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ABSTRACT

Using an atomic-beam magnetic resonance apparatus connected

on-line with the ISOLDE isotope separator, CERN, hyperfine

structure measurements have been performed in the 2S, alectronic

ground state of some cesium isotopes. An on-line oven system

which efficiently converts a mass separated ion-beam of alkali

isotopes to an atomic-beam is described in some detail.

Experimentally determined nuclear spins of i2»(i2i,i2ini,n»,

!22m,i23,j2.,,i26,i29,i30ia,i35mCs a n d magnetic moments of

i22,i23,i2i»,i26,i2s,Mo C g a r e r ep Orted and discussed in terms

of different nuclear models. The experimental data indicate

deformed nuclear shapes of the lightest cesium isotopes.
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1. INTRODUCTION

The importance of systematic investigations of nuclear spins

and moments as a test of different models for nuclear structure

is well recognized. The experimental situation, however, becomes

increasingly complicated as one moves away from the line of beta-

stability, because of shorter half-lives, lower production

yields and of the large number of reaction products. These

complications are to a large extent overcome in on-line

experiments using an intermediate isotope separation step. The

atomic-beam magnetic resonance (ABMR) apparatus connected on-

line with the ISOLDE isotope separator at CERN has proven to be

a useful tool in hyperfine structure investigations of short-

lived nuclides far from beta-stability. We here report briefly

on the on-line operation of the system, and on the measurements

of nuclear spins and magnetic moments of some cesium isotopes.

In an earlier paper [l] we described the atomic-beam experiments

at ISOLDE on some moderately short-lived gold isotopes using

off-line techniques.

2 . EXPERIMENT

2.1 General procedure

A simplified drawing of the atomic-beam apparatus is shown in

fig. 1. In the on-line experiments, the ion-beam from the

isotope separator (1) is deflected 90° by the electrostatic

deflector plates (3) and focused by the electrostatic quadrupole

doublet (7) to a small spot at the oven position of the atomic-

beam apparatus, from where it is continuously evaporated in the

form of free atoms. The sixpole magnet (9) acts as a state

selector on the atomic-beam; atoms with positive m -values are

focused into the central region (10), while atoms with negative

m -values are defocused (cf. the lower part of fig. 1 showing

the narrow beam space with a heavily enlarged radial scale). By

inducing transitions from a state with positive m -value to one
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with negative ntj-value with the external r.f.-field, the atoms

are defocused by the fourpole analysing magnet (11) and reach

the collector (12). Otherwise, the atoms are focused and hit

the cooled central obstable in the analysing magnet, where they

are adsorbed. The activity passing through the apparatus is

collected on discs fed from a supply (13) and counted in an on-

line detector system (14) . A mini-computer handles the data

acquisition and controls most of the experimental routines, such

as changing the r.f. frequencies and transporting the collector

discs within the collector-detector system. A technical description

of the atomic-beam apparatus will be published in a forthcoming

paper [2]. We therefore restrict ourselves to details pertinent

to the experiments on the cesium isotopes.

2.2 Beam production

The isotopes studied in this work were produced by spallation

reactions in a liquid lanthanum target bombarded with 600 MeV

protons from the CERN synchro-cyclotron. Among the volatile

reaction products, cesium is selectively ionized by surface

ionization and subsequently mass separated in the ISOLDE on-

line isotope separator [3,4]. The experimental yields of cesium

isotopes from a molten lanthanum target as measured at the

collector side of the separator are given in fig. 2. The peak

yield of 7 nA represents an improvement of a factor 500 as

cnapared tc the data before the reconstruction of the synchro-

cyclotron and the ISOLDE facility. This improvement La of course

of vital importance for the atomic-beam experiments, requiring

typically 1O6-1O7 atoms/sec.

The atomic-beam oven is in the case of on-line operation simply

a metal foil heated by resistance heating. It is mounted at a

45° angle to the incoming ion-beam as well as to the optical

axis of the atomic-beam apparatus. This arrangement is
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described in ref.[2] . The experiments on the alkali elements,

however, require particular attention as to the choice of

oven-foil material. The following conditions should be fulfilled :

i) low work, function,

ii) thermochemically stable at temperatures above 1000° C,

iii) low sensitivity to induced heterogenity,

iv) easy to manufacture.

