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N'4(n, f) and N'4(n, d) Angular Distributions at 14.7 MeV
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(Received 9 December 1966)

A triple-coincidence counter telescope consisting of two proportional dE counters and a solid-state E
detector was used to study the angular distributions of tritons and deuterons for the ground-state transitions
of N'4 induced by 14.7-MeV neutrons. The relative triton-to-deuteron peak yield was found to be about 0.3.
The (n, t) angular distribution is compared with pickup theory and with two other deuteron-transfer inter-
actions between the ground states of N" and C":the N'4(n, Li') and N" (d,e) reactions. In these reactions
the orbital angular momentum of the picked-up deuteron is principally 1.=2, with a smaller contribution
from I=0 pickup suggested by the data. In addition, the N" (n,d) angular distribution is compared with
the Gaussian-cutoff pickup theory, and with the N' (P,d) reaction to the ground state of the mirror nucleus
N". The angular distributions, absolute magnitudes, and reduced widths of the two reactions are nearly
identical, as expected. Cluster-model interpretations of the N" data are discussed.

I. INTRODUCTION

'N the past two years, the angular distributions of
~ - tritons from the 14-MeV neutron bombardment of
elements Li', Li, B', and F" have been observed,
these being the erst detailed studies of such reactions. ' '
The shapes of the angular-distribution curves to the
low-lying states reRect a direct-interaction mechanism,
the pickup of two nucleons. There are only a few light
elements in which the (st, t) reaction could be observed
at this energy, and N'4 is one with a low Q value of
—4 MeV. This is a particularly interesting target
because there is evidence for at least two centers of
symmetry within its nucleus, a core-plus-deuteron
cluster structure. ' Some of the evidence for this struc-
ture was obtained by Zahratos, ' who made a study of
the N'e(n, Lie) angular distributions with 42-MeV n
particles. The angular distribution of the Li' ions was
measured and compared with the same reaction in C".
If the picked-up nucleon pair is correlated as a cluster
in N'4, a higher probability of the cluster exchange
should exist over the transfer of the same number of
uncorrelated nucleons. A larger deuteron reduced width
for N' was observed by Za6ratos, about a factor of 5,
and the angular distribution for the ground-state reac-
tion suggested the pickup of two p-state nucleons from
their correlated motion about the C" core.

We would expect the N"(N, t) reaction to the ground
state to follow about the same characteristics as the
(n,Li'). Indeed, there are other deuteron-transfer
reactions with N'4 which we would expect to follow the
same pattern, the (tl,n) and (p,He') reactions. A study
of the angular distributions of 0. particles in the 21-MeV
deuteron bombardment of N'4 was made by Fischer and
Fischer, ' who found forward peaks in the ground-state
angular distribution. The (p,He') reaction with N'e was
investigated by MacLeod and Reid using a triggered

s V. Valkovic, Nucl. Phys. 54, 465 (1964).' Proceedings of the Congres International de Physigne Ãncleaire,
II, edited by P. Gangenberger (Centre National de Recherche
Scienti6que, Paris, 1964).' D. R. Inglis, Phys. Rev. 126, 1789 (1962).' C. D. ZaQratos, Phys. Rev. 136, BI279 (1964).' G. E. Fischer and V. K. Fischer, Phys. Rev. 114, 533 (1959).
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cloud chamber. s They observed that the (p,Hes) total
cross section contributes about 15% of the total cross
section for all reactions with 13-MeV protons on
nitrogen, but the angular distribution of the He' nuclei
obtained was unsuitable for comparison with pickup
theory because of insufhcient counting statistics. These
four reactions, involving the somewhat ideal pair of
nuclei, N" and C", give an extensive investigation of
the deuteron-transfer process and the cluster structure
of N".

