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A polyisotopic sodium beam produced by reactions of 20 GeV protons in an uranium target, was
illuminated with a tunable cw dye laser. The atomic beam is analyzed by a six-pole magnet, ionized, and
detected after selection of one isotope by use of a mass spectrometer. From the optical D, resonance lines
the hyperfine structure, magnetic moments, and isotope shifts of ' "Na have been determined. The nuclear
spins of ' Na have been measured by magnetic resonance. The results are discussed in terms of nuclear
deformation. The analysis of isotope shifts shows the presence of an appreciable volume shift contribution.

NUCLEAR STRUCTURE 6 3 Na; measured J. Na; measured isotope shifts;
deduced p, . Atonl. ic beam laser spectroscopy and magnetic resonance.

I. INTRODUCTION

The study of nuclear masses of exotic, neutron-
rich sodium isotopes by on-line mass spectro-
metry had shown irregularities in the two neutron
binding energy at N= 20, which can be interpreted
in terms of nuclear deformation. "' Within the
framework of a more detailed investigation of
these isotopes, new mass measurements, ' P-, y-
spectroscopy measurements, 4 and the present
optical measurements have been performed at the
proton synchrotron (P.S.) at CER¹ Spins, magnet-
ic moments, and isotope shifts of a long sequence
of isotopes are of obvious interest to nuclear
structure. At present full s-d shell calculations
using different effective forces are available' and
also Hartree-Fock calculations using a Skyrme
effective force have been published on these nuc-
lei.' Both calculate binding energies and spins
or deformation parameters, respectively. But,
to our knowledge, no magnetic moment calcula-
tions on neutron-rich sodium isotopes have been
reported.

In this detailed report on the optical investiga-
tions we present in Sec. lI the principle of the ex-
periment, in Sec. III the experimental set up, in
Sec. IV the experimental procedure, and in Sec. V
the, results and their interpretation using the Nils-
son model and the classical theory of isotope shift.

II. PRINCIPLE OF THE EXPERIMENT

The experimental set up uses a method of non-
optical detection of optical resonances by means
of magnetic deflection. This method has been de-
veloped and applied to ' 'Na at Orsay. ~ A. target,
placed inside a high temperature oven, is bom-

barded with a proton beam. The thermalized re-
action products are emitted from the oven and
form an atomic beam [Fig. 1(a)]. In the 1 region
the sodium atoms may be excited by a light beam
of a cw tunable single mode dye laser, in presence
of a small magnetic field. At optical resonance
with one of the well resolved hyperfine components
of the D, line, hyperfine optical pumping occurs
and changes the population distribution between the
magnetic substates m~. The atomic states pass
adiabatically from the weak field region (interaction
region) to the strong field region (inside the six-
pole magnet), where I and Jare decoupled. The
atoms have then en~=+~ or m~ = -&. The six-pole
magnet (2 region) focuses the atoms with m~ =+~
and defocuses the atoms with m~ = ——,'. A signal
proportional to the number of focused atoms of the
studied sodium isotope is obtained by counting
them with an electron multiplier after they have
been ionized and passed through a ma, ss spectro-
meter. The signals observed when scanning the
laser frequency are shown in Fig. 1(b).

In this experimerit, the light propagates along
the direction of a small magnetic field H, perpen-
dicular to the atomic beam. The field is small
enough so that the total width of the Zeeman split-
ting of the line is smaller than 10 MHz, the natur-
al line width. Il excitation is excluded. The cal-
culation of the optical pumping for o excitation
is complicated because of coherence effects. The
theory for the simple case of pure polarization
(o or o') is given in Appendix A. A program has
been written to compute the evolution of the pop-
ulations using the optical pumping matrix from
Appendix A. For I= —', ("Na) the result as a func-
tion of W ~ t, 8' being the light power density and



