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Thick target deuteron breakup is a variable-energy accelerator-based source of high-energy neutrons, with
applications in fundamental and applied nuclear science and engineering. However, the breakup mechanism
remains poorly understood, and data on neutron yields from thick target breakup remain relatively scarce. In this
work, the double-differential neutron yields from deuteron breakup have been measured on a thick beryllium
target at €, = 33 and 40 MeV, using both time-of-flight and activation techniques. We have also introduced
a simple hybrid model for the double-differential deuteron breakup cross section, applicable in the ¢, = 10—
100 MeV energy range on light (Z < 6) targets. This model features four empirical parameters that have been
fit to reproduce experimental breakup measurements on beryllium targets, using the method of least squares. It
was shown that these parameters extrapolate well to higher energies, and to other low-Z target materials. We also
include optimization of the parameters that modify the Kalbach systematics for compound and preequilibrium
reactions, in order to better reproduce the experimental data for beryllium targets at large angles.
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I. INTRODUCTION

Thick target deuteron breakup is one of the most intense
accelerator-based sources of neutrons in the range of ~10-
100 MeV, with the potential for numerous scientific and
industrial applications. At a deuteron energy of ¢; = 40 MeV
on a thick (e.g., 6 mm) beryllium target, approximately 9%
of the incident deuteron beam breaks up, and is “converted”
into a forward-focused neutron beam. Another appealing char-
acteristic of deuteron breakup is that the average energy of
neutrons emerging from the reaction is approximately half of
the incident deuteron energy. The fact that the energy and
intensity of the outgoing neutron distribution are (approxi-
mately) proportional to the energy and intensity of the incident
deuteron beam means that the neutron spectrum can be tuned
to suit the requirements of a particular application.

However, there is a pressing need for improving the char-
acterization of the neutron energy and angle distributions from
thick target deuteron breakup. Many of the available literature
data are not of sufficient quality for the applications desired,
and are often inconsistent with one another. In addition, most
of the modeling efforts associated with deuteron breakup are
either focused on (d, p) transfer reactions in thin targets,
rather than on thick target neutron yields, or are simply in-
accurate over the energy range or target materials which are
useful for applications.

In this work, we present a parametrized, hybrid model for
deuteron breakup that has been fit to a selection of literature
data on thick beryllium targets, spanning an energy range of
€, = 16-50 MeV. The model was shown to extrapolate well
to higher energies, and to other targets in a similar mass range.
We also present new measurements of the double-differential
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neutron spectra acquired at €; =33 and 40 MeV, which
were performed using the time-of-flight and foil activation
techniques.

A. Applications of deuteron breakup

The tunable energy spectrum and relatively high intensity
of thick-target deuteron breakup make it an attractive neu-
tron source for a variety of applications. One application that
we will examine in this work is isotope production, where
breakup has the potential to play a unique role in comparison
to other neutron sources. Nuclear reactors are very intense
neutron sources, but generally have a fixed energy spectrum
that is well suited for (7, ) isotope production. Neutron gen-
erators (both deuterium-deuterium and deuterium-tritium) are
arelatively low-cost source of high energy (e.g., 2.5, 14 MeV)
neutrons, but the energy is fixed and the neutron intensity is
comparably low. Spallation neutron sources have a very high
intensity; however, they emit a very broad range of neutron
energies, only a small selection of which are likely useful for
isotope production [1].

In comparison, the neutron energy spectrum from a
deuteron breakup source could be optimized for a spe-
cific (n, p), (n,2n), (n,3n), or (n,®) reaction, selectively
populating one isotope with a relatively high radiopurity.
Also, because there is a strong energy-angle correlation in
the breakup spectrum, different isotope production targets
could be arranged at different angles, enabling simultaneous
radionuclide production. In this work, we will investigate pro-
duction pathways for the medically relevant %*Cu, ¢’Cu, **Sc,
and #’Sc isotopes using a deuteron breakup source; however,
many other isotopes could be produced with such a source.

©2023 American Physical Society
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There are also many potential scientific applications of
deuteron breakup. Because the neutron production is coupled
to the incident deuteron beam, a pulsed accelerator (such
as a cyclotron or linear accelerator) can be used to perform
nuclear physics measurements using the time-of-flight (ToF)
technique. This is useful for measuring reaction cross sec-
tions as a function of the incident neutron energy, for which
there is a paucity of data in the fast neutron range of several
MeV [2]. If the deuteron beam is scaled up significantly in
intensity, the spectrum is suitable for neutron damage studies
of fusion reactor materials [3], or for electronics damage and
human dose considerations for space exploration [4]. While
not a direct application of deuteron breakup, modeling the
breakup reaction is important for interpreting (d, p) reaction
data, often used in surrogate nuclear reactions for targets that
are either difficult to acquire, or have a low reaction cross
section [5]. There are also potential applications for active
interrogation studies, or neutron induced transmutation of nu-
clear waste [6].

B. Background

Deuteron breakup has a long history of study, beginning
in the 1930s when Oppenheimer proposed that deuterons
having a kinetic energy larger than their nuclear binding en-
ergy (E; = 2.225 MeV [7]) could be disintegrated through
Coulombic interactions in matter [8]. In the 1940s, measure-
ments by Helmholtz, McMillan, and Sewell [9] of uranium
target bombardment using high energy deuterons showed that
neutrons from this process were emitted at approximately half
of the incident deuteron energy, and that this process was
highly forward focused. Dancoff and Serber proposed two
competing theories explaining these observations, the former
based on Coulomb excitation of the deuteron [10] and the
latter being a nuclear process in which the proton is “stripped”
away from the neutron [11]. Dancoff also showed that, for
low-Z nuclei, the Coulomb breakup cross section would be
much smaller than for the stripping process. This assertion
is also maintained by more recent theoretical work [12],
and is fairly intuitive as the cross section for Coulomb ex-
citation is proportional to Z>.

The theories of Dancoff and Serber represent the two com-
peting reaction mechanisms responsible for deuteron breakup.
The Dancoff theory of Coulomb excitation is one form of
elastic breakup (EB), where no excitation energy or particles
are transferred to the target nucleus. In this case the breakup
is not induced by a nuclear reaction; however, nuclear-elastic
breakup is also possible. This is sometimes referred to as a
“diffractive” reaction, for example in the context of Eikonal
calculations associated with the breakup of radioactive beams
[13]. The Serber theory of proton stripping is an example of a
nonelastic breakup (NEB) reaction, in which either excitation
energy, a particle, or both are transferred to the target nucleus,
which necessarily occurs through a nuclear interaction.