Bromley' has given a thorough review of available
data and their interpretation in deuteron-transfer reac-
tions. Theories of the two-nucleon transfer reactions
have been developed by Kl Nadi, Newns, ' and Glen-
denning. "Still lacking is a satisfactory theory of multi-
nucleon pickup by the Ot particle. In this study, the
(N, t) reaction is compared with other deuteron transfer
reactions in N'. We have used a two-nucleon pickup
theory which introduces a radial Gaussian surface cuto6
as a 6rst approximation to the effects of the distorted-
wave functions of the entrance and exit channels, in
the evaluation of the appropriate matrix elements. The
results leave the radial integrations dependent only
upon the nuclear radius and the thickness of the surface
region of interaction. A surface-thickness parameter X

can be adjusted for the best 6t of the differential-cross-
section theory to experiment, and is about 1 F. The
differential cross sections for two-nucleon pickup by
nucleons, deuterons, and e particles are given in the
discussion of the data. In this study we have also in-
vestigated the ground-state angular distribution for the
N "(N,d) reaction. Previous investigations of single-
nucleon pickup reactions with this target have included
both (p,d) and (st,d) angular-distribution measurements.

e A. MacLeod and J. Reid, Proc. Phys. Soc. (London) 87, 43'I
(1966).

s D. A. Bromley, in Proceedings of the Second International
Conference on ENclear Spectroscopy with Direct Reactions, edited by
F. F. Throw (Argonne National Laboratory, Argonne, Illinois,
1964), Report No. ANL 6878, p. 353.' M. El Nadi, Proc. Phys. Soc. A70, 62 (1957);Phys. Rev. 119,
242 (1960).

s H. C. Newns, Proc. Phys. Soc. (London) 76, 489 (1960).
so N. K. Glendenning, Nucl. Phys. 29, 109 (1962).
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N'4(p, d) angular distributions were measured by
Standing" at 18.7 MeV and later by Bennett" at 18.5
MeV. The first Ni4(n, d) angular distribution was ob-
tained by Carlson" and later by Zatzick and Maxson, '
both at 14 MeV. Changes of the angular distributions
of these reactions with energy are not expected to be
marked in this energy range. " In both these (n, d)
studies, a triple coincidence counter telescope was used,
with two gas proportional counters and a thin CsI
scintillator for an E detector. In neither case was it clear
that the over-all resoluti. on and electronic particle
identification techniques were adequate to separate the
9-MeV deuterons corresponding to the ground state
(e,d) reaction from the 10-MeV tritons which could be
present in the (e, t) ground state transition. Since tritons
were not observed in these studies, it seemed advisable
to repeat the N'4(e, d) angular distribution work and to
look for tritons. Since the (p,d) and (e,d) reactions with
nitrogen are to mirror nuclei N" and C", all these
angular-distribution measurements are of interest for
the interpretation of the data.

II. EXPERIMENTAL

Uniform, 40%-rich nitrogen targets were prepared on
an aluminum foil by mixing silica gel with a saturated
solution of sodium azide (NaNS) in a 3:5 ratio by
weight. The resulting mixture was then placed on the
Aat aluminum foil bordered on two sides by masking
tape, then rolled and dried. Targets of thicknesses up
to 15 mg/cm2 gave adequate resolution of the ground-
state data. The targets were bombarded by 14.7-MeV
neutrons from the H'(d, tt)He4 reaction with 150-keV

"K.G. Standing, Phys. Rev. 101, 152 (1966)."E.F. Bennett, Phys. Rev. 122, 595 (1961}."R.R. Carlson, Phys. Rev. 107, 1094 (1957).
"M. R. Zatzick and D. R. Maxson, Phys. Rev. 129, 1)28

(1963).

deuterons in a neutron generator, and the neutron out-
put was continuously monitored by a fast-neutron de-
tector connected to a raterneter and sealer. Average
neutron fluxes near 10' neutrons/cm' sec were available
at 10-cm distances from the end of the generator drift
tube. Absolute Quxes were determined by activation of
a Co" foil, where the (e,n) cross section is well known. "
The deuteron and triton da, ta were collected simul-

taneously in 2-h runs at each angle, with the nitrogen
target placed at a distance of 12.7 cm from the neutron
source.

Figure 1 shows the counter telescope assembly and the
target-detector geometry. The telescope consists of a
target holder mounted with its normal at 25 to the
beam direction, two lead-lined identical gas-Row
proportional counters, and a silicon surface-barrier
detector. The depletion layer of the 8 detector was
chosen equal to the range of a 10-MeV triton. Methane
gas at —,

' of an atmosphere was used in the proportional
counters. The over-all resolution of the system was
about 7%, with most of this due to target thickness.
A 9-MeV deuteron loses about 200 keV in traversing
the 7.5 cm average target to E-detector distance, and
the corresponding energy loss for a 10-MeV triton is
only slightly higher. The solid angle was determined by
counting the a particles from a uniformly deposited
Po'" source of known activity with the telescope evacu-
ated and the source placed at the target position.