18 SPINS, MAGNETIC MOMENTS, AND ISOTOPE SHIFTS OF. . .

six pole

arget magnet
j I

ta}

mass
spectremeter

2 p.
1/2

F
2

——
1

a b c d

mg
- )/2

I I
~ I

S
l/g

tunable
laser-

cd

pe~oq
4

~~~ e)--)/2

FIG. 1. (a) Scheme of the experiment. (b) Signals with the D& line for I=2.
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t the interaction time, is shown in Fig. 2. From
this figure if can be seen that there is a value of
8" for which the resonance signal approaches its
asymptotic value. An increase in S' would only
broaden the resonance signal. . The optimal value
of 8' depends on the light polarization and on the
hyperfine component, as well as on the nuclear
spin. Therefore, ideally, W should be adjusted
for each case. Since in practice a light power
density range ardund the optimal value can be tol-
erated, we used, for reasons of time sparing, the
same value of a few mW/cm' which is:in the tol-
erable range of all cases (see Fig. 2).

In order to determine the nuclear spin I we used
the well known magnetic resonance method. The
laser light is polarized a' and frequency locked
to the hyperfine transition S &„E=I+—"- P3/2,
E' =I+ —,'. Zeeman pumping oc urs and the popula-
tions of the ground state sublevels are changed.
The atoms involved in tQis transition are pumped
in the Zeeman sublevel m~=-(I+ —,') of the F =I+ —,

'
hyperfine ground state. Consequently all atoms
are defocused by the six-pole magnet. A rf field
perpendicular to the static field H, is applied to
the optically pumped atoms. If the rf frequency
is equal to the frequency of the transition between
two adjacent Zeeman sublevels, the rf field tends
to equalize the 'populations of all Zeeman sublevels
since Ho is weak enough for the Zeeman effect to
be linear. In our case, the population of the m~
= -(I+ —,') sublevel is redistributed into Zeeman
sublevels of the E =I+ —,

' hyperfine ground state.
The transferred atoms are focused by the six-
pole magnet and the detected signal increases.

The transition frequency between two adjacent
Zeeman sublevels in weak magnetic field IIo is
given by

0 0 =Wt ~=@~@,,8,/h
where

)(Aj =+1)2) Onj =+1(2) F(F+ l) + ~(Z+ l) I(I+ l)
2F(F+ 1)

3 Sq~ F.=2 3 P~ F=1

N, l2

3 S~ F=2 3 P~ F=2 A term ingl has been neglected in this expression,
since gr«g~. In the case J= —,', g~= 2 the transition
frequency is

2&sIIo
(2I+ 1)h

'

=Wt 0

FIG. 2, Optical pumping with polarized light.

=Wt For a given rf frequency v„and for each possible
value of I there is a value of Ho for which the
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FIG. 3. Magnetic resonance signal for spin measure-
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transmitted beam intensity must increase

v„h(2I+ 1)
2p~

The nuclear spin I is measured by checking which
of these discrete values of Ho produces an increase
of the signal. The signal obtained on "Na by
sweeping the magnetic field Ho is shown in Fig. 3.
The same Zeeman pumping effect occurs in the
D, line, although the signal at rf resonance is
smaller. Since the D, line was used for hyperfine
structure and isotope shift measurements, it was
more convenient to use the D, line also for the
spin measurements.

III. APPARATUS

A. The uranium target and the atomic beam set up

It is now well known that neutron-rich light nuc-
lei can be produced by bombarding an uranium
target with high energy protons (see e.g. Refs.
9, 10). The target structure has already been des-
cribed, ' and the cross sections for the production
of sodium isotopes have been measured. ' " A

thin layer of "'U is deposited on graphite foils.
The recoil fragments produced by the nuclear re-
actions are implanted into the graphite. There,

cover foil
I

a chemical separation is achieved by the selective
diffusion of the alkali atoms through the graphite
as they come out of the target very quickly and
form a thermal atomic beam.

Uranium dioxide powder from a suspension in
amyl-a. cetate is sedimented (=15 mg/cm') on
graphite foils 50 p.m thick and 45' 5 mm' sur-
face. 20 foils, separated by 100 p, m graphite
spacers, were glued into a stack with two 500 p, m
cover foils of graphite (Fig. 4). After sintering
by heating up to 2000'C in vacuum, the stack was
inserted in the tantalum oven. It was placed with
the 4 && 5 mm' face toward the proton beam. Ac-
cording to recoil energy measurements, ' about
60%%up of the produced sodium should be transferred
to the graphite foils. The oven consists of a 300
p, m thick tantalum foil rolled to form an 8 mm
diameter and 50 mm long cylinder. Current con-
nections are spotwelded at the top leads. In the