The first requirement appears because of the necessity to convert

the incoming ion-beam to an atomic-beam at the foil. According

to the Saha-Langmuir formula, the ionization efficiency of a

surface is given by :

f + _i

n = Y~ = {1 + C exp(W - <j))/kT} \ (1)
P

where f = flux of ions leaving the surface, f = flux of
P

incoming ions, C = statistical constant, W = first ionization

potential of the atom, <p = electron work function of the surface,

k = Boltzmanns constant and T = the absolute temperature. For

the alkali elements, the constant C takes the value 2. The

neutralization efficiency is then :

2)

The neutralization efficiencies as functions of the work function

are shown in fig. 3 for the alkali elements potassium, rubidium

and cesium having ionization potential W = 4.34, 4.18 and

3.89 eV [5], respectively. An oven foil temperature of 1000° C

is assumed. Foils of different refractory metals such as Nb, Mo,

Ta, W, Re and Pt, having work functions <f> > 4 eV, have been

tested and found to give a low atom to ion ratio of cesium in

accordance with the expectations. We have found that an oven

foil of tantalum covered by a thin layer of yttrium satisfactorily

meets the requirements above :
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i) Polycrystalline yttrium metal has a work function

<J> % 3.2 eV [6]. This value, however, has been measured

under pure conditions (clean surface, high vacuum). In our

oven section, where the pressure is in the range 10"s

- I0~5torr, this condition is probably not fulfilled.

Heterogenity induced by 0. or N_ is likely to exist, but

it is difficult to predict to which extent it will influence

the work function of the surface [7]. In any case, it is

promising to note that also the oxide of yttrium has a low

work function, <$> » 3.1 eV [6].

ii) The melting point of yttrium is 1509° C [5]. From vapour

pressure data [8] it can be calculated that the evaporation

loss of yttrium corresponds to i 1 mg/cm2 • hour at 1200° C

increasing to « 25 mg/cm2 • hour at 1400° C. This means that

the Y/Ta foil can be operated at temperatures up to 1400° C.

iii) Yttrium is a stable metal which can be stored at room

temperature in air. The corrosion rate is about 1 mg/cm2 *

day only [9].

iv) The foil is easily prepared by melting some 20 mg yttrium

on a 50 ym Ta-backing in vacuum.This amount corresponds to

about 100 mg/cm2. The Ta-backing, which does not alloy with

yttrium, gives the foil the necessary mechanical stability

at high temperatures.

in order to understand the release mechanism of alkali atoms

from an Y-Ta foiL, and to determine the evaporation temperatures

needed, a separate study was made on implanted isotopes of

"*Rb (T, * 3i d) . The amount of ei|Rb was measured before the

experiment with a Nal-detector. The sample was then placed in

a high vacuum unit and heated to a certain temperature for a

certain period of time. After the heating period, the sample

activity was measured again. This cycle was repeated 3 times at

3 different temperatures. The results, given in fig. 4, will

be discussed below.
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The incoming 60 keV alkali ions penetrate the surface at a maximum

range of typically some 0.05 ym [10]. The initial ion trapping

is followed by release processes which are thermally activated.

Two separate processes are of importance, i.e. bulk diffusion

of the product to the surface and evaporation of the product from

the surface. The relative importance of the processes depends on

the activation energies in the two cases. The surface desorption

step is commonly described by the equation :

x = x° e Q / R T (3)

where T is the time of oscillation of the absorbed atom perpendi-

cular to the surface, Q is the desorption energy, R the gas constant

and T the absolute temperature. For the alkali elements x and Q

have been measured to be =10~13s and »54 kcal/mol, respectively [ll].

This means that for rubidium, the lingering time T at 800° C

takes the value * 8 • lO"3s and at 1200°C ~ 8 • 10~6s. These

values are far below the time constants found in fig. 4, indicating

that the bulk diffusion step is the time consuming release mechanism.

Also, the non-exponential form of the release curves support this

explanation (ref. [3] p. 123).

The half-lives of alkali nuclides available for atomic-beam

measurements are generally above 20 s. The nuclides with shorter

half-lives found on the extreme wings of the yield curves are

generally produced in too low yield to allow atomic-beam experi-

ments. This means that a foil temperature of about 1000° C should

be sufficient to ensure no significant decay loss on the foil.

However, in a few cases extremely short-lived nuclides may be

produced in high yield, like 3.g. 2 * 9Fr (T, = 20 ms) from a high

temperature uranium carbide target. In order to judge the prospects

of such rare but interesting cases, we have made a rough extra-

polation of the delay (in terms of the time for 50% release) as

a function of temperature. It is seen in fig. 5 that half-lives
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below the 100 ms level can be handled by pushing the temperature

to the limit of 1400° C.

The on-line oven system described above has shown to be very

efficient when studying short-lived activities. It has been

used in this investigation of cesium isotopes, except in the

experiments on 13 5lBCs (53 min) where the conventional off-line

oven proved to be superior. In the latter experiments, the

sources were collected on aluminium foils in the off-line

collector position (2) in fig. 1.

