PHOTODISINTEGRATION OF THE DEUTERON

these observations is the direct interaction term, some-
times written in the form3:

do u2g? sin’l

—xl—

o 2k4(1—B cosh)®

In positive meson photoproduction from hydrogen,
this gives a forward maximum for the pions. If the
photodisintegration cross section may be viewed as
coming in part from the pickup of the forward pion by
the remaining neutron in the deuteron, then this term
in photoproduction would give a forward maximum to
the observed proton angular distribution. Conversely,
the same effect for negative pion production would
tend to give a backward maximum for the protons in
the photodisintegration process. The angular distribu-
tion in the forward direction, experimentally, is indeed
observed to remain relatively high—although no de-
tailed structure could be inferred from the existing
data. In the backwards direction, however, the effect
is significantly more pronounced, presumably because
the other contributing terms are relatively small.

The principal result of this experiment is then to
adduce additional evidence for the direct interaction

3 M. Moravcsik, Phys. Rev. 104, 1451 (1956). The notation
here is that of this reference.
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term in meson photoproduction as exhibited in the
photodisintegration process.
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Radioactive Sb22 donors in a doped silicon crystal have been oriented by saturation of forbidden tran-
sitions and by the Overhauser method. Double-resonance experiments in which an electron and a nuclear
transition were saturated simultaneously were used to determine the Sb'?2 hyperfine splitting. A short
discussion is given of how the nuclear relaxation mechanisms affect the double-resonance orientation
signals. The hyperfine splitting of Sb!22 has been found to be —132.59+0.10 Mc/sec and its spin 2. The

gyromagnetic ratio is —0.9524-0.010.

INTRODUCTION

HE technique of radio-frequency orientation’—®

has been used to align the 65-hour Sb'*? donors

in an antimony-doped silicon crystal. Experiments
similar® to those on As’® were performed in which the

T This research was supported in part by the Physics Depart-
ment, Harvard University, and a grant from the National Science
Foundation.

* A preliminary account of this work has been given [F. M.
Pipkin, Bull. Am. Phys. Soc. Ser. II, 3, 8 (1958)].
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resultant anisotropy of the gamma rays emitted by the
oriented nucleus was used to detect the nuclear reso-
nance and hence to measure the nuclear hyperfine
splitting of the radioactive isotope. The Sb*?? forms an
instructive contrast to As’ in that the relaxation time
for the nuclear orientation is much shorter for the
antimony donors than for the arsenic donors.” The fact
that part of this nuclear relaxation is due to processes
in which the nucleus and electron change their state
simultaneously is demonstrated by successful experi-
ments in which orientation was produced by the
Overhauser method.

The shorter nuclear relaxation time for the Sb'?2

7J. W. Culvahouse and F. M. Pipkin, Phys. Rev. 109, 319
(1958). .
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donors made it difficult to use an experiment in which
the orientation was first produced by the saturation of
a A(mr+mys)=0 forbidden transition and subsequently
destroyed by the application of another radio-frequency
field to measure the frequency of the direct nuclear
transitions. Instead a double-resonance experiment was
performed ; one of the electron transitions was saturated
while the low-frequency oscillator was swept over the
region of the nuclear transitions. When certain of the
nuclear transitions were saturated, there was a modu-
lation of the Overhauser orientation.

In order to understand the structure of the orienta-
tion signals it seems necessary to invoke other relaxation
processes than the direct electron relaxation and the
cross relaxation in which the electron and the nucleus
change their state simultaneously so that the component
of the total angular momentum along the axis of
quantization remains constant. The signals can be
understood qualitatively through the introduction of
the quadrupole relaxation or of a general tensor inter-
action between the electron spin and the nuclear spin
such as would be produced by a time-dependent aniso-
tropic hyperfine interaction.® No detailed calculations
of the effect of these additional relaxation mechanisms
upon the dynamics of the orientation have been made;
instead attention has been focused upon how they
influence the equilibrium populations. Only enough of
the theory is included in this paper to permit an
understanding of the measurement of the nuclear
magnetic moment of Sb*?2. For additional information
on the method of dynamic nuclear orientation other
sources should be consulted.®*

APPARATUS

Most of the apparatus used in this experiment has
been described in the paper® on As’. The only major
8 M. J. Steinland and H. A. Tolhoek, in Progress in Low-

Temperature Physics, edited by C. J. Gorter (North-Holland
Publishing Company, Amsterdam, 1957), Chap. 10, p. 292.
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modification was an enlargement of the magnet gap
from 3 in. to 3.5 in. so that the number of gamma rays
emitted in the direction of (= position) and perpen-
dicular to (o position) the magnetic field could be
observed simultaneously. The physical arrangement of
the counters is shown in Fig. 1. The 7 counter consists
of a 1-in. by 1-in. NaI(Tl) crystal which is coupled by
a 13-in. long, 1-in. o.d. Lucite light pipe to an RCA-6199
photomultiplier. No stabilization is provided for the =
counter; it is considerably more unstable than the o
counter.

