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The problem of obtaining field isotope shifts for light elements is discussed, and it is shown
to be possible, in principle, to extract this information solely from an optical-isotope-shift
experiment. We attempted such an experiment with the even-even calcium isotopes: Ca 40,
42, 44, and 48. We found that an accuracy of -10 cm in the measurements wouM be re-
quired to effect the separation. Lacking that accuracy, we considered the conditions under
which optical-isotope-shift measurements may be combined with those of other isotope-shift
experiments. The even-even calcium isotopes fulfill these conditions, allowing the desired
separation of optical mass- and field-effect isotope shifts to be accomplished by drawing on
the results of muonic x-ray and electron-scattering experiments. The, optical field-effect
shifts thereby found are shown to corroborate the picture of the calcium nuclei derived from
those experiments. A correlation between the relative isotope shift and the binding energy
per nucleon, proposed by Gerstenkorn, is shown to apply to the calcium isotope shifts.

Isotope shifts in atomic spectrum lines of heavy
elements are attributed mainly to isotopic differ-
ences in the nuclear charge distribution. ' The
shifts in a single line for a series of isotope pairs
show the changes in the mean square radius of the
nuclear ground-state charge distribution. Since
there appear to be sharp changes in intrinsic nu-
clear shapes at magic neutron numbers, it is par-
ticularly valuable to make such measurements on

a series of nuclei containing a magic-number nu-

cleus.
The same consideration applies to light elements,

but both the experimental and interpretational prob-
lems are more difficult. For these elements the
shifts due to mass differences in the nuclei cannot
be neglected, and it is exceedingly difficult to sep-
arate the mass- and field-effect shifts. In fact,
these can be opposite in sign, resulting in a net
shift smaller than the Doppler widths of the spectral
lines. However, it seems worthwhile to attempt
this separation for calcium since the series of even-
even isotopes both starts and ends with a doubly
magic nucleus. Further, since the behavior of the

mean square radius of the nuclear charge distribu-
tion of the calcium isotopes is known (from muonic
x-ray and electron-scattering experiments), we

can determine when we have achieved a valid sepa-
ration of the optical mass- and field-effect shifts.

Interest in calcium was spurred in 1963 when a
measurement of the 2P-1s muonic x-ray transition
suggested that the addition of four neutrons to the
Ca 40 nucleus results in a smaller proton volume—
contrary to the widely held assumption (at that
time) that the nuclear charge radius is proportional
to A. ' 3. Although later experiments have shown
that Ca 44 does indeed have the larger charge ra-
dius, it is not so large as predicted from the A'
law.

I, DEPENDENCE OF ISOTOPE SHIFTS ON ATOMIC

AND NUCLEAR PROPERTIES

In isotope-shift calculations for hydrogenic
atoms, the fact that the nucleus has finite mass is
easily treated by use of the reduced electron mass

The result is that F. (p ), the true energy eigen-
value, is equal to (p, /m, )E(m, ), the energy eigen-
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The subscript a on the mass-shift coefficient S, re-
fers to the spectrum line involved.

Those electrons that penetrate a nuclear charge
distribution of finite extent are bound less strongly
than they would be to an idealized point nucleus. If
it is assumed that the heavier of two isotopes has
the larger charge volume, then its energy levels
are shifted up further toward the ionization limit.
Since s electrons have the greatest penetration of
the nucleus, an optical transition in which the num-
ber of s electrons is increased is shifted to longer
wavelengths as neutrons are added to the nucleus
(e. g. , the 4s4p 'P;4s 'So 422V-A Ca t transition).

Calculations of the field effect, both with the per-
turbation approach' and with the more accurate
boundary matching technique, "show that

be(volume) =E,C (Z, 5 (r "))~, ~ (3)

E, depends on the variation of the sum of all the
electron wave functions at the nucleus during the
transition. It is usually assumed to be completely
determined by the optical electron in its s state,
the variation of the wave functions of the electron
core being neglected. ' It does not vary with neutron
number. The isotope-shift constant C characterizes
the difference in the nuclear charge distributions of
the pair of isotopes A„A& and is proportional to

value for an infinite mass nucleus. The atomic
terms of a heavier isotope are lower in energy
(more negative) than the corresponding terms of a,

lighter isotope. Each spectrum line is shifted by

be= (m, /m, ) [b,A/A(A+ bA)]&z cm ',
where m, and no~ are the electron and proton mass-
es, A and (A+ bA) the mass numbers of the iso-
topes, and cr the wave number of the spectrum line.