2.3 Detection

The activity passing through the atomic-beam apparatus was

collected on aluminium foils and subsequently measured, thin

(1 mm) plastic scintillators, mounted on PM-tubes, were used

for the detection of the S -decaying isotopes, i.e. the main

part of the isotopes studied. The isomer l 3 5 mcs, decaying by

two y-transitions (841 and 786 keV) to the ground state, was

measured with Ge(Li) and Nal detectors.

The signal to background ratio obtained in the experiments using

the on-line oven system was of the order 20:1 in a typical spin

measurement. It reduced to about 5:1 in the high field measure-

mnrt.s where a smaller number of hyperfine states contributes to

2.4 Measurements and results

The experiments were performed in the 6s 2S, electronic ground

state of cesium having the splitting factor gj - 2.0025410(24)

[12] . The hyperfine levels of a J » \ atom are given in the

(F, m )- representation by the Breit-Rabi formula

«(F,V - - zfflfr - ,., P B % , ̂  A * £ *
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where x = (g' + gT)(y_B/h)(1/Av). The positive sign refers to
X J o

the hyperfine level F = I + *& and the negative sign to the

level F = I - *j. The hyperfine structure separation Av is related

to the dipole hyperfine constant a by :

Av = a(I + h) . (5)

The energy level diagram for an I = 1 atom is shown in fig. 6,

assuming a positive value of a.

In weak external magnetic fields B, the resonance frequency v

for allowed transitions between substates belonging to the same

hyperfine level is given by the expression :

V "

neglecting the small term in g '. In the case 1 = 1 , the single-

quantum transition (F = %/2,m = -*j) •*• (F - 3/2, m = -*/1) is

indicated in fig. 6 by an arrow. Normally this transition

requires moderate r.f. power to be saturated. By increasing the

r.f. power, the double-quantum (V21 V2) •* (V2» ~3/2) and

triple-quantum (%/z, 3 / 2) •* C/i, -V2) transitions may also be

induced. In the weak-field region, these multiple-quantum transi-

tions appear at the same frequency as that of the single-quantum

transition. It is thus of importance to apply sufficient r.f.

power in order to get strong resonance signals, particularly in

the case of high spin values where the hyperfine levels are split

into a large number of magnetic sub-states.

The spin measurements in cesium were made at 2 or 3 different

settings of the external magnetic field in the range 80 - 290 yT.

The results obtained are given in table 1. One may note the

previously unknown isomer in 121Cs, observed in the spin-

separated samples. The I = 3/2 and I = 9/2 states showed to
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have similar half-lives, T, * 2 min, and to be produced in

about equal amounts. It was, however, not possible to determine

whether the V 2 or 9/2 state corresponds to the ground state.

A careful search was made without success for the high spin

isomer in 12DCs reported by Genevey-Rivier et al [l3].

By increasing the external magnetic field and observing the

deviations from the linear zeeman-effeet, it is possible to

determine the hyperfine structure separation Av and the dipole

hyperfine constant a. These measurements were performed in the

doubly odd nuclides l22»»2%'»2S'12•»*3°Cs, all having a nuclear

ground state spin 1 = 1, and in the I = *j odd-A nucleus l23Cs.

The single- and double-quantum transitions were identified in an

external magnetic field of 2.25 mT and the single-quantum transi-

tions were subsequently followed up to 23.2ntT.The resonance curves

obtained for the isotopes 122Cs (21 sec) and 130Cs (30 min) at

15.0 mT are given in fig. 7a and 7b, respectively. The curves show

the same line shape as the potassium calibration line at this

field, a slight broadening towards lower frequencies, and line

widths FWHM of about 80 kHz.

In order to increase the accuracy of the hfs separation

in 122Cs, we decided to try a measurement

in weak external field of the AF = 1 transitions (J/2» -l/2) *-*

(»/a» V 2 ) , (V 2,
 l/2)+-+O/2, -7 2) and (

3/2, */2) +-+i
1 /2, V 2)l

the frequencies of the first two transitions being degenerate and

fifld independent to second order. This resonance line is thus

expected to be narrow, FWHM of the order 10 kHz, with the r.f.

geometry used. The r.f. generator to be used in such an experiment

therefore should have good resolution (5 kHz or better), as well

as good longtime stability and a useful output power level to

overcome inevitable matching losses. Preferably, it should also

be programmable in order to retain the automated measuring

facilities. A system operating In the region around 62O MHZ and

satisfying the requirements outlined above was constructed. The

solution, illustrated schematically in fig. 8, was shown to
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perform satisfactorily on all accounts. The results from the

frequency scan in a field of about 30 uT is shown in fig. 9.