The essence of the Serber stripping theory is, as summa-
rized by Potel et al. [5], “the product of the square of the
Fourier transform of the ground state wave function of the
[deuteron] projectile and the total reaction cross section of
the unobserved fragment,” which is the proton in this case.

More simply, it assumes that the neutron momentum distri-
bution before and after the interaction, in which the proton
is stripped away from the deuteron, remains the same. This
reproduces the basic kinematic behavior experimentally ob-
served for breakup on light targets: That the neutron emerges
with an average energy of one-half that of the incident beam,
and the angle distribution becomes more forward focused as
the incident energy is increased.

A more rigorous treatment of this process was given using
direct reaction theory, in the works of Ichimura, Austern, and
Vincent (IAV) [14] using the post-form of the distorted-wave
Born approximation (DWBA) and Udagawa and Tamura (UT)
[15] using the prior DWBA form. These theories preserve
the essentials of the Serber model, but account for diffraction
effects caused by interactions of the elastic breakup channel
with the target nucleus [5]. More modern approaches make
use of three-body descriptions of breakup, or will perform
coupled-channels calculations which are capable of comput-
ing multistep reaction processes to high orders of accuracy
[16]. Alternatively, the sudden approximation theory is some-
times used [17]. All of these described methods make use
of optical-model potentials for the deuteron-target interacting
system, the parameters of which can be tuned to reproduce
experimental results. Other recent efforts in breakup modeling
include semiempirical formulas fitted to experimental data,
such as the works of Kalbach [18] and Avrigeanu [19]. How-
ever, these models have been shown to have poor agreement
with neutron yield data on light targets [20], due to the fact
that they were mostly fit to (d, p) reaction data on medium-
mass nuclides. This served as the motivation for development
of the hybrid breakup model presented in this work, which is
specifically tuned to reproduce neutron yield data on low-Z
targets, with an eye towards using the forward-focused neu-
trons as a beam in their own right.

In addition to EB and NEB, there are other nonelastic re-
action processes which may contribute to neutron production.
These are compound nucleus formation, pre-equilibrium, and
direct reactions (other than breakup) leading to excited states
in the residual nucleus. It is argued that due to the different
time scales for these reaction mechanisms, they can be treated
as an incoherent summation, such that the resulting spectra
from each mechanism can simply be added together [12].
On this basis, the modeling of these processes is generally
performed independently of breakup, and can be calculated
with a standard nuclear reaction model code (TALYS, EMPIRE,
COH, etc.) [21-23]. While nonelastic breakup is certainly a
type of direct reaction, we will make a distinction between
breakup and “direct reactions” in this text, with the latter being
the process described by a distorted-wave calculation, for
example. This distinction is made because of the significant
difference in the general characteristics of the energy and
angle distributions of the breakup neutron spectra, which are
rather broad and forward-focused, without a strong energy-
angle correlation, in contrast to more typical direct reactions
which may have distinct peaks in energy and angle, which are
strongly correlated.

As far as experimental measurements of breakup are con-
cerned, most effort has been focused on (d, p) reaction data
on medium-mass targets, often with the goal of providing
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nuclear structure insight. This is motivated by two factors.
Experimentally, protons can be detected with much higher
efficiency and energy resolution than neutrons, via the use of
silicon charged particle detectors. This enables measurements
on rare or enriched target materials, that may not be available
in quantities larger than a few milligrams. The superior energy
resolution means that more details of the underlying nuclear
physics may be revealed, as reactions to specific states can be
observed. The other motivating factor is that (d, p) reactions
can act as a surrogate to (n, y) reactions, which are important
for a wide variety of applications [24]. The interpretation of
these surrogate measurements is one of the principal motiva-
tions behind the development of more comprehensive theories
for deuteron breakup, such as the work of Potel ez al. [5]. Sim-
ilarly, (d, p) reactions are often studied in inverse kinematics
with radioactive ion beams (of several tens of MeV /nucleon)
reacting with deuterated-polyethylene targets, where breakup
is also of concern.

This work is focused on the development of a predictive
model for nonspallation based neutron production in the range
of ¢, = 10-200 MeV. As a result, the most valuable data are
for low-Z targets which have the lowest overall dE /dX, and
therefore the longest effective range. Within this scope, most
of the literature measurements are from the 1970s on thick
beryllium targets in the 16-55 MeV deuteron energy range,
which were motivated by the desire to use fast neutrons in
cancer therapy [25]. Unfortunately, many of these measure-
ments are discrepant with one another, and most were only
performed at forward angles. This motivated us to perform
new, well-quantified measurements at multiple energies and
angles.

II. PARAMETERIZATION OF THE HYBRID
BREAKUP MODEL

The majority of reported experimental neutron spectra
from deuteron breakup are neutron yields from thick targets.
In this context, thick-target yields are defined as the neutron
production cross section integrated over the entire range of
the deuteron for a given incident energy, rather than energy
differential measurements. This includes neutron production
from inelastic reactions other than breakup. The term “thick
target” indicates that the target was of sufficient areal density
to completely stop the deuteron beam (degrade it to zero en-
ergy). While having thick target yield data is convenient from
the applications perspective (i.e., using deuteron breakup as a
neutron source), it means that forward modeling is required to
extract the neutron production cross sections as a continuous
function of deuteron energy (¢€,). The total double-differential
neutron Yyields from a thick target can be calculated
according to

Y (E,,T..0) py [ d’0(eq.0) (deg\ ™
dE,,d<2 dQdE, \ dx
ey
where py = % is the number density of the target, 7(e;)
is a parameter representing the transmission of the deuteron
€d

beam from the incident energy E; down to €, ‘fi—x is the

deuteron stopping power in the target, and % is the
double-differential neutron production cross section that we
are attempting to unfold. At very high energies (e.g., >
200 MeV), we would also need to account for neutron atten-
vation within a necessarily thicker target, as well as tertiary
neutrons produced from the secondary proton flux. However,
these contributions are likely to be quite small at the energies
relevant to this work.

In order to build a successful model for the neutron pro-

duction cross sections d;g(;‘ge), we must perform an iterative
procedure in which the cross sections are predicted, the thick
target yields are calculated from these, and then the model
is adjusted to better reproduce the yield data. To perform this
optimization, the model requires adjustable parameters. While
one could adjust optical model parameters in a DWBA calcu-
lation, we have instead opted to use a parametrzied version of
the Serber theory [11]. In addition to the relative simplicity of
the Serber theory, there are two motivating factors for using
this model. One is that it has already been shown that for
low-Z target nuclei (relevant to neutron production targets)
the elastic breakup component is almost negligible [12], such
that there is little improvement in accuracy expected from a
DWBA calculation. The exception to this is at low energies
(<15 MeV); however, at these energies the short range of
the deuteron limits the resulting neutron flux, making low-
energy deuteron breakup generally outside the scope for an
accelerator-driven neutron source. The other advantage of the
Serber model is that it does not require a retuning of optical
model parameters for each target nucleus [26], which would
likely be required for DWBA calculations, as global opti-
cal model potentials (OMPs) such as the Koning-Delaroche
OMPs [27] are not valid for light nuclei such as 6.7Li and °Be.

