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The quadrupole interaction of the 8~ isomeric state (T';,,=536 ns) in ''’Sb has been
measured using the time differential perturbed angular distribution method. The linear
momentum transfer from the 'Rh('2C, 3#) reaction recoiled the isomeric nuclei into single
crystals of Sb and Sn and a polycrystalline In foil. From the quadrupole coupling constant
for the 8~ state of !'?Sb in Sb, the quadrupole moment was obtained relative to the moment
of the stable ground state of >!Sb: ;Q(“ZSb,S‘)/Q(me,—Z-+) | =1.958(10). The value is
in accordance with the description of the isomer as an odd proton coupled to a neutron-
excited Sn core. In addition, the measured coupling constants in Sn and In allow the deter-
mination of the quadrupole moments of isomers in 12!22Sb and '!°Sb.

NUCLEAR REACTIONS !®Rh(**C,3n)''’Sb, E =50 MeV, pulsed
beam, recoil implantation into Sb single crystal, Sn single crystal, In;
measured I,(6,t) quadrupole modulation; deduced Q.

INTRODUCTION

Over the whole mass range of known Sb isotopes!
isomeric states are observed arising from the cou-
pling of the odd proton outside the Z =50 closed
shell to the neutron-excited cores of well-known iso-
mers in corresponding Sn isotopes. A series of
isomeric 8~ states with different lifetimes is ob-
served from !'2Sb to !28Sb and similar isomers have
been observed in the odd mass Sb isotopes. Below
the mass number 4 =121 the extra proton can be
described as a ds,, quasiparticle; for nuclei with
A > 121 the g;,, orbital is favored, as is indicated
by spin and magnetic moment measurements on the
respective odd mass ground states.> The corre-
sponding lower mass 8~ states can be described by
(wdsyvhy1 ) configurations, in agreement with the
magnetic moment measurements, while for 126, 128gy,
the magnetic moments indicate a predominant
(g7 ,,vh 11 ;) configuration.?

While the magnetic moments of the Sb isomers
are quite well explained within the simple single
particle configurations, they are rather insensitive to
collective features which have been observed in
these nuclei, such as A7 =1 bands built on the %Jr
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states.> Therefore the determination of quadrupole
moments of these states is rather interesting, espe-
cially since the quadrupole moments of many of the
respective Sn states were determined in recent
years.*>

Unlike the magnetic moments, the determination
of quadrupole moments is hampered by the fact
that there are no large electric field gradients (EFG)
available externally; instead one has to make use of
either atomic or solid state properties. Therefore
only ratios of quadrupole moments of different nu-
clear states belonging to the same element can be
determined with high accuracy and the absolute
value crucially depends on the calibration of the
EFG.

The EFG at Sb nuclei in Sb metal, which has a
rhombohedral lattice structure, is known from nu-
clear quadrupole resonance (NQR) measurements
on both stable isotopes '2"!23Sb (Ref. 6) whose
quadrupole moments have been determined by
atomic beam and optical spectroscopy experiments.
Thus the measurement of the quadrupole interac-
tion of an isomeric Sb state in Sb metal directly
yields the quadrupole moment relative to the
ground state of '2!Sb.
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The calibration procedure outlined above is rath-
er simplified by the use of heavy ion nuclear reac-
tions: The linear momentum transferred in such re-
actions allows implantation into the material of
known EFG in a rather straightforward way.

In the following we report on experiments to
determine the quadrupole moment of the 8 state
in '?Sb. We then use the isomer to measure the
EFG at Sb atoms in Sn and In metal to serve as
calibration for other isomers for which the quadru-
pole interaction had been measured previously but
whose moments could not yet be derived.

EXPERIMENTAL METHOD

The half-life of about 500 ns of the 8~ isomer in
1129b is rather convenient for a time differential
perturbed angular distribution (PAD) experiment.
A pulsed 50 MeV '?C beam from the FN tandem at
Stony Brook was used to populate the 8~ state in
128b with the reaction '“*Rh(!2C,3n). The repeti-
tion time of the pulsed beam was 2 us with a pulse
width of typically 5 ns FWHM. The aligned and
excited ''’Sb nuclei were implanted out of the 0.8
mg/ cm? Rh foil into In, Sn, and Sb hosts.