In table 2 are collected the results from the hfs measurements

in the cesium isotopes. The uncertainty of the calibration and

resonance frequencies is taken to be a quarter of the line

widths. In case of field drifts during the experiment, the

error has been increased correspondingly. The residual ,x2 and

the hfs constants obtained in a least-squares fit of the experi-

mentally observed resonances to the Breit-Rabi formula, eq. 4,

assuming either a positive or a negative sign of the nuclear

g-factors, are also given in table 2.

Performing a confidence test of the sign assignments to the

g-factors, the assumption of a positive moment in the isotopes

I2s,i2i»,i26,i2e,i3ocs p r o v ea to be valid at a high level of

confidence. In 122Cs, however, the magnitude of the magnetic

moment showed to be too small to have a decisive influence

(a positive sign is slightly preferred) upon the godness of the

fit for either choice of sign. The resulting hfs separations and

dipole hyperfine constants are given in table 3. The errors quoted

are one standard deviation. The present data on the isotope 130Cs

represent an improvement of a factor 30 in accuracy compared to

the results obtained by Nierenberg et al. [14]. From their data,

the sign of the moment could not be determined.

The magnetic moments of the cesium isotopes are easily calculated

from the dipole constants by a direct comparison with the known

values in the stable isotope 133Cs.

ys v r H — (1 + A&133)
l33X133

where W I133 • 2.582065(9) n.m. (diam. corr.) [15] ,
= 2298.157943 MHz [16] ,
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A large uncertainty is, however, introduced by the unknown
A 133hyperfine anomaly A . We give in table 3 the magnetic moments

A 133

calculated under the assumption of A = ±1%. The hyperfine

anomaly may» however, in certain cases exceed this value» and in

the isotope J22Cs, having a very small magnetic moment, it

probably would be more appropriate to give an absolute error

(cf. section 3 in ref. [17]).

The variation of the magnetic moments of the isotopes 12°-»JOcs

with mass number is shown in fig. 9. Note the rapid increase in

magnitude for the doubly-odd isotopes with increasing mass

number, and the relatively constant values for the cdd-A isotopes.

3. DISCUSSION

3.1 General considerations

A general idea about the nuclear properties to be expected in

the region around the neutron-deficient cesium isotopes may

be obtained by inspecting the partial nuclear chart shown in

fig. 11. In the region enclosed by 50 = (N, Z) =82, the stable

and identified radioactive nuclides are found in the corner

Z > 50 and N < 82. close to these shell closures, the spherical

shell model [18] is expected to give a good description of the

nuclear propertie.. At the centre of the region enclosed by

SO - (N, Z) =82, strongly deformed nuclear shapes have been

buggested to appear [19,20]. The iso-deformation curves for

prolate shapes, as calculated by Arseniev [21] are incorporated

in fig. 11. Between these regions of extreme nuclear shapes, we

have a transition region. Here, we may expect a competition

between vibrational and rotational structures, and even within

the same nucleus one may observe states of both spherical and

deformed shapes, the latter often of triaxial character [22,23].

Two distinct types of band structure may be observed in a nucleus

with moderate deformation, if the Fermi surface is located close either
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to the lower or upper part of levels originating from a high-

spin shell model state [24]. In a prolate nucleus, decoupled

bands appear for particle states and rotational bands for hole

states. The levels originating from low-spin shell model states

are in the transition region often strongly mixed, making the

interpretations of nuclear spins, moments and level structure •

very complicated.

3.2 Discussion of nuclear spins and moments in the cesium region

The shell model states g7,t»
 d

5/ 2'
 h u / 2 '

 si/ 2
 a n d d

3/ 2
 a r e

available as odd-proton as well as odd-neutron states in the

region 50 * (N, Z) * 82. For obvious reasons, the main part of

odd-proton ground states are characterized either by g7/2 or

d5 . . Similarly, in odd-neutron nuclei we find, close to N = 82,

mainly s . or d . ground states. The low-lying level structure

of nuclei with N > 77 has been discussed previously in connection

with our spin-measurements in isotopes of the elements promethium-

gadolinium [25]. To this may be added the spin I = 19/2 of *
35mCs

which may be interpreted as a three-quasiparticle state, in which

the h 1 1 / 2 neutron state has to be involved.

A large part of the nuclei in the region 50 ^ (N, Z) < 82 which

are experimentally accessible may be regarded as transitional.

