OPTICAL HYPERFINE STRUCTIRE IN CdII

A Thesis
Presented to
the Faculty of Graduate Studies
and Research

The University of Manitoba

In Partial Fulfillment
of the Requirements for the Degree

Master of Science

by
John Beattie Sutherland

October 1957

G %
i AN S,
4

o
LS P pn s Y

kN NN A
%




ABSTRACT:

In this work, the validity of calculating the Fermi-Segre
factor (1L - do ) by the method of Crawford and Schawlow has been inves—
tigated. Thig factor arigs in the Goudsmit Fermi-Segre formula for
calculation of the nuclear magnetic moment. Measurements of the hyperfine
structure of the 5s level of the Cd ii spectrum have been obtained from
the resonance lines (A 2144 and A 2265) 5%, - szPz’(,c, and
these measurements used in calculating thernuclear magnetic moment of the
cadmivm nucleus from the Goudsmit Fermi-Segre formula. This value has
been found to be /ﬁ& z - 0.60 ¥ 0.03 nuclear megnetors. This compares
with the corrected values as calculated from the 6s level and with the
value obtained by nuclear induction method. This consistency of the results
supports the calculation of the Fermi-Segre factor by the method of
Crawford and Schawlow.

There is a short description of the operation of an evaporator

for use in coating the quartz plates of a Fabry-Perot Interferometer to

obtain the resolving power required for the experiment.
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I.

INTRODUCTION

When certain lines which occur in atomic spectra are
examined with high resolution instruments, they are found to be
composed of several components. This structure is known as
hyperfine structure (hfs). The magnitudes of the observed hfs
vary widely, the largest being found in the heavy elements. For
an individual element, the largest structures are in energy levels
involving a single unpaired s-electron with small principal gquantum
numbers.

Two types of hfs have been recognized. The first is due
to the presence of two or more isotopes in the element being studied
and is known as isotope shift. For the lighter elements, I.S. can
be explained on the basis of the different nuclear msses of the
isotopes. This mass effect can in turn be separated into the normal
mass effect and the specific mass effect. The normsl mass effect,
in which the mass of the electron is replaced by the reduced mass
of the electron, completely explains the I.S. for one-electron
hydrogenic spectra. The effect is eagy to calculate. Normal mass
effect must be taken into account for every atomic energy level,
although it decreases rapidly for an increase in the atomic weight.
The specific mass effect is caused by the interaction of two or more
electrons. The calculation of the S.M.E. involves the numerical
evaluation of integrals of the sazme form as those that arise in
intensity calculations. The calculations are involved and only a
few have been undertaken. (For example see Vinti 1938). The S.M.E.
also decreases with increasing atomic weight since for heavier elements
the shifts have been completely explained by the field or volume effed.

(Crawford and Schawlow, 1949).
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The field effect is due to the departure from the Coulomb
potential of the electrical potential experienced by the electron
within the volume of the nucleus. Since the two isotopes have dif-
fering nuclear radii, the binding of the electron to the nucleus will
be larger for the isotope of the smaller rédius. This results in a
dfferential shift of the energy levels of the various isotopes, and
is observed as isotope shift. |

The second type of hfs can be observed in the spectrum of
an element having only one isotope (eg. Bi) and therefore cannot be
explained on the basis of isotope shift. The explanation was first
given by Pauli who postulated a spin angular momentum and an assoclated
magnetic moment for the nucleus. The nuclear magnetic moment orients
itself according to the rules of quantum mechanics in the magnetic
field of the electrons. The interaction between the electrons and
the nuclear magnetic moment produces a splitting of the energy levels
of the atom into a number of hfs states.

The magnetic field produced by an electron at the nucleus
aries from its orbital motion and its magnetic moment. The orbital
motion of the electron produces an H which is anti-parallel to fg P
the orbital angular momentum of the electron. The spin angular momentum
of the electron is either parallel or anti-parallel to é@ « The
resultant total angular moméntum, J» is then always perallel to é@ o
Since the contribution to the field at the nucleus due to the electron's
.magnetic moment is always smaller than that due to the orbital motion,
the resultant H is alwsys anti-parallel to j. The same result holds
for s-electrons even though the angular momentum is zero. In a few
cases, with more than one electron in the jj-coupling, the field is
reversed, but these are special cases and need not be considered

here. (See Kopfermann, 1945)
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The magnetic moment of the nucleus can be considered to
arise from the orbital motion of the protons and the nuclear moment
of the nucleons. As in the atomic case, the nuclear magnetic moment

(ft_,z:_) is proportional to the total angular momentum I of the micleus thus;

f =8 (D1 (.1
where g(_.'g) is the gyfomagnetic ratio of the nucleus in nuclear magnetons.
The spin, I, of the nucleus is the maximum possible projection
of I in a fixed direction. As in the atomic case,
M= gehl where g is the nuclear g factor.
2M,c

. g€h mI
2mch

-8 Mol I where u is the Bohr magneton
A58 2

and /LL = g(I)I in nucleasr magnetons, where a nuclear
magneton is defined by /,(M = u (

S

i83€

A measurement of hf's permits a determination of both I and
’*/a provided the magnetic fields of the electrons at the nucleus can
be calculated. The sign of the nuclear magnetic moment is determined
by the relative directions of 1 and/g: 3 if they are parallel then
/L¢ is positive, if anti-parallel then /u is negative.