The antimony-doped silicon samples used in this
experiment were obtained from the Bell Telephone
Laboratories. They were cut into rectangular pieces
0.170-in. by 0.420 in. by 0.485 in. and etched with CP-4
until they fitted inside the rectangular waveguide
cavities. The nominal doping was 4X10'® donors per
cm®. The crystals were irradiated in the Materials
Testing Reactor at Arco, Idaho, for 24 hours in a flux
of 10* thermal neutrons/cm? sec. The samples were
subsequently annealed in vacuum for 4 to 6 hours at a
temperature of 1100°C.

REVIEW OF THE THEORY
A. Description of Nuclear Orientation

The decay scheme of 65-hour Sb'?? has been exten-
sively investigated by many workers, among whom the
principal ones are Glaubman? and Farrelly et al.® The
results of these studies are summarized in Fig. 2. The
unique first-forbidden shape of the 1.987-Mev beta ray
leads to the assignment of spin 2 and negative parity
to the ground state of Sb'?2. This is also confirmed by
the comparison of the experimental and theoretical K
capture-positron ratios for the Sb**—Sn'*? ground-state
transition. The 1.423-Mev beta ray is a first-forbidden
transition with an allowed shape which displays beta-
gamma angular correlation.’? The existence of the
angular correlation is attributed to an interference
between the components of the decay which carry off
angular momenta 0, 1, and 2. The spin and parity
assignments for the excited states of Te!?? have been
made from a study of the beta-gamma and gamma-
gamma angular correlations.’® The radiations v; and +3
are pure electric quadrupole; the radiation vy, is a
mixture of (924-4)9, electric quadrupole and (8-£4)9,
magnetic dipole. The mean life of the 563-kev state of
Te'?2 has been found to be 1.5X 107 sec by coincidence
techniques and 1.4X107! sec by a study of the
Coulomb excitation'® of the 563-kev level.

9 M. J. Glaubman, Phys. Rev. 98, 645 (1955).
10 Farrelly, Koerts, Benczer, Van Lieshout, and Wu, Phys. Rev.
99, 1440 (1955).
11 Perlman, Welker, and Wolfsberg, Phys. Rev. 110, 381 (1958).
12T, Shaknov, Phys. Rev. 82, 333(A) (1951).
BF, Lindgvist and I. Marklund, Nuclear Phys. 4, 189 (1957).
14 C. F. Coleman, Phil. Mag. 46, 1135 (1955).
( 15 G, M. Temmer and N. P. Heydenburg, Phys. Rev. 104, 967
1956).
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In this orientation experiment the gamma rays are
observed. An examination of the relative intensities of
the gamma rays shown in Fig. 2 shows that 939 of
them are due to ;. For the interpretation of the
experiments in this paper it will be assumed that the
other gamma rays can be ignored. If j, denotes the
spin of the ground state of Sb'? and the amo are the
populations of its nuclear substates normalized so that
their sum is one, then the excess of the number of the
quadrupole gamma rays, vi, emitted at an angle 8 with
respect to the magnetic field, over the number emitted
with random nuclear orientation, expressed as a fraction
of the number emitted with random nuclear orientation,
is given by'¢

S(G) = (10/7)f232P2 (COSH) - (40/3)f4B4P4 (COS&), (1)
where
1
f2=}—2[2 mo*amo—§7o(Jo+1) J, (2)
1
Ja= F[Z mo*amo— (1/7)(670*+6jo— 5) 2 amom*
+3/35)jo(Go— D) (Gt D (Go+2)], ()
and the spherical harmonics are given by
Ps(cosh) =32 (cosH—1), 4)
Py(cosh) = (35/8)[cos’— (6/7) cos®0+(3/35)]. (5)

3b|22

sn'22 Te'22

2+
5|
2+
%
— 0+
RADIATION ENERGY INTENSITY LoG ft
B 1.987 26.5 % 8.6
B, 1.423 69.0 % 7.6
B, 0.730 4.4 % .7
g ~0.44 0.005 % —
(EC), 0.3 0.8 % —
(EC), 1.45 2.2 % —
% 0.563 73.0 % EQ
A 0.693 3.6 % EQ+MD
A 1.256 0.8% EQ
7, 1152 0.8 % -

F16. 2. Nuclear energy level diagram for Sh12.