The first experimental results on band structure associated

with the rotation-aligned coupling scheme [24] were obtained in

this region in a number of lanthanum isotopes [26] . Since the

Fermi surface in lanthanum is located at the lower part of the

levels originating from the ht . shell model state, the observed

decoupled bands based on the 11/2" isomeric states clearly

indicate prolate-type deformation. Similar decoupled bands have

later been observed in isotopes of cesium, praseodymium and

promethium [27-30] . In odd-A isotopes of antimony and iodine,

rotational bands built on the 9/2
 + isomeric states have been

identified [31,32] . This fact again points at prolate-type
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shapes, since here the Fermi surface is situated above the

levels originating from the g9 . shell model state. The Fermi

surface in odd-neutron nuclei close to N = 82 is located at the

upper part of the levels from the h M ,2 shell. Rotational-like

bands have here been observed in a large number of nuclei

indicating prolate-type shapes [33-37]. The same conclusion may

be drawn from the decoupled bands identified in the light barium

isotopes with M - 65 and N - 67, occupying the low-spin levels

from the h n , shell [38].

Recent theoretical calculations incorporating asymmetric nuclear

shapes reproduce satisfactorily the band structures of high-spin

unique-parity states in the transition region [22,23]. These

results are consistent with those obtained from an investigation

[39] of level schemes and transition probabilities in doubly-

even nuclei, revealing spherical shapes near the shell closures

at Z = 50 and N = 82, asymmetric shapes (20° < y < 30°) and

moderate values of the deformation parameter B in a transition

region, and, further away from the shell closures, a transition

to more symmetric shapes and to stronger B-deformations.

The results above do not, however, necessarily apply to the low-

spin states in the transitional and deformed regions. Theoretical

potential energy surfaces generally show two minima close in

energy, one at prolate and the other at oblate deformation, the

barrier in the y-direction beiny very low.

Since it seems possible to get a consistent picture of the low-

spin states at the centre of the region 50 f (N, Z) < 82 by

assuming a prolate deformation, we will attempt an interpretation

of the light cesium isotopes in terms of the strong-coupling

model, keeping in mind that many of the properties are as well

reproduced by the intermediate coupling version of the unified

model [40,41].
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Single-particle energy levels as functions of the quadrupole

deformation e have been calculated within the Nilsson model,

employing several sets of shell parameters, e.g. the parameters

valid in the strongly deformed rare-earth region, the parameters

obtained by an extrapolation from the actinides and the rare-

earths to the centre of the region 50 «; (N, Z) $ 82, and the

"modified" parameters suggested by Ragnarsson and Nilsson [42].

The Nilsson diagrams obtained using the "extrapolated" shell

parameters K = 0.0662, M = 0.540 and K = 0.0637, v = 0.450
p p n n

are shown in fig. 12. In the "rare-earth" diagram for odd protons,

the energy difference between the levels g7 ,2 and d$ . is larger

and the orbitals [420 V2] and [422 V2] do not intersect for

e-values smaller than 0.3. For the odd neutrons, the h .

state is located between the states s J / 2 and d3/ . Using the

"modified" parameters, we find that the level order between the

proton levels g7/2 and d5 .% is reversed, and that the h . neutron

state is located above the Sj / 2 and d states. The "extrapolated"

diagrams shown in fig. 12 thus represent medium cases to the "rare-

earth" and "modified" diagrams.

The nuclear ground state spins of the odd-A cesium isotopes

123,125,127,129Cs n a v e been measured with the result I = V2 in

all cases. Positive parity is suggested by spectroscopic works.

These results are accounted for by the Nilsson orbital [420 l/2]

which, in the level diagram shown in fig. 12 is occupied by the

55th proton of cesium in a wide range of positive deformation

values. The experimental magnetic moments of these isotopes are

well reproduced by the theoretical moment of the level [420 1/2]/

assuming g_ = 0.6 g D
f r e e, g, = 1, g_ = 0.45 and the shell para-

meters from the rare-earth region. The moments obtained using the

extrapolated parameters are slightly too small, Ap * 0.2 n.m.,

while the "modified" values are considerably smällar,

Ay * 0.5 - 1.0 n.m.
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In a recent spectroscopic work on the decay of 127Ba, Beyer et

al [43] propose the strongly fed 3/2
 + excited state in 127Cs to

be a rotational member of the ground state band. Furthermore,

the low-lying states with I* = 5/2
+, V 2

+» 7/ 2
+ and ll/2~ are

shown to have the same sign of the deformation. These states may

consequently be given the assignments [413 5/2J , [411 V 2 ] or

[422 3 / 2 ] , [404 V2] and ll/2~[55O l/i], respectively. A similar

interpretation of the low-lying states in *3 7Pr has recently been

attempted by Klewe-Nebenius et al [29]. We may also mention our

earlier spin measurements in the odd-Z elements lanthanum and

praseodymium [44,45], The 3/2 ground states in 131La and l3sPr

may be assigned [411 */2] , and the V2 ground state in 133Pr

[413 5 / 2 ] .

