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ABSTRACT

Nuclear aligmment of iodine in a single crystal of copper p-iodo-
benzenesulfonate at a temperature of about O.O3OK has been detected by
measurement of the anisotropic angular distribution of gamma radiation
from aligned 1131. No e&idence was found for a nuclear spin-lattice re-
laxation time longer than a few seconds, The spin of the 637-kev level

131

in Xe was established as 5/2, and the E2/M1 mixing ratio of the 36k-kev
transition was found to be d = - 6,7 = 0,5, The quadrupole coupling

constant eQq/h was found to be - 950 + 190 Mc.
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I. INTRODUCTION
The electric-field gradient q = (Bzv/azz)o at a nucleus arises from

electrons that have nonspherically symmetrical charge distributions, i.e.,
from those outside closed shells and subshells, It may sometimes be as
large as 1016 esu/cmz. If the nucleus has a spin ' I of 1 or more it Will
have an electric gquadrupole moment Q associated with its spheroidal shape.

The interaction between the nuclear quadrupole moment and the electric-field
| gradient gives rise to hyperfine structure where-the 2I + 1 nuclear magnetic

substates are split so that their energies are given by

E(M) = ﬁ% Me - %I(I+l)].

Pound has pointed out that this coupling could be used to produce nuclear
alignment provided a crystal could be found in which the axis of symmetry of
the crystalline field has the same direction for similar nuclei throughout

the crystal.l By cooling the crystal to low temperatures such that AE ~ kT,

*
This work was performed under the auspices of the United States Atomic

Enérgy Commission,

fPresent address: A.,E.R.E,, Harwell, England.
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the nuclei will become:aligned with reeﬁect:to a‘crystal.axis;' Quadrupole
coupling then offers a method for aligningﬂnueleivof diamagnetic atoms, where
magnetic hyperfine structure is het avaiiable -.Dabbs et al, haye employed
this method to align nuclel 1n uranyi salts about l X, 2 and the extension
to demagnetlzatlon temperatures seemed de51rable | | | o

In l95h Daniels attempted to allgn I 31 nucle1 by thls method, 3
Quadrupole~resonance measurements show that for: I 7 covalently bonded to
carbon atoms in benzene ﬁiﬂgﬁ? eQQ/h is.typically;of the order of - 2000 Mc.
The negative sign»indicates that the idweet state has M = £ I, corresponding
to alignment of the nuclear spin along the bond rather»than.in-the piane

perpendicular to it. For Il3l

, which has a smaller quadrupole momeut by a
factor of about two, the coupliné,sheuld be of the order of = 1000 Mc, .The
over-all splitting will be about_O;OZZOK and the nucledi must be cooled to
temperatures in.this region to obtain sufficient.alignmeut to produce alucs'
measurable Y-rax\anisotropy, The salt ueed‘Wasvzinckp—toluenesulfonate,
which has =a monoglinic structure witﬁ.ailethe;C—QHg.bbnds meking a small
angle (about,thdeg)_with the afaxiso‘rTo]reach.the required temperatures
this sglt was grown in a mixed crystal With[eobalt_ﬁ-toluenesulfonate from
a solution containing Il3l'in péiodobenzenesulfohate ious and cooled by
adlabatic demagnetization. The coBalt,ions were coolea to about,O.loK.- Yo
anisotropy of the gemma rays greater-thangl% Was observed,3 and tmis was
attributed to insufficieut coeling'of the crystal;» However the possibility

could not be definitely excluded that-the’iodine nuciei did not reach the

temperature of the cobalt ions owing to a long spin-lattice relaxation time.
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We have performed a similar experiment using'copper p-iodobenzene-
sulfonate as the magnetic coolant, Lower temperatures would be expectéd
after adiabatic demagnetization of this salt because the Cu++ ion has a
smaller magnetic hfs splitting than the Co++ ion, and hence can remove more
entropy from the iodine nuclear spins. Ideally, iodine (except for a trace
of radioactive 1131) should be excluded in order to attain still lower
temperatures, sinée there is a large contribution to the entropy from the
gquadrupole splitting at low temperatures, However, copper p-toluenesulfonate,

