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Impact of "Be breakup on the "Li(p, r) neutron spectrum
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The formation of continuum neutron distribution in "Li(p, n) has been identified as due to the coupling of the
"Be breakup levels to the final state of the reaction. The continuum neutron spectra produced by the "Li(p, n)
reaction has been estimated by measuring the double differential cross sections for continuum and resonant
breakup of "Be, through the "Li(p, n) "Be* reaction at 21 MeV of proton energy. The breakup contributions from
continuum and 5/2-, 7/2" states of 'Be have been identified. The measured double differential cross sections
have been reproduced through continuum-discretized coupled channel-coupled reaction channel calculations.
The cross sections were projected to neutron spectrum using the Monte Carlo approach and validated using
experimentally measured *He gated neutron spectra. 'Li(p, n) neutron spectrum at 20 MeV incident proton
energy measured by McNaughton et al. [Nucl. Instrum. Methods 130, 555 (1975)] has been reproduced by

adapting estimated model parameters for the reaction.
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I. INTRODUCTION

Neutron induced reaction data, above 10 MeV, are having
a renewed interest due to the nuclear data requirements for
the design and safe operation of fusion reactors and accel-
erator driven systems (ADS) [1]. Activation analysis, using
quasi-monoenergetic neutrons, is generally utilized for mea-
suring cross sections for such studies. The "Li(p, n) channel
is a promising source of such neutrons due to the quasi-
monoenergetic behavior linearly up to 5 MeV. Further, the
energy tunability and higher yield of this channel makes the
7Li(p, n) the most used accelerator based neutron source for
nuclear astrophysics and nuclear data measurements [2—4].
"Li(p, n) is also gaining attention as a compact accelerator
neutron source (CANS) [3,5] in the fields of technology and
medicine [6,7].

As the proton energy increases above 3.22 MeV,
[1.64 MeV threshold for 7Li(p, n) and 1.58 MeV breakup
threshold for "Be to *He and «] the neutron distribution be-
haves as a continuum from 0 to (E, — 3.22 MeV), including
the monoenergetic peaks corresponding to the population of
ground and 1/27 states. However, there are several measure-
ments with "Li(p, n) neutrons, at proton energies above 15
MeV, for exploring the reactions having threshold greater than
(E, —5 MeV). This practice has been continued with the
assumption that the neutrons contained in (£, — 5 MeV) to
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(E, — 3.2 MeV) range is less than 1% of neutrons enclosed by
ng and n; neutron colonies (corresponding to ground and 1,/2~
states of 'Be, respectively). In some recent works, the extra
contribution from the neutron continuum is being accounted
for by the tailing correction methods [8,9].

So far there exist only a few measurements of the "Li(p, n)
neutron spectrum above 5 MeV, the domain which the neutron
continuum distribution is being prominently contributing to
the neutron spectrum. These measurements were performed
by McNaughton et al. [10] and Majerle et al. [11], with a
thick "™Li target in the neutron time of flight mode, using
the pulsed protons from cyclotron. There are some important
works by Mashnik et al. [12], Meadows and Smith [13], and
Drosg et al. [14], to theoretically model the neutron spec-
trum from the ’Li(p, n) reaction, by taking neutron spectrum
measured by McNaughton ef al. as a reference. However, due
to the lack of enough experimental data on "Li(p, n) 'Be* —
n + *He +a, the neutron spectrum is not well reproduced by
these attempts.