DISCUSSION OF THE PROBLEM.

In this work the hfs of the ground level (5s“s%) of CAII
has been measured from a study of the resonance lines at A 2144 and
A 2265, the transitions being 5318_:12_ - 5p1Pj§-,% o

There are eight isotopes of cadmium with an appreciable
natural abundance (Table 1), six with even atomic weights and two

with odd. The six even isotopes have no measurable magnetic moments
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and thus the magnetic hfs in cadmium is expected to be due to the odd
isotopes 113 and 11ll. The approximste concentrations in naturally oc-
curring cadmium are given in Table 1, (Leland and Nier, 1948).

Table 1; Isotope Abundance in Naturally Occurring Cadmium.

A 106 108 110 111 112 113 11, 116
% 1 1 12 13 2, 12 29 8

A spectoscopic determination of the value of the average
nuclear mggnetic moment of the odd isotopes in Cd was first obtained
by Jones (1933), who studied the transition 6315% - 6§QP§'in the CdII

2.
spectrum. This line occurs at A 8067 and is especially favorable for
interferometric work. However, in the determination of M s the important
Fermi-Segre factor (Fermi-Segre, 1933) was neglected and no correction
‘was made for the unresolved ‘&I’structure. As well the experimental
error was about 10%.

Proctor and Yu (1950) detenmined the nuclear magnetic moment
of Cd by the very accurate nuclear induction method. In this method,
the Cd sample is placed in a very strong uniform magnetic field and
is subjected to a slowly changing radio frequency field. In this way,
transitions are induced between energy. levels arising from different
orientations of the nucleﬁs in the magnetic field. A measurement of
the resonant frequencies provides an accurate determination of the
miclear magnetic moment.

The purpose of this expefiment is to measure the hitherto
undetermined structure of the 5s level in CdII, to provide a check
of the important FermiQSegre factor? l; d¢ . In this expression,

n is the principal quantum number, andlﬂéghe guantum defect so that
& = n-n, where n= z, g (2.1) Z,=Z outer and =1 for al].kéli o
i = 2 for singly ionized
alkali earth.

R is Rydberg!s constant

T is the term value.
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The Fermi-Segre factor occurs in the formula for calculating the
nuclear magnetic moment from hfs data. It arises from a relativistic
treatment of the many-electron atom. The accuracy of the value of

the Fermi-Segre factor as calculated by the method of Crawford and

- Schawlow (1949) can be tested by a comparison of our results with

those of Jones and more significantly by a comparison of Jones and
our results with those of Proctor and Yu.

The problem is difficult experimentally cue to the high
abundance of the even isotopes. The intense components due to the
even isotopes, exhibiting no magnetic hfs, tends to obscure the rela-
tively weak components comprising the hfs of the odd isotopes.

Fuarther, thé lines for the 5s level are in the far ultra-
violet where experimental techniques are difficult. The optical flats
used in the Fabry-Perot interferometer must be coated with aluminium
films, the optical system must be composed entirely of quartz, and the
photographic plates used to record the spectra are of poor sensitivity
in this region.

THEORY .,

Goudsmit—Fermi-Segré Formula.

Goudsmit (1933) obtainedvan expression giving the hfs in
terms of g(I). This formula was fairly accurate for light elements
but failed quite badly when applied to heavier elements. For an s-
electron where j= 3%, Goudsmit's formula wWes;

g(I)=3an. 1836 (3.1)
8RK*Z, Z

Fermi and Segre (1933) proposed a correction to Goudsmitl!s

formula. They started from the empirical formula for the wave function.

%2(0) = ___ 1 zZi dE (3.2)
A Wa? (1-«*2;)° 2Rh dn

and first dropped the term involving «sz’since for light elements

0* 7% 4«1, They first differentiated the Rydberg formula for the



energy

= -RiZ, (3.3)

(o= c) =

and substituted for dE in 3.2, obtaining
dn

7c2(0) - _ZxZ, (1-de) (3+4)

.ﬁ{y& Ta" n*" dn where n = n- o
Here they recognize the relativistic correction necessary due to the
change in « with n in *$S terms.

The formula for g(I) obtained using this expression for the
wave function was still not satisfactory and particularly for heavy
elements. Breit (1930) and Racah (1931) had shown that relativity
corrections are not the same for both components of a fine structure
doublet and hence each must be calcubted and the difference accounted
for in observations. The corrections proposed by them account for this
difference and in so doing eliminate the discrepancy which had arisen
in earlier calculations involving heavier elements.

The final formulae are;

for s-electrons 8R& Z.gzigg ) k(%£,2;) (l‘-ds‘) (3.5)
» 3n9 1838

for non s—electrons a = AYﬂ(f.*l)g*;)k(bZ) (3.6)
Z. &+ £)3(5+1) 1838 N( £ ,2;)
Where; R is the Rydberg constant
=109,677.58 cm.~t

® is the Sommerfeld's fine structure constant 7.29 %1073

Z; is the effective nuclear charge seen by an electron
within the closed shells of the atom; = 48 for an s-electron
in Cd

Z, is the effective nuclear charge seen by an electron outside
the closed shells of the atom; =2 for CAII

g(I) is the nuclear gyromagnetic ratio.