middle of this tube a 3 mm diameter tube was
spotwelded at right angle as an atomic beam ex-
haust. In order to increase the directivity of the
emission of atoms, 3 collimating channels, 1 mm
diameter and 20 mm long were inserted in the
beam exhaust tubing. The exhaust tubing is pro-
vided with a current connection so that separate
heating of the main part of the oven and the outlet
tubing is possible. After heating to 2000 C, no
change in the initial alignment of the oven, with
respect to both the proton beam and the atomic
beam axis was observed, due to the symmetrical
and flexible construction of the current connections
which support the oven. The purpose of the high
temperature is to allow a fast diffusion of the so-
dium atoms through the graphite and the exhaust
tubing. This allows us to study the short-lived
sodium isotopes with A ~ 28 (see Sec. IIIE).

The region where the atoms interact with the
laser light was magnetically shielded. The smaIl
static magnetic field Ho was produced by a sole-
noid placed inside the shielding. The rf field was
produced by a 10 turns solenoid centered on the
atomic beam axis. Care has been taken to main-
tain a small field of the same direction than Ho
inside the magnetic shielding in order to avoid
nonadiabatic transitions.

,

proton
beam

FIG. 4. Schematic view
of the uranium graphite
target.

tan~alum
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B. The dye laser

Since contributions of the volume effect in the
isotope shift were expected to be of the order of
a few MHz, the. frequency of the D, line had to
be measured with an accuracy of about 10 '. For
this purpose we built a frequency controlled dye
laser system. As in previous experiments"' this
system comprised a "sigmameter"" which per-
mits us both to stabilize the laser frequency and
to scan. it step by step with increments as small
as 1 MHz.

The general scheme of the set up is shown in
Fig. 5. A commercial dye laser system (CR 599)
operated on one single mode whose frequency is
locked using a reference Fabry-Perot cavity. The
frequency jitter is less than 1 MHz; it is contin-
uously tunable over a range of 30 GHz. But the
stability is only 10 MHz per hour, so that a more
stable reference is needed. For this purpose a
small part of the laser light is sent into the sig-
mameter, which consists of a Michelson type in-
terferometer with a fixed path difference of 6
= 200 cm, which is servocontrolled by use- of a
wavelength standard laser line. The common
phase of the two normalized interference signals
sing and cosiIi(p = 211o6), provided by the sigma-
meter, can be vizualized on aX-I' scope (Fig. 5),
and by electronic comparison with a reference
phase an error signal. for the CH 599 frequency
control system is generated. Thus the laser fre-
quency, i.e., its wave number a is stabilized on
the sigmameter: the reference phase can be
scanned in discrete steps of Ap = 2II &&p/160, where

p is a chosen integer. The minimum increment
(p = 1) is then Ao = I/160. 200 cm-' or Av= 0.9375
MHz. In order to obtain a good optical stability
of the sigmameter a Koster prism has been used
for the multiple functions of beam splitter, com-
pensator plate, mi.rror, and dephasing element,
as one face of the prism has a reflective metal
coating (see Fig. 5). The second mirror of the
interferometer is mounted 1 m apart from the
Koster prism by means of invar spacers and a
piezoceramic stack.

A He-Ne laser locked on an iodine saturated
absorption line is used to servocontrol the path
difference 5. The He-Ne laser light path inside
the interferometer is parallel to the dye laser
light. The interference fringes generate an error
signal in a servoloop acting on the piezoceramic
stack of the second mirror. The stability of the
whole system has been studied using the D, line
of stable sodium ("Na) whose hyperfine structure
is known very accurately. This experiment is done
by detecting the fluorescence signal from a well
collimated atomic beam which is illuminated with
the laser light. The results have shown a stability
over several hours as well as a reproducibility
of better than 1 MHz. This fluorescence signal
of natural sodium was used as a reference fre-
quency for the isotope shift measurements of
21 31Na

To avoid first order Doppler frequency shifts
of the resonance due to deviation from perfect
perpendicularity between the atomic beam and the
laser beam axis, the light was reflected back on
itself on the radioactive atomic beam as well as on
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the reference "Na beam. However, the retrore-
