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NUCLEAR SPINS OF 125Cs AND 136Cs, HYPERFINE STRUCTURE SEIARA.TION AND 

NUCLEAR MAGNETIC MOMENT OF 125  Cs, 127 Cs, AND 
136  Cs 

* 

Osama B. Dabbous i , t Michael H. Prior, and Howard A. Shugart 

Lawrence Radiation Laboratory and Department of Physics 
University of California, Berkeey, California 94720 

October 1970 

ABSTRACT 

We have used the atomic beam magnetic resonance method to 

determine the ground state nuclear spin, the electronic 2S112  ground 

state hyperfine structure (hfs.separations, Av, and the nuclear mag-

netic moments of 45-mm 125Cs and 13-day ' 36Cs. A moreaccurate value 

of the hfs separation of 6.2-hr 127Cs was obtained by combining reso-

nances reported previously with those reported in this work. The 

collected results are: 

Isotope 	I 	Av(2S112) (1z) 	I(uncorr)N 

1/2 	+ 8,754(40) 	+1.40(2) 

127CS 	(1/2)- 	+ 9,109(45) 	+1.45(2) 
previously 
measured 

136CS 	5 	+12 9 702(28) 	+3.68(4) 

The errors quoted for the nv's are twice the standard devia-

tions of least-square fits to the experimental data. The magnetic 

dipole moments were obtained from the /v's by the Fermi-Segrè formula; 

an error of l% is taken to include possible hyperfine structure anomalies. 
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I. INTRODUCTION 

Before the present work, the method of atomic beams has furnished 

the nuclear ground state spins and magnetic moments for a series of ten 

cesium isotopes with neutron numbers ranging between 72 and 83. Our 

present measurements extend this series at the neutron-deficient end by 

adding 45-min ' 25Cs,' and fill a gap in the reutron-rich end with 

13-day 136Cs.2  The latter isotope has 81 neutrons one less than a 

closed shell - and 5 protons outside the Z = 50 shell. It should thus 

be expected that this nucleus is spherical, at least in the ground state, 

and that the shell model would explain the ground state spin and 

magnetic moment; Our measurements concur with this picture. The ground 

state spin of 6.2-hr 127Cs and 31-hr 129CS3  is 1/2;this can be under-

stood in terms of a deformed nuclear shape and it was interesting to 

determine whether or not 125Cs continued the trend. 

The production of sufficient quantities of this isotope became 

possible when the 88-inch cyclotron, with 120-MeV a particles,was built 

at the Lawrence Radiation Laboratory. In producing 125Cs by (a,ôn) on 

127i we simultaneously made sufficient quantities of 127Cs to observe 

resonances for this isotope. We incorporated these resonances with the 

ones reported previous1y 3 " to obtain a better value for its hyperfine 

structure separation tv. This paper gives a short review of the exper -

imental procedure and presents the results of the present investigation. 

II. THEORY OF THE EXPERIMENT 

The Hamiltonian describing the ground state hyperfine structure 

(hfs) of cesium is given by: 
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= haIJ - g pB 	91 	
S 	 (1) 

where a is the magnetic dipole hfs interaction constant, Ih is the 

nuclear angular momentum, Jh is the electronic angular momentum, g 1  = p1/I 

= 	are the corresponding g factors, H is the external magnetic. 

fIeld., h i Plancks constant, and 	is the Bohr magneton. The energy 

levels of Eq. (1) for J = 1/2 are given by the Breit-Rabi formula: 

- 	hv 	
F 	2 	2 

W(F,MF) 	2I+J - g1  p.H M + (F -. I)h(l + 21+1 + 
X )  

• 	 (2) 

where Av = a(I + 1/2), x = (g 1  - gJ)(1/1i)H/Av!and F 	I ± J. 

The theory of operation of an atomic beam apparatus has been 

described in detail elsewhere 7 ; we give only a brief sketch here. Atoms 

effuse from the slit of an oven at one end of an evacuated chamber and 

pass through three magnetic fields. The first is strongly inhomogeneous 

and the atoms suffer deflections due to their magnetic moments. The 

second magnetic field is homogeneous, and in it transitions are induced 

among the hfs energy levels by an additional radiofrequency (rf) magnetic 

field. The third magnetic field is identical to the first. If a 

transition is induced between a level having fllj  = +1/2 and one having 

mj  = -1/2, these atoms are deflected by the third magnetic field 

toward the detector. Those atoms which have not undergone a transition 

are deflected away from the detector. 