& is the screening constant or quantum defect (See 2.1)

n 1is the pincipal guantum number
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n, is the effective principal quantum number (see 2.1)
. 5 .
k(3,Z;) =%j(.j+1))(j+% where 7%= (j+3) - 2.
b p* -1 :
MN(Lszy) = 24(Av1) N (L) - w23 -1-VZ-2° =

2 2
®*Z%

&‘? is the fine structure separation.

The Fermi-Segre factor for the 5s electron in CdII was cale
culated by the method of Crawford and Schawlow (1949). The values of

g2, n, 5 and T are required for this calculation. These values are
aT N
listed in Table 2. The values of T are taken from Bacher and Goudsmit

(1932), n, is calculated from 2.1, ¢ is calculated from the definition

@ =n -n, and dg is calculated as shown below.
dT

<

Table 2. t, n, andvfor the s-levels in CdII.

ns T n, o
53 13637606 107936 302059
6s  53386.4 2.8679 3.1321
7s  29077.1 3.8855 3.1145
8s 18335.5 168912 3.1088
9s 1262/..3 508969 301031
10s 9223.2 6.8950 3.1010

From Crawford and Schawlow (1949)

de ~ where de _
dn = g -n," l dT

For the 5s electron in CdII

£ - Q0738 = 8.892 x 1077
~ 82990.2

n, _ L7941 26,579 x 10
2T 272753.2

-4

dn
and therefore l-de .. 1.16
dn :
Substituting the values for the constants and n and l-dg as

dn
calculated above1into 3.5, we obtain;
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g(1) = 2.389 a(5s)
or a(5s)=0.4186 g(I) (3.7)
In a similar manner, using 3.6,
a(Sp%) =0.0102 g(I) (3.8)
and  a(5py )=0.062 g(I) (3:9)

As can be seen from 3.7, 3.8, 3.9, the hfs in the Zp_levels
is much smaller than in the s~level and in fact in this experiment
was unresolved. However, since one measures from the center of gravity
of an unresolved structure andisince the distance required is from only
one of the components, it is necessary to calculate the distance from
the center of gravity of the line to the proper component. (See Calcu-
lations). In this way the hfs of only the ZS% level is measured (See
Figures 1 and 2, also Jackson, 1934).

The total angular momentum of the atom, F can take any one
of the values J+1I, J+I-1, JtI-2, ————eemmmeme J-I, where I is the
angular momentum of the nucleus and J is the total angular momentum
of the electronss

When J= 3/2 and I=3, then the values that F can have are 2 orl.

When J=% and I=4%, then F can be 1 or O.

The allowed transitions from P% are those for which «F = Oy% lb
with ©O+0 forbidden and are therefore represented by the lines a,b, and
¢ in Figures 1 and 2.

SOURCE .

Every spectral line has a width which is due to the physical
properties of the source. The sources used in studying atomic spectra
have g line width sufficient to obscure most hyperfine structure. Special
sources have been designed to overcome this difficulty. A brief sur-
vey of the major causes of line broadening follows. A more detailed

discussion can be found in Tolansky (1947).



Natural line width ariss from the uncertainty of the energy
of any spectral line. The lifetime of an excited state is of the order
of lO_‘3 sec. Heisenberg's Uncertainty Principle shows that dEdt~h.
The quantity dE is a measure of the uncertainty in the energy and thus
the frequency spread in any spectral line. The natural line width
is usually smell and may be neglected. At 2000 A it is approximately
0,003 cmsﬁ' o This is small compared to other sources of line broadening.

Pressure broadening is caused by the perturbations of the
energy levels of an atom due to collisions between atoms. When the
pressure of the gas in which the emitting atoms are situated is high,
the collision frequency is also high and the pressure broadening may
be large. However, pressure broadening is negligible if the pressure
is the order of a few millimeters.

Zeemen and Sterk broadening arise from electric and magnetic
fields respectively. When emitting atoms are placed in an electric
or magnetic field, the energy levels are split. The magnitude of
the splitting depends on the field strength. Care must therefore be
taken that the applied fields are' not too largé s although the problem
is not serious for non-hycirogenic atoms. .

Doppler broadening is the most important cause of line
width. It is due to the random thermal motj.on of the atoms and the
consequent Doppler shift of the radiation. Owing to a Maxwellian
distribution of velocities in a gas, the final line shape is Maxwellién
and the half-width is

A = 2Viog2 Yort/te® 8 oms?!
= Ot?ﬁlém Y oms?!
Where S} &g the frequency in wave numbers

T is the absolute temperature
M is the molecular weight.
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In the study of a specific element, the molecular weight is fixed,
but the Doppler width can be deereased by using a transition.with a
low ? o The width can be further decreased by lowering the temperatumr
of the source. This can be éccomplished in several ways. Cooling
agents are usually used and the most common ones are water, acetone
and dry ice, and liquid nitrogen. Iiquid hydrogen and liquid helium
- have been used but they involve a complicated technique, and the input
energy to the sources must be very low due to the low latent heats of
these liquids. |
| An atomic beam is an important altermate method of obtaining
a source with a low effective temperature. Atoms of the element under
study are evaporated in a chamber where the pressure is such that the
mean free path of the atoms is greater than the dimensions of the
chamber. The stream of atoms is collimated by slits to form a narrow
beam. The beam is excited by electron bombardment and the resultant
emission spectrum is viewed at right angles to the beam, therefore at
right angles to the direction of motion of the atoms. In this way the
Doppler broadehiﬁg is considerably reduced.