For other spectra calculation of the mass-effect
shift is much more complicated and depends upon
knowledge of accurate electron wave functions and
how they fit together to form the total atomic wave
function. Hughes and Eckart showed that, neglect-
ing spin-orbit coupling, the effect may be expressed
as the sum of the normal-mass shift [Eg. (I)] and
a specific-mass shift arising from electron-elec-
tron correlation. The specific-mass shift varies
inversely as the square of the nuclear mass; how-
eve~, it also depends on the number of atomic elec-
trons, and there is evidence that it is not negligible
for intermediate elements. Further, while the
normal-mass shift is to shorter wavelengths as the
nuclear mass increases, the specific-mass shift
can be to longer or shorter wavelengths. In any
case, the specific-mass shift in a spectrum line
can be expressed as the product of a nuclear and
an atomic factor:

bo (specific mass) = [bA/A(A+ bA)]S, .

5(r'"), where

(r )= fp (r)r dr &(I
The proportionality between 5 (r ') and C depends
upon the assumptions of nuclear compressibility
and deformation. ' For lighter elements y 1, and
the field shift becomes proportional to the change
in mean square radius from one isotope to another.
For calcium y= O. 989.

ll. SEPARATION OF MASS AND FIELD ISOTOPE SHIFTS

From Eels. (1)—(3) the observed shift in a spec-
trum line (index a) for the pair of isotopes with mass
numbers A& and A&„can be written

~crea C f+a+m~Sa,

where m, -=A/A(A+ bA)= (A„,-A, )/A, A;„and we
now choose S, to include both normal- and specific-
mass shifts.

In spite of a common belief to the contrary, Eq.
(4) allows the separation of mass and field isotope
shifts, at least in principle. Suppose we can mea-
sure the shifts in two spectrum lines a and b for
three isotope pairs A,A2, A2A3, and A3A4, and write
Eq. (4) for each of these measurements. Combin-
ing the equations for the isotope pairs A, A2 and

A,A3 and then rearranging, we have

Acr» hcr2, —Acr„Acr» m 2 Acr» - m, Acr»
b a~1 Acr2 —m2 60'1 181 Acr2 —sl2 Acrl

(5)
Applying the same steps to the isotope pairs A, A2
and A3A4 and solving for the total mass-shift co-
efficient, we have

c
~+1b +Cr2a ++la +~2b ++lb +Cr3a ++la +Cr3b

~ 1 ++2b ~2 +~la ~1 ™3a +3 ~ia

(
crib ~ 1 +cr3b ~ 2 ~crib ~ 1 ~2

(6)
+1 ~cr3 ™3~+1 ~ 1~cr2 ~2 ~+2

We can therefore determine this coefficient from
the known factors m& and the experimentally mea-
sured isotope shifts for three pairs of isotopes and
two spectrum lines. It should be noted that because
of the many arithmetical operations in Eg. (6) with
numbers of nearly equal sizes, any uncertainties in
experimental measurements are greatly magnified.
Finally, the isotope-shift constant C, and hence
5 (r "), can be determined from Eqs. (3) and (4),
subject to evaluation of the factor 8,.

For calcium, there is another means by which
5(r ") can be deduced: from data obtained from
muonic x rays, atomic K x rays, and electron-
scattering experiments. Bruch et al. "point out
that the quantities

g; =-bog, /m;= (C,/m;)E, +S, ,

$& ——be, a/mr= (Cr/m&)Eb+S»
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are linearly related by

5«= (E IE«)~'+ lS (E IEs)S«] ~ (9)
E,C E„«5(r ") X«+S, ,

Further, if the mass shifts for a particular transi-
tion (e. g. , that one indexed by b) should happen to
be zero, then using the shifts for this transition as
$ abscissas with those for another transition as f
ordinates will give the total mass-shift coefficient
S, for that transition as the g intercept.

Muonic x-ray measurements yield nuclear volume
isotope shifts directly. " A beam of muons is di-
rected into an isotopically pure sample; some are
captured in outer Bohr orbits and cascade toward
the nucleus. The muonic x ray emitted during the
2P-1s transition is measured, and the experiment
is repeated with another isotope as the target. In
low quantum states "the p. -meson wave function is
not perturbed by the atomic electrons" and the sys-
tem can be treated as hydrogenic. ' Hence, cor-
recting the experimental shifts for the exactly cal-
culable normal-mass shifts yields quantities that
can be attributed solely to changes in the nuclear
char ge distribution.