16 S. R. DeGroot and H. A. Tolhoek, in Beta- and Gamma-Ray
Spectroscopy, edited by K. Siegbahn (North-Holland Publishing
Company, Amsterdam, 1955), Chap. 19, Part III, p. 613.
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The parameters B, and B, are attenuation factors
which depend upon the character of the first forbidden
transition Bs. If @o, @1, and as represent the relative
probabilities that the beta ray'? carries off angular
momenta, 0, 1, and 2, respectively, normalized so that
their sum is unity, then

Bo=1—a1/2—17ay/14, (6)

Q)

The signals S(¢) and S(w) which are defined as the
fractional changes in counting rate for observation
perpendicular to and along the direction of the mag-
netic field, respectively, are given by

B4: 1""50[1/3—50[2/7.

S(0)=5Bsfs/T—5Bufs, (8)

©

In this experiment no attempt has been made to
determine o, a;, and «2; for sample calculations to
illustrate the effect of the relaxation mechanisms upon
the signals it will be assumed that 8, carries away no
angular momentum.

S(TI') = 1OBzf2/7—4OB4f4/3

B. Description of the Donor Atom

The Hamiltonian for an antimony donor atom in its
253 electronic ground state in an external magnetic
field H is

3e=—gmuo(J-H)—gru.(I- H)+4(1-J),  (10)
where g is gyromagnetic ratio of the electron, g7 is
the gyromagnetic ratio of the antimony nucleus, 4 the
hyperfine interaction constant, uo the Bohr magneton,
and u, the nuclear magneton. A convention has been
adopted in which the electron gyromagnetic ratio is
negative and A4 is positive for a positive nuclear
moment. If the magnetic sublevels of the donor atom
are designated by the number pairs (ms,mr), then to
second order in the hyperfine interaction their energies
are

Enymr= —guoHmy— grunHmr+ Amrmy

+ (A% AuoH)m s (I—2mmr) T4+ 2mymr+1). (11)
Figure 3 shows the energy levels for nuclear spin 2 and
a negative nuclear magnetic moment.

If P(msmr) are the occupation probabilities of the
various substates of the donor atom normalized so that
their sum is one and the W (ms,mr|m; ,ms’) are the
factors common to the (%,mr)—(—1%,m;") and the
(—3%, mr)—(3,mr) transition probabilities, then the
change in time of the level populations can be described

17 K, Konopinski, in Beta- and Gamma-Ray Spectroscopy, edited
by K. Siegbahn (North-Holland Publishing Company, Amster-
dam, 1955), Chap. 10, p. 292.
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F16. 3. Energy levels for donor atom with nuclear spin 2 and
a negative nuclear magnetic moment in a large magnetic field.
The arrow with the H indicates the order in which the lines are
displayed as a function of magnetic field with a fixed oscillator
frequency. The primes in the figure denote absolute values.

by the set of equations

P(m-f7m1)= Z W(mJ’mIImJI’mI’)

mp’,mJj’
X [6—(uoH/kT)(mJ~mJ')P(mJ/’mI')

— e WHED ns'=mD P (my mp) ], (12)
For the calculation of the Boltzmann factors, the
hyperfine contribution to the energy has been neglected.
For this experiment, interest is centered on the equi-
librium configuration of the level populations when one
of the electron transitions is being saturated. In this
case in addition to the relaxation processes there is a
saturating radio-frequency field; it essentially cancels
the effect of the Boltzmann factor for one of the
electron transitions.

For the antimony donors the following three mecha-
nisms would be expected to furnish the principal means
of nuclear relaxation. For an atomic spin of % they can
be conveniently expressed in terms of the Clebsch-
Gordan coefficients.

(1) The cross relaxation produced by modulation of
the isotropic hyperfine interaction,

W (mymr|my mr’) = wi1(Ilmg'u| I1Imr)?

X (1=dmy, mi)omr+my, mi'+ms; (13)
(2) nuclear quadrupole relaxation,

W (mz, mr|my', mr') =ws(I2ms'u|I12Imr)2m;’, my; (14)

FRANCIS M. PIPKIN

(3) nuclear relaxation produced by the modulation of
an anisotropic hyperfine interaction of the form

3
> AaploJs.

a,f=1

(15)

Here A,z is a symmetric tensor and I, and Jg are
components of the angular momentum operators for
the nucleus and the electron, respectively. If Eq. (15)
is decomposed in terms of Clebsch-Gordan coefficients
into process yielding nuclear relaxation, it becomes

(Ilmz’u I IlImI)z{ (1—51%,], MJ,)
[wsbm —my', mp—mi’+wdm+mr, my'+mr'"]

+wsdm g, my' (1 —0mr, mi')}.  (16)

The w4 contribution of the anisotropic hyperfine inter-
action can be regarded as an addition to the relaxation
from the isotropic hyperfine interaction. Relaxation
mechanisms with a factor (1—0mys, m;") can produce
orientation when one of the electron transitions is
saturated ; those with dmes, m;" cannot.