For J = 1/2 and for low magnetic fields (x << 1), the frequency 

corresponding to the only AF = 0 transition satisfying the selection 

rule of the apparatus 	(mj  = ±1) is given by 
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v 	-gj  H() / (21 + 1) 
	

(3) 

The spin I is determined by setting the magnetic field to a few gauss and 

making a discrete frequency search for a resonance. By observing this 

AF = 0 resonance at increasingly higher magnetic fields information is 

obtained about A, as can readily be seen from Eq. (2), Finally, when 

observation of the AF = 0 resonance at high fields has reduced the uncer-

tainty of Av to about 1 MHz, a search can be made for a AF = 1 transition; 

this determines Av directly. 

To a good approximation (l%), the hfs interaction constant of any 

isotope of a given element is proportional to its nuclear g factor. This 

is expressed by the Fermi-Segrè relation 

a(l) = 9 1 (l) 

a(2) 	g1 (2) 
	 (4) 

Thus, a measurement of a(l) for isotope (1) yields the nuclear g-factor 

g1 (l), provided a(l) and g 1 (l) have been measured for another isotope, 

(2), of the same element. 

III. EXPERIMENT 

We produced 125Cs and 127Cs by the reaction  127 I(c,kn)Cs. We 

chose elemental iodine as target material to insure high yield for the. 

reaction and to expedite the chemical separation of the cesium. To 

determine the.yield as a function of.a-particle energy, we bombarded 

gaseous iodine in a seven-cell target. The ct-particles' ene,rgies were 

degraded by aluminum foils that served as partitions between the cells. 

The results of this study are shown in Fig. 1, which shows a plot of the 

relative ratios of the resulting activities. In our final target, for 

production of usable quantities of activity, precautions had to be taken 
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to prevent interaction between the iodine and the target holder, and to 

avoid sublimation due to localized heating by the cyclotron beam. The 

iodine was contained in grooves in a platinum-plated, water-cooled 
	

4 

aluminum target. The cover plate had lcuvers that matched the grooves of 

the backing plate; a 0.002-in cover foil sealed with a 0.001-in Teflon 

gasket was used to isolate the target material from the cyclotron chamber. 

The radioactive cesium was separated from the iodine by washing the 

target with benzene and a small amount of water containing 15 to 30 mg 

CsC1 carrier. Benzene was chosen for its high solvency for iodine and 

low latent heat of vaporization. The solution was boiled to dryness, the 

iodine evaporating in the process. The remaining material was then 

transferred to a tantalum atomic beam oven, along with calcium metal filings 

which reduced the CsC1 to Cs metal upon heating to about 400°C. 

We produced the isotope 136Cs by the reaction 136Xe(p,n)136Cs, 

using natural Xe gas in which 136Xe has an abundance of 8.87%. We also 

used the reaction 136Xe (d2n) 136Cs . Difficulties with chemical separation 

precluded the use of other possible reactions 5 ' 6  for the production of 

this isotope. The incident proton energies were about 20 MeV, while the 

deuteron energy was about 35 MeV. The pressure (about 2 atmospheres) of 

the Xe in the target was chosen so that we deposited no more than 15 MeV 

of the proton energy and 20 MeV of the deuteron energy in the target. 

Chemical separahon of the Cs from the Xe target was accomplished 

by pumping the Xe out of the chamber and passing it through water containing 

a few crops of HC1 and 15 to 30 mg CsC1 carrier dissolved in it. Upon 
	

4, 

removing the vacuum connection at the pump, the water was transferred to the 

target chamber. The washing was repeated four or, five times. The resulting 

solution was then boiled to a few drops which were transferred to an atomic 
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beam oven and calcium metal filings were added. The chemical separation 

was performed two weeks after the bombardment to allow the short-lived 

activities to decay away. The remaining activity was that of 131Cs 

(9.7 days), 132Cs (6.58 days), and 136Cs (13 days). 

