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Measurements have been made of the polarization of the 8'~ recoil nuclei resultjng from the Q»(g p)g»
reaction for E~ in the range 0.90 to 3.20 MeV. The polarization is observed by measuring the p-decay
asymmetries of the 8" recoil nuclei with respect to the reaction plane. The 3"recoil nuclei formed in the
ground state are separated kinematically from those in excited states and are then stopped in various solids
in the presence of a small magnetic 6eld normal to the reacts~ plane. The sign of the observed polarjzatjon
for all measurements is in the direction of the vector kd Xk~. The magnitude of the polarization is strongly
dependent on Ez, the recoil emission angle and the material used to stop the recoils. It is found that the
polarization of 8 ~ nuclei can be maintained in either metallic Pd or Au at room temperature, using holding
6elds smaller than 20 G. For recoils stopped in Pt metal, a magnetic 6eld of about 200 G is required to main-
tain the nuclear polarization. The 8' recoil polarization plotted as a function of Eq shows definite structure.
Polarization resonances are observed at 1.5, 2.1, and 3.0 MeV. At these energies the measured relative
polarizations are +(8.01&0.30) j~, +(4.29&0.30)%, and 1.(3.86+0.27)'po, respectively, for a Pt metal
recoil stopper and a 49' (lab) recoil angle. These resonances are tentativeiy identi6ed with states of the C»
compound nucleus near 20.0 MeU and at 20.52 and 2i.28 MeV. It is believed that the polarization reso-
nances may result from an interference between direct interaction and two-particle compound resonance
processes.

I. INTRODUCTION

HIS is the second of two papers which report on
the work done in this laboratory to measure the

polarization of the 8" recoil nuclei resulting from the
H "(d,p)Brs reaction. The first paper' (hereinafter called

paper I) demonstrated the feasibility of mes, suring the
polarization of 8" recoils and discussed the experi-
mental arrangement in some detail, with emphasis on

the precautions taken to reduce systematic error. This
second paper describes some of the interesting and
rather surprising results obtained from a more detailed
study of the 8"polarization.

I oI' thc sake of completeness, a veI'y brId rcvIcw of
the experimental method will now be given. The reader
is asked to refer to paper I for details and original
references. The method requires first tha, t the reaction
of interest provide the recoiling nuclei with sufhcient

energy to leave the nuclear target and to be implanted
in a stopping foil several centimeters away. If the im-

planted recoil nuclei were originally polarized by the
nuclear interaction, then this polarization can be de-
tected, provided that the nuclei decay by a Gamow-

This work partially supported by the U. S. Atomic Energy
Commis»on.

i J J gerlijn P ~. Keaton, L. Madansky, G. E. Owen, L
PfeiRer, and N. R. Roberson, Phys. Rev, 153, 1152 (1967).

Teller p transition and that the polarization is not
destroyed in the time before the p decay. For ll » recoils,
the decay is by p emission from a 1+ to a 0+ state, with
half-life 20.4 msec and endpoint energy 13.4 MCV.
Equation (1) in paper I shows that the decay electrons
from this transition are preferentially emitted opposite
to the nuclear spin polarization P,

I(&)= Is/1 (e,/c)I' cosej, —

where 8 is the angle between P and the electr~~ momen
turn y, . Thc experimental technique is then to examine
the p emission pattern from the implanted recoils and,
using Eq. (1), to deduce tile polarization.

II. POLARIZATION RESULTS: DEPENDENCE
ON NUCLEAR EFFECTS

One of the difficulties in an experiment of this kind is
that the observed polarization is found to be a widely
varying function of several independent parameters. For
this reason, an isolated polarization measurement for a
speci6c set of conditions is of only limited usefulness.

