error bars one obtains for a given time
length of measuring, To compensate for this, the number of U-233
cycles taken was approximately twice that of the U-238 sawples, As
added assurance, it can be seen that the seven-mil U-238 sample which
also has about one-half the material of the ten-mil samples, gave

within statistics the same rcsult as the ten-mil T-238 samples (see

Table IIT).

E. Background and Slope

The two remaining parameters from the least-squares fit are the
background and the slope of Fhe background, ‘The background behaved in
a very reasonable manner, being slighly higher for the U-238 than for
the U-233 samples because of the greater material in the U-238 samples.
The slope likewise tended to be slightly grcater for the U-238 samples,
It Waé because the slope of the background might vary with the samples
that it was included as one of the five paraﬁeters in the least-
squares fit so that it would not affect the line center. As a check

on this, a plot of the measured wavelength versus the sum of the slope
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average for the minus and plus cycles for the various runs of the two
isotopes is presented in Fig., 19 . The slope is in units of the
fractional change in the background per x-unit., It is seen that as

expected, there is no dependence of the measured wavelength on the

slope,
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APPENDIX VI

ADDITIONAL DATA FOR THE INDIVIDUAL RUNS

We present in Table VIII the average values for the five

parameters which resulted for the 19 runs which were performed.

Column I Bun identitication.

Column 2 Sample identification. The entry of the form
U-NUMBER-LETTER-NUMBER stands for:
U - uranium
LETTER - A - first quartz capillary
B - second quartz capillary

NUMBER - sample diameter in mils.

Column 3 Number of cycles run consists of. A cyele is four

sweeps over the line and requires 1 hr.

Columm 4,5,6
Mo TRON? and'gSM defined by Eq. (49).

Columm 7 Beta point. See Fig. 9.

Column 8,9,10,11
Averages for the four additional parameters.
See Eq. (47).

Run HW was conducted with the sample lowered 5/16" from the

standard height as a test.
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Figure 1

Natural line-width of K x-rays as a function of Z.

Through use of Eqs. (1) and (2), the measured values

of the matural line~widths in eVlg) are converted

to line~widths expressed in x-units, The spectro~

meter instrumental width for a 10-mil sample is

indicated by the horizontal line,
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Figure 2

Log plot of Wertheim and Igo's first order perturbation
calculation result, The values for the ahift of the lsy
2
electron for 42Mb, 82Pb, and 92U w;re calculated using
a topwslice model of the nucleus « The size of the

shift expressed in energy units exhibits a 26 dependence,
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Figure 3

Schematic of layout used to detect the isotope shift, The
gample is placed at the focus of the bent-crystal spectro-
meter, The x-ray tube is operated well above the Ka

bs
edge to produce fluorescent x-rays in the sample,
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Figure &

Deviation of the spectrometer mechanism from linearity.
Through the use of the thermo-micrometers, small defects
in the spectrometer sine-screw mechanism were detected,
The "Before" plot is one of many taken before defects in
the end plate and thrust bearing were corrected. It
exhibits the repetition of the deviations with every
revolution (2 x-units). The greatly improved "After"
plot still exhibits defects such as wow, but they are not

serious. The isotope shift corresponds to 0.2 seconds,
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Figure 5.

Detailed line drawing of the ewperimental set-up., Some
of the critical points in the experiment are displayed.

The necessary shielding is not shown.
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Figure 6,

view of experiment showing method of shielding used,

parts identified are:

Backstop shield

Lead shielding box

X-ray tube

Sample

Lead pl&te with hole which defines the vertical window.
As viewed from bent-crystal, the window in E just clips

the top and bottom of the sample.

Lead plate with hole which defines the horizontal window.
Lead plate to shield regions towards which the collimator
is aimed.