In Fig. 2 is shown a block diagram of the electronics,
in which a (dE/Ch) 8 particle identification system
using an XI' oscilloscope was employed. The coinci-
dence pulse intensifies the oscilloscope cathode-ray
beam (Z axis) when the X (i.e., E) and the F (dE)
pulses are at their maximum. The result is a bright dot
on the oscilloscope screen whose X and I" coordinates

"A. Chatterjee, Nucl. Phys. 47, 511 (1963),
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depend on the type and energy of the particle, with
each type of particle being detected ultimately tracing
out a hyperbolic pattern of dots. By appropriately
masking the screen and viewing it with a 4-in. photo-
multiplier, an identi6cation pulse corresponding to the
type and energy of particles under investigation is
generated, and used to gate a 400-channel analyzer.
Selected energy spectra for the ground-state transitions
of deuterons and tritons are shown in Fig. 3, at labora-
tory angles of 0 and 20 .All proton spectra were masked
off and not analyzed. These spectra were taken simul-
taneously by gating on the ground-state groups in both
the deuteron and triton hyperbolas. The triton and
deuteron kinetic energies differ by about 1.2 MeV at 0
and 0.96 MeV at 50 laboratory angles. Background
count rates under these peaks were between 10 and 20%
of the total for the forward angles, and are subtracted
out in Fig. 3. The background in the telescope at
deuteron and triton energies below 6 MeV was substan-
tially higher and made excited-state transitions dificult
to measure. This background was mainly due to protons
traveling backwards from the solid-state detector.

III. RESULTS AND DISCUSSION

A. N'4(n, d)C"
A total of 14 experimental points between 0 and 60

in the N"(n, d) ground-state angular distribution are

shown in Fig. 4. Counter background became of the
order of the (N, d) yield above this angle. The differential
cross section peaks at a center-of-mass (c.m.) angle of
about 22', near the same angle for the peak yield of the
N'4(p, d) reaction to the ground state of the mirror
nucleus N". The error bars shown are from counting
statistics only, and the measured differential cross
section at 22 is 4.7&1.7 mb/sr. The angular distribu-
tion is characterized by L=1 pickup, and is compared
with the single-nucleon pickup theory in Fig. 4. A
reasonable fit to the data with a nuclear-radius parame-
ter of 5.6 F and a surface-cutoff parameter of 0.7 F is
shown. The Gt was about the same for surface-cutoff-
parameter values up to 1 F.

In Fig. 5, the experimental (n,d) angular distribution
is compared with the (p,d) angular distribution with
18.7-MeV protons measured by Standing. "The shape of
the (n, d) angular distribution, the peak differential
cross section, and the reduced width are all in agree-
ment with Standing's (p,d) measurements. This is con-
sistent, of course, with the principle of charge inde-
pendence of nuclear forces. Since the picked up nucleon
is most likely to come from outside the N" core struc-
ture, the probability for the capture of the nucleon
which forms the deuteron structure in the exit channel
should be about the same for incoming protons or
neutrons.
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Fro. 3. Ground-state deuteron and triton energy spectra taken
simultaneously at forward angles with a thick (15 mg/cmI) NaNI
target. Isolation of deuteron and triton groups is possible if one
of the groups is masked ofi (see text).

Two complete runs were taken under conditions of dif-
ferent geometry, with the N" target placed at positions
8 and 12.7 cm from the source of neutrons. Although the
results were substantially the same, the "good" geome-
try data (12.7 crn) are shown in Fig. 6. The differential
cross-section peaks at a c.m. angle of about 30, and the
angular distribution is chief from L=2 pickup. The
angular distributions of the two-nucleon pickup reac-
tions are characterized by the total orbital angular
momentum of the transferred deuteron, given by

J;+S;+L=Jr+Sr,. L=l„+l„.
Any substantial contribution from L=0 pickup would

be manifested by a sharp rise in the cross section below
10', which is not evident in the data. A small L= 0 con-
tribution to the yield was added in to 6t the data below
10, but this made no noticeable contribution to the
theoretical angular distribution at higher angles. The
theory curve for the L=2 transfer continues to drop
below 15', and the experimental points below this angle
might be due to the usual problem in neutron angular
distributions, de6ning a 0 beam. Experimentally, the
ratio of the L=O to L=2 contributions could be any-
where from 0 to 1/(21.+1)=-,', the weighting factor in
the theoretical angular distribution (see below). A
reasonable fit to the data was obtained for the parame-
ters 80=5.6 F and 'A=0. 7 F.

