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Double differential cross sections for the neutron-induced production of p, d, t, *He, and alpha
particles from carbon have been measured using unpolarized neutrons. Neutron beam energies of
27.4, 39.7, and 60.7 MeV were used. The charged particle energy spectra at nine laboratory an-
gles—15, 20, 35, 40, 45, 65, 90, 130, and 150 deg—range up to the kinematic maximum, from a lower
energy cutoff of 4 MeV for p, d, t, and alpha and 8 MeV for 3He. A CH target was used so that the
absolute normalization was obtained simultaneously from the n-p cross sections. Intranuclear cas-
cade plus deexcitation calculations were carried out. The data are compared with these calculations
and with available proton induced (charge symmetric) reaction spectra.

NUCLEAR REACTIONS

2C(n,px;dx;*Hx;’Hex;*Hex), E,=27.4, 39.7, 60.7

MeV; measured o(6;E), 0,,=15, 20, 35, 40, 45, 65, 90, 130, 150 deg. Intranuclear
cascade plus deexcitation calculations.

I. INTRODUCTION

Extensive cross section data have been reported for neu-
tron induced complex charged particle production around
E,=14 MeV.! However, data on carbon are limited to
protons and alpha particles, since other channels are not
accessible due to their high reaction Q values.? As the en-
ergy of the incident neutron is increased, the reactions for
producing deuterons, tritons, and *He become energetical-
ly feasible. However, only total particle production cross
section measurements have since been reported beyond the
d-t neutron energies.> We present here the first measure-
ments of double-differential cross sections for hydrogen
and helium isotope production from carbon at selected
neutron energies in the 20—60 MeV range.

The data presented here are for incident neutron ener-
gies of 27.4, 39.7, and 60.7 MeV, which were chosen to fa-
cilitate comparison with the proton induced cross section
measurements done at ORNL.* Similar measurements on
nitrogen and oxygen nuclei will be presented in subsequent
publications.

The experimental setup is briefly discussed in Sec. II.
Section III covers the format, normalization, corrections
applied to the measured spectra, and the errors assigned to
them. We introduce the model code, consisting of in-
tranuclear cascade (INC) followed by Fermi breakup,
which is used to generate predictions of double differential
cross section spectra, in Sec. IV. Discussion of double dif-
ferential cross section data along with comparisons with
(i) the model predictions and (ii) the charge symmetric
proton induced cross sections of Bertrand et al* is
presented in Sec. V.

II. EXPERIMENTAL DETAILS

A nearly monochromatic neutron beam in the 20—60
MeV energy range was produced via the ’Li(n,p)’Be
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(Q= —1.64 MeV) reaction.’ The neutrons were collimated
along O degrees to strike a target located in an evacuated
scattering chamber (Fig. 1). The neutron spectrum con-
sists of a peak that contains =60% of the neutrons plus a
rather flat low energy tail (Fig. 2). For a typical 40 MeV,"
14 pA proton beam, the intensity at 3.4 m is =10°
neutrons/cm? in a 1 MeV FWHM peak. Three sets of
three-element charge particle telescopes located inside the
chamber viewed the target at selected angles.

A polystyrene (CH) instead of elemental carbon was
used as a target.” This facilitates the normalization of
data to the n-p elastic cross section that was measured
simultaneously. By way of striking a compromise between
viable count rates and minimum energy cutoff for alphas,
target thicknesses in the 4—5 mg/cm? range were chosen.
The actual target used for carbon consisted of four sheets
of CH amounting to a thickness of 4.108+0.054 g/cm?.
The target was oriented at 45 degrees to the incident beam
so as to minimize the effective target thickness crossed by
the outgoing charged particles towards either the forward
angle telescopes or the backward angle telescope.