L

which seems an obvious choice, has a completely different crystal structure,

II. EXPERIMENTAL

A, Preparation of the Crystal

Copper p-icdobenzenesulfonate was prepared by addition of p-iodo=-
benzenesulfonic acid, made by the sulfonation of ilodobenzene, to an excess
of cupric carbonate, The mixture was stirred until it reached a pH of 7T
and then centrifuged. After several recrystallizations, a crystal of
dimensions of about 3 by 3 by 0.3 cm was grown from solution., It had a
crystal habit similar to that of the p-toluenesulfonates of several other
transition-series metals which crystallize in plates perpendicular to the
a axis, but with triclinic symmetry.5 It might be expected that the orienta-
tion of the carbon-iodine bond in this triclinic structure would be essentially
the same relative to the external morphology as in the monoclinic structure,

and this is indeed borne out both by the unit-cell dimensions and by the
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nuclear-élignment results, whiéh sét an upper limit of ~i5 deg in the angle
between this bpnd and the a axis, .This small uncertainty is,includgdvin.the
limits of error,

As a preliminary exberiment, the crystal was diounted in a .liquid
helium cfyoStat and'adiabatically demagnetiied from l;llOK and a field of
18 kgauss., The magnetic temperaturé is T* = A% , where .X is the magnetic
susceptibility. This temperature was measured bj reversing a current in the
primary of a mutual=inductance ecoil surxounding_the crystal and observing
the deflection of a ballistic galvanometer in the secondary ¢ircuit. The
éoil had been calibrated in thé.liquid-helium range, The_maénetic temperature
fell to O.O33OK immediately aftgr demagnetization, In later experiments the
susceptibility was measured With a 20 c/s mutual-inductance bridge, and .from
X* (the in-phase componenﬁ,of the susceptibility)QT* was ﬁéund'tovﬁe O;O3ZOK
under the same conditions; in ggod agreement with'the.dcaéeésﬁrement. Thé
out-of;phése éoﬁponent X" was sméiliand:a;mOSt-constant.' |

131

A few microcuries of I~ were bonded to the paré carbon atom of
benzenesulfonic acia.by,diaiotisation of sulfanilic acid followed by iodina~-
tion, Care was taken to exclude iddine_not in the requiréd chemical state

by oxidaﬁion with hydrogen peroxide, extraction with carbon tetrachloride,

énd boiling. It was found.hécessary to fepeat this process twice to eliminste
all the unwented activity. The entire ﬁuﬁification was monitored with stable
iodine, which served also as a_carrier. "The active'p—iodobenzenesulfonic acid
was. added to the saturated copper p—iodobenzenesulfonate solution céntaining
thé seed crystal. When the crystal was sufficiently radiocactive, it was

removed from the solution, rinséd thoroughly in an inactive soiution, cut to

a convenient shape, and mounted in the demagnetization cryostat.

+
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B. Measurement of the Y-ray Anisotropy

The crystal was cooled to temperatures between about O.O3OK and l,llOK
by adisbatic demagnetization from fields up to 18 kgauss. A pair of 3-ih°‘py
3-in. NaI(Tl) scintillation counters was placed near the cryostat to detect
radiation emitted along and perpendicular to the a axis. The counter outputs
were amplified, fed into 10O-channel pulse-height analyzers, and recorded
automatically. The magnetic temperature was observed simultaneously by using
the ac bridge. Counting was continued for 5 min after demagnetization, during
which time the magnetic temperature of the crystal changed by about 1%. The
crystal was then warmed to the temperature of the liquid-helium bath and a
5-min normalization count was taken, This procedure was adopted in order to
avold errors due to temperature inhomogeneities that develop as the time
after demagnetization increases.