With the "deuteron" cluster model for X', the ques-
tion arises as to what degree, if any, the cluster resembles
the free nucleus. In the ground state of the deuterium
free nucleus, the tensor force mixes a fraction of the 'D-
state wave function in with the 'S-state wave function,

~ N (n,d)C—THEORY (Ro=5.6 F)
( 9=0.7FJ

~ N (p,d) N (STANDING)

3
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Fro. 4. Angular distribution for the ground-state N" (II,d) re-
action and theory curve for I.= I. Error bars shown are counting
statistics and the theory is a Gaussian-cuto6 distorted-wave ap-
proximation discussed in the text with a nuclear radius parameter
of 5.6 F and a cutoB parameter of 0.7 F.

3. N'4(n, t)C"
In Fig. 6, the experimental angular distribution for

the N'4(II, t) reaction to the ground state of C" is shown.

~ ~
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Fro. S. Comparison of the N"(II,d) and N"(p, d) to the ground
states of the mirror nuclei C" and 813. The angular distributions
are in close agreement, as expected.
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and the 'D-state probability is about 4%. If the deu-
teron "cluster" in N" resembled the free-deuteron nu-
cleus, therefore, @re vrould expect a substantial I.=O
contribution to the angular distribution, vrhere I is the
orbital angular momentum of the picked-up deuteron.
Since the important quantitative contribution to the
angular distribution is I.= 2, it must be concluded that
the residual interaction between the cluster and the core
substantially changes the '5-'D mixture in N'4 from that
of the free deuteron.

Given belovr are the results of the calculations for the
differential cross sections for two-nucleon pickup theory
for protons, deuterons, and 0. particles. Ke have used
the Gaussian form for the internal @rave functions of the
deuteron and the 0. particle, and cluster-structure @rave

functions for Li'. Amplitude distortion in. the vive
functions was introduced through a radial Gaussian
surface cuto6 after the manner of McCarthy and
Pursey. "A FORTRAN program for the calculations of the
differential cross sections was set up on the IBM 1620
computer.

IV. TWO-NUCLEON PICKUP THEORY

A. By Nucleons

do kf (2jf+1)
Q (2L+1)A rsF'(Q, Re )t)G'(E)

dQ k; (2j~+1) r

~ EXP. POINT N(ot, Li6) C

THEORY Roa5.6F
Eq. (Z) 5 =O.7F

n 2, I=O

«—.DWBA THEORY
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Fro. 7. Angular distribution for the N"(n,LI') reaction to the
ground state of C" measured by Zafiratos (Ref. 4). A theoretical
fit is shown for the Gaussian-cuto6 distorted-wave pickup theory
LEq. (2)] for fto ——3.6 F and X=0.7 F. There are no significant
changes in the 6ts for values of X between 0.7 and 1.0 F. Shown
also is a DWBA fit to the N'4(a, Li') C" angular distribution made
by Za6ratos (Ref. 4).

~ EXP. POINT N (n,t)C Gd.
I4

—THEORY (R0=5.6'
is=o.7F)

where

F(Q,RQ, X)= expL —(R—Rs)'/) ']jl,(QR)R'dR,

G(E) = exp( —2&Pu') j&(Eu)u'du,

Q = k;—(nz;/mf) kr,

and
I=—',(k;+ (m„/mr) kr) .

B. By Alyha Particles

0.5-
do kr (2jr+1)—cc— Q (2L+ 1)A LsFs(Q R $)Gs(E rz I)
d(I k; (2j~+1) r

where

~ ~

I s ~ I I I I I I ~

IO 20 30 40 50 80 70 80 80 100 IIO 120

ec.m (OEG

FIG. 6. Angular distribution of tritons in the N" (a,&) ground-
state reaction. The two-nucleon pickup-theory parameters used
are the same as the N' (e,d). The peak yield is near H,.m. =30'.
The total cross section for the ground-state transition is about
2 mb.