The ¥ rays deexciting the isomer in ''?Sb were
detected by two 5.1 cm X 5.1 cm Nal(T1) detectors
placed at 0° and 90° with respect to the beam direc-
tion. Time spectra were obtained using the conven-
tional fast-slow coincidence method.

To reduce possible radiation damage effects, the
Sb crystal was heated to about 473 K. The mobility
of defects at room temperature should be much
higher for the lower melting point metals, In and
Sn. Therefore only little influence of damage was
expected for these host materials at room tempera-
ture.

In a PAD experiment the interaction of the nu-
clear quadrupole moment Q with the electric field
gradient (EFG) is observed as a modulation of the
time spectra of the isomeric decay radiation. These
modulation spectra can have quite complicated
structure depending on the nuclear spin I of the iso-
mer, the symmetry of the interaction, and the spa-
tial orientation, i.e., the geometrical arrangement of
the detectors. In the case of an axially symmetric
EFG with the z component V,, =eq, the modulation
spectra are periodic with the basic repetition period
T, given by

3¢20q /h 1 for I integer

41 (21 —1) X 12 for I half-integer (1)

1
Ty

corresponding to the smallest spacing of the sublev-
el splitting

_ 3m2—I(I +1)
m 41 (21 —1)

Because of the nonequidistant splitting, larger spins
have more frequency components, all harmonics of
wo=2m/Ty; which of these harmonics contribute is
determined by the highest rank k of the spherical
harmonics in the angular distribution function and
by the geometrical arrangement, with only frequen-
cies corresponding to | Am | <k possible.

The general expression for the angular distribu-
tion”® can be rewritten in the following form

eQq . )

WO6,0=1+ 3 air,(@B,0) Ay i, Gix, ()
kik,

N 3)

for an oriented EFG, as is realized in single crys-
tals. Here the a,?: k, are given by associated Legen-

dre polynomials describing the geometrical arrange-
ment, with a being the angle between the ¢ axis and
the beam-y-ray plane, B the angle between the pro-
jection of the ¢ axis onto the beam-y-ray plane and
the beam direction, and 6 the angle between the
beam and the y ray. The coefficients Ak, =By Ak,

are determined by the alignment parameter B , and
the angular distribution parameter Ak, of the emit-
ted radiation. The perturbation functions G;z k, (2)

kk
Gl?:kz(t)= > sun cos(nwgt) 4)
n

contain the information on the quadrupole interac-
tion; only those frequencies contribute which con-
nect sublevels with |Am | =N. The coefficients

k.k
snv _ are tabulated for nuclear spins I <20 and k,
k,=2, 4 in Ref. 9 in which values for the coeffi-
cients a,?: k, are also given for some geometries.

Typically, only terms with k; =k, =2 and the cross
terms k; =2, k, =4 have to be taken into account.
Rather distinct modulation patterns can thus be ob-
tained by proper choice of the geometrical arrange-
ment: (a) the symmetry axis of the EFG (i.e., the ¢
axis of the crystal) is perpendicular to the detector
plane (@=90°). Then only even values of n (i.e.,
N =2) contribute. In a detector placed at O=m
(upper sign) and 7 /2 (lower sign) with respect to the
aligning beam, the following expression

W(0=T5)= 14342+ 342GpX1)

1

T Ay +A41)GogX1) . (5)
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Quadrupole perturbation poﬁerns for spin 1=8
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FIG. 1. Quadrupole modulation patterns for a spin 7 =8 and an axially symmetric electric field gradient with fixed
orientation (top and center panel) or randomly oriented (bottom panel).

containing only odd harmonics (for half-integer
spin I) or fourth harmonics (for integer spin I) is
obtained. (b) The symmetry axis of the EFG lies in
the detector plane (¢=0°) and makes an angle
B=45" with respect to the beam direction.! For
this case the odd terms are enhanced, and a form of
the correlation,

W(9=:r,/2)= 14 ‘%Azzi%AnGzzl(t)
+ %Azszzz(t)
i%(%)l/z(A24 +A44,)Ga (1)

e
+ 56_415‘(-424 +A44)GX 1),  (6)

which contains only odd harmonics for integer spin
I in the difference W(0=u)—W (0=m/2), is ob-
tained.