Similarly, when high-energy electrons (hundreds
of MeV) are used as a probe, they can be treated
as though scattered only by the nuclei and unaffected
by the atomic electrons in the target. " Phenome-
nological charge distributions are used to predict
scattering behavior, and two nuclear parameters
(half-density charge radius and skin thickness) are
varied to give the best fit. ' A more direct route
to the isotopic changes in xo 5 and skin thickness is
to measure ratios of cross sections and compute a
difference function that emphasizes the angular posi-
tions of the cross sections's maxima and minima. '

Atomic K x rays are valuable nuclear probes that
have received increasing attention in the last few
years. ~ Because the K-level electron is so much
closer to the nucleus than the optical electron, both
the energy of the transition and the relative energy
shifts 5E/E are greater. A more significant ad-
vantage of the K x-ray technique is that the specific-
mass shift can be reliably evaluated, thus allow-
ing isolation of the field-effect shift from the mea-
sured total isotope shift.

The volume shifts derived from a nonoptical-iso-
tope-shift experiment can be used to obtain S, for
an optical transition in the following manner. We
assume that we can write the field, or volume, shift
from the nonoptical measurement as

0E, = 2 E„,V(«'").

Then we have

where the index i refers to the isotope pair for which
the measurement is made. If the term in brackets
is independent of neutron number, then a plot of g &

vs X& is linear, and the total mass-shift coefficient
S, of the optical transition is immediately found as
the g intercept.

The numerator of the bracketed term depends on
neutron number only through the factor 5(r ")
=—5(r') Thu. s, for this term to be independent of
the isotope pair (index i), terms of Eq. (9) involving
moments of the nuclear charge distribution higher
than («"') must be small enough to be neglected In.

the case of K x rays, Seltzer has calculated that
E,jE, ~ 10 so that our plot should be linear to a
good approximation. For muonic x rays, moments
other than («') are involved as demonstrated in a
recent study by Ford and Wills. ' However, it has
been pointed out that taking the ratio of the volume
shifts derived from muonic x-ray measurements
cancels to a good approximation the influence of the
higher moments of the nuclear charge distribution. ~

That this is effectively what is done for the (, X plot
can be seen by writing the slope evaluated at two
isotope pairs j and k and equating the two expres-
sions.

Bruch et al. have used this type of plot for a
number of light- and intermediate-weight elements,
and for pairs of isotopes with even proton and neu-
tron numbers the plots are linear to within the ex-
perimental errors. However, as they point out,
points for isotope pairs including an odd isotope
show marked deviations. This suggests that the
odd neutron distorts the nuclear charge distribution
enough so that the slope in Eq. (11)changes. This
can come about either because terms higher than
the first in Eq. (9) can no longer be neglected or
because the nonoptical probe (muon or K-level elec-
tron) interacts disproportionately more with the
deformation component of the mean square charge
radius than does the optical electron.

Once S, is obtained for a particular optical tran-
sition, the quantities C«E, (the field-effect isotope
shifts) may be found from Eq. (4) for the whole se-
ries of isotope pairs. To get the isotope-shift con-
stant C„and hence 5(r"), E, must be evaluated for
the transition studied. Since this can be done with
an accuracy of only 20/z, ' it is usual to consider
the relative isotope shifts

&o'(rel) —='E
C &'

&
2, ~«„«(«=1, . . . , n —1),.,E,C(Z, 5 (r»)) I „',.'

Ebcz 5 f y
Aak

(12)

0 (&») ~

«+«

M(rel)= ' "' I""' («= I, . . . , n —1) .
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FIG. 1. Double hoQow cathode lamp used for
sequential scanning of the Cat resonance line at 4227 A

with separated isotopes. A discharge was struck in
cathode Band a scan record built up for the line from
isotope B; then mirror B was removed and the same
done for the line from isotope A. Mirrors A and B
were adjusted until the light from the two cathodes illu-
minated the interferometer in the same way.

Each anode-cathode pair was as much alike as pos-
sible, and the common housing ensured the same
carrier gas pressure in each. Several methods
were tried for coating the cathodes with the sepa-
rated isotopes. A coating prepared from a slurry
of CaCO& gave 10-50 times more intensity in the
resonance line than one made from deliquescent
CaClz H&O. The linewidths achieved with this source
are shown in Fig. 2. The instrumental linewidth
of about 0. 025 cm ' gives, when deconvolved from
the recorded linewidths, a minimum emission line-
width of about 0. 025 cm ', in agreement with Chan-
trel's results (see Ref. 31). The lamp gave good
intensity for over 60 h of operation with a charge
of 5 mg of the separated isotopes.