F(Q,R„X)= expL —(R—Rs)'/) ']gr, (QR)R'dR

G(K,m, I) = exp( —y'us) j,(Eu)u~+'du

Q= k;—(m~/mf)kf,

and' I. E, McCarthy and D, I.. Pursey, Phys, R.ev. f22, 578
(1961). K= s(k;+(M /Mr)kg).
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C. By Deuterons

da kt (2gt+ 1)—CC — P (21+ 1)Ar, E (P/Rp)X)G (E) (3)
dQ k; (2j;+1)

where F= same as above,

G(E)= exp( —4y 'tt') je(EN)ttsdm,

Q =k,—(m;/mt) kr,

K=-,'(k;+ (me/mf)kf) .

We have used Eqs. (1)—(3) in comparing the experi-
mental angular-distribution work with theory. The
function G(E) does not change markedly with angle, nor
is it very sensitive to choices of the triton and o. range
parameters y&

' and y ' for two-nucleon pickup by
nucleons and deuterons. However, in the case of (er,Lie)
reactions, the function G(E) increases somewhat rapidly
over the angular range from zero to 90, by about a
factor of 8. This raises the diffraction peaks which occur
at higher angles for the Nr4(a, Lie). Experimentally, we
note in Fig. 7 that the third diffraction peak (at 85') is
about as high as the second, which is not predicted by
the Butler theory. The choice of range parameter y in
Eq. (2) was the same as chosen in the cluster structure

FIG. 8. The N" (d,n) C" angular distribution measured by
Fischer et al. (Ref. 5) compared with pickup theory. The best
Gts to the data are for parameters which are about the same as the
N'4(m, d) and ¹4(N,t).

work of Pearlstein et al. ,
' with y'=0.20232 F . In Eq.

(2), I and f are the Li' cluster wave function parameters,
v=2 and l=O '~

In' Fig. 7, the experimental angular distribution for
the N'4(n, Lie) reaction to the ground state of C" is
shown. The measurements with 42-MeV n particles were
made by Za6ratos. 4 The theoretical fit to the data shown
in Fig. 7 is for parameters Rs ——3.6 F and X=0.7 F. A
critical question concerning the data is whether there is
a true rise for small angles. The point at 11 does indi-
cate a rise in the differential cross section, but unfortu-
nately it is only one point and the counting statistics
overlap this point with one at 15'. A substantial L=O
contribution will give a sharp rise below 10, according
to the theory used here, and a secondary, much smaller
bump in the cross section would appear around 34'.
There is a slight rise in the cross-section data at about
34, but is is clear that more data should be taken. The
theoretical 6t shown is the addition of an L=O and an
L=2 contribution with their appropriate statistical
weights (25+1). Figure 7 shows a distorted-wave
Born-approximation (DWBA) calculation made by
Zafiratos. 4 Equation (2) fits the diffraction minima and
maxima more precisely than the DKBA choice of pa-
rameters made by Zairatos.

The N" (d,cr)C" reaction has been studied by Fischer
et al. ,' at 2j MeV. The data and a theoretical calcula-
lation are shown in Fig. 8. In this case the data more
clearly indicate a rise in the cross section for small
angles and a erst L=2 peak at 30—35 . The differential
cross section versus 8 is much like the (n,Li ), with two
clear diffraction peaks. Again the theory shown is the
addition of an L=0 and an L= 2 term with the appro-
priate statistical weight. Both the (d,n) and the (tt, t)
have peaks near 30, and cross-section minimum values
near 55'.

The deuteron transfer reactions between the ground
states of N" and C" have marked similarities as seen
in their angular distributions. Of the three reactions
discussed here, the (d,n) has the smallest differential
cross section, possibly because of the fact that all spins
are zero in the exit channel for this reaction, and there
are only a limited number of ways that this may be
accomplished compared to the (tt, t) and (n,Li') reac-
tions. A more extensive use of DWBA calculations for
the neutron-induced reactions is forthcoming. "
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