NUCLEAR MAGNETIC MOMENT RATIO

g(v) is not Gaussian. For N* the difference between
(¥ms)exp and vmg for v,=0 is only 49%. The true line-
widths have been set at

¥ms(14) =244 cps,
vms(15) <4 cps.

The true linewidth of N is probably less than 1 cps
due to lack of an efficient relaxation mechanism. From
these data and with the assumption of Lorentzian line
shapes, the relaxation times are

T5(14) =1/ (V3mvms) =0.00720.001 sec,
T9(15)>0.05 sec.

The relaxation 7'y has been determined for N* by
the method of progressive saturation. The value found is

T1(14)=0.004+0.002 sec.

Due to the long T, for N*% it was not possible to use the
method of progressive saturation. Experiments to
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measure relaxation times T and T’y for both isotopes
by means of spin echo techniques are being planned.

Note added in proof. These measurements are now in
progress and reveal a very interesting and complex
behavior for the relaxation of liquid nitrogen. In addi-
tion to the T detected here, there is a second one about
ten times longer in the isotopic mixture. These are
presumably associated with N* in the N*—N* and
N*—N molecules. The resonance with the longer re-
laxation time was almost totally saturated relative to
the other resonance throughout the cw work reported
here and so was not noticed. A full discussion will be
submitted for publication shortly.?
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An analysis of the angular distributions of « particles from the Be® (Li®,a) B! reactions has been carried out
using a simple “‘lump” stripping model. Both the normal stripping mode and that exchange mode commonly
called “heavy-particle stripping’ have been incorporated in the analysis. The model assumes that the Li® and
the Be? nuclei may be represented by the two-cluster configurations ‘‘alpha particle plus deuteron” and
“alpha particle plus He®’ respectively. The angular distribution calculated for the first excited state reaction
provides a satisfactory fit to previously published experimental results at a laboratory bombarding energy of
3.25 Mev. The theoretical angular distribution for the ground state reaction is less successful but does show
the principle features of the experimentally observed angular distribution.

I. INTRODUCTION

NGULAR distributions of « particles from the
Be?(Li%,a) B! reactions leading to the ground and

the first-excited state of B!*haverecently been published!
for laboratory bombarding energies ranging from 2 to 4
Mev. It was suggested in that report that the character
of the angular distributions indicated some direct-
interaction mechanism for the reaction. An analysis
based on an elementary form of stripping theory has
therefore been attempted. Both the normal or “pro-
jectile stripping” mode and that exchange mode called
“heavy-particle stripping’” or ‘“‘target stripping” have
been included in the analysis, as has the interference
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P term between the two modes. No compound nucleus

contribution has been included.

II. CLUSTER MODEL OF THE INTERACTING NUCLEI

In calculating the scattering amplitude for the pro-
jectile-stripping mode it is assumed that the Li¢
projectile may be represented by the two-cluster con-
figuration a(1)-d, where d indicates a deuteron. The
internal structures of both clusters are neglected. a(1)
and d are taken to be in a relative .S state.? In the pro-
jectile-stripping mode the deuteron is stripped from the
Li® and captured by the Be® target nucleus, leaving «(1)
as the outgoing « particle. For the target-stripping mode
the Be® target is assumed to be described at the time of
interaction by the two-cluster configuration a(2)-+He?.
Again the internal structures of the two clusters are

3J. L. Gammel, B. J. Hill, and R. M. Thaler, Phys. Rev. 119,
267 (1960).
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neglected and they are taken to be in a relative .S state.
In the target-stripping mode the He® cluster is stripped
from the Be? and captured by the Lif projectile, leaving
a(2) as the outgoing « particle.

a(1) and «(2) are taken to have the spin and parity
(J™=0%) of free o particles. With the above S-state
assumptions and the known spin and parity of the
ground states of Li® (J7=1%) and Be® (3/27), this
implies that the spin and parity of d are those of a free
deuteron (1*), and that the He® cluster (which is
unbound in the free state) has the spin and parity (3/27)
of the He*4# state of least excitation.

Both Coulomb and nuclear interactions between the
projectile P (Li%) and the target T (Be®), and between
the residual nucleus R (B") and the outgoing particle
a(1) or a(2), are neglected. These are serious simplifi-
cations at the low energies of interest here. It is well
known, however, that the two types of interactions
frequently result only in a smoothing of the stripping
angular distributions without shifting the angular posi-
tions of their extrema. Such an effect also seems to
appear in the present analysis.

III. DIFFERENTIAL CROSS SECTION EXPRESSION

Under the usual stripping assumptions, the scattering
amplitude may be written as?

To= TP+ '-]"O(T)’ (1)

where

TP = f it (@) V qaypi(x)da (2)

is the scattering amplitude due to the projectile-
stripping mode and

ToD= f Vit (0) Ve (x)dx @)

is the scattering amplitude for the target-stripping
mode. The wave functions ¥;(x) and ¥;(x) are those of
the initial and the final states of the system and x is a
collective symbol for the (vector) positions of the
various nuclei and clusters involved. The factor of two
in Eq. (3) arises from the two equivalent « particles in
Be?, either of which may appear as the outgoing «
particle «(2) in the target stripping mode. Vg4qqy and
Vaaw are the nuclear interaction potential operators
describing respectively, the interaction between the two
clusters of Li®, and between the two clusters of Be®.