The source used in this experiment ﬁas a modified Schulér:
hollow cathode discharge tube, shown in Figure L. The cathode is an
alﬁminium cone mounted in a copper block. This in turn was Joined to
the rest of the discharge tube by a copper-to-glass seal. The hole
in the aluminium cone was O.45 ci. in diameter and 0.9 cm. deep. The
source was cooled by liquid nitrogen in a Dewer flask which completely
enclosed the source to a height denoted by H on Figure 4. The aluminium
cone was lapped to fit into the copper block so as to ensure good thermal
contact between the copper and aluminium. The amount of heat conducted

.down the glass to the cathode is negligible 'and thus the temperature of

the carrier gas would be very close to the coolant. This reduces the
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Doppler width. The field broadening of the lines in this type of sowrce
is small. The ancde was an aluminium cylinder connected to the exterior
by tungsten wire passing through the glass tubing and sealed in by a
tungsten-to-glass seal.

A few pieces of pure cadmium were placed in the hole in the
aluminium cone. These had to be periodically replaced during the experi-~
ment since they became coated with a sputtered aluminium film presulting
in a decrease in the intensity of the cadmium spectrum lines.

Neon was chosen for the carrier gas due to its suitable sput-
tering of Cd, and due to the lack of reon lines in fhe 214),-2265 region.
Pure neon was stored in a l-litre flask separated from the system by
two stopcocks in series (Figure 3). A small amount of reon could thus be
released into the system. The amount of neon in the source could thus
be controlled and the pressure of the gas kept at a suitable value. The
pressure in the source was measured by the Crooke's dark space around
the electrodes in a sidearm discharge tube excited by an induction coile
The most satisfactory pressure for the discharge obtained with a Crookels
dark space of amut l.5 mm. corresponding to a pressure of /4 mm. Hge
(J. J. Thomson, 1928). The neon was not circulated in this experiment
since satisfactory cleaning of the rneon was obtained by the use of a
sidearm containing charcoal cooled by liquid nitrogen. This served to
absorb any gaseous impurities that were released into the system.

Bach day the neon of the previous day's run was pumped oute
At the same time, the charcoal trap was cleaned by heating it with a
bunsen burner, driving off any of the impurities that had been absorbed
the previocus day. When there was no trace of a discharge in the system
when tested by a high frequency coil, the pulips were cut off and the
system refilied with neon.

The pumping system consisted of a mercury diffusion pump backed

by a rotary pump. The discharge tube could be isolated from the pumps



by the vacuum valve V in Figure 3. Between this valve and the mercury
diffusion pump was a mercury vapor trép, consisting of a U-shaped bend
in the glass tubing around which coﬁld be placed a dewar filléd with
acetone and dry ice. This was cold enough to condense ény mercury vapor
that might otherwise diffuse back to the discharge tube. In addiﬁion a
rlarge Jar served as a wvacuum resevoir, giving stability to.the vacuum
system which escept for this had a very small volume.

V. OPTICAL SYSTEM.

Thé light from the discharge passed from the source through a
quartz window sealed onto the discharge tube by Apiezon wax (Figure 4)

It fhen passed through a quartz lens and was reflected at right angles
by a front-surfaced aluminium mirror through a second lens (Figure 5)

The following procedure was used to line up all the components
of the optical system on the same axis. The lenses and interferometer
were removed, having only the mirror to reflect the light from the source
into the spectrographs The source was then placed on the axis of the
spectrograph;, defining the axis of the system. The first two lenses
were then replaced. These had to be adjusted so that parallel light
fell on the interferometer. Since the spectral lines studied here were
in the ultra violet and since the fotal length of g lens changes with
wavelength, it was impossible to make this adjustment using visible.light.
Rather, the positions of the lenses were determined approximately by
calculating the focal lengths from formulae at these wave lengths. The
lenses were accurately positioned by using a fluorescent screen at the
plate holder of the spectrograph and oﬁéerving the position of best in-
tensity as the lenses were moved about their approkximate positionse.

The interferometer was then placed on the axis of the system. It was
mounted externally to the spectrograph: and its support was bolted to
the specfrograph to minimize the trouble caused by vibrations. The light

emerging from the interferometer was focussed by a third lens on the slit
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~ of a Hilger Medium Quartz Spectrograph. (£/10). To make a sharp focus

of the fringes th{s lens was moved one mm. at a time and a photograph of
the fringes taken at each position. The sharpest photograph determined
the placement of the lens. Fringes which are a long way from the centre
of the pattern were used dufing this focuss

The interferometer and the spectrograph were housed in a sepa-
rate room. In this way the changes of temperature at the interferometer
were minimized.

A nunber of Eastman and Ilford photographic plates were
tested for the recording of the spectra. The Ilford Q and Q plates
were fouhd to be the most satisfactory and were used throughout the
remainder of the experiment.

EXPERIMENTAL OBSERVATIONS.