flection is not perfect in order to avoid light re-
flection into the dye laser. From the achieved
angle between the two light beams we have found
that a residual frequency shift of about +1 MHz was
to be expected. In fact, the systematic error in-
troduced by this residual shift in the mean value
of the isotope shift measurements is less than
1 MHz, due to different settings of retroref lection.

~ laser
beam

ector

C. The six-pole magnet

We used two commercial six-pole magnets in
series as magnetic state selector, each with
9300 Gauss at the pole tips, 8.6 cm length and
0.32 cm gap diameter. Calculating the transmis-
sion as described in Appendix B, a program has
been written to determine the optimal value for
L, assuming that the sodium atoms emerging from
the oven are themalized at 2000 K. We found
with L =6 cm the separation parameter s, defined
in Appendix B, to be 80%%uo, and the effective solid
angle to be 4.5 10 4sr, about three times the solid
angle defined by the magnet exit and the beam
source. Taking into account the dimension of the
oven'aperture, the collimation of the beam is 40,
leading to a width of the optical resonance of about
70 MHz. The observed width is somewhat larger
(100 MHz) due to saturation of the optical pumping
process.

D. The mass spectrometer

After the interaction with the laser beam and
the state analysis through the six-pole magnet,
the alkali isotopes are separated by a mass spec-
trometer. The required ionization —achieved by a
rhenium surface ionizer —reinforces the chemical
selection, since the alkali metals are well known
for their low ionization potential when compared
to neighboring elements. Since the ionization po-
tential of sodium 5.14 eV is comparable to the
work function of rhenium 5.1 eV only about 30%
of the atoms can be ionized. To'increase the ion-
ization efficiency a small flow of oxygen was con-
tinuously directed on the ionizer. This led to the
formation of rhenium oxide and thus brought the
ionization efficiency close to unity. ' This was
achieved by a controlled air leak near the ion
source. The mass spectrometer has an inhomo-
geneous field (angle C = 90, field index n= 0.23,
radius 8 =35 cm) providing a resolving power
which may be adjusted to values &650. Its trans-
mission has been measured using a chopped atomic
beam of ' Na. The ratio of the intensities before
the ionizer (i.e., the source of the spectrometer)
and at the detector placed at the end of the ion
transport line is measured to be 50-75%, for a,

mass resolution M/~ of the order of 300.

target-—

proton
beam .'

FIG. 6. Overall view of the experimenta1 area.

The beam at the P.S. consists of very short (2.1
p, s) pulses of 10"—10"protons, separated by at
least 2.4 s. Due to this high intensity, the level
of radiation background is very high while its decay
is exponential (T,&,

= some ms). In order to be
able to detect very short-lived isotopes with low
counting rates (for "Na: 7», = 15 ms and about
3 counts/pulse), the mass selected ions had to be
conducted to a detection area which was separated
from the target area by a thick shielding (Fig. 6)
giving an attenuation of 10'-10' for the back-
ground. Furthermore, it was located in a cadmi-
um shielded cage, the purpose of which was to
absorb thermalized neutrons, so that the exponen-
tial decay was cut off.

E. Total efficiency of the system

From the total thickness of uranium in the tar-
get (=3.4 g/cm'), the number of protons per pulse
and the known cross sections (14 mb for "Na), the
number of produced atoms can be calculated. For
'Na one finds about 10' atoms per pulse while the

observed number of ions is 10~. This corresponds
to an overall efficiency of 10.', which is consis-
tent with the value that one obtains using the dif-
ferent reducing factors discussed above and as-
suming that about 50%%uo of the atoms are extracted
from the graphite.

For the sodium isotopes with A. ~ 28, which have
half lives shorter than 60 ms, one has to take in-
to account the delay time between the production
of the nucleus and its detection. This delay is
due to the diffusion time of the atoms from the
graphite and to the ionization time in the mass
spectrometer source. A typical time interval
for collecting 50%%uo of the ions is 200 ms. The loss
due to this delay is about afactor of '1 for a half
life of 20 ms ("Na).
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IV,. EXPERIMENTAL PROCEDURE
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FIG. 7. Diffusion curves for 30 ms Na, and. lg 6Na.
At instarit t& the mass spectrometer and the ion trans-