A scanning Fabry-Perot interferometer was used
together with a Nuclear Data Co. Enhancetron sig-
nal averager to achieve the high resolution and

throughput necessary for observing sharp lines from
a weak light source. The effective linewidth was
about 0. 050 cm ', so the free spectral range was
chosen to be 0. 100 cm ', equivalent to a plate sep-
aration of 5 cm. The plates, which were flat to
X/VO at 4358 A, were coated with a, five-layer di-
electric coating which gave a reflectance of about

III. EXPERIMENTAL ASPECTS

The first spectrum line chosen for investigation
was the Cai resonance line at 422V A (4s4p 'Pt-
4ss'cttt). The largest isotope shift in this line,
between isotopes 40 and 48, ' is about 0. 050 cm ',
while we felt the shifts must be measured to about
0. 0001 cm ' if Eq. (6) was to give a number with a
meaningful error. It seemed out of the question to
make a light source that emitted the resonance line
with a width even 100 times this figure, so we
settled on making a stable and reproducible source
with as small a linewidth as reasonably possible,
obtaining well-separated isotopes, and observing
them separately and alternately.

An atomic-beam light source gives the narrowest
linewidths but requires too much material to be used
with separated isotopes. A liquid-helium hollow
cathode has an effective temperature" of about 40 K
with a corresponding linewidth of 0. 017 cm"' for
the ..alcium resonance line; a liquid-nitrogen-cooled
hollow cathode has a temperature of about 110 K
with a linewidth of 0. 026 cm '. We chose the latter
because of its ease of operation and because the
narrower line from the helium-cooled source would
not change the final accuracy appreciably, as will
become clear.

The double hollow cathode lamp shown in Fig. 1
was developed to allow sequential scanning of the
same spectral line for two separated isotopes.

LINE WIDTH in IO
(Full Width Half Maxifnum)90—

80—

70—

60—

40-
s l I I l

I.O 5,0 10.0 I5.0 20.0
CURRENT THROUGH DISCHARGE (rnA)

I

25.0

FIG. 2. Instrumental linewidth (result of interferom-
eter and the electronics) increased the lamp linewidth
(convolution of Doppler, collision, and natural linewidths)
by about 0. 025 cm . The large variation in linewidth
(+0. 004 cm ) seemed to arise from variation of carrier
gas pressure in the hollow cathode and from the length
of time the discharge had been maintained when the
measurement was made. The linewidth was generally
greater after an hour of running the lamp while each
measurement of linewidth took about 5 or 10 min. The
line shapes obtained are shown near each point; self-
reversal of the resonance line occurred for currents of
20 mA and over.
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89% at 4227 A.
The plates were driven (scanned) by three stacks

of piezoelectric disks; each stack consisted of six
clevite disks cemented together with conductive
Epoxy, connected in series mechanically but in pa, r-
allel electrically. The disks were selected for
equal voltage to mechanical expansion to ensure
that the interferometer plates remained parallel
during a scan, and so that equal voltage changes
corresponded to equal changes in the optical path
length through the interferometer. A change of
400 V was sufficient to change the thickness by
about 0. 5 p, or 2. 5 free spectral ranges at 4227 A.
The piezoelectric stacks were driven by the tri-
angular sweep voltage obtained from the Enhance-
tron channel-advance voltage as passed through a
dc operational amplifier. It was monitored with a
Tektronix 547 oscilloscope and found to be linear
to within 1Ip.

0
To isolate the 4227-A line of calcium an interfer-

ence filter centered at 4230 A was used. It had a
0

full bandwidth at half-maximum of 10 A and a trans-
mission of 29/p at the resonance line. (The filter
was purchased from Thin Film Products, Cam-
bridge, Mass. ) The Fabry-Perot rings were fo-
cused on a pinhole of 7- p, diam by means of a pro-
jection lens of 330-mm focal length. The scan sig-
nal was detected with a IP28 photomultiplier,
specially selected for low noise output and placed
behind the pinhole.