Three different currents were used in the discharge, 5, 10,
and 15 ma. The currents were purposely kept low, since the heat produced
in the discharge is proportional to Iz, and the greater the heat pro-
duction, the greater the Doppler broadening of the lines. However,
since there was little apparent difference between the results obtained
with 5 and 10 ma. cﬁrrents, and since the 5 ma. exposures took longer
thus introducing difficulties due to the changing atmospheric conditions,
temperature and pressure, most results were obtained with 10 and 15 ma.
currents. With these currents, exposures were of the order of 15 minutes.

Two interferometer spacers were used, O.518cm. and 1.255 cm.
The fringe patterns showed three components. The central and very in-
tense component was ascribed to the even isotopes, and the other two
ascribed to the odd isotopes. The distance between these two side com-
ponents, with a small correction, gives the splitting of the 5s28%

level. Designating the strong central component by 0, the weaker of

the side components by w, and the strong side component by s ,. the
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following results were obtained from measurements with a travelling

microscopes

Tapble 3. Hfs in A214) of CdII

Spacer Method of Measurement Number of Orders Currént 4§k03%»cms:'

©.51%  off-center 14 15ma.  +337 cms?
0.518cm " 16 15 .332
0.51¢ " 5 15 .328
0.51¢ - on-center 6 15 .312
0518 off-center 15 15 «337
0.51% on-center 2 15 »320
0.51%  off-center 3 15 «320
©.518 H 15 15 <328
0.51% " 10 15 «325
0.51% on-center 2 15 0320
0.51¢ il 2 15 0332
0518 L . 3 15 0335

Average;/ﬁ?((_)-,yv) = .0,329%0.008 ey’

Table /4, Hfs in A21LL of CdII

Spacer Method of Measurement Number of Orders Current ¢§9(s£racmsf‘

1.255 cm  on-center 1 15ma. 0e518 em=1
1.255 on-center 5 15ma. 0.520
L.255 on-center 7 15 0+522
1.255 on center 5 15 0.526
1.255 on-center 1 15 0.513
1.255 on-center 3 15 0.513
1.255 on~-center 3 15 Ce524
1.255 on-center 7 15 0.517

- .
Average; 0.519%0.00L cm. = AY (5,W)

Table 5. Hfs in A 2265 of CdII

Spacer Method of Measurement Number of Orders Current Aﬁ(O»s)cmm‘

0.518cm off-center 7 10ma. 0.356 cms!
0.518 off-center 7 15 0.354
0.518 off-center 7 15 0.357
0.518 off-center 7 10 0.358
0.518 off-center 7 10 0.355
0.518 off-center 14 15 0.371,
0.518 off-center 14 15 0.370
0.518 off-center 8 10 0.359
0.518 off-center 6 15 0.366
0.518 off-center 6 15 0362
0.518 off-center 6 15 0.358
0.518 on-center 7 15 0.367
0.518 on-center 7 15 - 0.366
0.518 on~center 7 15 0.357

-={ -
Average; 0.362 Y 0.005cm. = a3 (O{s)
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Table 6. Hfs in A2265 of = CdII

Spacer Method of Measurement Number of Orders Current agﬁs,wdcnﬁ4

l.255cm  on-center 1 10ma. OeLYLem
l.255cm  on-center 3 10ma 0.483
1.255 on-center 6 10 0.485
1.255 on—-center 6 10 0.497
l.255 on-center 3 10 O.L7L
1.255 on-center 6 10 0.505
1.255 on-center 2 10 0el89
1.255 on-center 3 10 04,96
1.255 on-center 6 10/ 0.,98

vAverage; 0.491% 0.00?CK:': N (s3w)

The term "on-center" refers to measurement across the dia~
meter of a fringe. This technique was used whenever possible, ie.
when the fringe was in focus on both sides of the center of the fringe
system. On some plates, the fringe system would be in sharp focus on
only one side of the center, in which case, the Y“off-center" method of
obtaining fringe diameters was used (Tolansky, 1947)

The errors quoted in these tables are the average deviations
from the mean of the individual readings.

The separation (s,W) could be measured directly only on the
plates obtained with one spacer, 1.255 cm. While it would appear that
the (s,0) and (O,w) measurements obtained with the othér spacers could

have been added to give the structure (s,w), the difficulty of setting

the cross hairs of a measuring microscope on the center of the over =

exposed central component, O, would have subjected the results so ob~-
tained to a large error.

Calculations.

*p Correction:
As pointed out in Section III (Theory), the allowed tran-
sitions from KF%L)ya are those represented Ey the lines a,b, and
¢ in Figures 1 and 2. However the lines b and ¢ were not resolved

in this experiment although the distance required for the calculation

is that between a and ¢ for A\ 2144 and between a and bu for A 2265
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The distances (s,w) quoted in Tables 3 to 6 are actually measured from
center of gravity of this unresolved doublet. It is therefore necessary
to calculate the distance from the center of gravity to each of the
components using the relitive intensities of the components.

For A21lJ, the relative intensities of the lines b and ¢ are

bic= 5:1. The center of gravity of the system is therefore ;a(5p3 )
6 £

This separation is designated by a'.
to the high frequency side of b./\a'(5p3) is the hfs in the Ep% level.