For the Sb**? donors the nuclear relaxation time is
much longer than the direct electron relaxation time;
consequently, it is advantageous to introduce the new
variables

Pt(m)=P(—3, mp)+P(3,m1), 17)
P~(m)=aP(—3, mr)— P(3,mr), (18)

where
a=g-(2noH/kT)’ (19)

and m now refers to the nuclear substate. If it is then
assumed that
P-(m)=0 (20)

the general relaxation equation, Eq. (12), reduces to the
form

PHm) =X w W (m|m")[P*(m')—P+(m)]. (21)

The W (m|m') will be called the reduced relaxation
matrix. For the three nuclear relaxation mechanisms
which have been considered, the reduced W’s are

(1) isotropic hyperfine relaxation,
W (m|m")=[a}/ (1+a) Jor(I1m'u| I1Im)*

X (1=om,m"); (22)
(2) nuclear quadrupole relaxation,
W (m|m')=wo(I2m'u| I2Im)2(1—bm, m');  (23)
(3) anisotropic hyperfine relaxation,
W (m|m')=[(wstwia!/ (1+a)+ws]
X (L1m'u| I Im)?(1—bm, /). (24)

In terms of the Clebsch-Gordan coefficients there are
only two types of relaxation-dipole and quadrupole.
For situations where the reduced equations can be used,
the change of the f, and f4 parameters due to the



RADIO-FREQUENCY ORIENTATION OF Sbt22

nuclear relaxation can be described by the equations,”

fa(O)= f2(0)e™, (25)
fa(t)= f4(0)e¢, (26)
where
Ae=3{[0?/ (1+a) J(wrtwstws)+tws}+ (5/T)ws,  (27)
A= (5/3){[e}/ (14a) J (w1t wstws)+ws)
+(17/14)ws.  (28)

For situations where a radio-frequency field is being
applied to saturate the (%,mgr)—(—3%, mg) electron

transition, the auxiliary variables

939

can be introduced for m=mg, and for m=mp the set

P+(MR) P(—” ’mR)'f‘P(z:mR):
P~(mg)=P(—3, mg)— P(3,mg).

This makes it possible to obtain a reduced set of
equations in which the effect of the saturation is
automatically taken into account. In this experiment
only situations where the central (—$%, 0)—(3,0) tran-
sition is saturated are important. For this case the time
dependence of the nuclear populations is given by
the following equations:
(a) For cross relaxations of the form

(30)

P+(m)=P(—3, mr)+P(3,m1), (29) A(mr+ms)=0 (w1 and wg), (31)
P~ (m)=aP(—%, mr)— P(},mr), one has
(P_y) (—4 4 0 0 0](P
P_i| oawitws)| 4 —10 3(14+a) 0 0|| P
Py |=—| 0 6 —3(1+a)a 6 O||P, (32)
Py| 12(04a)| 0 0 3(1+e)fa —10 4||P
(Ps | 0 0 0 4 —4)| P,
(b) For cross relaxations of the form A(m;+mys)= =2, one has
P, (-4 4 0 0 0[Py
1?..1 a%ws 4 —10 3(1+a)/a 0 0 P_l
Py | =——| 0 6 —3(1+4a)*/a 6 0|(Po
Pi| 12040 0 0 3(14+e) —10 4||P
P, | L 0 0 0 4 —4)|P, |

There is no change in the equations for the other
mechanisms (ws and ws).

C. Expected Form for the Orientation Signals

In order to understand the experiments on the
measurement of the spin and nuclear magnetic moment
of the radioactive antimony, the manner in which the
nuclear relaxation mechanisms affect the signals must
be known. No detailed calculations have been made to
determine the exact behavior of the nuclear populations
as a function of time. Instead, interest has been focused
on the general features of the development in time of
the orientation signals and on the way the relaxation
mechanisms influence the signals for double-resonance
experiments.

Unless the nuclear relaxation time is very short,
orientation can always be produced by the saturation
of the forbidden A(m;+m;)=0 transitions. Figure 4
shows the expected form of the signals when a radio-
frequency field is applied so as to saturate the forbidden
transitions and the nuclear relaxation time is such that
the orientation decays during the time spent in moving
the magnetic field between adjacent transitions. That
these are forbidden transitions can be ascertained by
observing the manner in which the orientation develops
after the saturation is started. Figure 5(a) shows the
expected behavior for a forbidden transition. There is

an initial fast rise followed by a slow increase deter-
mined by the relaxation time for (—3%, m)—(3,m)
transitions.