Three-element, charged particle detector telescopes con-
sisting of a 50 um Si (surface barrier) A E1 detector, a
300—400 pum Si (surface barrier) A E2 detector and a stop-
ping E detector [NaI(T1) or Si(Li)] were used for charged
particle identification. Three such telescopes were posi-
tioned to cover, in all, nine laboratory angles, viz. 15, 20,
35, 40, 45, 65, 90, 130, and 150 degrees. Combinations of
AE vs E displays for energetic particles and particle velo-
city (time of flight) vs E displays for particles that stopped
in the first detector element were used to identify charged
particles spanning the entire energy range. In addition, a
TOF (time of flight) with respect to a beam pickoff locat-
ed upstream of the neutron producing target was used to
select only those events associated with the neutrons in the
main peak.
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FIG. 1. The unpolarized neutron beam line and the associated
scattering chamber at the Crocker Nuclear Laboratory.

Data acquisition was accomplished by feeding the data
signals into the PDP 15/40 computer through a
CAMAC/CA-15 Branch Driver. The events were charac-
terized by (i) the route or the telescope that registered the
event and (ii) the condition as to the element of the said
telescope where the particle stopped. Routines provide de-
tailed visual on-line displays for the selected route and/or
condition. The raw data were stored event by event on
magnetic tape for subsequent retrieval and detailed
analysis. See Ref. 5 for a complete description of the ex-
perimental setup.

III. DATA REDUCTION

We shall briefly describe the procedure adopted in data
reduction. More details can be found in Ref. 5. For each

T. S. SUBRAMANIAN et al.

particle that provides an energy loss in a detector a timing
pulse and an energy pulse height were obtained. For parti-
cles that passed through at least the first detector, a A E vs
E scheme was used for particle identification. For those
that stopped in the first detector, a time of flight (TOF) vs
E scheme was used. In all the cases, a neutron TOF cut
was superimposed to select the events given rise to by the
neutrons in the peak of the incident neutron beam. When
a particle traversed more than one detector the pulse
heights from the active detectors were summed after
matching their gains.® Corrections for dead layers on
detectors were also included. Two sets of energy channels
(low and high gain) were provided for each of the AE
detectors to facilitate better resolution between the helium
and hydrogen particles (respectively). Since the helium
particles at low energies lost a considerable portion of
their energy in the target, these data were corrected for
particle and energy loss in the target.” The alpha spec-
trum for E < 8 MeV contains some (not resolved) >He con-
tamination produced by the neutron tail (Fig. 2; see also
Ref. 5). By comparing the measured *He and alpha cross
sections in the region around 10 MeV, we estimate this
contamination to be <5% at 60.7 MeV, «<3% at 39.7
MeV, and negligible at 27.4 MeV.

The presence of hydrogen in the target necessarily intro-
duces data gaps in the proton energy spectra, owing to the
elastic n-p. This effect appears in two ways: the elastic
n-p peak from the full energy neutrons, which shifts in en-
ergy rapidly with angle (it disappears at 90 degrees), and a
low energy gap (it ranges between 2 and 8 MeV) due to the
time-of-flight foldover elastic n-p from the neutron tail
(Fig. 2).

Absolute cross sections were obtained by normalizing to
the n-p elastic cross section using the parametrization of
Binstock,!® our previously measured n-p cross sections,!!
and a knowledge of the hydrogen content of the target
used. The overall normalization uncertainty is estimated
to be 5% (4% for the hydrogen surface density and 3%
for the elastic hydrogen peak statistics) compounded with
the uncertainty in the n-p cross section [typically 3—5 %
(Ref. 11)]. The average detector angular resolution was 3°
and the neutron beam energy width was ~2 MeV.

Correction for background was done by the common
“target in” and “target out” runs related by a suitable
monitor.