In the isotope 121Cs we observe two isomers of similar half-lives

having the nuclear spins I = 3/2 and I =
 9/2. Assuming a nuclear

deformation c * 0.25, the spin values may be interpreted as

arising from the orbitals [422 3/2] and [404
 9/2], the latter one

originating from the g . shell and raising steeply with increasing

deformation. Further evidence for deformed nuclear shapes in the

light cesium isotopes is given by the nuclear ground state spin

of 119Cs, I * 9/2, measured by the optical pumping group at

ISOLDE [46].

The doubly-odd cesium isotopes in the mass range A = 122-130,

all have a nuclear ground state spin and parity I = 1 . The

magnetic moments, on the other hand, show a drastic variation in

magnitude (cf. fig. 10). The large difference between the magnetic

moments of 122Cs and 12ltCs may be explained by assuming the

proton orbitals [422 J/2] and [420 '/z]# respectively, coupled to

a [411 V 2 ] neutron. This interpretation is consistent with the

assumption that the neighbouring nuclei I21Cs and t23Cs are

characterized by [422 3/2] and [420
 J / 2 ] , respectively. The

further increase in magnitude for the heavier cesium isotopes
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isf however, not accounted for by the predictions of the Nilsson

model. It seems that these nuclei have to be treated as transi-

tional, with an increasing influence of the l+(p d . n d . )
5/2 3/2

shell model configuration, having a nuclear magnetic moment of

about 2 n.m.

The neutron orbital [514 */2] probably contributes to the nuclear

spin I = 5 of the isomeric state in 1 3 0Cs. He have earlier

measured [44,45] the nuclear spins in the N - 75 isotcnes 133Ce

and l35Nd with the result I = '/2, and proposed the assignment

[514 V 2 ] . The */j~ states in 131Ba, 133Ce and »3 sNd form the

band heads of the rotation levels discussed above.

Returning again to the light cesium isotopes, the high-spin

1 = 8 isomer in 122Cs may be explained by coupling the proton

orbital [404 V2]» appearing in 121Cs, with the neutron orbital

[523 7 / 2 ] . This configuration implies a negative parity of the

state.

The doubly-odd isotope *2 °Cs with a nuclear spin I « 2 may be

given the same nuclear configuration as 122Cs, namely p[422 3/2]

n[411 l/z], this time, however, coupled according to the rules

of Gallagher and Moszkowski [47].
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Table 1

Summary of results from the spin measurements

in the cesium isotopes

Mass number

A

120

121

121

122

122m

123

124

126

128

130m

135m

Half-life

*•/.

58 sec

2 min

2 min

21 sec

4.2 min

5.8 min

30.8 sec

1.6 min

3.8 min

3.7 min

53 min

Measured
nuclear spin

I

2

V,
Va
1

8

Vt
1

1

1

5

•v.



Table 2

Experimentally observed AF=1 transitions in weak fields and AF=O transitions
in strong external fields, together with results from the fitting procedure.

Iso-
tope

Frequency
of

calibration
transition

in
3»K (MHz) (MHz)

Observed
resonance
frequency

(MHz)

Residua]

(MHz)

•ifs constantResidua]

(MHz)

91 < O

(MHz)

Ifs constant

{MHz)

O
O
36
1O8
200

,225(12)
225(12)
,531(17)
,47O(3O)
,110(40)

1 2 "Cs

12t
Cs

12 »Cs

3 °Cs

386.890(50)

108.488(18)
200.301(25)

36.530(17)
108.495(19)
200.190(26)
386.927(30)

36.538 (7)
108.485(18)
200.313(30)
386.920(30)

36.540 (7)
108.479(18)
200.150(29)
386.960(40)

200.270(40)
386.975(40)

0.449(24)
0.449(24)
59.828(23)

137.966(27)
209.626(28)
326.432(29)

137.982(16)
209.760(17)

59.826(23)
137.988(17)
209.682(18)
326.453(17)

59.837(10)
137.979(16)
209.768(21)
326.449(17)

59.840(10)
137.974(16)
209.654(20)
326.472(23)

209.738(28)
326.481(23)

a)
619.861 (3),
62O.454(15P
45.378 (7)

122.482(15)
210.990(20)
384.810(45)

140.260(15)
214.970(25)

O.OOO
-0.006
-0.004
O.OO2
-0.003
-O.OO4 0.087

40,
97.

152.

945 (7)
622(13)
884(20)

249.900(25)

40.810 (7)
96.842(10)
151.125(20)
245.360(35)

40.
95.

148.
239.

624 (8)
840(15)
710(20)
567(23)

-O.
O.

-O.
O.

-0.
O.

-O.
O.

-O.
O.

-O.
-O.
-O.
O.