The mechanism for the observed nuclear relaxation
can be studied by experiments in which it is attempted
to produce orientation through the Overhauser effect.
If part of the nuclear relaxation is due to processes in
which the nucleus and electron change states simul-
taneously, then it may be possible to produce orien-
tation by the saturation of an electron transition. The
development in time of the orientation signal for
saturation of the (—3%, 0)—(3,0) transition is shown in
Fig. 5(b). The magnitude of the signal depends upon
the mechanisms producing the nuclear relaxation; the

a2

F16. 4. Expected o-position signals for saturation of the for-
bidden transitions. For a negatlve nuclear magnetic moment a
is the (3, —2)—(—4%, —1) transltlon, B the ?, —1)—(—4%,0)
transmon 5 the (% 0)—>( %,1) transition, and v the (3 1)——>
(—%,2) transition. The 51gnals have been computed assuming no
angular momentum is carried off by the beta ray and electric
quadrupole nuclear relaxation.
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Fic. 5. (a) The growth in time for the o-position signal for
saturation of the (3, —1)—(—4%,0) forbidden transition. The
signal has been computed assuming no angular momentum is
carried off by the beta ray. T, is the relaxation time for the
(%,m)—(—%, m) electron transitions. (b) The growth in time of
the o-position Overhauser signal for saturation of the (3,0)—
(—3%, 0) electron transition. It has been assumed that all nuclear
relaxation is due to the isotropic hyperfine interaction.

rise time of the signal depends upon the relaxation
time for processes which produce the orientation; the
fall time depends upon all the nuclear relaxation
mechanisms.

The most sensitive test for the presence of relaxation
mechanisms other than the isotropic hyperfine inter-
action is the structure of the double-resonance signals.
The double-resonance experiments are performed by
first applying a radio-frequency field to saturate the
(=%, 0)—(3,0) transition. When a new equilibrium has
been established, another oscillator is swept over the
region of the (—3, m)—(—3%, m=1) nuclear transitions.
For a negative nuclear magnetic moment, when sweep-
ing from low to high frequency, the first transition to
be observed is the (—%, —1)—(—1%, 0) transition ; when
sweeping from high to low, it will be the (—3%, 1)—

—1%,0) transition. The ratio of the amplitude of these
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Fic. 6. Schematic representation of the calculation of the
nuclear populations for the double-resonance experiments. The
calculations were made for T'=1.25°K and H=8500 gauss. It
has been assumed that there is no nuclear relaxation while the

nuclear transition is being saturated. This particular calculation
is for relaxation due only to the isotropic hyperfine interaction.

two signals is a sensitive function of the dilution of the
isotropic hyperfine relaxation with other relaxation
mechanisms.

In Table I are summarized the equilibrium popu-
lations of the nuclear sublevels for various mixtures of
the nuclear quadrupole relaxation with isotropic hyper-
fine relaxation. Also the o position signals have been
calculated for the equilibrium Overhauser saturation
and the two double-resonance experiments. The method
of calculation for the double-resonance signals is illus-
trated in Fig. 6. Figure 7 gives a graphic representation
of the expected double-resonance signals for a mixture
of quadrupole and hyperfine relaxation when the low-
frequency oscillator is swept up through the (—3, m)—

—1 m-+1) nuclear transitions. Here the idealization
has been made that the frequency separation of the
nuclear transitions is much greater than their line
width.

TaBLE I. Nuclear populations and alignment signals expected for Overhauser effect and double-resonance experiments. The relaxation
is assumed to be due to a mixture of the isotropic hyperfine (w:) and the nuclear quadrupole (wz) mechanisms. It has been assumed
that the beta ray carries away no angular momentum. So(c) is the Overhauser signal for saturation of the (—3, 0)—(3,0) transition;
S_1(o) is the signal for simultaneous saturation of the (—3%, 0)—(3,0) and the (—3%, —1)—(—3%, 0) transitions; Sy1(e) is the signal for
simultaneous saturation of the (—%, 0)—(%,0) and the (—3, 1)—(—4%, 0) transitions.

Relgxation Nuclear populations for Overhauser saturation Signals in ¢ position
mixture
w2/wi a.2 a_1 ao ai az So(a) S-i(e) Sti(a)
0 0.1186 0.1186 0.1695 0.2966 0.2966 +0.0381. +0.0381 —0.0928
0.158 0.1610 0.1578 0.1762 0.2597 0.2454 +0.0298 -+0.0045 —0.0705
0.316 0.1741 0.1723 0.1797 0.2448 0.2292 +0.0254 —0.0088 —0.0623
0.527 0.1819 0.1815 0.1828 0.2342 0.2195 +0.0215 —0.0178 —0.0565
1.581 0.1925 0.1941 0.1896 0.2167 0.2072 -+0.0130 —0.0323 —0.0488
0 0.2000 0.2000 0.2000 0.2000 0.2000 -+0.0000 —0.0440 —0.0440




RADIO-FREQUENCY ORIENTATION OF Sb12: 941
TastE II. Nuclear populations and alignment signals expected for Overhauser effect and double resonance experiments. The relaxation
is assumed to be due to a mixture of the isotropic hyperfine (w;) and the anisotropic hyperfine (ws and ws) mechanisms. It has been

assumed that the beta ray carries away no angular momentum. So(e) is the Overhauser signal for saturation of the (—%, 0)—(%,0)
transition; S_i(¢) is the signal for simultaneous saturation of the (—%, 0)—(3,0) and the (—3, —1)—(—4%,0) transitions; S;1(s) is

the signal for simultaneous saturation of the (—%, 0)—(3,0) and the (—%, 1)—(%,0) transitions.