Yy
Similarly for A2265, the int;;sity ratio is bic= 2. z.Con-
sequently the center of gravity is 1 a(Bp%) to the high frequency side
of b, this separation being denotedey all,
To calcualte a' and a" one must first have the values for
a(5p§%? and a(Bp%). One first finds an approximate value for g(I)

using the uncorrected values for a(5s) from Tables 4 and 6 in(3.7).

These values for g(I) are then substituted into (3.8) and (3.9),

giv%ng a(Sp%Q):: 0.012} cm.™L
and a(5p% ) = 0.072 cm. ™t Therefore
al = 0,002 ecm.Tt
‘and at = 0,024 cm."F
For A2144 - a(ss) = al (s,W)+ a(5p.%) ~at
= 0.519 + 0.0124 ~ 0,002
= 06529 cm. 7t
For A 2265 a(5s) =  ad (s,H) -~ at

= 0.467 cm.-l

Substituting these value for a(5s) into equation 3.7, one
obtains for VAZZLA;L;, g(I)= -1.26, and for A 2265, g(I)= -l.12.
The average g(I) is =1.19. From equation 1.2 and using I= % (Poss,
1949) Jh= ~0.59 nuclear magnetons. (I= % for both Cdill and catl3)

This value of M must be increased by 2% to account for the
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finite size of the nucleus (Rosenthal and Beeit, 1932). This gives a
final value of 4 = -0.60 n.m.

Isotope Shift.

An attempt was made to calculate the isotope shift between
the even and odd isotopes from the displacement of the broad central
component. In the ZS% level, the distances of the two components from

~ the zero positions should be/ig;erse propertion to their values of
2F+1 i.e. 3:1. (See accompanying figure). The zero position should

F AF+ |
be represented by the central

* T c | line. If the values for (s,0) and

Y l¢ - _q;ﬁ; - (0,W) are compared and found not

to be in the ratio of 3:1, then
the discrepancy can be attributed
to the displacement of the central
line due to isotope shift.

‘ The data for A 2141, gave an
1.5,

| isotope shift between tle average

| position of the even and odd iso-

topes of 0.061 cmt. The data far

T

N

{)
X- -

Fle

<

AN 2065 gave an i.s. of =0.047 cm .
The inconsistency of the results is
attributed to the difficulty of ac-
curately locating the center of the

broad component. No conclusions could be drawn about the isotope shift.

VITII.Discussion of the Resultse.
The value of/u obtained here is subject to an error of about
é%. Thus the average value of the nuclear magnetic moments of the two

odd isotopes of cadmium is /ﬂn=0.60 * .03 ne.m.
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The value of the Fermi-Segre factor for the 6s electron in
CdII is 1.03. Applying this and the correction for the unresolved

?‘P structure to Jones' results for the 6s ﬂSi level the value of

2
e is M= ~0.63n.m. The values of M from these two spectiro-
scopic determination agree within experimental error, indicating the
usefulness of the Fermi-Segre factor.
A more significant confirmstion is provided by a comparison
of these results with those of Proctor and Yu (1950). The result
from their accurate nuclear induction me:thod is ///s = ~0.608 n.m. Our

figure is in close agreement with their value, ©nfirming the Fermi-

Segre factor when calculated by the method of Crawford and Schawlow.
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APPENDIX 1.

Fabry-Perot Interferometer.

The high resolution required in this experiment was obtained
ﬁith a Fabry-Perot interferometer. This instrument consists of two
optical flats separated by a fixed spacer so that they are parallel to
one another. |

When the interferometer is used to resolve lines with A% longer
than L0004, the optical flats are usually coated with silver films.
‘However, in the region below 4LOOOA, the reflection coefficient of silver
£ilms falls off and the fringe produced are not sufficiently sharpe.
Aluminium films are generally used for studying lines in the ultravioleto
Whilg the properties of Aluminium films in the ultraviolet are not as
good as those of silver films in the red region of the spectrum, the re-
flection coefficients of properly prepared films are sufficiently high to
give a large resolving powers

The optical flafs used in the ultraviolet must be made of quartze
One pair of crystalline quartz plates of very high quality made by Adam
Hilger and Co. was available for these experiments.

The basic equation of the Fabry-Perot interferometer is:

nA = 2t i coso Al

Where t is the separation of the plates,
n is the order of interference of the fringe,
A is the wavelength of the incident light,

M is the refractive index of the medium between
the optical flats

O is the semi-angle of the cone along whose sur-
face the incident light travels.

For smalll®, at or near the center of the fringe system,
cos © = 1. Substituting the wave number 8 for L and differentiating
PN

one obtains:
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av -

(4.2)
4,

wig

On moving from one fringe to the adjacent fringe of the same system,
dn changes by one. In practice the interferometer is used in air where -

e 1.00. Thus, the interorder separation is 1 cme ~L
2t

A very small enefgy difference between two lines of a spectrum
can be measured by the correct use of the correct spacer. If the resolving
limit of an interferometer is _1 of an order, then one must use a spacer

15

such that the difference in energies of the two lines is greater than

1 gl}a where t, the distance between the plates of the interferometer,
15 -2t
is the width of the spacer.