The detector output was fed into a Nuclear Data
Co. 1024-channel Enhancetron, for the purposes of
signal averaging. The 1024 channels were split in-
to two groups of 512, each group being used to
store data from a single isotope. Since the tri-
angular channel-advance voltage was used to con-
trol the Fabry-Perot interferometer sweep, a direct
correspondence was established between channel
number and interferometer spacing (wave number
being recorded). Thus, a spectrum line could be

scanned (and the scan stored) for one isotope at a
time and the shift in the line (between isotopes) found

as the shift of one scan relative to the other. To be
sure that the correspondence between channel num-
ber and interferometer spacing (wave number sam-
pled) was the same for both groups of 512 channels,
the starting voltage of the sweep was monitored
with a Tektronix storage oscilloscope used with a
voltage off-set plug-in. It was found that the start-
ing voltage for each bank of channels was constant
to better than 1 in 400 V. This variation broadened
the recorded linewidth by about 0. 0007 cm '.

Between the two channel banks, the difference in
the average starting voltage was Q. 5 V and statis-
tically variable, resulting in a possible shift of
0. 0003 cm ' between corresponding channels of the
channel banks. To determine if the lag between the
application of the scan voltage to the piezoelectric
stacks and the motion of the interferometer plate
introduced any shifts, various scanning periods
(between 1 and 16 sec) were used. No differences
in the measured isotope shifts were noted for the
different scanning periods, although the lines were
broadened at the faster scan speeds.

In the actual measurements of the isotope shifts,
light from one cathode was directed toward the Fa-
bry-Perot interferometer as indicated in Fig. 3.
It was chopped at 606 Hz in the focal plane of lens
Lr y, and after passing through the interf e rometer the
modulated light was detected with the IP28 photo-
multiplier. After rectification in a PAR HR8 phase-
sensitive detector, the signal was fed into one bank
(512 channels) of the Enhancetron where, for each
channel, it was integrated over 27 msec, digitized,
and stored in a core memory. As soon as a channel
was one-third full, the Enhancetron was switched
to the second bank and light from the other hollow
cathode was sent through the apparatus. When a
channel in this second bank became one-third full,
a switch was made back to the initial channel bank

fixed mirror A

mirror B
LS

piezoelectric
quartz stacks

window~

chopper

FABRY-PE ROT

L2 pinhole

-~' ir 28

i
I

narrow-band
interference
filter

+thermally insulated box

I'IG. 3. Schematic diagram of
experiment (see text for explanation).

double
hollow-
cathode
lomp

-(;
250 V.- sweep waveforrn
—l50V.

PA R HR8
phase-
sensiti ve

I Nuclear
Data
enhancetron

I

high-voltage
dc

opera t iona I

~ amplifierr
monitoring
oscilloscope

,=y
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and hollow cathode. This switching procedure mas
repeated at both two-thirds points and at the first
full point, a complete scan record being built up in
about 20 min.

The time-averaging px operty of the Enhancetron
improved the signal-to-noise ratio by about 13 to
a final value of better than 100/1. Although the
phase-sensitive detector mas redundant from the

point of view of final signal to noise, it was in-
valuable in touching up the interferometer just be-
fore taking a scan record. The zero-voltage spac-
ing of the Fabry- Perot interferometer had to be
adjusted so that at least tmo free spectral ranges
could be scanned for each isotope. Also, the po-
sitioning of the cathodes occasionally had to be ad-
justed. Use of the triangular sweep allowed the
interferometer to be scanned through the spectral
orders in both directions, greatly reducing the ef-
fects of source fluctuations and drifting of the elec-
tronics.

The ambient temperature varied randomly with

a period of minutes so that this effect mas not aver-
aged out. To mitigate this problem a plywood hous-

ing covered with glass mool and aluminum foil mas

placed around the interferometer. Use of the ply-
wood box and the technique of switching back and

forth between cathode-channel bank pairs proved to
be quite effective. During a series of test scans
the temperature mas allowed to increase from 15
to 22'C, equivalent to scanning the interferometer
by 3. 5 orders. Yet the averaged isotope shift ob-
tained from these scans was within 0. 0006 cm
of the averaged shift from temperature-stable runs.