001
001

001
OO3
002
OOO

OO2
OO1 !
009
OO7

004
OO3
002
OO4

0.004

0.043

O.2O1

145.735(22)
232.057(21)

413.240(2)

O.OOO
-0.006
-0.009
-O.OO7
-0.013
-0.013

8655 (45)

0.221

O.OO3
-0.001 10.008

2O99.0 (16)

2427.2 (26)

3043.1 (35)

4567.3 (79)

-O.
0.

-0.
-o.
-o.
0.

-o.
-o.
-0.

o.
-o.
-o.
-0.

o.
-o.
0.

055
047

025
032
028
032

028
034
028
07 3

038
053
039
053

071
024

0.413

8.467

7.671

18.149

26.892

6.481

- 413.24(2)

-9313 (52)

-2109.5(16)

-2466.4(26)

-3078.3(36)

-4679.8(83)

I

N>

a) (Va.Va)
b) (Va. V a ) *
Tne remaining

(V,. - 2 « V,).
(Va. Va)

frequencies correspond to AF=O single-quantum transitions.
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Tablå 3

Hyper fine structure (hfs) data and magnetic moments

evaluated from the experimentally observed resonance frequencies

Mass
number

A

122

124

126

128

130

123

Nuclear
spin

I

1

1

1

1

1

Hfs
separation

Av HMs

±619.860(3)

3148.5 (24)

3640.S (39)

4564.7 (53)

6851 (12)

8655 (45)

Dipol*
constant

a MHz

±413.240(2)

2099.O (16)

2427.2 (26)

3043.1 (35)

4567.3 (79)

8655 (45)

F
Magnetic
moment

jij n.m.*)

±0.133 (2)

0.674 (7) j

0.779 (8)

0.977(10)

1.466(15)

1.389(16)

*) A hyperfine anomaly AA133 » ±1% is assumed.



- 23 -

FIGURE CAPTIONS

Fig. 1 : Schematic drawing of the ABMR apparatus connected on-

line with the ISOLDE isotope separator. (l)Beam line

from the isotope separator, (2) off-line collector

position, (3) vacuum chamber with electrostatic

deflector plates, (4) beam line continuing to the

optical pumping experiment, (5) beam scanner, (6) automatic

valve, (7) electrostatic quadrupole triplet, (8) oven

section of the ABMR apparatus, (9) sixpole focusing

magnet, (10) dipole magnet and r.f. loop, (11) fourpole

focusing magnet, (12) collector section, (13) collector

disc supply , (14) on-line detector system. The lower

part of the figure shows the beam space of the ABMR

apparatus with a heavily enlarged radial scale. The

beam bundle indicates atoms in resonance, i.e. those

having undergone a transition from a focusing to a

defocusing state. In off-resonance, the atoms hit the

central obstacle in the analysing magnet.

Fig. 2 : Experimental yields of cesium isotopes from a

140 g/cm2 lanthanum target irradiated by a 0.7 JJA proton

beam. Dots and squares indicate measurements using

Faraday cup and beta counting, respectively. Our spin

measurements are marked by crosses at the bottom of the

figure, and previously known spins are marked by circles.

Fig. 3 : Neutralization efficiencies of the alkali elements

potassium, rubidium and cesium as functions of surface

work function. The temperature is assumed to be 1000° C.

Fig. 4 : Release of rubidium from an Y/Ta foil. The curves show

the remaining activity in the foil relative to the

initial activity as a function of heating time.
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Fig. 5 : Delay time (in terms of the time for 50% release) as a

function of the inverse of the absolute temperature.

The corresponding temperatures in °C are indicated at

the top. Note that the activation energy for diffusion

of rubidium in yttrium is given by the slope of the

line. The value of approximately 50 kcal/mol is typical

for diffusion processes.

Pig. 6 : Energy level diagram of a spin 1 = 1 cesium isotope in

the 2Sj .2 electronic ground state as a function of

external magnetic field. A positive value of a is

assumed. The single-quantum transition followed in the

hyperfine structure measurements in '22'l2*»l26»J28»l3°Cs

is indicated by an arrow.

Fig. 7 a and b : Resonance curves of the single-quantum transi-

tion {3/2, -V 2)~(
3/ 2,-

3/ 2) in
 122Cs and 130Cs,

respectively, recorded in an external magnetic field

of 15.0 i&T.