IV. THEORETICAL MODEL

The intranuclear cascade calculations were performed
with a code (INCA1) based on the Monte Carlo method
outlined by Chen et al.!? It lacks the pion physics of the
Chen code, but allows a description of the target nucleus
including alpha and, if required, two-nucleon clustering,
specified by the spectroscopic factors. It is similar to,
though extensively modified from, the code recently
described by Mathews et al.l3

In the calculation presented here, the spectroscopic fac-
tors are taken from the transformed shell model cluster
calculations of Balashov et al.!* [the results of their calcu-
lations are in good agreement with experimental spectro-
scopic factors obtained from (p,pa) (Ref. 15) and (p,pd)
(Ref. 16) reactions on '?)C]. Thus the 2C nucleus is
represented as a time average of 1.64 alpha clusters with
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FIG. 2. Typical neutron beam produced by the ’Li(p,n) reaction.
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FIG. 3. Results at 61 MeV. For key to plots see Table I. The calculations are shown by a histogram curve. The smooth curves are

spline fits to the corresponding charge symmetric proton-induced data obtained by Bertrand and Peelle (Ref. 4). See also Sec. III for
the proton spectra.
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TABLE I. Key to Figs. 3—S5.
Fig. 3 Fig. 4 Fig. 5
Neutron Neutron Proton Neutron Neutron Proton Neutron Neutron Proton
experiment calculation experiment experiment calculation experiment experiment calculation experiment
Energy
(MeV) 60.7 60.7 61.4 39.7 39.7 38.8 27.4 27.4 28.8
Key
A 20° 15°-25° 20° 20° 15°—25° 20° 15° 5°—15° 11°
B 40° 35°—45° 40° 40° 35°—45° 45° 35° 25°-35° 30°
C 65° 55°—65° 65° 65° 55°—65° 60° 65° 55°—65°
D 90°® 85°—95° 90° 90°b 85°—95° 90° 90 85°—95°
E 15072 145°—155° 150° 150® 145°—155° 130 125—135°

*Owing to experimental constraints prevailing during the data collection run, no data could be extracted for tritons and *He at 60.7

MeV, and for deuterons and tritons at 27.4 MeV.
YNo *He above our experimental threshold (8 MeV).

5.44 nucleons. The nuclear density is taken to be uniform
in each of 18 radial steps out to 5 fm, with stepwise densi-
ties derived from a three-parameter Fermi distribution
(c=2.355, z=0.522, w= —0.149)."” No cluster-cluster in-
teractions are allowed, and secondary particles are allowed
to escape freely when the distance from the secondary par-
ticle to the center of the nuclear well exceeds an “interac-
tion radius” of 1.07 A!3fm (approximately the half-
density radius). The cascade production is restricted by
the known one- and two-particle separation energies; by

using the time-interval tracking feature of the code, the
particle binding is adjusted to account for previous parti-
cle emission and to force conservation of energy in one-
and two-particle emission.

Fermi momentum distributions are used for the nu-
cleons, with Fermi energies determined in each spatial re-
gion by the nucleon density in that region. Pauli blocking
is enforced for scattering of nucleons. To treat the alpha
and two-nucleon clusters as bosons, a Fermi momentum
distribution appropriate for the density normalized to a
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FIG. 4. Results at 40 MeV. Same caption as Fig. 3.
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single particle is used.

From kinematic considerations, it is clear that the nar-
row peak of high energy deuterons that is experimentally
observed results from pickup reactions. We have therefore
incorporated a simple pickup model as an option in INCAL1.
Such an approach must be considered somewhat specula-
tive; for though, to first order, on-shell nucleon-nucleon
matrix elements may be considered independent of de-
tailed nuclear structure, it is not clear that this is the case
for complex-particle interactions. However, the good suc-
cess obtained by Hachenberg et al.'® using a conceptually
similar analytic approach has encouraged us to proceed
this way.