To calibrate the apparatus a series of runs mas

made with each hollow cathode coated with calcium
40. Light from the front cathode gave a consistent-

ly lomer wave-number reading than that from the
rear cathode, the magnitude of this artifical shift
varying with the hollow cathode current. Since
the two anode-cathode pairs were made as much
alike as possible, it is felt that this shift, never
more than —0. 58&10" cm ', mas caused by small
differences in the way light from each cathode il-
luminated the interferometer. This is consistent
mith the decrease in the shift at higher hollow

cathode currents. At such currents (greater than

10 mA), the plasma completely filled the cathode
bore providing a larger, more uniform light source.
Each isotope-shift measurement mas corrected con-
sistent with the current used when the data for that
measurement mere taken. The experimental mea-
surements are shown in Table I, and a typical scan
record is shown in Fig. 4.

IV. ANALYSIS OF MEASURED ISOTOPE SHIFTS

If indeed the isotope shift of a particular spec-
trum line can be expressed by Eq. (4) (as the sum

of mass- and field-effect shifts), then the quantity

r, —= xia';, /."e; of spectrum line ct should be a linear
function of the quantity g, =—xxc&b/m, of spectrum
line b. This is shown in Fig. 5 for Gax 422V A

(4s4P ' P,-4s 'Sc) (measurements herein described)
and Caxx 3933 A (4p P,I2-4s S,la) (measurements

by Bruch et al. "mith a pressure scanned Fabry-
perot interferometer) That a. straight-line graph
is obtained with these tmo spectral lines under-
scores the fact that it is the joint nuclear proper-
ties (for a pair of isotopes) that vary from point
to point —not the atomic factors. The slope of the
line [Eq. (3)] gives the ratio of the electronic fac-
tors for the two s-electron atomic terms involved:
4s 'Sc and 4s S,lt. From the definition of E, [see

TABLE L isotope shifts for the 4227-A calcium resonance line. Runs with Ca 40 used in both cathodes were made

to calibrate the apparatus. Each of the other runs was then corrected according to the hollow cathode current used for
that run (column 6). All shifts are given in 10 cm

Isotope
pair

40, 42

40, 44

40, 48

40, 40

Free spectral
range

(10 3 cm ~)

107.5 + 0. 0011
97.9+0. 015

107.5 +0. 01
100.3 +0. 0002
98.43~0. 05
98.43 +0. 05
100.3 + 0„002
122. 0 + 0. 10

98.4+0. 05

No. of
scans

15
20
20
20
10
10
20
20
25
10
10

9
9
6

Cathode
current

(mA)

3
3
6
6

10
5

12
14

10
15
20
25

Shifts
(10 3 cm ~)

12, 17+0.10
12.22+ 0. 17
24. 00+0.09
25. 10 +0.09
24. 60+0. 20
24. 34 +0.20
50. 27 + 0. 15
50. 39+0.30

—0. 58 + 0. 13
-0.47+0. 07-0. 19+ 0. 15
—0. 05 + 0. 04
-0.10 +0. 06
—0. 15+0, 15

Corrected
shifts

(10-' cm-')

12, 75 +0.3
12.80+0.3
24.40+0. 1
25. 50+0.1
24. 79+0.2
24. 81+0.2
50.42 +0.3
50.48+ 0.4

Average
shifts

0.0 3 cm ')
12.8 +0.3

24. 9+0.2

50.5+0.4
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dius occurs between Ca 40 and Ca 42. The increase
from Ca 42 to Ca 44 is appreciably less, while from
Ca 44 to Ca 48 there is a decrease in radius. The
fact that the volume shift between Ca 40 and Ca 48
(Table II) is positive means that Ca 48 has the
smaller nuclear charge radius. This behavior is
consistent with that deduced from muonic x-ray
and electron- scattering data.

Gibson and Van Oostrum used a simple nuclear
shell model with a Woods-Saxon potential to pro-
duce nuclear charge densities that lead to electron-
scattering cross sections in agreement with experi-
ment as well as with phenomenological analyses.
The rms radii they calculate for the nuclear ground-
state calcium nuclei are

I

—200
I I

0 200 400 600
X(4S S )=(hE) A A,

A-A

800 I eV

as developed by Goudsmit ' and Fermi and Segrd.
Z& is the effective nuclear charge in the inner re-
gions of the atom (equal to Z for the s electron), Zc
is the charge the optical electron sees in the outer
regions, n~ is the effective quantum number, and
A is the quantum defect. The factor (1 —dA/dn*)
was evaluated from the 4s, ns series of term val-
ues as outlined by Crawford and Schawlow. For
calcium

&&(volume) = —(l. 81 &&10 ') 5Rs" cm '

R= (1.25x10 ')A'~ fm (18)

V. EVEN-EVEN CALCIUM ISOTOPES

Taking (r'") as essentially the mean square
charge radius, the greatest increase in nuclear ra-

FIG. 6. Data for the muonic x-ray and electron-scat-
tering experiments are taken from Hef. 15; prime sources
of the data are given in that paper. The two equations
were obtained by least-squares fitting, and the f inter-
cepts, weighted according to their uncertainties, were
averaged to give S(4227 A) = 12.0 + 0. 3 cm

r4p=3. 44 fm /44 =3.46 fm /48=3. 41 fm .