Bent-crystal

Coarse collimator

Respeciive poeitions of the detcctor for plus and minus

scans of the line,
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TOP VIEW OF - EXPERIMENTAL SETUP
TO SHOW SHIELDING AND SYMMETRY
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Figure 7

View of the sample holder,
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Figure 8

General scan in the region of the uranium Kﬁﬂ X-ray,
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Figure 9

Illustrxation of plus and minus scans. The Kal line center
on the plus and minus side are 125,465 and -125.89 x-units
respectively. Taking one-half the difference, the measured
Kdl wavelength is 125.680 x-units. The zero of the instru-
ment referred to as the beta point) is -0.215 x~units. The

use of a coarse collimator results in the central peak

being very broad.
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Figure 10

Least-squares fit to the KO!.], linc, The observed KDC]. line

is fitted very well by the Gaussian function of Eq, (47).
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Figure 1lla

) o
Isotope structurc observed in the uranium 4244,372 A line,

The even-odd staggering effect is quite marked. The AA = 2

spacing is very vegular, Data is taken from reference 26.

Figure 11b

Comparison of isotope shifts in adjacent elements. From Lhe
relative isotope positions of mercury (Z = 80) and thallium
(Z = 8l), it is seen that the isotope shift is quite
dependent on neutron number but relatively independent of
whether Z is even or odd, Data is taken from referencces

30 and 31. The dashed lines indicate that the A = 200 and

A = 201 isotopes of Hg and Th were used for horizontal

alignment,
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ISOTOPE STRUCTURE OF
URANIUM LINE 4244 A

I I

233 - 234 235 236 238

Figure 1la

COMPARISION OF ISOTOPE STRUCTURE

1
i
1
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198 199 200 201 202 204

1IN I N A N 1
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Figure 11b
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Figure 12

Observed optical isotope structure compared with the structure
predicted by the deformation data for uranium. The optical
isotepe structure presented at the top of the figure shows
ruch greater regularity than the structure predicted from the
experimental values for QO of the uranium isotopes shown at
the bottorr, It is concluded that the defermation varies
smoothly with A for uranium., This figurc is based on values

given in Table V,
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Figure 13

Experimental values for the intrinsic quadrupole moment QO

of the uranium isotopes. The experimental values displayed
are taken from references given in Table V. The optical
isotope shift data strongly indicates that QO varies smoothly
“with A for the uranium isotopes (see Fig. 12). Hence, a
straight line has been drawn which best fits the intrinsic
quadrupole moment data. The dashed lines indicate the change
in the value of QO necessary to produce the even-odd staggering

observed in Fig, lla,
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Figure 14

Predicted isotope shifts for the Kdl X-ray. Ihe predicted
lsotope shift of the %%1 x-ray {(based on the spherical, uniformly
charged, incompressible model of the nucleus) is represented by
the curved line. Predictions including deformation effects are
indicatcd by the dots. The error limit achieved in the presgent
experiment (shown by the horizontal line) indicates that the
isotope shift of many isotope pairs can be studied with the bhent-
crystal spectrometer, This graph is based on predictions made

in reference 43.
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Figure 15

Line drawing of the sine-mechanism. Of interest is the
calibration cam (sometimes referred to as the correction cam).
It allows for the correction of accumulated errors in the lead-
screw by means of advancing or retarding the rotation of the
.bronze split nut. To eliminate the possibility of its Intro-~
ducing small systematic errors into the isotope shift measure-
ment:, its action was defeated. Therefore, absolute wavelength
results for an individual isotope in this experiment may contain
a systematic error, but it cancels in the isotope shift determi=~

nation,
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Figure 1l6a

Geometry used for the point sample and finite crystal in the

vertical divergence correction calculation,

Tigure 16b

Geometry used for the finite sample and finite crystal in the

vertical divergence correction calculation.
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Figure 17

Parameter plot for a typical run., The values of the five
parameters resulting from the least-squares fit of Eq. (47) to
the cycle data is shown for run HR, The bottom plot reveals

a drift in the value of the instrument beta-point, The method
of data reduction used results in a smoother plot for the wave-
length determinations KSM (SM = SINGLE MEASUREMENT in the text).
Correlatlons in the changes of the other parameters with A

SM
values have not been observed,
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Figure 18

Wavelength versus sample position. Due to difficulty in

preserving the same experimental conditions from run to run,

the beta-point of the spectrometer varies. This plot shows

that the measured wavelength does not show any dependence on the
beta point.
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Figure 19

Wavelength versus slope of background, The zlope varies from
run to run and from isotopé to isotope. The results appear to

be independent of the value for the slope,
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