The main features of the pickup model are as follows:
The energy of the picked-up particle is sampled, as usual,
from the Fermi distribution; its direction is determined by
conservation of energy and momentum exterior to the nu-
cleus. If the pickup is not allowed by conservation of en-
ergy and momentum, the cross section is set to zero; oth-
erwise, it is given by the PWBA expression derived from
that given by Selove,!®

ﬁ3 1277_2 (BZ_aZ)Z
O pickup = 2 ‘ F | 2 2 2
pp —are (B°+q°)
where p is the momentum of the picked-up particle within

the nucleus, po is the asymptotic momentum of the in-
cident particle,

fig=73 | B—Pol, B=6.2,
and
a=y MEB/ﬁ 5

where Ep is the deuteron binding energy (2.225 MeV), M
is the nucleonic mass, and r, is the effective range of the
n-p interaction for triplet scattering (1.7X10~!5 m).
| F| % is a spectroscopic factor that we took from the work
of Chew and Goldberger.?° Finally, the asymptotic deute-
ron momentum is determined by the vector sum of P, and

—

P-
The deexcitation of the residual nuclei is treated by a
code (INCA2) using the Fermi breakup model.2!® The
basic model has been described by Epherre and
Gradystajn.?!® In this model channel probabilities and
particle momenta are determined by phase-space con-
siderations. However, many features have been added to
the model, the most significant of which are as follows:

1. Particle-unstable levels are allowed as intermediate
states, thus permitting sequential decay processes.

2. Two-body breakup channels use a Coulomb barrier
penetration factor approximated from Coulomb wave
functions, while multiparticle modes use a breakup thresh-
old adjusted for Coulomb energy.

3. Two-body breakup of levels with known spin and
parity are restricted to conserve parity and isospin and are
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FIG. 5. Results at 27 MeV. Same caption as Fig. 3.
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FIG. 6. Comparison of results for neutrons at 60.7 MeV (15°—25°) between the calculation including clustering and deuteron pick-
up (full histogram) and the calculation excluding these options (dashed histogram). The experimental data are shown as points.

inhibited by neutral particle angular momentum barrier
penetration factors.

4. Up to seven-body breakup modes are allowed.

5. Experimental data?? are used for mass excesses and
for the excitation energies, spins, and isospins, and parities
of nuclear levels.

V. DISCUSSION OF RESULTS

A representative selection of experimental and calculat-
ed results are shown in Figs. 3—5. For comparison, the
corresponding experimental results for proton-induced re-
actions on carbon obtained by Bertrand and Peelle* are
also shown with a spline fit to the data. For the proton-
induced data, charge symmetric reactions are compared
[(p,xd) with (n,xd) and (p,xa) with (n,xa)] and, hence, the
(px?) and (p,x *He) are, respectively, compared with the
(n,x >He) and (n,xt) reactions. It should be noted that, in
order to improve statistics, the theoretical predictions have
been averaged over 10° bins, which is considerably broader
than the experimental angular resolution of around 3°.

In the calculation, 1.1X10° incident neutrons were
simulated at each energy. As an indication of the statisti-
cal error involved, at 39.7 MeV the error in the energy and
angle integrated proton production cross section was
0.7%; the error in the angle integrated proton production
cross section varied from 1.5% at low proton energy to
7.5% at high proton energy; the error in the double-

differential cross section typically varied from around 8%
(low proton energy) to around 12% (high proton energy).

The basic assumption underlying intranuclear cascade
calculations is that if the mean free path of a particle in-
side the nucleus is larger than the distance between the
constituent particles of the nucleus, its interactions with
these particles may be treated as a series of independent
two-body collisions, using free particle cross sections. Al-
though the mean free path of a particle in nuclear matter
is hard to define,? it is clear that at the energies of the ex-
periment this premise is questionable, and thus the gen-
erally good agreement between theory and experiment
must be considered somewhat surprising.

For secondary protons, deuterons, and alphas, the calcu-
lation generally predicts too few high energy, direct parti-
cles at large angles. This is a direct consequence of the
two-body interactions used in INCA1. The same reasoning
also applies to the deuteron pickup peak which is predict-
ed at rather more forward angles than experimentally ob-
served. In addition, the particular shape of the calculated
deuteron peak is a reflection of our assumption of a Fermi
momentum distribution for the target nucleons.