The different patterns that correspond to Egs. (5)
and (6) with a fraction of 10% for the G2, terms are
illustrated in Fig. 1 for a nuclear spin I =8. They
are compared to the pattern one obtains for a ran-
domly oriented EFG as realized in polycrystalline
samples with

W(0,0)=1+ 3, Aux G ()P (cosb) (7)
k

and
Gu ()=, sgncosnagt .
n
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FIG. 2. Quadrupole modulation of the 8~ isomer of !'?8b in Sb at a temperature of T =504 K. The single crystal
was oriented with the ¢ axis in the beam-y-ray plane at 45° with respect to the beam direction.

The coefficients s, are also tabulated in Ref. 9.

time spectra of the two detectors at 0° and 90°,
From the illustration one realizes that the proper

modulation spectra are obtained by forming the ra-

choice of the geometry becomes quite important for tio

high spin states when the basic period T is larger

than the nuc]ear lifetime. R (t)=(I(0°)—1(90))/(I(O°)+I(90°)) (8)
In our experiments all three patterns have been . .

observed by using a single crystal of Sb with the ¢ a.fter proper background correction and normah‘za-

axis in the 45° geometry (b), a single crystal of Sn tion of fthe spectra. The quadrupole moc.lulat.l on

with the c-axis perpendicular to the detector plane ;pec;tra or 8b, Sn, and In hosts are shown in Figs.

(a), and a polycrystalline In foil. T

In the case of Sb an additional spectrum was tak-
en at a lower host temperature. The frequency

change we observed is in perfect agreement with the
In the decay of the 8~ isomer at least three y known temperature dependence of the EFG in Sb.

transitions are known with energies of 456, 237, and This finding we take as support of the assumption
103 keV.!! Owing to the absorption in the targets, that the excited '’Sb nuclei find a substitutional
typically only the 456-keV ¥ ray was used. For the lattice position in the Sb host at the end of the

EXPERIMENTAL RESULTS
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FIG. 3. Quadrupole modulation of the 8~ isomer of 0.5 1.0
128b in Sn at T'=303 K. The single crystal was orient- t(ps)

ed with the ¢ axis perpendicular to the beam-y-ray
plane.

5

FIG. 4. Quadrupole modulation of the 8~ isomer of
128p in polycrystalline In at T =298 K.



TABLE 1. Observed quadrupole coupling constants
e2Qq /h for the 8 state of ''’Sb.

Host T (K) e’Qq/h (MHz)

Sb 504 128.1(6)
311 139.1(195)

Sn 303 71.4(4)

In 298 40(1)

slowing-down process so that they experience the
EFG known from NQR on stable '?!Sb. Table I
summarizes the results for the quadrupole coupling
constants obtained from the least squares fit of Egs.
(4), (5), or (6) to the respective modulation patterns.
With the known coupling constant for '2!Sb in Sb at
the same temperature we directly obtain the quad-
rupole moment ratio of

IQ(“zsb,s_)/Q(lzlsb7—75,—+)| =1.958( 10) .

A more precise value of the lifetime of the isomer
could also be extracted from the time spectra, yield-
ing Ty, =536(22) ns. The modulation amplitudes
observed in these experiments (and also in magnetic
interaction studies) indicated effective anisotropies
of Ay =+40.14(1) compatible with a stretched
quadrupole transition for the 456-keV y ray and
A, =—0.10(1) for the 237-keV y ray, indicating a
dipole transition. These values imply that the decay
sequence 8~ —456 keV—61—237 keV—-41 103
keV—37* proposed by Ketel et al.!' must be re-
vised. The spin of the (4%) state should be in-
creased to 5% in order to be consistent with the ob-
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served dipole character of the 237 keV transition.

The observed quadrupole interactions in Sn and
In enables us to determine moment ratios of other
Sb isomers: (a) 3% isomer in '?°Sb and !2’Sb: The
quadrupole coupling constant and the temperature
dependence of the EFG were determined in Sn.'%!3
Combined with our results we get

|Q(IZO,IZZSb’3+)/Q(IZ‘Sb,%+) | =1.151(7) .

(b) 5 isomer in ''5Sb: The fact that we observe a
unique quadrupole interaction for SbIn implies that
a g-factor measurement by Faber et al.'* of !'*Sb in
solid In must be interpreted in terms of a combined
interaction, i.e., a magnetic dipole interaction in the
external magnetic field and an electric quadrupole
interaction in the EFG of tetragonal In. The damp-
ing of their magnetic spin rotation spectrum can,
therefore, be interpreted in terms of a static quadru-
pole interaction!® and gives a coupling constant of

e*Qq /h (115SbIn, T =300 K)=28(10) MHz .
The moment ratio is determined as

| Q(11358b, =) /Q(12'sb, 5 ) | =1.37(40) .