port line were changed from mass 28 to mass 26. At
instant t, counting of mass 26 was started.

Since the optical resonances appear as peaks
on a fluctuating base signal, it seemed to be nec-
essary to have a normalization procedure for the
beam intensity. Two different normalization pro-
cedures have been performed: one with the pro-
ton beam intensity and another one with a sodium
isotope of the atomic beam. Both normalizations
were, however, only 10—20% reliable. The nor-
malization on the proton beam, by measuring the
beam intensity using an electrostatic pick up, is
subject to error since the production of sodium
isotopes depends also upon the focusing of the pro-
ton beam on the target oven. The normalization
between two sodium isotopes during the same mea-
suring sequence allowed a comparison of the count-
ing rate of a short-lived isotope at the beginning
of the diffusion curve with the counting rate of a
longer-lived isotope (""Na) at the end of its dif-
fusion curve (Fig. 7). But the value of this normal-
ization procedure is limited to about 10% accuracy
since for the longer-lived isotopes, counts due to
atoms produced during preceding proton pulses
were also taken into account.

In practice, the measuring sequence was started
by a synchronization pulse from the .P.S. preced-
ing the proton pulse by 20 ms. Two ms after the
proton pulse, when the background of fast parti-
cles had disappeared, ions of the mass A. were
recorded during a period of 20-300 ms depending
on the half life of the isotope. Then, the voltage
of the mass spectrometer and the ion beam trans-
port line were set for the longer-lived isotope
A' and a measuring period of 1-2 s was started.
The corresponding counting rates were stored in
buffer counters together with the digitalized fluor-
escence signal of the "Na reference beam, the

signal of the proton beam intensity from the elec-
trostatic pick up, and the scanning signal of the
laser frequency. By a preset counter 1 to 100
cycles could be summed up in the buffer counters
for a fixed frequency of the laser. In order to
select the best timing for an optimum signal to
noise ratio for the A signal, three channels with
different counting times were used. The data of
the buffer counters were transferred into memor-
ies, then read by a PDP 15 computer for analysis
of the data and writing on magnetic tapes. Every
spectrum started with the recording of at least

, two resonances of "Na from the reference atomic
beam. Then the laser frequency was changed to
allow the recording of the resonances of the sodi-
um isotopes A and A.' with an appropriate number
of counting cycles per laser step.

V. RESULTS AND DISCUSSION

A. Spins

The spins determined by magnetic resonance
for ""Na are given in Table I. Because of lack
of time, the spin for "Na has not been measured
by the magnetic resonance method. The spin as-
signment for "Na is based on the value of the
hyperfine structure and the isotope shift which
indicate that I= —,

' is the most probable value. For
prolate deformations the eleventh proton should
occupy the 0 = —', [211]Nilsson model orbit'~ leading
to the ground state spin I= 0= & for the odd iso-
topes. In the spherical limit the unpaired proton
occupies thy d, &, shell model orbit and the ground
state spin should be I=-,'. From this we conclude
that spin —, is a strong indication of an almost
spherical nucleus (" "Na) and that spin ~ indi-
cates prolate deformation ('"""'"Na). Assuming
for the neutrons the normal filling order of the
Nilsson model orbits for prolate deformations
(see Fig. 8) the spins of the even isotopes can be
explained, except for "Na. If we take only s-d
orbits into account, spin 2 for ' Na can be ex-
plained assuming a filled —,

' [202] orbit and the
unpaired neutron being in the ~ [200] orbit.

B. Magnetic moments

From the observed signals —typical examples
are shown in Fig. 9—we first determined the cen-
ter of gravity of each hyperfine component of the
line using a computer program written for the
PDP 15. The hyperfine splitting constants A for
both the ground state and the excited state derived
from this evaluation are given in TaMe I and are
compared to other results when available.

The magnetic moments of" "Na were calculated
from the A factor of the 'Sz/, ground state neglect-
ing hyperfine anomaly effects
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TABLE I. Spins, hyperfine structure, magnetic moments, and isotope shifts of 3'Na. The quoted errors for re-
sults of the present work are one standard deviation.

"Na

"Na

Na

Na

2~Na

'GNa

Na

28Na

"Na

"Na
3'Na

~i/2

22.5 s

2.60 y