In the perspective of theoretical modeling, the neutron
continuum distribution in the 7Li( p, n) neutron spectrum,
above the three-body breakup threshold, is considered to have
emerged because of the coupling of continuum levels of "Be to
the outgoing neutron wave function. These continuum levels
are being considered as originated by the relative motion of
a-*He internal structures of "Be above the breakup thresh-
old of 1.58 MeV. Moreover, other than continuum states,
the 5/2~, 7/2~ resonant states of 'Be also contribute to the
breakup. This makes the additional peak structures to the
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end region of the continuum neutron spectrum. This implies
that the shape of the continuum neutron spectrum has to
be determined from the breakup cross section of 'Be at the
continuum energies above the breakup threshold. The con-
tinuum and resonant breakups of 'Be have been measured
by Chattopatyay et al. and theoretically reproduced through
CDCC-CRC calculations [15]. A detailed theoretical explo-
ration on the breakup of "Be, based on CDCC calculations, is
performed by Summers and Nunes [16] and Keeley ez al. [17].
Mazzocco et al. experimentally studied the reaction dynamics
of "Be in the field of **®*Pb and interpreted with FRESCO-
CDCC calculations [18]. Kolata et al. have given a detailed
review on the breakup of Be based on recent measurements
and theoretical studies [19]. Similarly, there are important
measurements from the n_TOF collaboration on 7Be(n, p)
and "Be(n, @) channels, which show a similar coupling of
’He -« breakup in the entrance channel [20,21]. A review on
the breakup of ’Li 4 p has been discussed by Pakou et al. [22].
Howeyver, in these works mentioned above, the entrance or exit
conditions are different from the requirements of the present
work and therefore, these measured cross sections cannot be
directly adapted for explaining three-body continuum neutron
spectrum from "Li(p, n).

The measurement of -*He breakup cross sections from
the continuum (resonant and nonresonant) states of 'Be re-
quires the coincidence detection of 3He and «, where the sum
of break-up threshold and relative energy between *He and
o defines the excitation energy of "Be. However due to the
energy loss and energy and angular straggling of *He and «
in the target, the reconstruction of excitation energies may
sometimes become difficult. In a recent experiment using a
1.2 mg/cm? Li target the same problem was observed due to
the issues of straggling and energy loss in the target as well as
thicker AE detectors [23].

Based on the analysis of data from a previous attempt, the
present experiment has been planned carefully and performed
with a specially prepared thin "™'Li target of 20 ug/cm?,
sandwiched in between 5 ug/cm? Al backing and 5ug/cm?
carbon capping. It made the coincidence detection of 3He
and o and reconstruction of "Be excitation energy achievable
due to a minimal energy and angular straggling. The double
differential cross sections for "Li(p, n) ’Be* — n + 3He +«
are measured and extended to the determination of the neutron
spectrum. The determined cross section has been verified with
the *He gated neutron spectrum measured through the time
of flight technique. The details are presented in the following
sections.

II. EXPERIMENTAL SETUP

The experiment was performed at BARC-TIFR Pelletron-
Linac facility, Mumbai, India, using proton beam of 21 MeV.
A specially fabricated 20 1g/cm? ™Li target with 5 j1g/cm?
Al backing and 5 pug/cm? carbon capping has been used
for the experiment. The schematic of the experiment is il-
lustrated in Fig. 1. Two silicon detector telescopes, having
25 pum and 1500 um AE-E pairs, were mounted at +55° and
—55° with a distance of 7.5 cm from the target, to record
the ejectile particles. Three EJ301 liquid organic scintillators

EJ301
(—60°, 1m

Retractable
Faraday Cup

"Li Target

Proton Beam
from Pelleron

FIG. 1. Experimental setup.

having 12.7 cm diameter and 5 cm thick were configured for
measuring neutrons. Two EJ301 detectors were positioned at
—30° and —60° at a distance of 1 m from the target. The
third detector was positioned at +30°, 1.5 m from the target.
The n-y discrimination of the signal was performed using the
Mesytec MPD-4 module. Further the neutron detectors were
configured in time of flight (TOF) with start from AE detector
signals. The telescopes were calibrated using >**Th « sources.
Neutron detector thresholds were set using '*’Cs sources and
time to digital converters were calibrated using time calibrator
module.