The pulse-height spectrum showed good resolution in the 364~ and 637-
kev gamma-ray pesks, which were 12 and 9 times background, respectively. The
counts were integrated over each of the peéks, and low temperature values
were normalized to the "warm" counting rate in order to eliminate differences
in geometry between the two counters, Corrections were made for finite source
and counter size, background, scattering, block time and peak shift in the
analyzers, and the decay of the source, These correctlons were quite small,
amounting to not more than 10% of the observed anisotropy. The y-ray anisotropy
€, which was evaluated for each y-ray, is defined by |

c - I(xn/2) - I(e)
- I(n/2) ’

where I(6) is the normalized intensity of radiation emitted at an angle © with

the axis of alignment,
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III, RESULTS .

Figure 1 shows the anisotropy e for the 36lh-kev gamms ray as a function
‘ - * |
of time after demagnetization. Also shown is the variation of 1-T , the re-
ciprocal of the magnetic temperétufe,»withitimé;:

Figure 2 is a graph of ¢ for both gamma rays plotted against.l/T .

We shall assume that the‘differencé»betWeen the magnetic temperature T*
and the absolute temperature T is small dowﬁifo‘6_03OK, This may be justified
from the experimental observations that e vgriés4lineaily with,l/Tﬁ; andil/T*
decreases linearlvaith_time after demagnepizaxion, which would agree With v
what would be expecfed‘for T - T*. It Would.in-faét‘be expecﬁed that T should
be close to T for this crystal, sincevthe lowest temperéfures reached are
limitgd-by the hfs of the iodine and copper, Which,oﬁlyléffect the suscepti®:l
bility in the terms of‘l/TB:and higher powers of 1/T, aﬁd not by magneticﬂt
interactions between the coppef ions which conffibute a térm'inal/TZ,

The intensities Qsasuréd ét %) = O.d¢g andle = 90 deg can then be fit-

ted to expressions of the form

0.,0007 + 0,0001
T .

1(6) =1 + ( ) P, (cos @)

for the 36k-kev gamms, ray and fojfthe}'

1(e) = 1 - (0.0013Tiro,0003) p, (cos ©)

for the 637-kev gamma ray.



[y
. -

9 UCRL-9216

Or—T—T T T 1 |
}- % —0.040
30 ;.\.'%\,R |
- TTT———.—={0.030
S ?
2 20F
- —0.020 v
e |
': Tol = o Y-ray anisotropy —o.010
g « Magnetic temperature
| l I | |

0 O
0o I0 20 30 40 50 60

Time after demagnetization(min)

MU-20397

Fig. 1. Magnetic temperature and anisotropy of the 36L-kev gamma ray
of Xel3l vs time after demagnetization of copper p-iodobenzene-

sulfonate, The linear time dependence suggests that the cooling
process 1s stopped by removal of entropy from the iodine nuclear
spin system well above temperatures where the copper ions show
appreciable collective behavior, No relaxation effects are evident,
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Fig. 2. Anisotropies of the 364- and 637-kev gamma rays of Xe 31 vs
reciprocal magnetic temperature, For quadrupole saligmment the
anisotropy would be expected to have a (l/T) dependence on.

temperature for low degrees,of,alignment;
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Iv, DISCUSSION

The observation of the anisotropic angular distributions of the 1131

v rays shows that the relaxation time of the iodiné nuclei is short compared
with the time of the experiment. The magnitude of € as well as its essential
constancy during one hour after demagnetization and the linear decreases of
l/T* with time all indicate that nuclear alignment takes place immediately,
The effect of a relaxation time comparable witﬂ the time of the measureﬁenﬁ
would be that both € and l/T* would initislly increase with time and then
level off, as entropy was transferred from the iodine (nuclear) spins to the
copper (electronic) spins, Daniels has made a calculation for the relaxation
time for bromine nucleli in cobalt p-bromobenzenesulfonate, Within the approxi-
mations involved this should give an estimate for iodine in copper p-iodo-
benzenesulfonate, and indicates that at O.O3QK the relaxation time is less
than one second, It is interesting to note that the temperature reached by
Daniels (0.1°K) was only slightly too high to produce observable anisotropy
as the anisotropies fhere should have been about -1% and +2% for the 364~ and