stable

15.02 h

60.0 s

1.07 s
290 ms

30.5 ms
43 ms

53 ms
17 ms

3b
2

3b
2

5b
2

A ( Sg/2) (MHZ)

953.7 (2.0)
953.233(««)'
349.3{1.0)
348.75 (1)
885.8130644(5)

253.2(2.7)
2 53.185018(2 3)~

882.7 (9)
882.8 (1.0)"
569.4(3)
933.6(1.1)

1453.4 (2.9)
978.3 (3.0)

624.0 (3.0)
912(15)

pl (p~) corrected

2.38612(10)

l.746(3)
2.2175203 (22)

«.6902(5)'

3.683 (4)"
2.851 (2)
3.895{5)

2.426(3)
2.449 (8)

2.083 (10)
2.283 (38)

A( p&/2) (MHz)

102.6(1.8)

37.5(1.0)
37.0 (1)
94.25 (15)

28.2 (2.7)

94.5(5)

61.0 (3)
100.2 (1.1)

156.0 (2.7)
104.4(3.0)

66.2 (2.8)

IS,x (MHz)

—1596.7 (2.3)

—756.9(1,9)
—758.5(7)

706.4 (6.2)

1347.2 (1.3)

1397.5 (9)
2481.3(2.0)

2985.8 (2.7)
3446.2 {3.8)

3883.5(6.0)
2486(16)
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The values used for the A. factor and the magnetic
moment of the reference isotope "Na are also
quoted in Table I. As pointed out above, no theo-
retical values for the magnetic moments have
been reported up to now. Therefore we attempted
an interpretation of the magnetic moments in the
framework of the Nilsson model' using for odd
isotopes

I
i 2 (g, —g1)

2 2Xx Q (+1Q-1/2 —&1 Q,1/2 )+g1f+gs

and for even isotopes

ilP+ 2 (gg g1/ ~ 4 1Q 1/2 1Q+1/2

2 gz ~ 'L 1 g-1/2 1 0+1!2 & ~R

where the sign-of the second term is the same as
the sign of Q„appearing in the coupling rule
I= Q~ + 0„. In the calculation we used g~ = 5.59,
gf =1, g,"=-3.83, andgs=Z///i. The coefficients
Qf g z / were taken from Ref . 14. The results are
plotted in Fig. 8. Except for "*'' Na the mag-
neti. c moments are consistent with a positive de-
formation. For the proton state —,

' [202] ("Na, and
"Na) the calculated moment is deformation in-
dependent. But in the ca,se of "Na the moment in-
dicates an almost spherical shape. It should, how-
ever, be noted that the magnetic moments are very
sensitive to admixtures of other states to the
ground state wave function, therefore the values
of the corresponding deformation pa.rameter g,
indicated in Fig. 8, have only a. limited signifi-
ca.nce.

C. Isotope shifts

Using the already determined hyperfine structure
constants and the nuclear spins the determination
of the center of gravity of the D, line is straight-
forward. The results with respect to "Na are
given in the last column of Table I. The consis-
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tency between the values of the isotope shift ob-
tained from each of the four hyperfine compon-
ents of the line was taken into account in the error
evaluation. As seen on Table I, the resulting ac-
curacy stands generally between 1 and 3 MHz,
which may be considered as characteristic of the
experimental set up. In some cases (z4'o'"Na)
this accuracy was not obtained, owing to occasional
difficulties. Because of its 15 h half life, '4Na

produces a rather high background when implanted
in the first dynode of the electron multiplier, keep-
ing from making further measurements on rarer
isotopes. Thus only one measurement was per-
formed on it, and further measurements were
planned for the end of the run. But unfortunately

this experiment could not be done. In the cases of
3 '"Na, the obtained accuracy is not so much due
to the low counting rates (10 and 3 counts/pulse,
respectively) related to the low production cross
sections than to an accidental contamination by
hydrocarbons. This means that a new set of mea-
surements could improve the results for these
three isotopes very much.

The measured isotope shift is the sum of two
effects: the mass shift and the volume shift. The
former is divided into a normal mass shrift that
can be calculated exactly, and a specific mass
shift that cannot be calculated with reasonable
precision. But both have the same dependence
on the nuclear masses
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FIG. 9. Hyperfine structure end isotope shifts of 3 Na.

gpAA' g A' A
mass

A~ A

where MA and MA, are the nuclear masses in atom-
ic mass units and K is the unknown mass shift
constant. The volume effect or change in the mean
square radius of the nuclear charge distribution
has no such mass dependence. For the D, line this
effect is essentially sensitive for the s electron
and may be written

f &AA' Fg(& 2)AA'

where 5(x')""' is the change in the charge radius
and

z=(IIa p I+ (0) I /z)f(z)=sf(Z).

f(Z) which takes into account the relativistic cor-
rections to E as well as the finite nuclear charge
distribution can be calculated using a formula
derived by Babushkin. " IC,(0) I' is the charge
density of the s electron at the nucleus, and ao
is the bohr radius. P is a screening factor due