The shape of the fringe, énd thus the resolving power of the

instrument, is essentially proportional to 1 s where R is the ratio
1-R
of reflected to incident light. Also I 1. T° (A.3)
I (14 4)* (1-R)*
T

3]

where T is the transmission coefficient
A is absorption coefficient
Rhis the reflection coefficient.
and R % A= T' = L.
Thus for best results, films with as large as possible R must be produced
under conditions which keep the ratio A at a minimum. In practice a com~
promise must be made between high resolging power and a high intensity.
The most satisfactory method of coating interferometer plates
with metal films is by the method of vacuun evaporation. Burridge et al
(1953), have studied the preparation of aluminium films and have measured
the reflection and transmission coefficients in the ultra-violet region.

They have shown that films of optimum quality are produced provided that

pt = 3, where p is the pressure in mm. 4o % of Hy, and t is the time
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of evaporation in minutes. Under these conditions valuesof R + T = 90%

can be obtained. With these plates, a resolving power of 1 _ of an
18

order was obtained without excessive loss of intensity.

The values of pt recommerded by Burridge are smaller than those
that have been used in the past. The higher quality of the films so
produced is explained by Burridge on the basis of fewer chemical impurities
in their films. The lower the value of pt, the lower is the probability
of an impurity atom striking the plates during evaporation and becoming
" incorporated into the films. However in order to evaporate in a shorter
time, a higher current must be used, thus increasing the probability of
releasing absorbed gagsés from the vacuum chamber. A proper balance must
be obtained between excessix}e heating and time of evaporation.

The ‘\plétes used in this experiment were produced at a value of
pt = 4 (See Evaporator - Appendix 2). With these films 1  order could
be resolved. This was sufficient for the measurements mage in this experi-
mento.

Only a limited chenge in atmospdieric pressure can be tolerated
during any one exposwre due to the displacement of the fringes caused by
change of refractive index. The change that could be tolerated was cal-
culated ﬁo be 0.05 cm. Hg. At such times as the pressure was expected
to change quickly, the exposures were abandoned. The refractive index

a change in temperature

of air is also affected by¥(& tp) Since the room was closed, a4t was

usually small and presented no difficulties.

b
P EPE LT b
R Tt L q
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Appendix 2.

The Evaporator.

The evaporatar constructed for these experiments was based on
the design of Ritschl, 1931l. In this design, the evaporating filament
is placed at the center of a vacuum chamber. The interferometer plates
are placed one at the end of each of two horizontal side arms so that
both plates can be coated simultaneously with approximately equal metallic
films. A schematic diagram is shown in Figure 6.

The center box (A-Figureb) of the evaporator, is a 9" cube
made of bronze castings. The horizontel side arms (B-Figure 6) are made
of 6" brass tubing and are bard-soldered to the center box. Their
lengths were chosen so that the thickness of the metallic films deposited
on the interferometer plates would differ by less than 1% over the area
of the plate, if the metal were considered to have been evaporated from a
point source on the axis of the plates. Since the construction of the
filament is such that the source of the aluminium vapor is an extended
one the difference is considerably less than 1% (Figure 9)

The interferometer plates were clamped onto holders (Figure 7).
These were held in position during evaporation by three clamps soldered
on the inside and near the ends of the side arms (C-Figure 6). The
open design of the plate hélders permitted a free flow of air from behin
the holders during evacuation of the system. At the pressures required
for evaporation, the mean free path of the molecules is of the order
of 5 meters. Thus any molecules separated from the system by a barrier
with a small aperture would diffuse into the system over a long period
of time, constituting a slow air leak. This would prolong the evacuation
time.

The ends of the side arms were closed by brass plates (D-Figure 6)

which were bolted into place. The vacuum seal was provided by an o-ring

which was compressed into a machined groove in accordance to the mami=-

Pantrment e spacifications. Glass windows were fitted into the end
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plates and sealed with Apiezon W. In this way one could obéerve the progress
of the evaporation. |

A bfass tube of the same diameter as the side arms but considerably
shorter (E-Figure 6) was attached to the top of the center box. This was
also sealed at the end by a brass plate compressing an o-ring into a machined
groove. Through this plate passed two brass tubes which conducted the cur-~
rent to the filament (N-Figure 6). The tubes had to‘be eleétrically insu-
lated from each other and from the box and as well there must be a vacuum
seal around the tubes. This was accomplished by the design shown in
Figure 8, The bakelite pieces A ard B provided the insulation while two
o-rings were compressed into the grooves C and D. The brass tubes were
water-cooled to prevent the melting of the solder joints due to the heat
generated by the heavy current required to melt and evaporate the aluminium
on the filament.

The filament was bolted onto the bottom of these conductors in
such a position that it was centered on the axis of the plates and parallel
to them. The filament was made of 0,040 in. tungsten wire. The shape_éf
the filament is shown in Figure 9. Pieées of aluminium foil were wound
around each of the eight valleys in the filament. In this way an extended
source of aluminium was obtained.

A pair ofvvanes connected to a piece of soff iron was set in the
center box. The vanes were large enough so that when they were in position,
they shielded the interferometer plates from anything evaporated from the
filament during outgawsing (See ©peration of the Evaporator), The vanes
could be rotated with an extermal magnet exposing the plates when the aluminium
was to be evaporated.