III. DATA ANALYSIS

A. Analysis of >He -« coincidences

The recorded events with E — AE correlation are illus-
trated in Fig. 2. A banana gate on the *He band resolves the «
particle events coincident with *He. Some of the as are par-
ticles produced from the reaction °Li(p, o) *He. In addition
many of the random events are also possible. Hence the events
corresponding to the 7Li(p, n) "Be* — n + >He +« reaction,
which follow the three-body kinematics have been identified
through a fixed radius nearest neighborhood approach [24,25].

600 T T T T T T T T T

(%)
(=]
o
T
!

400 | _ 1

AE (Arbitrary Units)
w
o
o

200

ERY!
100

0 200 400 600 800 1000 1200 1400 1600 1800
E (Arbitrary Units)

FIG. 2. AE-E correlation spectra measured by —55° telescope.
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The kinematically allowed energies (Espy, and E,)
corresponding to detector angles for the 21 MeV beam energy
were taken as the quarry point. The constant radius is then
considered as a window, and is taken as A = o7, + 07,
where o7 and o, are the respective energy resolution given
by the two telescopes. This accepts *He - coincidence events
having both Esy, and E, that are inside the window. This
makes the isolation of "Li(p, n) 'Be* — n + *He 4+« events
by removing °Li(p, @) *He and other random coincidences.
These types of events are addressed as ‘true events’. The
other events, such as, p+?’Al - *He+4a +?'Ne and
p+"2C - ®Li+*He +a from aluminium and carbon
present in the target, are not contributing to the present
measurement as the thresholds for these channels are
22.6 MeV and 26 MeV, respectively. The °Li(p, o) *He
events are two orders lesser due to low cross section and
lower percentage of °Li present in the target.

There are events, predicted by three-body kinematics, hav-
ing E, below the particle discrimination threshold with the
coincident >He being above discrimination threshold, or vice
versa. Such events were also reconstructed through the same
nearest neighborhood approach, by considering the poss-
ible uncertainties in the measurement of energy. Thin gates
were defined in the region of the *He/*He band for which the
kinematics predicts the possibility of counterparticle below
discrimination threshold. A correlation plot between energies
in telescope 1 vs telescope 2, under this gate, has been gen-
erated. The quarry point was defined in the same approach
adapted for ‘true events’. The radius has been taken as A =
Voie? + Agae” + 0ar” + Egag, Where 0y is the energy res-
olution of the telescope which identified the particle. Agye
is the energy width of the gate applied on the particle band
and oag is the energy resolution of the AE detector which
detects the counterparticle. Further Eg., is the energy strag-
gling of the low energy events inside the target. Egy,g has
been evaluated from the SRIM code, for the particular target
geometry, however, found to be less compared to the AE res-
olution. The circle defined by the center as a query point and
radius A together forms a gate for counterparticle events and
these events have been projected towards the AE energy. The
centroid of the projected distribution is taken as the average
energy of the counterparticle. Such events will be addressed
as reconstructed events. A typical Esy-AE correlation with
defined circle for event selection is presented in Fig. 3.

The energy state of 'Be was reconstructed by adding
Esye and E,. The doubly differentiated cross sections for the
laboratory folding angle between *He —a = 110° and the
neutron energy spectrum have been constructed through the
energetics as

E, = Epeam — Eq — E3He + Eloss + Q: (1)

where E, is the neutron energy, Ejos is the energy loss of the
particle inside the target, and Q is the Q value for three-body
breakup (—3.23 MeV).