With this in mind, we will first describe the parametrized
breakup model, and then discuss the selected parameter ad-
justments and procedures for fitting to experimental data.
The model parameters have been renormalized such that six
fit coefficients, c¢;—cg, are equal to unity. This was done us-
ing a least-squares fit to selected literature data (described
further in Sec. Il A, encompassing our “recommended” pa-
rameter values. However, as will be shown in Sec. III, this
relatively straightforward parametrization enables fitting to
integral yield data (from activation) as well as enabling fine
tuning of the model to specific energy regions.

As mentioned previously, due to the different time scales
of the various neutron producing mechanisms involved, we
can divide the cross section into an incoherent sum of the
following inclusive cross sections:

d20' _ dz(fBU
dQdE, dQdE,

dz(pr
dQdE,’

dzaCM

2
dQdE, @

where the subscripts BU, CM, and PE refer to breakup,
compound-fusion evaporation reactions, and preequilibrium
reactions. Direct reactions were excluded from this study be-
cause they only contribute significantly to the neutron yields
at low energy (E; < 10 MeV), which is outside the scope of
our focus on applications such as isotope production, where
the expected (deuteron) energy ranges may be on the order of
E; = 30-60 MeV.
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FIG. 1. The total neutron producing cross sections (on a °Be
target) for the three reaction mechanisms considered in this work:
Deuteron breakup, compound (evaporation). and preequilibrium.
The sum of all three contributions is also plotted.

For the breakup cross section, it was assumed that the
energy and angle distributions were independent, and there-
fore the cross section could be described separately by a total
breakup cross section ogy, and probability distributions for
the outgoing neutron energy [Pgy(E,)] and angle [Pgy(0)] in
the laboratory frame according to

dZO'BU
dQQdE,

This separation of energy and angle is well reproduced by
experiment, and is justified in the Serber model with the ex-
planation that the angle distribution, Pgy (), is independent of
the incident energy for the case where p, > p, , or more sim-
ply where the incident deuteron energy is much higher than
the deuteron binding energy of ~2.225 MeV [7]. According
to the Serber model, the stripping cross section, ogy, should
be proportional to the target nuclide radius, approximated as
R = rpA'3, where ry = 1.25 x 10~'° m. However, Serber did
not include any dependence on the incident deuteron energy.
Therefore, we have combined the Serber formula with the
energy dependence from the semiempirical breakup model by
Kalbach [28] to obtain

= opu(€q)Pru(E,)Pu(). 3)

57.2(A3 +2173)
1+ 6(22‘3_6“’)/77“”

(mb), “

opuleqd) = c1

where ngy = ¢; X 9.4 MeV is a slope parameter, and the
fitting parameters c;, c; = 1 can be used to tune the model
as described in Sec. IT A.

A comparison of the total breakup cross section with the
neutron production cross sections from pre-equilibrium and
compound reactions can be seen in Fig. 1. These results show
that, above approximately 20 MeV, breakup is the dominant
contributor to the total (angle-integrated) neutron production.

The neutron energy and angle distributions for breakup
were taken from the transparent and opaque nucleus approx-
imations in the Serber theory, respectively [11]. However the
characteristic widths of these distributions were modified to

fit existing literature data. The resulting energy probability
distribution is given by

Ng(eq — E)wy
w[{En — Lea — E)) + waleq — Ev)

Pyu(E,) = ]3/2, (%)

where E, is the Coulomb potential at a separation of R =
ro(A'/? +21/3). The width of the energy distribution is deter-
mined by wy; = 0.37¢3 x Ep, where Ep = 2.225 MeV is the
deuteron binding energy [7] and the tuning parameter c¢3 = 1.
NEg is a normalization factor, to ensure that f E, Pey(E,)dE, =
1. While the E, factor was not included in the original Serber
theory [11], it accounts for the slight shift in the centroid en-
ergy (particularly for higher Z targets) attributable to Coulomb
repulsion of the incident deuteron.

The angle distribution from the transparent approximation
in the Serber model [11] is given by

o
Pay(0) =Ng—————= 7,
27 (62 +62)™?
EB €4
6y =0.72 1-— , 6
o 4 - Ec< Smdc2> (6)

where my is the deuteron mass, ¢4 = 1 is a parameter to be
used for fitting, and Ny is again a normalization factor such
that [, P(6)d6 = 1.

Figure 2 shows these distributions for the breakup reaction
on a beryllium target. Characteristic of the breakup process,
the neutron energy distribution is centered at half the incident
deuteron energy (minus the Coulomb potential), with a width
that increases as the incident energy increases. The angular
distribution is very forward focused, with the majority of
breakup neutrons emerging below about 20°. This angular
distribution narrows with increasing energy.

However, breakup is not the only reaction responsible for
neutron production. While the preequilibrium and compound
nuclear reactions could be calculated using a standard nu-
clear model code such as TALYS [21] or EMPIRE [22], for
the purposes of a parametric study we have made use of
semiempirical models for these mechanisms, largely based
on the work of Kalbach [28]. This was done so that the
preequilibrium and compound reaction models could be ad-
justed to match experimental data, during the fitting procedure
described in Sec. ITA.

Similar to the breakup cross section, the compound and
preequilibrium cross sections were assumed to have separable
energy and angle distributions, according to

d*o,
dQdE,

= Ox(ed )Px(En)Px(e)’ (7)

where the subscript x refers to either the compound or pree-
quilibrium process.

The total compound neutron production cross section was
given the following empirical relation in terms of deuteron
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FIG. 2. Energy (left) and angle (right) distributions of the outgoing neutrons from the deuteron breakup component, for various incident

deuteron energies
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The total pre-equilibrium neutron production cross sec-
tion is described in a similar empirical relation according to

34.266

T oo () )

ope(€q) =

In both equations, the constants cs, ¢ = 1 are adjustable
fitting parameters.

The systematics of the neutron angular distributions for
compound and preequilibrium reactions have been thoroughly
characterized in the semiempirical formulations by Kalbach
and Mann [29], and therefore we will adopt their parametriza-
tion according to the following relation:

Pem(9) = (expla cos(8")] + exp[—a cos(6)]),

10)

a
2 sinh(a)

where 6’ is the neutron emission angle from the center-of-
mass frame, and a is the “little a” parameter as defined by
Kalbach and Mann’s 1981 systematics [29]. This a parameter
is dependent on the incident particle energy, and both the
target and projectile mass and atomic number. The relativistic
transformation between the center-of-mass angle (6’) and the
laboratory angle (8) is given by #’ = tan™![y tan(6)], where
y is the Lorentz factor for the compound nuclear system with
kinetic energy €,.