to the -change in the wave functions of inner closed

shell electrons by the valence electron as it chang-
es from s, &, to P, &,. P has been determined by
Bauche using the Hartree-Fock technique": p= 1.1
+ 0.1.

For the light elements the volume shift is not
only very small compared to the mass shift but in
many cases also negligibly small compared to the
experimental errors. Up to now calcium has been
the lightest element in which a volume effect has
unambiguously been observed. "" Therefore, in
the first step of the analysis we only looked for
evidence of volume effect contributions to the ob-
served isotope shifts. For this purpose the quan-
tity &&',3b',"M»M„/(M„-M») has been plotted ver-
sus the mass number A. (Fig. 10). If the observed
isotope shifts were due to a pure mass effect the
plotted quantity should be a constant. Therefore
we conclude from Fig. 10 that there are volume
shift contributions to the isotope shifts well out-
side the experimental error limits.

The volume shift can also be divided into two
parts: the normal volume effect and a deformation
effect. For a given change in .neutron number the
change in nuclear charge radius due to the normal
volume effect should be almost constant along the
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case f is unknown, we performed the following
calculations for f =1 and for f =0.5 which should
be the upper and lower limit as it has been found
for elements with Z~ 19. ' )=0.5 js also con-
sistent with Hartree-Fock calculations. '

From the hyperfine structure of the ground state
of "Na we find

~ $,(0) ~' = O.V5a ~ and E = 0.326.
f(Z) = -199 MHz/fm' is calculated from an expres-
sion given by Babushkin, " and as the final result
for the volume shift constant we obtain E= -47
MHz/fm'. From the isotope shifts of "~'Na we
then find the mass shift constant K= 388 GHE for
/=1 and K=385 GHz for /=0. 5, and using the
mass factors (M„, -M„)/M„, M„, the volume shift
for the other isotopes was evaluated. The results
are shown in Fig. 11. Boih curves show the same
general trend: deviations from the lines 6(r'), «
and —,'6(r'), «respectively, for the light isotopes""Na as well as for the heavy isotopes starting
with "Na. It should be noted that these deviations
would be true for any reasonable value of P. They
can be interpreted as an effect of nuclear deforma-
tion. For the light isotopes such a deformation
is already well documented (see, e.g. , Refs.
20, 23}.

Although this analysis of the isotope shjfts is
based on rough assumptions it should give the

FIG. 10, Evidence of volume effect contributions to
the isotope shift of s8ditm isotopes.

sequence of isotopes of one element, while the
deformation effect is proportional to the nuclear
deformation and therefore not regular. From
Hartree-Fock calculations' as well as from the
spin —,

' of "Na and "Na and from the ma. gnetic mo-
ment of "Na, we tentatively make the assumption
that for ""Na the volume shift with respect to
"Na can be described by the normal volume effect

6&AA' F && g && 6(&2)AA'

where

).5-

E

5
C4

L

---- K=385 GHz

K - 388 6Hz

/

/ i
)/

'~2&&"&std

. 60

Qv]

40

X
-20 x

hl

0- -0
and

6A =A' -A, A = (A+A'}/2.

6(x'),« is the change of nuclear charge radii for
uniformly charged sphere of standard radius 8
=roA'~'(r, = 1.2 fm). r ~ 1 is the so-called isotope
shift "discrepancy" describing the fact that the
radius of the nuclear charge distribution of a
spherical nucleus increases less rapidly than A' '
when neutrons are added. This can be understood
in terms of the dependence of the proton potential
on the neutron excess." Since for the present
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/
&&"& td

/
- -20

I I I ' I I I
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3l

FIG, 11. Differences of mean square nuclear charge
radii with respect to 25Na for two values of the mass ef-
fect constant K. The error bars are due only to the ex-
perimental uncertainties.
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FIG. 12. Comparison of experimental values for the
change in the mean square nuclear charge radius (for K
= 385 GHz) and of values obtained from deformed Har-
tree-Fock calculations (from Ref. 2.).

/

right order of magnitude for the specific mass
shift. For the isotope pair 23-25 we obtain from
E'=385 QHz a total mass effect of 1341 MHz, and
after subtracting the normal mass shift which can
be calculated exactly (see, e.g., Ref. 18) we find
a specific mass shift of about 370 MHz which is
large compared to a theoretical value of 60 MHz
calculated with the Hartree-Fock technique. '4 The