After loading the oven into the beam apparatus it was heated by 

radiation from a nearby hot tungsten wire to a temperature of around 

400°C. At this temparature the reaction Ca + 2CsC1 -- CaC1 2  + 2Cs ± 

occurs readily and the Cs atoms produced leave the oven through a 

0.004-in wide slit to form the atomic beam. After passing through the 

deflecting magnets;and resonance region of the beam apparatus, the 

radioactive Cs atoms were detected by collecting them on clean sulfur 

surfaces termed "buttons ." Each button or set of buttons was exposed 

for equal periods of time (usually 5 minutes) and the activity collected 

was measured by counting decays in well-shielded Geiger counters. As 

the rf frequency was varied stepwise from button to button, a resonance 

was detected by an increase in the activity collected. 

To eliminate variations in beam intensity which might appear to 

be resonances (but are not), some normalization scheme had to be utilized 

to monitor the intensity of the beam. One or more of three different 

normalization methods were used in this work. First, a hot wire surface 

ionization detector monitored the 133Cs baErier beam intensity at the 

• 

	

	position of one of the Stem-Gerlach peaks.; second, a small hot wire, 

masking about 3% of the button placed on the beam center-line ("spin 
17 

button"), served to monitor the 	Cs resonance (these two signals were 

recorded on a chart. reco icier during the exposure t. inics or each set o I 

buttons and were later integrated by cutting and weighing); third, a 

second button was placed alongside the spin button, and collected simul- 
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taneously a sample of the radioactive Stern-Gerlach peak. Comparing 

the side button activity to the 133Cs intensity showed decreases in 

activity on resonance (flop-out) as expected. Since the spin button 

activity increases at resonance, the ratio spin-to-side button, in addi-

tion to cancelling beam fluctuations, yielded an enhanced resonance when 

plotted versus rf frequency. 

Because the spin of 125Cs turned out to be the same as that of 

127CS and 129Cs, all these isotopes resonated at the same Zeeman frequency 

in low magnetic fields. A resonance identification therefore depended 

strongly on careful decay of the buttons and upon good normalization 

procedures. In the case of 136Cs, the low specific activity produced 

required that the buttons be counted for times as long as 8 hours and 

followed in their decay for a month to determine the amount of 136Cs 

collected. 

IV. RESULTS 

With the normalization procedure discussed above, the spin of 

125CS was established to be 1/2. With increasing magnetic fields the 

resonances of) 25Cs and 127Cs separated and yielded quantitative inform-

ation on their respective hfs separations. Operating fields were limited 

to less than about 300 G due to apparatus limitations. A smimary of all 

data and the results of the least-squares computer fit of the hfs to the 

data are presented in Table I for 125Cs and in Table II for 127Cs. It 

can be seen, from Table I, that a positive magnetic moment for 125Cs fits 

Far bet. icr than 	negative one (x2 = 0.38  with pus it lye momi t. 	r((l 

to 14W. 16 for a negative moment). Hence, for 125Cs the hfs separation is 

(25) = +8754(40) MHz. The error as listed is twice the standard 
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deviation of the fit. The magnetic moment, uncorrected for diamagnetic 

shielding, calculated from the Av through the use of the Fermi-Segrè 

formula,is +1.40(2) PN . The corrected moment is p(corr) = +1.41(2). 

We take the final error on the magnetic moment for all three isotopes to 

be 1% to include a possible hfs anomaly. The hfs anomalies measured 

for other Cs isotopes (e.g., 131Cs compared to 133Cs) are of the order 

of 0.5%.8  Thus, the assigned error should be realistic. 

Our observations for 127Cs are combined with those obtained 

previously. ' The fit was good for positive nuclear, magnetic moment: 

= 0.99 for nine observations, while it equals 19.21 for the negative 

moment. The results are: Av( 2S112 ) 	+9109(45) M1-Iz, which yields. 

p(uncorr) = +L45(2) N 
 and L1(corr) = +1.46(2). Figure 2 shows the 

resonances of .125Cs and 127Cs at a field of 143 G. Figure 3 is the 

decay of the buttons corresponding to the 125Cs and 127Cs peaks of Fig. 2, 

and shows clearly the identification of the isotopes responsible for 

the signals. 