In plane-wave approximation we write the initial-
state asymptotic wave function as

Yi(x) =P ReYp(r)Ep(J pM p)
Xe® TRy p(p)er(J oM 7).  (4)

Here kp and kr are the wave vectors of the motion of P
and T relative to the center-of-mass of the system, and

4T, Fulton and G. E. Owen, Phys. Rev. 108, 789 (1957).
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Rp and Ry are the corresponding positions. ¥ »(7) and
¥r(p) are the S-state internal motion radial wave func-
tions for the a-d system composing Li® and the a+He?
system composing Be®. £,(J M) is the total angular-
momentum function of particle ¢ corresponding to total
angular momentum J, with projection M,. For the
projectile- and target-stripping modes, respectively, the
asymptotic final state wave functions are

Yr(x)=e® e Ra®S,(fopu,)
XewrRey x P (|Ry—Rp|)ern(JeMz) (5)
and

‘Pf(x) =gika®R “(ZJSa(ja,Ufa)
Xeik1e~RR¢R(T)<[ RH“RPDER<JRMR)‘

Here Sa(japa) is the spin function of the outgoing
particle with spin j, and projection u.. (Note, however,
that 7o=p.=0.) k, and kz are the wave vectors of the
motion of the outgoing a particle and the residual-
nucleus relative to the center-of-mass of the system, and
R. and Rp are the corresponding positions. Ry is the
position of the He’ cluster relative to the center-of-mass
of the system. ¢ and y¥g‘? are the radial wave
functions of the residual nucleus, describing it in terms
of the configurations Be’-d and Li®+He5, respectively.

In order to evaluate the matrix elements (2) and (3)
it is convenient to express the angular parts of the
initial-state wave function (4) in terms of those of the
final state. It is rather arbitrarily assumed at this point
that the angular momenta combine according to the
J-J coupling scheme, but L-S- and channel-spin cou-
pling could also be considered. The procedure followed
in expanding ¥ closely parallels that given by Edwards®
for a (d,n) reaction. The result for the projectile
stripping mode is

Yi=eik e RaeikB-REG (K1) gyay (kat a)
XY ()T pEr(JEM £)Sa(fafia),

where, symbolically,

=

JRMRJ aMaud
X(]d[.tdl(d)m(d) ldedXJTMTJde[]RMR>-

The notation {jym1jome|JM) is used for the Clebsch-
Gordan coefficient corresponding to the vector addition
jit+i:=1J, mi+ms=M. Other quantities in (6) are the
usual form factor

Gr(Kp)= f ¢y ()dr,

(6)

Tp= (Famrafatia] J pM p)

and

gl<d>=sz(d>.ofeik1"d sinddfde

=" {4a[ 20(d)+1T} uay (Rar ),
8 S. Edwards, Jr., Phys. Rev. 113, 1277 (1959).
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in which Y y4,0(0,0) and 74 (k174) are respectively, a
spherical harmonic, and a spherical Bessel function.
#1(d) is the capture orbital angular momentum of the
deuteron relative to the center-of-mass of the residual
nucleus. The wave vectors which appear as a result of
coordinate transformations are defined by

K1==ka— (Ma/MP)kP,
ki=kp— (Mr/M )k,

in which M, is the mass of particle ¢. The position of the
deuteron relative to the center-of-mass of the target
nucleus is given by the vector rq=Rs—Rr=Rqmn+r
—Ry. In establishing (6), k; is chosen to define the axis
of quantization.

In evaluating the matrix element (2), the method of
the “kinematical form factor’’#® has been used, with the
result

74P =Cp f v @)z, %)
where
herkp? kot 2kp ke
CP= Tc.m._l_ eda(1)~_[“ I ],
MaT  Mda Md

is the kinematical form factor. 7. . is the total kinetic
energy of the system in the initial state, eaa(y is the
binding energy of the deuteron in LiS and u,, is the
reduced mass of particles p and ¢.

The usual stripping-theory cutoff or interaction
radius R; was introduced by means of a é-function
interaction multiplying the potential Va.qy. Thus,
putting (5) and (6) into (2) and using (7) gives

TP = fll/R(P”(fd)Vda(l)GP(Kl)gl(d) (kwra)yr(p)T pdr
~TpCpGp(K1)
X f Yr P (r2)6 (ra— R)gua (kar ) r(p)dr

= (1)UIT pCpGp (K1) jy(ay(B1R DA p.

Ap is an overlap integral defined by
A= [2@+1D [V )i,

the integration being over all space.