In the present work with 8", an attempt was made
to isolate the inQuences of the following parameters:
deuteron bombarding energy, emission angle of the
recoil with respect to the deuteron beam, thickness of
the 8" target layer, type of stopping material, strength
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Fto. 1. The kinematics of the 8"(d p)B" reaction at 8'q = 1.% MeV.

of the magnefjc holding 6cld at the stopping foil, and
elapsed time before observing the decay of the im-
planted @~2.The behavior of the polarization as a func-
tion of deuteron energy and recoil angle shouM contain
nuc&ear information about the mechanism ot the (d,p)
reaction. The polarization as a function of the other

pa, I'RI11cteI's convcI'scly should pI"o vide some lnslght
into the va, rious atomic interactions which cause the
recoils to become depolarized. Kc discuss erst the
nuclear parameters.

A. Dependence on Bombarding Energy

The pola, I'lzRtlon of the glouild-stRt, c 8 1-ecoils was
observed as the bomba, rding energy I'-'g wa, s varied.

between 0.90 and 3.20 MeV. Recoils which are originaQy
formed in one of the excited states of 8'2 are again
kin ematlcaOy cxcludcd by the method dcscI'lb ed ln

paper I. The kinema, tic curves for the reaction at
Fq ——3.10 MeV have been given in Fig. 2 of pa,per I.
Similar curves obtained for Eg= 1.50 MeV are shown

here ln Fig. 1.In comparing the two sets of curves, one
sees that the angular cone of the ground-state recoils
in the lab system opens from 54 to 69' as Eq is de-
creased, whereas the kinematic cone for the excited
state recoils is enlarged only slightly, from 44' to 46'.
The recoil angle thus has a larger usable range (con-
sistent with exclusion oi the excited-state recoils) for
low-energy deuterons.

The experimental results showing the ground-state
8"polarization as a function of bombarding energy at
several recoil angles arc given in Fig. 2. It is seen in this

6gure that the magnitude of the polarization has
de6nite structure a,s R function of E~. Apparent polariza-
tion resonances are observed for deuterons with energies
at 1.5, 2.I, and 3.0 McV. It is interesting to observe
that each resonance apped, rs at two recoil angles in
independent measurements. This effect is most striking
in the resonance at 1..5 McV. Here, the resonant struc-
ture is clearly preserved for measurements at both recoil
a,ngles, even though the relative magnitudes of the
polarization differ by a factor of 2.

The vertical arrows at 3,08, 2.18, and I..6 MeV in
Fig. 2 mark the excitation energies of excited energy
levels in the C'3 compound nucleus. These levels are,
respectively, 21.28, 20.52, and 20.0 MeV above the C'~
ground state. The levels at 21.28 and 20.52 MeV have
been well established' ' by excitation studies of the
15.1-MeV y decay trom the reaction 8"(d,ny)C". The
existence of the level at excitation 20.0 MeV is not
6rmly established, but it is clearly suggested by recent
work at scvcrRl 1Rbol-RtoIlcs.

Almond, ' for example, in R recent study of the
8"(d,n)C" reaction observed a large excitation reso-
nance centered about Eg=1.6 MeV in the zero degree
so Rnd Ry ncutl on cxcltRflon cul vcs. Other hints of
resonance behavior have recently been noticed in the

2 R. W. Kavanagh and C. A. Barnes, Phys. Rev. 112, 503 (4958}.' H. Kuan, P. R. Almond, Q. U. Din, and T. W. Bonner, Nucl.
Phys. 60, 509 (I964).

4 T. Lauritsen and F. Ajzenberg-Selove, Eeergy Joel's of light
Nudei (National Academy of Sciences-National Research Council,
Washington, D. C., ;.1962).

~ P. R. Almond, dissertation, Rice University, Houston, Texas,
1965 (unpublished).
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FrG. 2. The experimentally observed polarization displayed as a function of the deuteron bombarding energy and the recoil angle. The
data were taken using a platinum stopping foil and an 80-pg/cm -thick B"target. The smooth curves are empirically drawn. The error
bar shown for each point corresponds to one standard deviation.

B"(dp)B" reaction itself. Hanke and Kambe ' in a
study of the energy dependence of the po and pi angular
distributions, found in each case a local maximum in
the stripping peak near Eq= 1.5-MeV excitation. This
was consistent with an earlier result by Mingay, ~ who
observed local maxima for Eq= 1.5 and for 2.2 MeV in
the differential cross-section excitation function of
forward scattered pi protons.