.These values imply [see Eq. (13)]a relative iso-
tope shift ratio (r,4 r4c)/(-r4, —r4~) = 0. 55.-Our
results give —0. 83 for this ratio while Bruch et al.
get- 0. 89 using the Caxz line 3933 A.

Both the first and last members of the series
(Ca 40 and Ca 48) are doubly magic and are thus
expected to be spherical. Whether or not the other
calcium nuclei are spherical cannot be decided on
the basis of the optical-isotope-shift experiment.
Gibson and Van Oostrum assume a spherical
charge distribution of the form

pN(&) = po(I -~ /c )(I+e )

where n = 1 (Fermi) and n = 2 (modified Gaussian)
are usually used. They attribute the decrease in
rms radius between Ca 44 and Ca 48 to a sharpen-
ing of the nuclear charge surface, rather than to
a deformed Ca 44 nucleus.

VI. NUCLEAR BINDING ENERGY AND FIELD-EFFECT
ISOTOPE SHIFTS

While experimental values of field-effect iso-
tope shifts are in general smaller than the calculated
values, those for calcium seem particularly small
and the negative shift between Ca 44 and Ca 48 is
quite striking. Aside from calcium, few elements
exhibit negative isotope shifts, and those reported

TABLE II. Isotope shifts in Ca i (4227 A). All shifts are given in 10 cm . The volume shifts are calculated as
&cr,~t —[(A~-A~)/A~A2]$4227A', where the total mass-shift coefficient is 12.06+0. 3 cm from Fig. 6. The normal-
mass shifts are exactly calculable [Eq. (1)], whence the specific-mass shifts are ~cr» =Acf -~cr„= [(A2-A&)/A&A2 ]

$422 7 A . J. 8auche (private communication) has rec ently calculated the spec ific-m as s shif t in the Hartree-Foc k approxi-
mation. His value for Ao(4s4p &g-4s ~0) =-12.»& 10 cm for the pair Ca 40-Ca 42.

Isotope
pair

Total isotope
shift

Ao(10 3 cm ')

Total mass
shift

4cr (10 cm ~)

Normal Specific
shift mass shift

4cr„(10 cm ) 4cr(10 cm )

Volume
shift

Zo „{10-'cm-')

Theoretical
volume shifts

4o (10 cm )

40, 42
40, 44
40, 48

12.78 +0. 3
24. 88 +0. 2
50.48 + 0.4

14. 28 +0.35
27. 27+0. 68
50. 00 + l. 25

+ 15.33
+29. 27
+ 53.67

-1.1+0.4
—2. 0+0.7

3 ~ 7 + 1~ 3

-1.5+0.7
-2.4+0. 9
+ 0. 5+1.6

—2. 4
-4. 5
-8.4
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involve nuclei with magic neutron numbers. Re-
cently Gerstenkorn showed that a simple correla-
tion seems to exist between relative isotope shifts
and the binding energy per nucleon-in the vicinity
of certain magic neutron numbers. He gives the
relationship

8 (r )N, N2 P(Nm) —P(N2)
0 (p' )N, N1 P(Nm) —p(N1)

(19)

where Nm is a magic neutron number, N2=Nm —4,
N1 =Nm —2, and P(N, ) is the binding energy per
nucleon at the neutron number N&. Starting from
this correlation Gerstenkorn ' takes

while the results of the optical-isotope-shift experi-
ment (see Table II) give

0 (+ )4p, 44/8 (+ )4p, 42

Moreover, if we write Eq. (20) as

8 (p"')~,~, = (p'4 —(p')~, =IHIP(Nm)- P(N;)],

(21)
with K &0, applying it first to Ca 40 and Ca 42
and then to Ca 40 and Ca 44 yields, in concert with
the above result, the prediction (r')4p & (p ')4p
& (x )44—in agreement with experiment. Once

(20)

with K &0, and predicts negative isotope shifts for
even isotopes approaching the magic neutron num-
bers 28, 50, and 82. In particular, he predicts
(r')44 & (r )4p -(x')—4, for the calcium isotopes.