B. FRESCO calculations

Continuum  discretized coupled channels (CDCC)
calculations using FRESCO [26] are performed for reproducing
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FIG. 3. An example energy correlation plot of the energy mea-
sured in —55° versus energy of resolved *He in +55°, for the
coincidence events, used for reconstruction of «s below the discrimi-
nation threshold. Red circle indicates the constant radius (A) window
about kinematically defined query point

the measured double differential cross sections for
"Li(p,n)'Be* — n+°He+a. The energy distribution
of the emitted neutron is considered as arising due to the
coupling of continuum states of 'Be to the outgoing neutron
levels. The problem has been defined as p + 'Li (where "Li
as o + ¢ cluster) for the entrance channel and "Be +n (where
"Be as « + >He cluster) as exit channel mass partitions. The
continuum states corresponding to the "Be, above the a->He
breakup threshold (1.59 MeV) have been generated and
discretized with respect to the a->He relative momentum. The
relative momentum (7ik) up to 5 fm~! was considered for the
analysis. This range was discretized into a number of bins in
the interval of Ak = 0.125fm™~!. The spin corresponding to
each bin has been obtained as the vector sum of a-*He relative
angular momentum and spin of *He. The optical potentials
corresponding to p 4 ’Li have been taken from [27-31] and
the o + n optical potentials have been obtained from [32].
The potentials corresponding to *He +n have been obtained
by fitting the angular distribution data reported by Drosg [33].
A differential cross section corresponding to each continuum
bin has been generated through CDCC calculations. An
alternative CDCC + CRC calculation was performed to
account for the "Be* — 3He+« angular distribution,
including resonant breakup contribution from 7/2~ and 5/2~
levels. The overlaps from continuum states produced by
o + *He and °Li+p, above the breakup thresholds of 1.59
and 5.6 MeV are considered for the estimation of breakup
from the resonant levels. The spectroscopic amplitudes
corresponding to continuum and resonant breakups have
been adapted from the references, however the overlaps are
different in those cases and in the above, a fine optimization
has been performed [15]. The calculated cross sections
were cascaded to obtain the double differentiated cross
sections corresponding to the ’Li(p,n)’Be* — 3He +«
reaction channel. The cascaded cross sections were
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FIG. 4. Neutron energy-efficiency plot for EJ301
scintillator.

liquid

projected for the laboratory, corresponding to 110°, via
three-body kinematics, to meet the experimental conditions.
This conversion has been performed with the three-body
kinematics calculator available in the nuclear reaction
video project with utilizing the relative energy filter
option [34].

C. Evaluation and validation of neutron spectrum

The full neutron spectrum has been generated through the
Monte Carlo approach using the FRESCO calculated cross sec-
tions, in which the double differential part was matched with
the experimental cross sections. This neutron spectrum has
been validated through a *He gated neutron spectrum mea-
sured in the experiment. The *He event gated neutron bands,
identified from the TOF-PSD correlation plots corresponding
to each neutron detectors, were projected onto the TOF axis.
The projected histogram has been converted to the energy
spectrum by time calibration. Since the neutron spectrum is
extending up to 16 MeV, the energy efficiencies for neutron
detectors were simulated using GEANT4, up to 16 MeV, and
compared with previously measured efficiencies [35]. The
energy-efficiency plot generated for EJ-301 neutron scintilla-
tors is presented in Fig. 4.

In order to validate the theoretical estimates of neutron
spectra based on the measured breakup cross sections, for the
21 MeV proton energy case, we proceeded as follows. The full
neutron spectrum has been generated through the Monte Carlo
approach using a three-step procedure. (a) As described in
Sec. III B, the CDCCH-CRC calculations using FRESCO were
carried out to obtain theoretical estimates of breakup cross
sections and the double differential cross sections which are
matched with the experimentally measured cross sections by
the events in telescopes. (b) Using the FRESCO results of cross
sections, the neutron spectra corresponding to 30° and 60°
neutron events which are in coincidence with >He at 55°, have
been generated through the Monte Carlo approach. (c) From
experimentally recorded events in the EJ301 detectors, we
obtained *He events at 55° gated neutron spectra. The vali-

12 T T T T T
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3He Energy (MeV)

“He Energy (MeV)

FIG. 5. The true coincidence and reconstructed events compari-
son with three-body kinematics, projected to the fragments at +55°
and —55°

dation of theoretical estimates by comparing (b) and (c), i.e.,
the Monte Carlo generated with the experimentally measured
neutron spectra. This procedure of validation has been carried
out also for 20 MeV proton energy. Since we did not measure
for 20 MeV proton energy, we proceed to use the experimental
data reported by McNaughton et al. using a thicker Li target.
We performed a set of FRESCO followed by Monte Carlo cal-
culations for 20 MeV along with SRIM calculations to account
for the thick target effect and these calculations reproduced
the spectrum reported by McNaughton et al.