The polarization resonances of Fig. 2 allow us to say
immediately that the B '(d,po)B" reaction does rsot

proceed by a pure stripping mechanism. This follows
because the distorted-wave Born-approximation
(DWBA) theory of stripping predicts that for a fixed
angle the polarization, like the optical parameters,
should not vary rapidly with energy. The appearance
of polarization resonances and the apparent corre-
spondence of these resonances to the excitation energies
of known levels in C" lead us to suggest that the
polarization we have observed might be the result of an
interference between very fast, two-particle compound
resonance processes and the nonresonant background
from the direct interaction. This type of process has
been discussed by Rodberg' and others' in connection

6 G. Hanke and D. Kamke, Z. Physik 190, 468 (1966).
D. W. Mingay, dissertation, University of the Witwatersrand,

Johannesburg, South Africa, 1964 (unpublished).
8 L. S. Rodberg, Phys. Rev. 124, 210 (1961).
9 T. Boaner, J.Kisinger, A. Kraus, and J.B.Marion, Phys. Rev.

101, 209 (1956).

with the fluctuations sometimes observed in the
differential cross section near a compound resonance.

In view of the apparent importance of the C" com-
pound nucleus in this work, we decided to use the 21.28-
and 20.52-MeU states of C" as the energy calibration
for the polarization data. "The well-known structure'
in the yield of the 15.1-MeV p from B"(d,np) C"proved
to be very suitable, since it provides a third accurately
known calibration point at the threshold of the 15.1-
MeV level in C".The calibration is, however, compli-
cated by the requirement that the deuteron beam pass
through a backing foil before striking the 8" target
(cf. paper I). The nonuniformity in the thickness of
this backing foil gave the largest contribution to the
assigned &40-keV error in E~.

B. Dependence on Recoil Angle

The data in Fig. 2 also show the marked dependence
of the polariza, tion on the angle of the emitted recoil.
As stated earlier, the kinematic isolation of the ground-
state recoils restricts the recoil a,ngle to a narrow range
above 46' in the lab system. The large recoil angles at
62', 56', and 54' were chosen to correspond kinemati-
cally to the stripping peak'"' for deuterons at 1.5, 2.1,
and 3.0 MeV. The 49' recoil angle eras chosen for

'0 L. PfeiGer, dissertation, The Johns Hopkins University,
Baltimore, Maryland, 1967 (unpublished).



comparison, as it selects i'ecoils off of the (d,P) s'ti'ip-

ping in each case. From the data in Fig. 2, one would
condude that the recoil polarization increases in general
as one moves to larger angles o6 of the stripping
peak. This interpretation should possibly be quaked
in light of a calculation'0 indicating that the 49' recoils
have a 8" first-excited-state contaminant of (8+8)%
at Es=3.0 MeV, and of (52+9)% at E~=1.5 MeV.
This leakage of excited-state recoils is caused by an
angular spread in the collimator geometry.

If these contaminant recoils fron1 the 2+ excited state
of boron are also polarized by the reaction, it is easily
shown'0 that the polarization is preserved in the sub-
sequent SR' decay to the 1+ ground state. Unraveling
the relative polarizations of these two states would
require a very detailed exalnination of the asymmetry
as the recojtl angle is swept across the kinematic

dls continuity.

III POLAPJ2, 'ATION RESULTS: DEPEgfDENCE
ON ATOMIC Am SOLID-STATE EFFECTS

In this section, we discuss some of thc parameters
that control the extent to which the boron nud. ei be-
come depolarized. Each 8" nucleus is subjected to
possible dcpolarizRtlon lntcI'RctloIls dullng its entire
existence: in the target, in Qight, during the stopping
pI'occss, Rnd Rt lest ln thc stopping material bcfolc thc
P decay. By use of the range-energy formulas of Lind-
hard and others, ""however, one can estimate" that
the recoil spends only of the order of 10 "sec jn the 8»
target and j.0 " sec stopping. For this reason, the
dominant polarization is expected to occur in the j.0—'
sec Bight" and after the recoil is stopped.