The preequilibrium angular distribution is given by a simi-
lar formula:

P (9) = explacos(9)]. 11

a
sinh(a)

For the case of a beryllium target, it was found that
the compound and preequilibrium angular distributions were
somewhat more forward focused than predicted by the
Kalbach-Mann systematics, and thus the values of a were

modified, with the values acy = 1.1a and apg = 1.8a giving
the best fit to literature data.

The neutron energy distributions for compound and
preequilibrium reactions were parametrized using a Watt dis-
tribution, according to

—E,
Pi(E,) = Ny Sinh(\/ 2En) eXp ( kT >7

X

12)

where kT, is the nuclear temperature associated with each
process. The Watt distribution was found to reproduce the
experimental results better than the Maxwell-Boltzmann dis-
tribution, which is intuitive given that a Watt distribution
is characteristic of a moving source that emits particles
with a Maxwell-Boltzmann distribution in the center-of-mass
frame. Once again, N, is a normalization factor such that
Jo! Pompe(EE, = 1.

The energetic dependence of the nuclear emission tem-
perature was loosely based on the parametrization from the
moving-source model of Cronqvist [30], with

kTem = 0.1 +0.27 /€4 + Q (MeV), (13)
and
kTpg = 0.75 + 0.63\/€; + Q (MeV), (14)

where the reaction Q value is 4.36 MeV for the case of
°Be(d, n).

For a more rigorous calculation of these distributions, one
could make use of a Hauser-Feshbach calculation [31] for
the compound spectrum and an exciton-model calculation
[32] for the preequilibrium distribution. However this was not
performed here for the sake of simplicity, which is justified by
the fact that these reactions form a fairly minor contribution
to the breakup spectrum.

It should be noted that the blackbody temperature, kT, rep-
resents the nuclear temperature in the center-of-mass frame.
The relativistic correction transforming the center-of-mass
temperature 7’ into the laboratory frame temperature, 7, is
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given by the relation
T/
y[l = Bcos(@)]’

where B = © is the relativistic velocity for the compound
system, y is the Lorentz factor (1 — ,32)’1/2, and 6’ is again
the neutron emission angle in the center-of-mass frame. The
consequence of this correction is a relatively small shift in
the energy distribution; however it does induce a correlation
between the outgoing neutron emission energy and angle.
For example, at ¢; =40 MeV the average blackbody tem-
perature is reduced by approximately 7.5% between 0° and
150°: A small but meaningful shift, particularly at large angles
where the compound contribution to the neutron spectrum is
dominant.

All that remains in order to calculate thick target yields
is an expression for the transmission parameter t. Given the
expected linear trajectory of deuterons in a material down to
energies below the threshold for breakup, the transmission
parameter can be approximated as the integration of the total
reaction probability, according to

2 de'\ !
T(E;) = exp <—,0N/ GT(GI)<E) de/>, (16)

where py is the number density of the target, o7 is the total
reaction cross section (not just neutron producing reactions),
E; is the original deuteron energy incident on the target, and
‘fi—i is the stopping power. In this work the Anderson and
Ziegler formalism was used to determine the deuteron stop-
ping powers [33]; however, at the energies relevant to deuteron
breakup the Bethe formula would have likely sufficed.

This total reaction cross section o7 (¢’) can be interpolated
from an evaluation such as TENDL; however, for the sake of

computational simplicity we have used the following relation:

T, €)= (15)

o7(e') =opu(€) + (A" +0.8)[are™ /(1 — e=/%)),
(17)

where the parameters a; = 5.643, a, = 131.3 MeV, and a3 =
1.354 MeV were derived from a least-squares fit to TALYS-
1.9 calculations on Li, Be, and C targets [21]. In this case
opy is the contribution from breakup only, i.e., not including
compound or preequilibrium reactions.

The transmission parameter v can be seen in Fig. 3 as a
function of the deuteron energy loss in the target. A significant
feature of this plot is that, even at higher incident energies,
the deuteron beam is not highly attenuated: Approximately
20% of a 50 MeV deuteron beam is attenuated in a thick
Be target. This leads to a general trend in the thick target
deuteron breakup measurements: The breakup spectrum for a
given energy can be very nearly approximated by the integral
of the breakup spectra from all energies below it. For example,
the neutron spectrum from 40 MeV deuterons should be ap-
proximately equal to the 30 MeV spectrum, plus the additional
flux of the deuterons ranging from 40 down to 30 MeV. This
highlights inconsistencies in the literature very clearly. For
example, if the reported integral yields at 30 MeV (deuteron

1.000 1 —— E4=16 MeV
] — = Eq=33 MeV
09751 Ry T~ E=40 MeV
] —— E4=50 MeV
0.950 1
. 0.925 1
e} 4
" 1
= 0.900 4
08753  N_ e
0.850 1
0.825 3

0 10 20 30 40 50
Deuteron Energy Loss (MeV)
FIG. 3. Deuteron transmission factor (r) as a function of the
deuteron energy loss in the target for a range of incident energies.

Note the zero-suppressed y axis (the transmission at 50 MeV is about
82%).

energy) are higher than another measurement at 40 MeV, one
of the two measurements must be incorrect.

A. Literature data selection and fitting

The emphasis of this work is on reliably calculating
double-differential thick target neutron yields on beryllium.
Lithium and carbon targets would have also been appropriate,
as the stripping reaction mechanism should be the dominant
contribution to breakup for these low-Z nuclides; however,
there are fewer experimental data on these targets. Instead,
while the data on lithium and carbon (and copper) targets were
not included in the fitting procedure, they were used to eval-
uate the predictive capability of the model to be extrapolated
outside the range of where it was fitted. It may be of value
to perform the same dedicated fitting procedure on lithium
targets, as these are interesting for applications given that they
produce an approximately 30% higher neutron yield per unit
beam current (mostly due to the increased deuteron range in
lithium). Furthermore, there are existing high-power liquid
lithium targets that are being used for neutron generation for
astrophysical applications [34]. However, this analysis will be
left for a future study.