Neutron spectra corresponding to 30° and 60° neutron
events, in coincidence with 55° 3He, have been generated
through the Monte Carlo approach based on FRESCO calcu-
lated cross sections. This spectra have been compared with the
experimentally measured neutron spectra, for the validation
of the theoretical estimates based on the measured breakup
cross sections. Similarly, another set of FRESCO and Monte
Carlo calculations has been performed for 20 MeV proton
energy to reproduce the spectrum reported by McNaughton
et al., along with SRIM [36] calculations to account for the
thick target effect. The ny and n; component to the neu-
tron spectra have been calculated using FRESCO including the
ground (3/27) and 429 keV (1/27) states. FRESCO calculated
cross sections for ground (3/27) and 429 keV (1/27) states
were validated with TENDL-2019 evaluated cross sections for
"Li(p, n) "Be [37].

IV. RESULTS AND DISCUSSION

Measured energy correlation for *He -o agrees well with
the three-body kinematics predicted for the "Li(p, n) "Be* —
n + *He +a reaction. Measurements are limited to a *He -«
folding angle of 110° in the laboratory frame, however,
events got registered to a reasonable statistics. The *He -«
energy correlation, along with three-body kinematics, is
presented in Fig. 5. Measured double differential cross sec-
tions for the breakup corresponding to continuum states of
"Be are illustrated as locally averaged effective histogram
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FIG. 6. The measured double differential cross sections for
"Li(p, n) 'Be* — n + 3He +«, and CDCC-CRC calculated contin-
uum and resonant stare cross sections (for the laboratory folding
angle of 110°).

values in Fig. 6, along with FRESCO-CDCC calculations for
"Li(p, n)’Be* — n 4 *He +«. The comparison of measured
double differential cross section with CDCC-CRC results
shows a good agreement and illustrates the physics of neutron
continuum formation in this typical reaction channel. Based
on CDCC-CRC analysis, it is well understood that the con-
tinuum neutron distribution is formed due to the coupling of
breakup levels to the "Be +n state. Other than the continuum,
there exist 7/27 and 5/27 levels above breakup threshold,
which contribute as the resonant breakups. In the present
study, breakup contributions from these resonant levels are
observed with a lesser statistics. However, these peaks are
being reproduced with CDCC-CRC calculations. The spec-
troscopic amplitudes (SA) of 0.26, 1, and 0.57 have been used
in reproducing continuum, 7/27, and 5/27 contributions,
respectively.

The Monte Carlo based calculation for 0° neutrons has
been performed using the CDCC-CRC calculated cross
section with parameters obtained through matching the ex-
perimentally measured double differential cross sections. The
CRC were considered for accounting the resonant breakup
contribution. The estimated 0° neutron spectrum, correspond-
ing to the breakup is presented in Fig. 7. This shows the
contribution from 7/27(4.57 MeV) and 5/2~ (6.73 and
7.21 MeV) levels as Gaussian peaks. Due to the overlaps of
the continuum levels to the resonant states, the width of the
resonant breakup neutron colonies is large.