From resonances obtained in the linear Zeeman region, the spin of 

136 	 i Cs was found to I = 5. For sotope identification, Fig. 4 shows the 

decay of a resonance button, its normalization button, and a chemistry 

sample from one of the spin search runs. Subsequent runs performed at 

progressively higher magnetic fields gave information on the hyperfine 

structure separation. Ten resonances for this isotope, are collected in 

Table III. As an example of signal strength, resonance sweeps at 161 G 

are shown in.Fig. S. 'Fitting the observed resonances, we obtained for 

the ground state his separation 	( 2S112 ) = +12 1 702(28) MHz and thus a 

positive nuclear magnetic moment. The quoted error is twice the standard 

deviation. The X of this fit is 2.3, while the X for the fit assuming 

negative moment was 281.5. The nuclear magnetic moment obtained from 
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tv is ii(uncorr) = +3.68(4) ',and ii(cbrr) = +3.70(4). 

V. DISCUSSION 

The ground state spin of 
125  Cs and 127  Cs cannot be explained 	 9 

easily in terms of the shell model. To obtain a spin 1/2 from five J-J 

coupled protons, one has to placevone of the protons in the 3s 112  shell 

or place all five protons.in  the h1112  shell. Both of these possibilities 

are excluded by energy considerations. However, a deformed potential 

can account for the spin of 1/2. 

The possibility of deformed nuclear shapes in the neutron-deficient 

isotopes in this region was suggested by Mottelson. Experimentl observa-

tions 9  as well as theoretical calculations' 0 " tend to confirm this 

picture. Thus, using the model of Mottelson and Nilsson,' 2 "' we can 

explain the spin by placing the odd proton in the 34th level on the 

prolate side (deformation parameter r = 2). This assignment gives a 

nuclear magnetic moment of 2P N•' Kisslinger and Sorensen' 5  obtained 

the ground state spin to be 1/2 through the coupling of a phonon to a 

spin 5/2 quasi-particle state. The resulting magnetic moment, including 

corrections for configuration mixing, was 0.45 PN . This value can be 

improvd with the appropriate addition of the 5/2 quasi-particle state. 

The 136Cs nucleus contains one neutron hole and five protons from 

the major closed shells of 82 neutrons and 50 protons. Alternatively, 

the last prOtons may possibly be in the197/2  shell, so the configura-

tion would be 3 holes in a closed sub-shell of 58. Because of the prox- 

imity to t.hee closed sliel is, it should not be surprls I n that the 

ground state spin and magnetic moment of 136Cs  are easily explainable in 

terms of the shell model. Hence, we used the above configuration and, 
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by taking a mixture of Wigner and Bartlett forces of zero range, 

such as those treated by de-Shalit' 6  and Schwartz, 17  we find that 

spin 5 is favored if the spin term contribution is >5%. it should 

also be pointed out that the spin is in agreement with the Brennan-

Bernstein' 8  rules and with that proposed by gamma-ray spectroscopy.' 

With the (g712 ) 712 3  and (d312 ) 312  configuration, we see 

that, in a single particle shell model picture, the spin 5 implies 

that the angular momenta of the neutron hole and the odd proton 

are aligned. Hence, the. value, of the magnetic, moment should be 

the sinii of the magnetic moment of the proton and neutron configu-

rations. Using quenched g-f'actors for the protons and neutrons 

we obtain ji calc = +3.72 PN  in good agreement with experiment. 

It is hoped that the nuclear ground state spins and magnetic 

•moments.of the 'cesium isotopes, coupled with information about 

excited states of these isotopes, will help in the understanding 

of residual forces and the transitions from a spherical to a deformed 

nuclear shape. 
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FIGiJ1E CAPTIONS 

Fig. 1. Ratios of the different activities resulting from the 

reaction 127 1(a,kn)Cs as a function of incident-particle energy. 

• 	 (a) Ratio of the production of 125Cs to 127Cs; (b) ratio of 

the activity of 125Cs 1  127Cs, and 129Cs to a constant background 

of a long-lived activity (co)  that appeared in the decay of the 

125 	127 sample; (c) ratio of the productions of 	Cs and 	Cs to 

that of 129Cs 

Fig. 2. Resonances of 125Cs and 127Cs. 

Fig. 3. Decay an1ysis of A h1f heim (mnctly ft nt nmq i.1111i 9re 

not deflected appreciably by the magnetic field) and of 125Cs 

and 127CS resonance buttons, of Fig. 2. 

Fig. 4. DeLay curves of 136Cs resonance, normalization, and 

chemistry buttons. 

136 Fig. S. Resonances of 	Cs. 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or 
Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any in formation, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or con tractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any in formation pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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