Measurements of thick target neutron yields on beryllium
targets were found from the works of five authors. The most
recent, Harrig et al., performed very precise measurements us-
ing the double time-of-flight technique at 16 MeV, at forward
angles [35]. The use of this method allowed Harrig to mea-
sure significantly lower neutron energies than other authors,
which all used the (single) time-of-flight method. The works
of Saltmarsh [36] and Meulders [25] were quite valuable,
because they contained measurements at multiple angles. This
is important for assessing the contributions from compound
and pre-equilibrium reactions, as these mechanisms will be
observed relatively free of breakup neutrons at large angles.
However, the 33 MeV data of Meulders were not used in
the fitting procedure, as the integral yield of that particular
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TABLE I. Summary of literature data, including data used in the
model fitting procedure (a “y” in the last column), and data used only
for comparison (“n”).

Reference Target €, MeV)  Angles (deg.)  Fit?
Harrig (2018) Be 16 0 y
Saltmarsh (1977) Be 40 0-90 y
Li 40 0-90 n
Meulders (1975) Be 16, 33 0 n
Be 50 0-64 y
C 16, 33 0 n
Cu 16 0 n
Schweimer (1967) Be 40, 53.8 0 n
C 40, 53.8 0 n
Cu 40, 53.8 0 n
Weaver (1973) Be 16 3-32 n
Li 16 3-32 n

measurement was extraneously high compared to the rest of
the available literature data. Data from Schweimer [37] were
interesting because they contained a measurement at 54 MeV,
which would have extended the range of incident deuteron
energies. However, the Schweimer data had to be excluded
from the study because the 40 MeV measurement was about
40% lower in magnitude than other literature data, and it was
unclear if a systematic (e.g. normalization) error also affected
the 54 MeV measurement. Finally, Weaver [38] performed
multi-angle measurements at 16 MeV on both Li and Be. Un-
fortunately, the Weaver data were found to be discrepant with
both Meulders and Harrig by approximately 25% (looking at
integral yields at 0°), and were excluded from the study as
well. However, we will show a comparison of these data to
our deuteron breakup model in the next section. A summary
of all the literature measurements considered in this study can
be seen in Table I.

Six of the parameters from the proposed model were
selected to be adjusted in the fitting procedure. These six
parameters were: The scaling parameters for the magnitudes
of the breakup, compound, and preequilibrium reaction com-
ponents (oy, 0cm, and opg), a parameter for the widths of the
breakup energy (w,) and angle distributions (6y), as well as a
slope parameter ngy for the breakup total cross section. These
parameters were fit with a least-squares method, making use
of six scaling constants ¢; according to

d*o(cy, ..., cc) . d*opu(canpu, ¢34, €46)
dQdE, dQdE,
dZO’CM dzo’pE
. 18
toaqaE, T aqas, Y

The results of this fit were incorporated into the previously
described model with our “recommended” parameters, which
was renormalized such that all ¢; = 1. This six-parameter
function will be useful for the neutron activation analysis mea-
surements performed in Sec. III, as it can be used to extract
the measured spectrum without the issue of solving an under-
determined system, typical of spectral unfolding techniques.
Determining the values of ¢; which best fit the literature data
was performed by computing the thick target yields using

x1010
o® o £4=16 MeV, Meulders
3.0 ' A £4=16 MeV, Harrig
T o5 ] e £4=33 MeV, Meulders
—_ -
0 T ® £4=40 MeV, Saltmarsh
L:{ ] o &4=50 MeV, Meulders
S 2.0 A
[} ]
2 15
(= ]
5 1.01
2 ]
> ]
0.5 A
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0 10 20 30 40 50
Neutron Energy (MeV)

FIG. 4. Results of the fit to literature data measured at 6 = 0°,
for e, = 16-50 MeV. Solid lines, and associated error bands, indicate
the results of the fitting procedure at 50 MeV (grey), 40 MeV (blue),
33 MeV (red), and 16 MeV (black). Markers indicate the data from
Meulders (1975), Saltmarsh (1977), and Harrig (2018) [25,35,36].
Note that the 33 MeV Meulders data were not included in the fit
procedure, but are plotted here for comparison.

Eq. (18), and iteratively adjusting ¢; to improve their fit to the
experimental yields. It is worth noting that this fitting proce-
dure is performed once for all literature data, at all energies
and angles together, rather than for a single spectrum at a
time. This reduces the likelihood of “overfitting,” improving
the predictive power of this model.

The results of this fitting procedure to the selected literature
data can be seen in Fig. 4 at forward angles, and in Fig. 5
at ¢; =40 and 50 MeV for multiple outgoing angles. The
relative uncertainty for each fitted parameter c¢; is given in
Table II.

In general, the agreement is quite good. The results seem
to indicate that the Meulders 33 MeV measurement is about
40% too high, rather than the Saltmarsh 40 MeV measure-
ment being too low. There is a slight disagreement between
the suggested width of the breakup peak in the 40 MeV
data by Saltmarsh, which seems to show a wider peak, and
in the 50 MeV Meulders data, which has a narrower peak.
Also, because this method neglects direct reactions (for being
outside the focus on isotope production applications), there
is an underprediction of the 16 MeV Harrig dataset. There
is also a subtle disagreement in the low energy compound

TABLEII. Relative uncertainty for each of the parameters, c;, de-
termined by the fit to literature data, and correlation matrix elements
pi.; between all six parameters.

i Description Unc.c; (%) pi2 pi3 Pi4 Pis Pi6

1 opy magnitude 2.2 0.57 032 0.68 —0.15 —0.68
2 opy slope 7.4 —0.31 —0.01 —0.54 0.04
3 Pgy(E,) width 3.8 0.34 0.14 -0.50
4 Pgy(0) width 1.3 0.18 —0.68
5 ocm magnitude 2.0 —0.36
6 opg magnitude 3.8
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FIG. 5. (left) Results of the fit to measurements by Saltmarsh (1977) at ; = 40 MeV from 6 = 0° to 6 = 90°. (right) Results of the fit to
measurements by Meulders (1975) at €, = 50 MeV from 8 = 0° to 6 = 64° [25,36].

spectrum, which could be related to issues in determining the
time-of-flight detection efficiency at low energies.

B. Model validation

The collected data that were not used for fitting the breakup
model were instead used in a validation procedure, to es-
timate how well the model extrapolated to other materials
and deuteron energies. The results of this validation can be
seen in Fig. 6. On beryllium, both the 40 and 54 MeV
Schweimer data are systematically low, by a factor that seems
to be approximately 1.4. Applying this factor would bring the
Schweimer data into agreement with Saltmarsh at 40 MeV,
and in that case the 54 MeV measurement agrees well with the
prediction. The modeled yields on lithium and carbon targets
are systematically higher than the literature data (even with
the 1.4 correction factor to Schweimer); however, this seems
mostly attributable to the compound component of the cross
sections. This is quite evident at low neutron energies, and at
large angles, where the compound mechanism is dominant.
This is not surprising, as the model used for the compound
(and preequilibrium) contributions to the spectrum was specif-
ically optimized to match beryllium data, rather than being
based on a more broadly applicable theory. Interestingly, our
hybrid breakup model extrapolates well to copper, despite
the omission of elastic breakup mechanisms which would be
expected to be more important at (relatively) higher Z of 29.
At low energy, the model largely fails to reproduce the double-
differential data from Weaver, except at large angles where
we can assume most of the neutrons are from compound
reactions. This is likely due to the absence of (nonbreakup)
direct reaction modeling, which is something that should be
addressed in a future study.