DISCUSSION

In addition to the quadrupole moment ratios
determined in this experiment, ratios of quadrupole
moments are known for 14Sb, 1185, 122G} (Ref. 16),
and 'VSb (Ref. 17) from nuclear quadrupole relaxa-
tion studies in liquid metals (In, Sn) and liquid met-
al alloys (In, Sb). All these values are summarized
in Table IIL.

TABLE II. Quadrupole moments of Sb isomers in comparison with '?!Sb.

Q| (fm?)
A I Configuration | Q(“Sb)/Q (1*!Sb) | exp® cal®
112 8~ md>vh 1.958(10)° 71(7) 82
114 8~ md>vh- 1.8730)¢ 66(11) 82
115 =7 md5[vhi-d3 ], _ 1.37(40)° 49(14) 70
117 z md3[vhi] 42 2,101 75(9) 88
118 3* md>vs 3 1.6(4)° 57(14) 36
120 3* md3vs+ 1.151(7)° 414) 36
121 2 wd> 1 36(4) 36
122 3+ md3vs s 1.151(7° 414) 36

*Quadrupole moment determined from the ratio (column 4) with Q('?!Sb)= —36 fm2
bCalculated values as Q (“Sb)=Q('*'Sb)+Q(#~'Sn).

“This work.
dReference 16.
“Reference 17.
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To derive absolute values for the quadrupole mo-
ments one must rely on the determination of the
moment of the '?!Sb ground state. The *!Sb mo-
ment is obtained from the optical hyperfine struc-
ture data by calculating the EFG of the electronic
configuration of the Sb atom. In the most recent
analysis by Buchholz et al!® a value of
Q(12ISb,%+)= —36(4) fm? is obtained. With this
result we obtain the absolute values given in column
5 of Table II

The magnetic moments of all the listed isomers
are well described by the odd proton in the ds,,
shell coupled to the respective excited Sn core, and
their dominant configurations are given in column
3. We will, therefore, use simple additivity in try-
ing to interpret the obtained quadrupole moments.

From atomic beam experiments the quadrupole

5+ :

moments of several 5 ground states of the light
odd-4 Sb nuclei are known relative to '?!Sb, and
they show little or no variation with 4.2 Therefore,
the 2!Sb moment can be taken to estimate the ds,
proton part of the moment. For the neutron part
we can take the quadrupole moments of the respec-
tive Sn cores which are known for the %_ isomer
in '38n, the 7~ state in ''*Sn, and the 107 state in
1165n 45 Here we take the average of the values
given in Refs. 4 and 5, which differ only slightly
due to different choices of the calibration. For
11gn  which is the core for !'2Sb, we use the mo-
ment of '138n, since the investigation of Dimmling
et al.* indicates very little variation of Q for the
light isotopes. Using the additivity relation

Q(“Sb,1)=Q (2'Sb,7ds ) +Q (A ~'Sn, T — )

we then obtain the moments as listed in column 6 of
Table II. All moments have been assumed negative
because of the particlelike character of the states.

The overall agreement with the experimental
values in column 5 shows the validity of the con-
cept. However, there seems to be a tendency for the
experimental values based on the '*!Sb moment to
be consistently lower for the high spin isomers,
especially for the most accurate cases of the 8 iso-
mer in '2Sb and the = isomer in '’Sb. Taking
additivity as strictly valid, a better agreement is ob-
tained when the proton part is increased by about
30% as compared to the value given by Buchholz
et al.'® for 1?!Sb. The data, however, are not con-
clusive enough at present to justify a readjustment
of the proton part.

The effective charges of the ds,, proton in '2!Sb
derived from the static quadrupole moments is
e.sr=2.5—3e, depending on the values taken for the
single particle moment. The enhanced charge im-
plies a polarization charge for the proton of about
1.5—2e which is close to the polarization charge
Dimmling et al.* derived for the h,;,, neutrons in
the Sn cores. According to Bohr and Mottelson!®
the polarization charge near Z =50 results from
particle-vibration coupling. Within this picture the
slight deviations from additivity observed in the
quadrupole moments in Table II could be ascribed
to small changes in the polarization charge for the
coupled systems.
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