Relg.xation Nuclear populations for Overhauser saturation Signals in ¢ position
t

wsf (et ion) a2 as o @ @ So(o) S-1(0) S1(e)
0 0.1186 0.1186 0.1694 0.2965 0.2965 -+0.0383 -+0.0383 —0.0925
0.2 0.1483 0.1483 0.1695 0.2669 0.2669 -+0.0383 +0.0164 —0.0710
04 0.1695 0.1695 0.1694 0.2458 0.2458 +0.0383 ~+0.0008 —0.0552
1.0 0.2076 0.2076 0.1694 0.2076 0.2076 —+0.0383 —0.0273 —0.0273
2.0 0.2373 0.2373 0.1695 0.1780 0.1780 -+0.0383 —0.0490 —0.0055
© 0.2965 0.2965 0.1695 0.1186 0.1186 +0.0383 —0.0925 -+0.0383

In Table II are summarized the results of a similar
set of calculations for a mixture of the isotropic hyper-
fine interaction and the anisotropic hyperfine inter-
action. To simplify the calculation, the ws part of the
anisotropic interaction has been ignored.

RESULTS OF THE EXPERIMENT
A. Initial Orientation Experiments

The Sb'?? was first oriented by the saturation of the
A(mr+m)=0 forbidden transitions. The silicon sample
was placed in a rectangular wave-guide cavity and the
cavity was oriented so that there was a component of
the radio-frequency magnetic field in the direction of
the dc magnetic field. The dc magnetic field was then
moved slowly through the region of the stable Sb'%
resonances and the number of gamma rays emitted in
the o position observed. A plot of the observed counting
rate versus magnetic field is shown in Fig. 8. Two
signals are observed. A comparison with the expected
signals shown in Fig. 4 indicates that these are the
3, —1)—(—%,0) and the (3,00—(—4%,1) forbidden
transitions and that the hyperfine splitting of the Sb'*?
is approximately 130 Mc/sec.

To confirm this assignment, two auxiliary experi-
ments were performed. The radio-frequency power was
turned off and the dc magnetic field was set at the value
corresponding to the low-field transition of the two
signals in Fig. 8. After the counting rate had been
observed to establish a reference level, the radio-
frequency field was turned on. A plot of the observed

.04
.02
Slo) o
-02
-04

F1c. 7. Expected o-position double-resonance signals for satu-
ration of the (%,0)—(—%, 0) electron transition and movement of
the nuclear frequency up through the resonance values. This cal-
culation is for the ws/w; =0.527 mixture of quadrupole and isotropic
hyperfine relaxation. At « the saturation of the (3,0)—(—%,0)
transition is begun; at 8 the low-frequency oscillator is turned on;
at v the nuclear transition (—%, —1)—(—4%, 0) is saturated; at §
the (—%, 0)—(—4%, 1) transition is saturated. It has been assumed
that the beta ray carries away no angular momentum.

counting rate versus time is shown in Fig. 9(a). The
fast rise and slow decay of the orientation is just what
would be expected for the saturation of a forbidden
transition where the nuclear relaxation time is several
times longer than the electron relaxation time.

The radio-frequency field was then turned off again
and the magnetic field set at a point midway between
the observed positions of the forbidden transitions.
This is where the (—3, 0)—(3,0) transition would be
expected. Again, a reference level for the counting rate
was established and then the counting rate was observed
after the radio-frequency field was turned on. In this
case [Fig. 9(b)] the signal develops quite slowly with
a time constant comparable to that for the relaxation
of the orientation in Fig. 8. Thus it is concluded that
this orientation is due to the Overhauser effect and that
part of the nuclear relaxation is due to the modulation
of the hyperfine interaction.

Since the Overhauser orientation always decreases
the population of the #=0 nuclear substate and in this
experiment increases the counting rate, it is concluded
that the low-field forbidden transition decreases the
population of the m=0 level and hence that the sign
of the nuclear magnetic moment is negative.