The tube connected onto the bottom of the tox was again 6" in

diameter and somewhat longer than the top tube (F-Figure 6). This tube
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provided the connection between the punmping system.and‘the evaporation
chamber. As well, there was a liquid air trap set in the tube (Figure 10).
This is ar vacuum-tight chamber set inside the vacuum system into which
liquid air could be poured from the outside. This provided a cold sur~
face within the chamber for the condensation of organic vapors. The con-
duction of heat to this chamber was kept to a minimum by the use of
thin walled german silver tubes to support the trap and through which the
liquid aiv was poured into the trap (Figure 10).

Connected onto the bottom of this lower tube was s water~cooled
baffle (G-Figure 6). Below this was an oil-diffusion pump (MC 275) with
& pumping speed of 275 litres/second (HiFigure 6). A high vacuum valve
(I-Figure 6) could be used to isolate the dl-difussion pump from the
mechanical fore pump (J-Figure 6), so that the performance of the mechani-
cal pump could be tested. The speed of the diffusion pump was matched
to that of the fore’pump.

Pressure readings could be taken at two places in the system.
A Pirani gauge (K-Figure 6) which was effective doﬁn to 1072 mm. Hg
was placed between the valve and the mechanical pump. This enabled one
to check the backing pressure against which the diffusion pump was working.
A ground glass fitting was set into one side arms of the evaporstor near
the position of the interferometer plates during evaporation. Either a
Phillip's cold cathode ion gauge reading down to 10~5 mm. Hg or an
Edward's ionisation gauge (down to lO-Smm, Hg.) could be used in this
fitting. For leak testing and for the actual evaporation, the cold
cathode gauge was used while the ionisation gauge was used to determine
under what conditions the system was capable of reaching a satisfactory
pressure.

The commercial power supply and measuring devices for the

lonisation gauge were not available for this experiment. The instruments
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used for these purposes were designed from a knowledge of the properties
of the ionisation gauge and were constructed from pileces of laboratory
equipment. The se proved quite satisfactory for measuring static or
slowly changing pressures but due to the rapid variations of the emission
of the gauge filament during evaporation, adjustments could not be made
quickly enough to make an accurate measurement of the pressure during
evaporation. Therefore the cold cathode gauge and its commercially
available control panel was used to measure these pressures.

Some difficulty was encountered in obtaining the low vacuum
necessary for pnoducing god films. Some of the brass plates were made
from castings and these proved troublesome due to the presence of blow-—
holes. All of the units made of castings were then tinned, inside and
out, sealing some holes. A few lafge leaks were then located by creating
a positive pressure of about 15 lb./sq, in. inside the apparatus and
watching for bubbles when a soap solution was poured over tﬁe outsides
A number of tests were performed to find the smaller leaks still present
in the system. First a brass plate was seazled into the bottom of the
central box and the pumps turned on. A low pressure was quickly reached
indicating that the part of the system thus sealed off was not at fault.
The suspected surfaces were then sprayed with hydrogen, the pressure gauge
being watched for any deflection. This test proved inconclusive. The
surfaces were then sprayed with acetone, messure fluctuatiéns again
being noted. This also was inconclusive. Various sections of the
evaporator were covered with Apiezon Sealing Compound Q with no positive
results. Finally, however, the holes were sealed by painting the whole
unit with glyptal while the pumps were in operation. Presumably the
glyptal was forced into the smell holes by atmospheric pressure so that

they were sealed.
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Operation of the Evaporator .

When coating the interferometer plates used in this experiment,
the following procedure was followed. The filament was bent to the shape
shown in Figure 9. It was then set in the evaporator with no aluminium
on it, and the pressure in the system lowered to 0.05mm. Hg. A heavy
current (the same as used in evaporation) was then pssed through the
filament thus cleaning and outgassing it. The filament was then removed
from the apparatus and loaded with 140 mgm. Aluminium foil in the eight
valleys of the filament. This amount of aluminium had been determined
from the results of previous runs as the amount required to give the
proper reflection coefficient. The plates were then washed in concen-
trated HCl to remove the films deposited previously, washed in a commercial
detergent and dried with clean absorbant o tton. After the filament and
the plates were in position the system was again evacuated and when the
pressure as measured by the cold cathode gauge was 2x10™° mm. Hge, a current
was again passed through the filament for a short time to melt and outgas
the aluminium. When the pressure was again reduced to 2x10™° mm. the
vanes which up to now had been covering the plates were rotated by means
of the extermal magnet, exposing the plates. The aluminium was then evapo—
rated in a period of about 15 seconds during which time the pressure rose
to about l5xlO—5 M. The value of pt for the evaporation was then about

i which was somewhat larger than the value suggested by Burridge.

The transmission coefficients for these films were’then measured
using white light, a‘blue filter and a commercial light meter. From the
curves of Burridge et al the transmission coefficients at 2200 A could
then be determined. These were the same for the two plates and equal to
2.2%. This corresponds to a value of 90% for R+ T and thus A= 10%.

From 4.3, this gave the intensity of the fringe maxima to be 1_ that
20
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of the incident light. Although this is & severe reduction in intensity,
there was still sufficient light to give satisfactory exposures without

unduly long exposure times.

In conclusion, the author would like to thank the National
Research Council of Canada for their substantial financial assistance
which enabled this work to be donee

The author would alsc like to thank Dr. F. M. Kelly,
Associate Professor, Department of Physics for his advice and direction

throughout the course of the experiment.
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