He also predicts (r )4p & (r')4p. This last pre-
diction, although in accord with experiment, seems
unwa. rranted, because if Eq. (19) is applied to the
three isotopes Ca 40, Ca 44, and Ca 48, we are
led to the conclusion that (r')4p & (r )44—contrary
to the experimental evidence. However, if we take
N2 = Nm + 4 and Nl = Nm + 2, and apply Eq. (19) to
the isotopes Ca 40, Ca 42, and Ca 44, we get

(P (40) —&(44)]/ lP (40) P(42)—]= 1.«,

again we note that we cannot push too far. Applica-
tion of Eq. (21) to the pair Ca 40 and Ca 48 with
Nm =20 gives the erroneous result (r )4p & (r )4,.

VII. CONCLUSIONS

Optical-isotope-shift measurements can give in-
formation on both mass-effect and field-effect
shifts in the spectrum lines of light elements.
However, although the separation can, in principle,
be accomplished solely with data from the optical-
isotope-shift experiment, the current attainable
accuracy demands the use of muonic x-ray data,
atomic K x-ray data, or that from electron-scatter-
ing experiments. For the even-even calcium iso-
topes, the (, g plot is linear to within experimental
error so that the separation technique described
should be valid. The variation of rms radius ob-
tained from the optical volume shifts so acquired
agrees qualitatively with that deduced from muonic
x- ray and electron- scattering experiments —thus
indicating that the separation is valid. It is esti-
mated that the uncertainty in the optical-isotope-
shift measurements must be reduced to - 10 ' cm '
before Eq. (8) can be meaningfully used. The cor-
relation, observed by Gerstenkorn, between the
relative isotope shifts in atomic spectrum lines and
the binding energy per nucleon in the vicinity of
magic neutron numbers holds for the even-even cal-
cium isotopes —both near N = 20 and near N = 28.
The relationship seems, however, to be valid only
within four neutron numbers of a magic neutron
number.
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g Value for the Atomic Ground State of Fermium

L. S. Goodman, H. Diamond, H. E. Stanton, and M. S. Fred
A~gonne National Laboratory, Axgonne, Illinois 60439

(Received 5 November 1970)

The atomic-beam magnetic-resonance method has been used to measure g&= l. 16052
+0.00014 for the atomic ground state of fermium z. An intermediate-coupling calculation
with parameters extrapolated from lower actinides, and with corrections for diamagnetic and
relativistic effects, yielded the value gJ =I.1606. The agreement between the measured and
calculated values of gz establishes the fermium ground state as the H6 level of the 5f~ 7s
configuration. The neutral fermium atoms were obtained by heating FmF3 and its HoF3 carrier
in the presence of ZrC and tungsten.

I. INTRODUCTION

The electron structure of the 100th element,
fermium, can be predicted, but no isotope of this
element has been available in more than nanogram
amounts for experimental examination. The
atomic-beam magnetic-resonance technique, '
adapted to the measurement of radioactivity, allows
measurement of atomic and nuclear properties of
small samples of radioactive species. A new
atomic-beam apparatus has been used with 3-30-
mCi charges of 3.24-h ' Fm to measure the mag-
netic moment of the atomic ground state of the
neutral fermium atom.

The measured g~ agrees with that calculated
from an intermediate-coupling model with the use
of parameters extrapolated from lower actinides
or obtained from Hartree-Fock calculations. This
agreement confirms that the ground state is the
'He state of the 5f'~Vs configuration.

The requirement for rapid production of a beam
of neutral fermium atoms led to the use of zirco-
nium carbide as a reducing agent.

II. PRODUCTION OF FERMIUM

Samples of "Es (20. 4-day half-life) were inter-
mittently available in 0.3-10-p, g quantities. These
were irradiated in the 5&10"-neutron cm ~ sec '
flux of the HFIH reactor to produce 39.3-h " Es.
The latter decays principally to 254Fm, which can
be separated from the einsteinium by &-hydroxy-
isobutyrate elution from cation-exchange columns.
Three or four charges of fermium were obtained
from each irradiated batch of einsteinium.

Upon isolation of ' Fm in aqueous solution,
1 mg of Ho carrier was added and the fluorides of
holmium and fermium were precipitated. The
precipitate was washed twice with acetone, dried
under a heat lamp, transferred to a zirconium
carbide crucible, and covered with tungsten powder.