B. Precise Measurement of the
Hyperfine Splitting

In order to further confirm the conclusion that the
two forbidden transitions were the pair (—%, 0)—($,1)

o
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F1G. 8. Plot of o-position counting rate versus magnetic field
for saturation of the forbidden transitions. Movement is from

low to high magnetic field. Each point represents observation for
100 sec.
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F16. 9. (a) Plot of counting rate versus time for saturation of
(3, —1)>(—3%, 0) transition. Also part of the decay after the
radio-frequency field is turned off is shown. (b) Plot of counting
rate versus time (o position) for saturation of (—3%, 0)—(3,0)
transition.

and (},0—(—1%, 1) and to obtain a more precise value
for the hyperfine splitting, a series of double-resonance
experiments were performed. A radio-frequency field
was first applied to saturate the (—%, 0)—(3,0) electron
transition. Then after an equilibrium value of the
Overhauser orientation had been obtained and with the
first radio-frequency field still on, a second radio-
frequency field was swept over the region of 72 Mc/sec
so as to saturate the (—3%, m)—(—%, m==1) nuclear
transitions. A plot of the counting rate versus time for
such an experiment showing first the increase of the
counting rate due to the Overhauser effect and then
the decrease due to the saturation of the nuclear
transitions is shown in Fig. 10. Whenever possible, runs
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F16. 10. Plot of counting rate in o position versus time showing
the formation of the Overhauser orientation and the subsequent
decrease in counting rate when the nuclear transitions are satu-
rated.
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were made in pairs so that each time the magnetic field
was set so that the (%,00—(—3%,0) transition was
saturated, the nuclear transitions were observed both
with increasing frequency and with decreasing fre-
quency. A pair of such transitions is shown in Fig. 11.
In Table III are summarized the results of all the
double-resonance experiments. The frequency of a
transition has been taken to be that frequency at which
the change in counting rate is one-half of its maximum
value.

Only one transition is observed going each direction
in frequency and these two transitions are separated by
approximately 600 kc/sec. The expected line width for
the nuclear transitions is about 120 kc/sec and their
separation 400 kc/sec. From this it is concluded that
the observed transitions are (—3,1)—(—%,0) and
(—%,0)—(—4%, —1). There are two ways in which the
near equality in magnitude of these signals could be
explained. When the radio-frequency field is applied to
saturate the (—3%, 0)—(3,0) transition, the dc magnetic
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F16. 11. Plot of o-position counting rate versus frequency of
the second radio-frequency field for moving both upwards and
downwards in frequency.

field is sinusoidally modulated by approximately 10
gauss peak to peak so as to completely saturate the
transition. If at the same time there were complete
saturation of the (3, —1)—(—13, 0) transition, then the
amplitude of the two nuclear resonance signals would
be equal. On the other hand, if there were complete
saturation of the (3,0)—(—%, 1) transition, neither of
the two nuclear transitions would be seen. For Sb'%?
the forbidden lines are separated by 23 gauss from the
(3,00—(—1%, 0) transition. Since the full width at half-
maximum of the electron lines is 3 to 5 gauss, it is
unlikely that any other transition than the (3,0)—
(—%,0) was saturated. The second explanation
requires the introduction of relaxation processes other
than the isotropic hyperfine relaxation. It is not clear
just how to explain the precise form of the observed
signals and the fact that the minimum counting rate
occurs at approximately the same frequency for both
directions of transit.



RADIO-FREQUENCY ORIENTATION OF Sbt!22

The following method of analysis was used to calcu-
late the hyperfine splitting and gyromagnetic ratio of
the Sb'?2 from the observed frequencies. If the frequency
in Mc/sec of the (—%, —1)—(—1%,0) transition is
denoted by »; and the frequency of the (—1%,1)—
(—%,0) transition by », then from Eq. (11) the
following expression can be obtained for the sum of

1/1+ Va.
, Mn (A 122')2
vitve=A1e +2g122l (—)H*‘ _—
4(uo/B)H

h
where Aps’ is the absolute value of the hyperfine
interaction constant of Sb'?? expressed in Mc/sec, gi22’
is the absolute value of the gyromagnetic ratio of Sb%2,
and po/h and u,./h are expressed in Mc/sec gauss.
Eisinger and Feher!® have measured very precisely the
hyperfine constants of the stable Sb®! and Sb'® in a
doped silicon crystal. They find

A121=186.802+0.005 Mc/sec,
A123=101.5164-0.004 Mc/sec.

(33)

(34)

TaBLE III. Measured values of the nuclear transition fre-
quencies. The magnetic field is in gauss and the frequencies in
Mc/sec. »; corresponds to the (—%, —1)—(—%, 0) transition and
vy to the (—3%, 1)—(—4%, 0) transition. The up and down refer to
whether the measurement was made with the low-frequency
oscillator increasing or decreasing in frequency.

Magnetic Going up Going down
field v1 ve
8324 [ 72.3340.20
8306 71.8140.20 oo
8314 71.80+0.15 72.34+0.15
8483 71.96+0.10 72.584+0.10
8477 72.0740.10 72.63+0.10
8475 71.9140.10 72.60£0.10

They have also remeasured!®?® the nuclear gyromag-
netic ratio of the stable isotopes and computed the
hyperfine anomaly. The values obtained are

g121=1.3440-£0.0006,
£123=0.72814-0.0003,

Asar\ [ 8123
A (_) (_ —1=—(0.3524-0.005)%,
Aqo3 g121

(35)

For calculations in this paper the hyperfine anomaly
will be assumed to be zero and the simple Fermi-Segre
formula® used to compute the gyromagnetic ratio of
Sb'?2, In terms of Sh2,

g122=g121A 122/A 1215 (36)

in terms of Sh%,
8122= 312314 122/A 123.