III. MEASUREMENTS OF NEUTRON YIELDS
FROM DEUTERON BREAKUP ON A THICK
BERYLLIUM TARGET

As described in the previous section, there are a number of
discrepancies between existing literature measurements that

motivate further experimental clarification. In this work, we
present the results of two separate irradiations to measure
the neutron yields from thick target deuteron breakup on
beryllium. Because the discrepancy surrounds the magnitudes
of the 33 MeV Meulders dataset and the 40 MeV work of
Saltmarsh, these were the two deuteron energies selected for
these irradiations.

The first irradiation at 33 MeV consisted solely of a foil ac-
tivation experiment, in which the fitting procedure employed
in Eq. (18) was used to extract the observed spectrum from the
foil data. At 40 MeV, this was repeated, in addition to a time-
of-flight measurement. Each of these experiments consisted
of measurements at multiple angles, such that the angular de-
pendence of breakup, as well as the relative contributions from
compound reactions and preequilibrium, could be understood.
In the foil activation experiments, zinc and titanium foils
were also coirradiated to quantify the production of certain
medically relevant radionuclides.

A. Facility overview

Both irradiations were performed at the Lawrence Berkeley
National Laboratory’s 88-Inch Cyclotron [39]. The 88-
Inch Cyclotron is a variable-beam, variable-energy K = 140
isochronous cyclotron, capable of producing deuteron beams
with energies up to 55 MeV. The cyclotron facility has a num-
ber of shielded experimental “caves,” for various applications.
Both the 33 and 40 MeV irradiations were performed in Cave
0, considered the “high level” cave due to the extensive ra-
diation shielding enclosing it. Critically for the time-of-flight
experiment, this cave is well shielded from neutrons produced
by the deuteron beam scraping the extraction deflectors, which
may produce neutrons that would interfere with the time-of-
flight signals.

One important consideration for the location was in the
positioning of detectors for the time-of-flight experiment. Due
to the size of the cave, the EJ-309 neutron scintillators [40]
were placed between 1.2 and 2.3 m from the breakup tar-
get, at angles ranging 0-90° relative to the incoming beam
axis. While these path lengths may be somewhat short, they
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FIG. 6. Comparison of modeled neutron yields to literature measurements [25,35-38]. The first three plots show 6 = 0° measurements on
Be, C, and Cu. The following three plots show measurements at multiple angles, on Li and Be. In all cases, the solid lines (and associated error
bands) are given the same color as the literature data with the same energy and/or angle.

still proved acceptable based on the energies being measured,
the temporal resolution of the electronics, and the ambiguity
attributable to neutron productions from temporally adjacent
beam bunches from the cyclotron (e.g., wraparound).
Following irradiation, the neutron monitor foils were trans-
ferred to a separate counting room within the cyclotron

laboratory. These foils were counted with an ORTEC
GMX Series (model GMX-50220-S) high-purity germanium
(HPGe) detector. For these irradiations, the detector energy
and efficiency calibrations were determined with the use of the
following NIST traceable standard calibration sources: '32Eu,
1334, 137Cs, 99Co, and ¥ Co.
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FIG. 7. Evaluated cross sections for some of the monitor reac-
tions used in the foil activation experiment.

B. Activation analysis

Neutron activation analysis is a standard technique in one
can measure the neutron flux over a specific energy range
incident on a foil, by measuring the residual activation prod-
ucts induced via nuclear reactions. The neutron spectrum is
unfolded starting from the well known thin-target activation
equation

R = n(o)(9). (19)

where n is the number of target atoms, R is the production
rate, determined by the measured product activity, (o) is the
flux-averaged cross section given by

E)¢(E,)dE,
<0>=f,;no~( ) (E,) )’ 00,
(®)

and (¢) = f E, ¢(E,)dE, is the scalar neutron flux. Generally,
in order to solve this for (¢), a relative energy dependence of
the flux must be assumed. However, for the purpose of this
study, it is the shape of this flux that we are trying to deter-
mine. In order to gain insight into the energy dependence, we
measured multiple reaction channels in the neutron monitor
foils, which each have different energy dependencies, making
them sensitive to distinct energy regions. In this way, we can
essentially find the scalar flux in a small energy window, and
then use this to gain information regarding the overall shape
in an iterative manner.

Figure 7 demonstrates this with some of the monitor reac-
tions that were used in this study. It is clear that, for example,
5In(n, n’)!">™In and ¥Y(n, 3n)87Y have very little overlap,
and are sensitive to neutrons in the 1-10 and 25-35 MeV
energy ranges, respectively. Therefore the relative activation
rates of the two channels should provide the relative magni-
tude of the flux in each energy region, and consequently some
idea about the flux shape.

If we insert our parameterized breakup model into the
above activation equation, the predicted production rate is

TABLE III. Neutron monitor reactions used for the foil activation
spectral reconstruction. Note that the reactions based on %°Y targets
only applied to the 40 MeV irradiation. Cross section data were
retrieved from IRDFF-II and TENDL-2015 [41,42].

Reaction Library

77 Al(n, x)*Na IRDFF-II
natNi(n, x)*8Co IRDFF-II
"Nji(n, x)*'Ni IRDFF-II
5$Ni(n, x)*'Co TENDL-2015
Y (n, 2n)¥Y IRDFF-II
8Y(n, 3n)eY TENDL-2015
Y (n, 3n)¥mY TENDL-2015
natze(n, x)Zr IRDFF-II
3In(n, 3n)"'In TENDL-2015
15Tn(n, 2n)! 4™ In IRDFF-II
Tn(n, n')!'P™In IRDFF-II

given by
nly Ea d*Y (E,, 0
R =" [ [ o) e Sar.ae. an

where 1; is the deuteron beam current (in units of uA), A is the
area of our monitor foil, and the double differential neutron
yield d d};z(iEg)’ calculated using our hybrid breakup model,
can be adjusted to match the measured production rates by
varying the parameters (cy, . .., ¢g) in Eq. (18). In addition to
using multiple monitor foils, we can measure these production
rates at multiple angles to improve the fit of the terms in
Eq. (18) related to the breakup angular distribution, as well
as the compound and the preequilibrium contributions to the
spectrum, as these will be more sensitive at larger angles.