The thickness of the 8" target evaporation might be
expected to inhuence the depolarization, in view of the
fact that recoils escaping the target have, on the aver-

age, more energy if the 8" layer is thin. To check this

possibility we observed the polarization as a function of

tRrgct thlckncssq Gslng 3 platlnuln stopping foll Rnd a
deuteron bombarding energy of j..5 MCV. The results of
this work show that the observed polarization increases

»J. Lindhard, M. SchraB, and H. E, Schiott, Kgl. Danskc
Videnskab. Seiskab, Mat. Fys. Medd. 33, No. 14 (1963).

»P. A. J. Pan Lint, M. E. %yatt, R. A. Schmidt, C. S.
Sniirelini, and D. K. Nichols, Phys. Rev. 147, 242 (1966).

» In Scc. P of paper I, it was inadvertently stated that thc
recoils in the Palm electronic state are depolarized to 59% of their
origjnal value as a result of hyper6ne interactions in Bight.
59~j, figurc accounts only for the depopulation of the ~=+].6
nuclea, r spin component. The up-down asymmetry depen s,d

however, on thc difference bctwccn thc tP$=+ j. arid —1 popula-
tions. hcn onc accounts for this cGcct, an 1Q-Bight dcpolarjzatjon
to 42'P& is obtained for recoils in the I'312 state. A second point is
that thc expression given in paper I for the 8'2 in-Bight depolariza-
tion can bc generalized to include recoils vvhich arc doubly ionized,
Thc generalized expression for the polarization retained by 3».
recoils reaching the catcher foil is (see Ref. 1.0):

&ansi=&innai(c'OLs(& 42)+1(&.&8)j+c'i+cd(o. 'N)),

where 40 js thc neutral reco1l fractron, and c1and c q arc the srngly
and doubly ionized fractions. Numerical values of the C; for boron
are given in Ref. 14.
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14 C. S. Zaidins, CaHfornia Institute of Technology Report,
j.962 (unpublished); (private communication).

gradually from (6.68+0.56)% to {9.03~0.56)% as the
8» evaporation thickness is reduced over the range j.65
to 15 pg/cm'.

There are two mechanisms for expecting less de-
polarization from high-energy recoils, either of which
could be large enough to account for the CBects ob-
served. One consideration is that the fraction of singly
ionized recoils is larger for recoils leaving the target at
high energics, '0"'4 and so by the argument summarized
in Sec. V of paper I (cf. Ref. 13), one would expect less
depolarization from hyperfine interactions in flight. The
other possibility is simply that the low-energy recoils
are being stopped and subsequently depolarized in the
surface regions of the platinum foil.

Experiments were also done to determine the rela-
tionship between the amplitude of the magnetic hoMing
field (cf. paper I) and the observed po!arization. The
results are summarized in Fig. 3, which shows the
holding 6eld on a logarithmic scale and the polarization
on a linear scale. The smooth curves shown in the figure
RI'c ln cRch. case three"parameter 6ts assQIQlng a relaxa-
tion time of the form T„i, =g+bHs. The best fits were
obtained with the following values for g and b: for Au,
a=1.0X10 ' sec, b=1.9X10 ' sec/("'; for Pd, a=4.5
X10 ' sec, b=1.2X10 ' sec/('; for Pt, a=3.0X10 '
sec, b=1.3X10 ' sec/O'. The empirical value of the
polarization for large hoM. ing 6elds was the third
parameter used in the htting program.

The behavior of the polarization is simjtlar for the
three materials, In each case, the observed CGcct appears
to be constant above a certain threshold but breaks
abruptly and tends toward zero for holding 6elds bdow
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threshold. The threshold is about 20 G for Pd, and
about 200 G for Pt. For Au, the threshold occurred at
10 G, and a residual +(1.15a0.41)%polarization effect
was observed without any holding field (other than the
magnetic f'ieid of the earth). The asymptotic value of
the polarization observed for holding helds above 200 6
was approximately the same for Pd and Pt foils, but
deinitely lower for Au. This is in agreement with the
earlier results for these metals, given in Table II of
pRpcl I.