18 J. Eisinger and G. Feher, Phys. Rev. 109, 1172 (1956).

¥W. G. Proctor and F. C. Yu, Phys. Rev. 81, 20 (1951).
( 20 C)ohen, Knight, Wentink, and Koski, Phys. Rev. 79, 191
1950).

A E. Fermi and E. G. Segre, Z. Physik 82, 729 (1933).
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If Egs. (36) and (37) are now used to eliminate gias in
Eq. (33), two equations can be obtained for Ais in
terms of the observed frequencies. By use of these
equations and the data in Table III, the following
mean values are obtained for the hyperfine interaction
constant and the nuclear gyromagnetic ratio of Sht?2.
From Eq. (36),

| A192| =132.5740.1 Mc/sec,
| g122| =0.954+0.001;

from Eq. (37),

| A122] =132.614-0.1 Mc/sec,
| g122] =0.951£0.001.

(38)

(39)

To obtain the final values for the radioactive Sb'?2, an
average is taken and an upper limit of 19 is assumed
for the Sb'21/Sb'?2 and the Sb'?/Sbh'?? hyperfine anoma-

lies. The final values are

A120=—132.594-0.1 Mc/sec,

40
g122= —0.952:0.010. (40)

C. Determination of the Nuclear Spin

In order to verify the spin 2 which has been assigned
to Sb!? from a study of the systematics of nuclear decay
schemes, a search was made for other forbidden tran-
sitions. Since the change in the ¢-position counting rate
is expected to be small for the (%, —2)—(—%, —1)
transition, a second counter was added so that the
counting rate in the o and 7 positions could be observed
simultaneously. These observations were made by
moving the magnetic field to the proper position with
the radio-frequency power turned off and then observing
the change in counting rate when the radio-frequency
power was turned on. Figure 12 shows the counting
rate in the ¢ and 7 positions when the (3, —1)—(—1, 0)
transition is saturated; Fig. 13 shows the counting rate

Fic. 12. Plot of count-
ing rate versus time for
both ¢ and = positions
and saturation of the

3, —1)—(—%,0) tran-
sition.
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F16. 13. Plot of counting rate versus time for both ¢ and # position
and for saturation of the (3,1)—(—4%, 2) transition.

when the (3,1)—(—%, 2) transition is saturated. No
other transitions were found. The difference in stability
of the = and ¢ counters is a graphic demonstration of
the value of the feedback circuit which keeps the Sb22
photopeak at a constant voltage.

CONCLUSIONS

The nuclear magnetic moment of Sb'?? has been found
to be

pize= (—1.904+0.020) ...

The usual odd proton—odd neutron shell-model con-
figuration assigned to Sb'® is gy/9—/11/2. The simple
j—7 coupling shell model can be used to calculate the
magnetic moment?? of Sh'?2 from the empirical moments
of the g7/2 proton and the /11,2 neutron. For the gr7/»
proton the neighboring nucleus Sb'® can be used:

g(g7/2)=0728

No element with an odd %11/2 neutron has been meas-
ured. However, an empirical extrapolation, on the basis

2 R. J. Blin-Stoyle, Revs. Modern Phys. 28, 92 (1956).
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that the magnetic moment of an /112 neutron will
deviate from the Schmidt lines by as much as a g2
neutron, gives the value

g(hu/z) =—0.182.
Using these empirical values, the expression
w122 (theo)=—2.46

is obtained for the Sb'? nuclear magnetic moment.
The agreement with the experimental value is fair.

The orientation signals indicate that the nuclear
relaxation time is much shorter for the radioactive
antimony donors than for the radioactive arsenic
donors.” Part of the difference might be attributed to
the fact that the concentration of Sb'?? is approximately
ten times that of As’; part of it might be attributed to
a difference in the magnitude of the quadrupole
moments of the two nuclei. The annealing procedure
for the two experiments was the same but it is still
difficult to rule out completely radiation damage. One
very significant difference is that it is quite easy to
orient the Sb'?2 by the Overhauser method, while all
such experiments on the As’® failed. The Sb'?? experi-
ments seem to imply the necessity for some nuclear
relaxation mechanism in addition to that produced by
modulation of the isotropic hyperfine interaction.

Preliminary experiments indicate that the relative
contribution of the various angular momenta to the
beta decay is approximately the same in Sb'?2 as in
As76.5 The shorter nuclear relaxation time complicates
this analysis.
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