mean square charge radii extracted from the iso-
tope shift data can be compared to values derived
from deformed Hartree-Fock calculations. ' The
6(v') values obtained when assuming an isotope
shift "discrepancy" P = 0.5 are in good agreement
with the calculated ones for Na and Na. Be-
tween "Na and 'Na the experimental curve in-
creases more monotonically than the theoretical-
curve which shows a sudden increase at "Na (see
Fig. 12).

VI. CONCLUSION

The present investigation extends the data on

spins and magnetic moments to the sodium iso-
topes ""Na. The comparison to Nilsson model
calculations gives some estimates on nuclear de-
formation. From the precise determination of the
isotope shift of the D, line of the isotopes "~'Na,
clear evidence of volume shift contributions is
obtained. The interpretation in terms of nuclear
charge radius changes also gives information on
nuclear deformation, although there remains the
uncertainty introduced by the specific mass effect.
The information on nuclear deformation extracted
from the isotope shifts is in agreement with those
obtained from spins and magnetic moments. In-
deed, the spins and magnetic moments as well as
the charge radii indicate prolate deformation for

"~~Na, lying in an already well established region
of positive deformation, and also for ""Na, while" '7Na may be considered as having almost spher-
ical nuclei.

To check this analysis of nuclear deformation,
further measurements are required. Measure-
ments in the neighboring elements Mg and Ne
should exhibit a similar structure of the nuclear
radius changes. A determination of the static
quadrupole moments of the sodium isotopes by
measuring the hyperfine structure of the D, line
is planned and should give further information
on nuclear deformation. An improved accuracy
in the "Na and "Na isotope shift measurements
and an extension to "Na (for which according to
the production cross section only 0.2 counts per
proton pulse are expected) should clarify the struc-
ture in the changes of charge radii around the
neutron number E= 20.
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APPENDIX A: PRINCIPLE OF CALCULATIONS OF
THE OPTICAL PUMPING

For the hyperfine component 'S, &„E—'P, &„F' of the D, line the evolution of the populations
of the Zeeman sublevels of the ground state is
given by the equations

Pm * P (1 E ) mN + g g Nm m'N *~m
N

@III
p N m'pm p

dPm g g Mm mM

N m Tp

where the quantum numbers m and M denote the
Zeeman sublevels of the hyperfine levels E and
E', respectively, and m denotes the sublevels of
the ground state hyperfine level not involved in
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the transition. A„„/T~ is the absorption probability
per unit time, where

A ~~ ~ ~ (2F+ l)(2F'+ 1)
(-m q Mj j' I J

with q = +l for 0 or o+ light. The pumping rate 1/T~
is proportional to the light power density W."
E~ is the emission probability from the excited
sublevel M to the ground state Zeeman sublevel
m. We normalize the E„as

Z &~ + ~&~-=&.

APPENDIX B: TRANSMISSION OF THE SIX-POLE MAGNET

In the strong magnetic six-pole field the nuclear
spin and the electronic angular momentum are
decoupled. The sodium atoms have either m~
=+-,' or rn~= ——,

' with the corresponding effective
magnetic moment p.„,= +p~. Then it can be
shown" that in the inhomogeneous six-pole field,
in which the atoms are submitted to a radial
force, the atoms with m ~ =+~ follow a sinusoidal
trajectory and those with m~= -2 an hyperbolic
one.

The angular frequency of the harmonic oscilla-
tion depends on p, ,«, on the atomic mass m, and

on the characteristics of the magnet used. The

transmission of the six-pole magnet'is convenient-
ly described by the transmission solid angles 0
and 0 for nz~= ~2. To calculate these quantities
we follow the considerations developed in Ref. 26

0'(q) = II[X;(q)]/L,

where Xo(q) is the maximum transverse entrance
coordinate insuring that throughout the magnet
length the transverse deviation is smaller or equal
to the magnet radius gap. X;(g) is calculated from
the equation of motion. L is the distance from the
atomic beam source to the magnet entrance. q is
defined as @=a@2/V, u=(2kT/m) ~ . 6 (q), for
atoms in the state m~=- —, is similarly defined.
The efficiency of the six-pole magnet as a state
selector is defined by a parameter s

¹-N
¹+N

where

Fb,~(q) is the beam velocity distribution. +' and
N" are the number of transmitted atoms in the
state m~=+-,' and m~=--,', respectively, averaged
over the velocity distribution of the beam.
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