637-kev gamma rays respectively,

A, Decay Scheme and Quadrupole Coupling of 1131

The features of the decay of 1131 that are relevant to the discussion
of this experiment are shbwn in Fig. 3,6 The spins of the ground state of

131
3 and Xel3l have been directly measured, Kurie plots of the B spectrum

I
show the B decay to the 364~ and 637-kev levels to be allowed, Internal-
conversion data suggest that the 637-kev ¥ ray is pure E2, while the 36h-kev

Y ray is mainly E2 with possibly a small admixture of Ml radiation., There is
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Fig. 3. Portion of the disintegration scheme of I 3
relevant to the present research,

which is
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also an E2 transition from the 364-kev level to an s state at 80 kev, Hence

1/2

the sﬁin of the 36L-kev level is 5/2 and that of the 637-kev level must be

either 5/2 or 7/2. These assignments are in good accord with the shell model,
The theoretically expected angular distribution of y-radiation for low

T

degrees of nuclear orientation may be written

I(e) =1+ BZUZFZPZ(cos ),

where B_ describes the degree of orientation and for quadrupole coupling takes

2
the form
1/2
B2 = % (I§§22§§:{§3) %
- V3 _€Qg

1+~C; kT
for 1131° Here U2 represents the effect of reorientation of the nucleus during
the unobserved transitioﬁs preceding the y transition and depends on the angular
momenta’ involved, while F, depends on the angular momenta involved in the vy
transition,

Considering the 637-kev y ray first, the decay can take place with the
spin sequences

8 E2

(a) T/2 _o,“1_> 7/2

> 3/2
or
() 7/2 ‘—‘§—> 5/2 E2 5 3/2.

Sequence (a) leads to a coupling constant eQg/h of about - 350 Mc, the exact

value depending on the relative fractions of Fermi and Gamow-Teller transitions
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in the B decay. If we assume the gamma ray to be pure quadrupéle, (b) gives
qu = ~ 950 £ 190 Mc, Sihce-EZ.transitions have a‘lifetime that is shqrt
compared with the time in which a nucleus can change i1ts orientétion, a re-
duction in anisotropy due to the interaction of the nucleus with time-
dependent atomic4fieldé need not bevconsidered; Hénce the'spin sequence (a)
can be ruled out as unlikely, since it leads to too small a coupling constant,
The spin of the 637=kev state.in'Xel3l isnthérefore 5/2, and the agreement of
the coupling constant for scheme (b) with the e#p?cted value for this type of
bond confirms that the v ray to the ground state is pure quadrupole radiation.
Now that the coupling (and,héhée B, as a function of temperature) is
known, the ratio 8(E2/M1) of the amplitude of quadrupole—toadipole.radiation '
in the 36L4-kev transition may be determined, The result depends only upon

/
e

the ratio of the observed anisotropies of the two v rays, since B2U2 is the

same for both at any temperature, and we have

d (E2/ML) = - 6.7 % 0.5,
1 ’

J
/ .

for the 36k-kev vy ray, i.e., the tramsition is 97.8 (% 0,3) % B2 admixture

with 2.2 (& 0,3) % M1,

CONCLUSTIONS
]

1. Electric hfs alignment was found to be a fea;ible_method.for
aligning nuclei of atoms without magnetic hfs at adiabatig demagnetization
temperatures. A lattice suitable for aligning halogen nuclei was found,

2. The spin of the 637=kev level‘in,Xelsl is 5/2+, and the mixing

ratio of the 364-kev transition is ®(E2/Ml) = - 6,7 % 0.5,
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3. The guadrupole coupling constant_of_ll3l in p-iodobenzenefulfonate
was found to be - 950 £ 190 Mc, in good agreement with dquadrupocle-resonance

results in similar molecules.
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