The calculations yield few direct nucleons or alphas
above ~90° and few direct deuterons above ~45°. In-
creasing the interaction radius described in Sec. IV results
in somewhat more lower energy direct particles at back
angles but still fails to predict the high energy particles ex-
perimentally observed at large angles. (Increasing the opa-
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FIG. 7. Calculated secondary proton spectra for 61.4 and 38.8 MeV incident protons (histograms) compared with experimental
data of Bertrand and Peelle (Ref. 4). The calculations and experiments on the top row are, respectively, between 15° and 25° and at
20°. The calculations and experiments on the bottom row are, respectively, between 55° and 65° and at 60°.

city of the nucleus in this way would, however, reduce the
excessive number of low energy protons that are predict-
ed.) It would not seem possible, within the context of a
classical “direct reaction+compound nucleus” model** to
predict these high-energy large angle particles and it
would appear, within this context, that they are produced
during an intermediate regime before statistical equilibri-
um is obtained.

The effects of particle clustering and of the deuteron
pickup formalism are illustrated in Fig. 6, where the
dashed lines are the results of a calculation including nei-
ther of these options. The high-energy peak in the secon-
dary neutron spectrum when they are included is due to
the reduction of high momentum transfer neutron-nucleon
scattering and an increase in low momentum transfer
neutron-cluster scattering. In addition, the intermediate
and high energy neutron and proton spectra are reduced
due to competition from the pickup reaction. From the
deuteron and alpha spectra it is clear that agreement can-
not be obtained without the assumption of deuteron pick-
up and alpha clustering. Returning to Figs. 3—5 it is also
apparent that particle transfer yielding tritons and *He is
occurring; these reactions have not, however, been
modeled in our code.

Considering the proton-induced data of Bertrand and

Peelle,* the agreement shown in Figs. 3—5 for all compar-
able particles, energies, and angles confirms the expected
similarity between cross sections for reactions induced by
protons and neutrons in self-conjugate nuclei. The corre-
sponding theoretical predictions are also very similar,
showing slight differences primarily due to the different
particle separation energies. The proton-induced data al-
low also for a comparison of experimental (N, xN) data
with our calculations. Some typical comparisons are
shown in Fig. 7 for two incident energies and two angles.
At small angles the calculation overpredicts at high ener-
gies and underpredicts at intermediate energies, an effect
which would be decreased by increasing the opacity of the
nucleus, as described above. At larger angles, however,
the high energy peak due to clustering is absent and the
agreement is much improved.

Finally, it should be noted that the calculation does not
reproduce the high energy structure observed by Bertrand
and Peelle* for the (p,xp) data in Fig. 7. This is because
the direct (INC) part of the calculation does not use the
experimental nuclear level data, and thus the only way for
level structure to appear in our calculated results would be
from a second nuclear deexcitation from one given level to
another. Thus direct nuclear reactions yielding a given ex-
cited state are not simulated.
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VI. CONCLUSIONS

We have obtained the first comprehensive set of in-
clusive hydrogen and helium double-differential spectra
after neutron bombardment of carbon. The data have
been compared with the corresponding proton-induced re-
sults yielding good agreement and with intranuclear-
cascade—Fermi-breakup calculations. Comparisons with
these calculations are in general favorable but clearly show
the limitations of the model.

Only a representative selection of results have been
shown here. Full details of the experimental results at all
angles may be obtained from J. L. Romero. Microfiche
containing detailed results of the calculations, including
kerma factors, at incident neutron and proton energies be-

tween 10 and 150 MeV for carbon, nitrogen, and oxygen,
may be obtained from D. J. Brenner or R. E. Prael. Fur-
ther experimental results for nitrogen and oxygen will be
presented in further publications.
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