By comparing the predicted production rates for each of the
i reaction channels to those we measure through activation,
Rineas.i» the optimum parameters ¢; can be fit by minimizing

2 (Rmeas,i - ]-\’pred,i)2
= . 22
X E g (22)

i meas, i

This will yield the spectrum, in terms of our hybrid breakup
model, which best reproduces the experimental reaction rates.

In order to produce the best results using this method, mul-
tiple activation foils were chosen that had well-characterized
cross sections; either reactions that were evaluated in the
IRDFF-II library [41] or where the TENDL-2015 evaluation
gave good agreement with data from EXFOR [42]. For the
33 MeV irradiation, nickel, indium, zirconium, and aluminum
monitor foils were used. At 40 MeV, yttrium foils were
also included in the foil packets. Additionally, titanium foils
were included in the 40 MeV irradiation, and zinc foils were
included in both, in order to measure production cross sec-
tions for select radionuclides of potential interest for medical
applications. The specific monitor reactions used and libraries
from which the cross section data were retrieved are given in
Table II1.

All foils were purchased from Goodfellow Corpora-
tion (Coraopolis, PA 15108, USA) and were of either
99% or 99.99% purity (metals basis) with natural isotopic
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FIG. 8. Photo of the foil holder used in the activation experi-
ments. The plastic holder was loaded directly inside of the beam
pipe. Foils were wrapped in Kapton polyimide tape for encapsula-
tion during handling. Thin aluminum foils were placed just behind
the breakup target to prevent secondary protons from activating the
samples.

abundances. All foils were cut to 1 cm diameter disks, and
were cold rolled to 0.5 mm thickness, with the exception of
the nickel foils which were cut to 6.3 mm diameter, of 1 mm
thickness. Each foil was cleaned using isopropyl alcohol, and
then its mass was measured using a milligram balance (after
drying). One of each foil was then placed into a “foil packet,”
which was sealed using thin pieces of Kapton polyimide
tape. Kapton with an acrylic based adhesive was specifically
chosen to avoid contaminating 28Si(n, x)**Na reactions from
silicone based adhesives, which may have interfered with
the 2’ Al(n, ) monitor channel [43], although the extent to
which this poses a problem for neutron activation is likely
minimal.

A custom foil holder was designed and 3D printed using
polylactic acid (PLA) at approximately 20% infill density,
with prearranged slots for the monitor foil packets at nine
different angles (see Fig. 8). The beryllium breakup targets
were also loaded inside of the holder, with thin aluminum
sheets behind the beryllium to prevent activation from any
secondary protons produced in (d, p) breakup reactions. The
Be target thicknesses were 4 and 6 mm for the 33 and 40 MeV
experiments, respectively. This entire assembly was placed
into an aluminum target box, which is held under vacuum
at the end of the Cave 0 beamline. At 40 MeV, a slightly
larger foil holder was printed to accommodate the additional
2 mm of beryllium required to stop the deuteron beam, which
marginally changed the average angles of each foil packet.

The 33 MeV irradiation was performed with a beam cur-
rent of 125 nA for 1 hour and 20 minutes, whereas the 40 MeV
irradiation was performed at 75 nA for 1 hour. Following
irradiation, the foil packets were quickly removed from the
beamline and transferred to the previously described HPGe
counting laboratory. Due to the large number of foils to be
counted on a single detector, and the short half-lives involved
with some of the monitor reaction channels, it was decided
to count the foils together in packets, rather than individu-
ally, although individual counts were performed later in time.
Counting the foils in packets meant that there was a need to
correct for the photon attenuation caused by the additional
foils between a particular sample and the detector. If a given
activity Apeas Was measured at time ¢, the attenuation cor-
rected activity A(t) is determined by the equation

N

—1
Zemxl) L@

i=1

— e HoXo

HoXo

A(t) = Ameas(t)(l

where the various p;’s are photon attenuation coefficients
[44], the 1 — exp(—poxo) factor accounts for the attenu-
ation within the radiogenic sample itself, and the other
N exp(—pu;x;) terms correct for the attenuation in other sam-
ples between a given sample and the detector.

The Bateman equations [45], as implemented in the CURIE
code [46], were used to determine the measured production
rates Rpeas; in each monitor reaction channel from these
(corrected) activities, which were measured at multiple time
points after the end of bombardment (EoB). These measured
production rates were then used to iteratively solve for the
flux distribution from breakup, as previously described. Peak-
fitting of the measured HPGe spectra was also performed
using the CURIE code [46].

C. Time of flight

For the measurement at €, = 40 MeV, neutron time-of-
flight (nToF) spectroscopy was performed in addition to the
activation experiment, to directly measure the neutron spec-
trum at five individual angles. In this case the nToF data
were normalized using the 40 MeV activation measurement.
This measurement consisted of five EJ-309 liquid scintillation
detectors placed at angles ranging 0-90°, which were located
1.2-2.3 m from the deuteron breakup target, with the 90°
detector being placed the closest. A photo of the 0° and 18.2°
detectors can be seen in Fig. 9. The digital data acquisition
system used to measure the neutron spectra from the detectors
was a Mesytec MDPP-16, running the QDC (charge sensi-
tive) firmware and the MVME recording software [47]. The
cyclotron rf clock frequency was also routed into one of the
MDPP-16 inputs, to allow for timing the scintillation event
against the cyclotron, with a window width of about 98 ns.
With this firmware, the MDPP-16 integrates the entire charge
in each detected pulse, as well as the charge in a “short” gate
pulse, which together can be used to perform pulse-shape dis-
crimination (PSD) to differentiate neutron and photon signals
in the detector.

The breakup target used for the neutron time-of-
flight experiment was a 6 mm thick beryllium sheet,
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FIG. 9. Photo of the EJ-309 neutron scintillation detectors used
in the time-of-flight experiment. Pictured here are the detectors posi-
tioned at 0° and 18.2°.

approximately 2.25 inches square, clamped into a thick alu-
minum beamstop. Because the beamstop was made from
relatively thick aluminum, an attenuation correction was
applied to the measured spectra at each angle using the
27 Al(n,tot) cross section from ENDF/B-VII.1 [48]. The 40
MeV nToF irradiation was performed at a deuteron beam
current of 0.7 nA for a duration of approximately 30 minutes,
which yielded enough fluence in each detector to achieve good
statistics (greater than 10 000 counts in each time-to-digital
conversion bin).