Fig. 8 : Block diagram of the r.f.-system used in the search for

the AF • 1 transitions in 122Cs. A stable crystal-

oscillator derived signal at 14 5.000 MHz is mixed in a

doubly-balanced hot carrier diode ting mixer will: the

~ 10 MHz variable output from a programmable low-frequenuy

synthesizer. The upper sideband component --j\ \r>5 MHz is

filtered out by a 5-pole bandpass filter, amplified 40 fili

in a broadband amplifier and fed into a times-4 varactor

multiplier. This yields an output power of about 2 W

maximum into 50 fl, at an efficiency of 25%/ while

suppressing the driving frequency and its other harmonics

more than 26 dB referred to the output. The resolution of

the output frequency is equal to the. r&solution of the

low-frequency synthesizer times four, i.e. in this case
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4 kHz. The primary source of drift was the 145 MHz

source, which drifted about ± 2 ppm/h, but this

could easily be corrected for by monitoring the

145 MHz signal with a frequency counter.

Fig. 9 : Results from the frequency scan for the AF = 1 transi-

tions in the isotope I22Cs at an external field of

about 30 \iT. The FWHM of the "field independent"

resonance line to the left is about 12 kHz.

Fig. 10 : Experimentally determined nuclear ground state magnetic

moments of the cesium isotopes in the mass range 122-130.

The moments of the odd-A isotopes, showing a small

variation, are well accounted for by the predictions of

the orbital [420 x/z\• *n the doubly-odd isotopes, on

the other hand, a drastic variation is evident (a negative

value of the magnetic moment of 122Cs is not excluded).

The large difference between the moments of 122Cs and
12l*Cs may be explained by the configurations

l+{p[422 3/2] n[411 V 2 ] ) and l
+{p[42O V 2 ] n[411

 l/2]),
respectively. We note, however, that both configurations

violate the Gallagher- Moszkowski coupling rule of parallel

intrinsic spins [47]. The moments of the heavier doubly-

odd isotopes, being located in a transition region, are

difficult to interprete in terms of simple configuration

assignments. The shell-model configuration 1 (pd,, nd , ),
5/2 3/2

with a magnetic moment of about 2 n.m. probably has an

increasing influence as the shell closure at N = 82 is

approached.

Fig. 11 : Portion of the nuclear chart showing stable and identified

radioactive nuclides in the region 50 < (N,Z) < 82. The

cesium isotopes investigated in this work are indicated;

nuclear spin measurements by a ring and hyperfine
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structure by the symbol D . The isodeformation curves

for prolate deformations obtained in the Nilsson-model

calculations of Arseniev et al.[20] are also shown.

From these it is clear that the lightest cesium

isotopes extend into regions with expected strong

nuclear deformation. Ullrich and Otten [48] have made

a systematic survey of deformation parameters from

different experimental sources; isotope shifts, BE2-

values and quadrupole moments, of iodine, xenon, cesium

and barium isotopes in the corner Z } 50, N 4 82. The

theoretical deformation values shown in the figure are

in qualitative agreement with the experimental data.

Fig. 12 : Nilsson diagrams for odd-proton and odd-neutron levels,

calculated with the "extrapolated" shell parameters

K = 0.0662, y » 0.540 and tc = 0.0637, y • 0.450,
p p n n

and hexadecapole deformation parameter z. - 0. Full

lines represent levels with positive parity, dashed

lines negative parity. The odd-proton levels [420 x/t\,

[422 3/t] and [404 V 2 ] , relevant to the discussion of

the light cesium (Z = 55) isotopes, are drawn with heavy

lines. Similarly, the odd-neutron level [411 l/t],

occupied by the 67th neutron for strong nuclear defor-

mations, is emphasized.
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Fig. 6
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ADDENDUM

to

HYPERFINE STRUCTURE, NUCLEAR SPINS AND MAGNETIC MOMENTS

OF SOME CESIUM ISOTOPES

After the completion of the above paper we havs measured the

hyperfine structure in the isotopes l21Cs and 1JOmCs at three

external magnetic fields of strengths up to 5.5 mT. The reults

are summarized below:

Nuclide

121Cs

130mcs

I

%h

5

Hfs
separation
Av MHz

3220(18)

2151(14)

Dipole
constant
a MHz

1610(9)

391.1(26)

Magnetic
moment

]ij n.m. +)

0.775(9)

0.628(8)

+) A hyperfine anomaly AA « t 1 % is assumed.

The magnetic moment of l21Cs, MJ = 0.775(9), may be explained

within the Nilsson model by assuming a nuclear deformation

c - 0.25. At this deformation the odd proton would occupy the

orbital [422 3/i] , yielding p = 0.8 n.m. ( g = 0.6gfree ).
X S S

The spin I = 5 of the isomeric state of l30Cs has been inter-

preted as a [420 V2] proton orbital coupled to a [514 V2]

neutron orbital, the latter originating in the hi 1 , shell

model, state. This configuration gives contributions to the

magnetic moment of 1.5 n.m. and -0.7 n.m. for the odd proton

and odd neutron, respectively.