In an Cavort to investigate the mechanism of these
depolarization thresholds, an experiment was done
using R special palladium stopping foil containing
0.35% of the isotope Pd"'. This is the only naturally
occurring palladium isotope (22% abundant) having a,

nuclear ground-state spin. A comparison of the polariza-
tions obtained with the natural and with the isotopically
sepRI'atcd pRllRdlun1 pI'ovldcs a mcasurc of thc lm"
portance of the spin-spin interaction between the BI2

and the Pd"' nuclei. The results of the Pd"' cxpen-
ments with the foil containing the separated isotope
were identical, within statistics, with the results on the
natural Pd shown in Fig. 3. This seems to indica, te that
thc nuclear spin-spin Interactions RI'c not I'cspoQslMc
for the depolarization thresholds.

The holding 6cld parameter for the gold foil was also
studied as a function of the average time elapsed in the
foil before P decay. This was done by varying the chop
cycle of the deuteron beam and count gate (cf. Sec. II
of paper I). The three points marked with an X in

Fig. 3 correspond to recoils of average lifetime 9.6 msec
in the gold stopping foil. (The error bars of +0.60%
are not shown for these points, to avoid further con-
gestion. ) All of the other data in the 6gure involve life-
times in the stopping foil of about 19.3 msec. Comparing
the 9.6-msec points with the j.9.3-msec gold data, wc
see that the threshold held does not change over this
range of lifetimes, although the magnitude of the
polarization may be slightly larger for the 9.6-msec
polllts.

IV. COHCLUSIOHS

A new lower limit can be assigned for the polarization
of B"recoil nuclei from the (d,p) reaction. By extrapo-
lating the polarization observed at the E~= 1..5 MCV
resonance to zero-thickness targets and correcting for
the 3% noise background (cf. paper I), we obtain

P&~+(9.55+0.48)%. If we now include only the de-
polarization due to hyperhne mixing in Bight, and if we
assume, foHowing Zaidins, '4 that the 300-kcV recoils
are 24% neutral, 57% singly ionized, and 19% doubly
ionized, then the new lower limit for the recoil polariza-
tion is P &~+(11.26+0.56)%.

This work has demonstrated the usefulness of the
P-decay recoil tech»que for examining nuclear reaction
mechanisms and solid-state depolarization mechanisms.
We believe the recoil technique has special value as a
way of studying nuclear polarization CGects, because the
recoil method is in a sense complementary to the morc
conventional nucleon double scattering method. Douhle
scattering is better suited to hnding the angular
dependence of the reaction polarization; the recoil
method is better for studying the energy dependenccs.
The methods are also complementary in that with
double scattering onc obseI'vcs thc polarization of the
outgoing nucleon, whereas with this method, one
observes the residual nucleus. It might be of interest to
use both methods on a single reaction, as this would
allover a comparative study of the polarizations of the
two Anal-state particles.

Another appHcatioI1 of the recoil method is in the
recently active study of heavy ion implantation in
solids. It is believed tha, t the technique of implanting
polarised nuclei will prove to be of value as a tool for
obselvlng the locRl environment Rt RD implRntRtioD site.
Measurement of the depolarization of the implanted
nuclei as a function of holding held, lattice temperature,
lattice impurity content, time before decay, and isotopic
composition of the lattice, should allow one to unfold
the contributions of each of the various depolarization
mechanisms, " and in this way deduce the local Gelds
which act on the implanted nuclei.

FinaBy, the techniques described here shouM make
possible magnetic-moment measurements on 9-active
nuclei. Magnetic moment experiments on N'2 and 8"
immediately come to mind, but the technique is poten-
tially of value for any reasonably short-lived isotope
which g decays by a Gamow-Teller transition.
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