The validation of theoretically calculated neutron spectra
has been performed with experimentally measured 55°- *He
gated neutron spectrum at 30° and 60°. The theoretical spec-
tra for these angles are generated through the Monte Carlo
approach over the theoretical cross sections, as described
above. The comparison of the theoretically evaluated neutron
spectrum with 55°-3He gated neutron spectrum at 30° and
60° is presented in Fig. 8. The comparison shows that the
theoretically generated neutron spectra well reproduce the

Li(p,n)"Be -> *He +a : Continuum Breakup
7Li(p,n)"Be -> 3He +a. : (5/27) —— ]

Li(p,n)"Be -> *He +a : (7/2-) ——
"Li(p,n)"Be -> 3He +a : total

g
S
T

N
T
!

d20/dEdQ (mb msrMeV1)
—_ [6,]

0.5

. A N
0 5 10 15 20
Neutron Energy (MeV)

FIG. 7. The simulated 0° breakup neutron spectrum at 21 MeV,
having continuum and resonance contributions.

experimental neutron spectrum within the counting statistics
of the neutrons per energy bin.

The comparison of theoretical neutron spectra for 20 MeV
of proton energy and the neutron spectra reported by Mc-
Naughton er al. is illustrated in Fig. 9. This shows the
theoretical calculations, with parameters used for reproducing
the double differential cross section of "Li(p, n) 'Be* — n +
*He +« are quite apt for generating the breakup neutron spec-
trum from the p + "Li system. The ny and n; neutron colonies
are well reproduced by the FRESCO calculations, optimized
and validated with respect to TENDL-2019 evaluations.

The continuum neutron colony, emerging due to the cou-
pling of continuum levels generated by the « + *He cluster
structure to the "Be 4 final state, has been qualitatively mea-
sured by the present study. Effect of coupling of o + *He
continuum levels makes a neutron distribution from 0 MeV to

ES 1 : : : : ; . :

g 3He gated Neutron Spectrum at 30° +—e—
‘*‘E Theoretical Spectrum with 55° 3He Coincidence ——
_g 0.1 7/20 —— 4
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FIG. 8. The comparison of *He gated neutron spectra with theo-
retical spectra.

054606-5



C. V.MIDHUN et al.

PHYSICAL REVIEW C 104, 054606 (2021)

McNaughton et al.
“Li(p,n)’Be’->3He+a: Continuum |
"Li(p,n)’Be’->%He+a:: 5/2° ——
S 7Li(p,n)"Be’->%He+a: 7/2°
£ 51 no+ny:Fresco ]
) Total Neutron Spectrum =====-
£y4 |
Q
E
)
B
° 2 R
1 .

10 12
Neutron Energy (MeV)

FIG. 9. Comparison of evaluated neutron spectrum with the
spectrum reported by McNaughton ef al. for 20 MeV.

Epeam — Q, where Q is the sum of the Q value for "Li(p, ) and
the breakup threshold of "Be to « and *He. Further, at the high
energy tail of the breakup continuum, two additional peaks
are formed, corresponding to the 7/2~ and 5/2~ resonance
levels of "Be, above the breakup threshold. The overlaps of
breakup levels of "Be produced by *He +a and °Li +p struc-
tures, above 1.59 and 5.60 MeV, produce a broadening of the
resonance neutron colonies. However, for the practical use,
the neutron distribution at the lower energy will be different,
due to the presence of satellite neutrons as recommended by
Drosg evaluations [14]. The satellite neutron distributions are

formed through multiple scattering of neutrons, which are
highly dependent on the experimental setup. However, the
present study is concluded without accounting the satellite
neutrons, formed at lower energies.

V. SUMMARY

The formation of the continuous neutron distribution for
the "Li(p, n) reaction at 21 MeV proton energy has been
identified as the overlap of continuum levels generated by
o + *He clusters of "Be above the breakup threshold. This
has been verified by measuring the double differential cross
sections for three-body breakup at 21 MeV of proton energy.
The measured double differential cross sections have been re-
produced through FRESCO calculations by adding the coupling
of continuum generated by « + *He to the "Be +n final state.
The neutron spectrum has been simulated through the Monte
Carlo approach using FRESCO calculated cross sections. These
neutron spectra have been validated using the experimentally
measured *He gated spectrum and McNaughton’s spectrum
reported for 20 MeV.
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