The target stripping mode is treated in a way exactly
analogous to that given for the projectile-stripping
mode. k; is again used as the axis of quantization. No
transformation of axes of angular momentum functions
is necessary because comparison of the present stripping
analysis with experiment shows that the capture angular
momentum #I(H) of the He® cluster relative to the

6§ G. E. Owen, L. Madansky, and S. Edwards, Jr., Phys. Rev.
113, 1575 (1959).
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center-of-mass of the residual nucleus cannot reasonably
take any value other than zero. The only remaining
preferred axis is therefore k;. A more complete discus-
sion of the various axes of quantization can be found in
reference 5. Again using a é-function approximation to
introduce an interaction radius Rs, the target-stripping
amplitude is found to be

TP =18 1C G (Ks) f1cay (R2R2) A,
with

Ap=2{4a[2(H)+17)3 f D oo ()dr,

wrkp? ke 2kp-k,
CTzTc.m.+6Ha(2)'—_'[ } + ],
2lunp MpH My

Gr(Ks)= f exp(—iKy- @z (o)de,

Tp= Z <jaﬂajHﬂHlJTMT>

JRMRIHMHLH

X{juuml(H)m(H)|J uM g)

X (T uMuJ pMp| T M),
K2=ka—(Ma/MT)kT, JaMulp Pl =Mr)

ky=kr— (M p/Mr)k.,,
o= Ra(2)'_ RP“‘ 0= RH" RP-

€na(2) is the binding energy of an a particle in Be? and R,
is again a cutoff radius. jx is the intrinsic (spin) angular
momentum of the He® cluster, and gz is the position of
that cluster relative to the center-of-mass of the Li¢
projectile.

Conservation of parity and angular momentum re-
quires that /(d) and I(H) be even integers not greater
than 4 if the residual nucleus B! is left in its ground
state (J™=3/2") and not greater than 2 if the B! is left
in its first excited state (1/27). It has already been
pointed out that/(H)=01is required by the experimental
results.

The differential cross section do/dQ, which is pro-
portional to the squared modulus of the scattering
amplitude 7%, can now be written as

do/dQ < |CpGp(K1)jia (krRy)|?
+ |ArA P IC G (K 2) fucry (BoR2) | 2
+2(=1)D5, 1 T L rArAp'CPGpCrG 7100y f 180y,

®
where # is any non-negative even integer.
The transforms Gp and Gr were evaluated using the
zero-range approximation wave functions,

Yr(r)=(o/2m)r e and Yr(p)=(8/2m)}p~ e Pr,
with

(ha)*=2paaeancy and  (i)*=2umacnac-
The products CpGp and CrGr turn out to be nearly
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Fic. 1. Angular distributions at a laboratory bombarding energy
of 3.25 Mev for the Be?(Li%a)B" reactions, leaving B! in its
ground state (upper plate) and in its first-excited state (lower
plate). The solid lines are the theoretical results from this paper
and the solid circles are the experimental points from reference 1.
@ is the center-of-mass scattering angle.

independent of the scattering angle for the experimental
conditions of reference 1, so only their mean values were
used in computing theoretical angular distributions.

Upon forming the product of the six Clebsch-Gordan
coefficients and then doing the requisite sum, it is
readily found by the usual methods of Racah algebra
that TpI'p=0 if I(d)*0 and that if I(d)=0 then
Tpl'p=1 or % if the B! is left in its ground or first
excited state, respectively.

IV. RESULTS AND CONCLUSION

The differential cross section in the form of Eq. (8),
with arbitrary normalizing factors, has been evaluated
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TaBLE I. Parameters used in Eq. (8) to calculate the theoretical
angular distributions shown in Fig. 1.

Ri(f) Ry (f) 1@ I(H) ArAp?
B! ground state 6.0 2.75 0 0 0.28
B! first-excited state 6.0 2.75 2 0 0.23

for the Be®(Li%,c) B! reaction leading to the ground and
the first excited states of B Because of the restricted
range of bombarding energies for which complete ex-
perimental angular distributions were available and
because of the limited success in fitting the ground-state
experimental results, the evaluation of Eq. (8) has been
carried out only for a laboratory bombarding energy of
3.25 Mev. The results are shown in Fig. 1. The parame-
ters used to obtain the curves shown in the figure are
given in Table I.

The calculated angular distribution for the first ex-
cited state reaction is considered to be in satisfactory
agreement with the experimental results. The partial
failure of the theory in treating the ground-state reac-
tion does not seem to be serious in view of the grossly
simplified analysis used here. Improvement might be
sought in a more realistic treatment, such as a distorted-
wave Born-approximation calculation” or a multi-
nucleon stripping calculation.® The present work how-
ever does seem to demonstrate that the reaction
mechanism is primarily one of stripping.

ACKNOWLEDGMENTS

The author is pleased to express his gratitude to
Professor J. M. Blair and Dr. R. K. Hobbie for con-
tinued encouragement in the course of the work, and to
Professor M. Bolsterli for reading a more extensive
treatment of the present analysis.

7 See, for example, W, Tobocman, Phys. Rev. 115, 98 (1959) and
references therein.

8 M. el Nadi and M. el Kishin, Proc. Phys. Soc. (London)
A73, 705 (1959); I. Manning and A. H. Aitken, Naval Research
Labs. Quart. Nuclear Sci. Tech. (to be published) ; see, M. el Nadi,
Phys. Rev. 119, 242 (1960), and 120, 1360 (1960).