The time-of-flight spectrum of the neutrons was deter-
mined using cuts on the integrated tail/total PSD parameter.
This was done to select only events corresponding to
H(n,elastic) interactions in the scintillator, as the C(n, ) con-
tribution to the spectrum was clearly visible, although easily
separable. There as also a low-energy cut, to eliminate the
portion of the energy spectrum with poor PSD. The time-of-
flight spectrum was then converted into an energy spectrum
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using the relativistic time-of-flight equations
E,(t1) = (myc*)(y — 1)

!
J1= [/ + o))

-1,

(muc?) (24)

where m,c? is the neutron rest mass energy, ¢ is the time of
flight, and At, =d/c is the time required for a photon to
traverse the same distance as a neutron. This time-adjustment
is required because the time of flight is determined relative
to the characteristic “gamma flash” that occurs when the cy-
clotron beam pulse first strikes the target. This time-to-energy
conversion was performed on a bin-by-bin basis, which is why
the resulting spectrum (seen in Fig. 11) shows nonsymmetric
energy bins.

In order to properly determine the neutron yields at each
angle position, the detection efficiency as a function of
neutron energy must be determined [49]. Because we are nor-
malizing the nToF results with the activation measurements,
we are only concerned with the relative detection efficiency.
EJ-309 detectors are composed of a scintillating fluid that is
chemically similar to xylene: (CH3),CgHy [50]. At the ener-
gies measured in this experiment, neutrons primarily generate
light in the detector through elastic scattering of hydrogen, or
through C(n, o) reactions. Because the (n, o) contribution was
separated from our spectrum with PSD, we can attribute all of
the neutron signal to 'H(n.elastic) reactions. There is a lower
limit, E¢y, below which the recoil proton will not be detected.
In this case, the value of E ., was set by the energy below
which the PSD became poor, and was determined separately
for each detector. If we make the assumption of a small detec-
tor volume relative to the neutron path length (i.e., no multiple
scattering), the detection efficiency is proportional to

- Ecut
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FIG. 10. Results of the activation measurements at €, = 33 MeV (left) and €; = 40 MeV (right) on thick °Be targets. The centroids of the

experimental data points are derived from the energy average of the cross section, i.e.,

the hybrid Serber model fit to the data.
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FIG. 11. Measured time-of-flight spectra at €, = 40 MeV. Measured angles were 0°, 18.2°, 32.5°, 46.2°, and 90°. Each plot compares the
measured results to the extracted yields from the 40 MeV foil activation experiment (to which these data are normalized), our hybrid breakup
model, and the 40 MeV Saltmarsh data (which were measured at the same angles, within &3°). A comparison between the ToF spectra and
activation data measured at all angles can be seen in the lower right. Note that the y error bars represent the sum of statistical error (<1%), as
well as the systematic error resulting from the relative efficiency determination and the normalization from the activation data. The x “error

bar” is being used to represent the width of each energy bin, in this case.

where o is the 'H(n,elastic) cross section and the factor
(E, — E.t)/E, arises from the fact that the neutron elastic
scattering kernel for protons is uniform in energy, or more
simply that the incident neutron has an equal probability of
scattering to any proton energy.

One issue that tends to arise with this determination of
the detection efficiency is that, in the low-energy portion
of the spectrum, the efficiency is asymptotically dependent
on the value of E . Thus the uncertainty in E .y gets propa-
gated into a very large systematic uncertainty in the efficiency.
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TABLE IV. Fitted parameters for the double-differential neutron
production cross section, as described in Eq. (18), for the 33 and 40
MeV activation experiments.

i c;(33 MeV) c;(40 MeV)
1 1.46 1.56
2 0.43 1.93
3 1.8 1.73
4 1.1 1.16
5 1.19 0.89
6 0.59 0.51

Because of this large uncertainty, the reported spectra will not
include data within 0.2 MeV of E., which ranged approx-
imately 1-3 MeV depending on the distance each detector
was from the source. A more careful consideration of the
light yield from (n, p) in each detector and a more accurate
efficiency calculation would have allowed better sensitivity to
low energy neutrons, and a lower E... However, because the
focus of this work is on the stripping contribution to breakup
at higher neutron energy, with an emphasis on applications,
the 1-3 MeV cutoff was considered acceptable.

IV. EXPERIMENTAL RESULTS

The measured deuteron breakup spectra showed relatively
good agreement with the predictions of the hybrid Serber
model, which were based on a fit to literature data on
beryllium. The discrepancy between the Meulders 33 MeV
measurement and the Saltmarsh 40 MeV measurement was
confirmed, with the values observed in this experiment being
very close to the measurements by Saltmarsh. These also
represent the first set of measurements of 33 MeV deuteron
breakup taken at multiple angles, which will be a valuable tool
for the optimization of isotope production pathways which
make use of thick target deuteron breakup as a neutron source.

A. Activation spectral reconstruction

The results of the foil activation experiments can be seen
in Fig. 10. The data show a clear agreement with the Salt-
marsh measurements and the predictions of the hybrid Serber
model, and also show that the Meulders 33 MeV measurement
was systematically high. However, the measured values are
approximately 12% higher than the predictions of the hy-
brid model. At forward angles for 33 MeV deuterons, this is
likely attributable to an underprediction of the total deuteron
breakup cross section, albeit only slightly. These measure-
ments were determined by fitting the predicted production
rates, based on the model parameters cy, ..., ¢s in Eq. (18),
to the measured production rates in each monitor reaction
channel. The optimized values of ¢; for each measurement are
summarized in Table I'V.

There are a few clear similarities between the results of
the two measurements. The angle and particularly the en-
ergy distributions for each were wider than the optimized
hybrid model. There was also a clear decrease in the pree-
quilibrium contribution to the spectrum. This could be a real,

significant decrease; however, because preequilibrium is al-
ready a relatively small contributor to the spectrum, it could
also be a statistical anomaly due to the fitting procedure. And
while the magnitude component of the total breakup cross
section increased in both cases, the slope factor also changed
by a factor of two in both cases (in opposite directions), so it is
difficult to say whether or not this is indicative of a significant
discrepancy to the “recommended” model parameters, or the
result of overfitting resulting in a local solution. Most of
these fitted parameters are likely not valid outside the scope
of the data they were fitted to (i.e. should not be used for
extrapolation). However, because the width of the measured
energy distribution (parameter c3) is consistently wider than
the hybrid breakup model prediction, we can conclude that
either the Meulders 50 MeV measured distributions were arti-
ficially narrower than reality, or that the hybrid model poorly
predicts the deuteron energy dependence of the widths of the
neutron energy distributions.

B. Time-of-flight results

The measured nToF results are plotted in Fig. 11, along
with a comparison to the 40 MeV activation results, the Salt-
marsh data, and the optimized hybrid Serber model. While
the magnitudes of the nToF and activation results necessarily
agree, as one was used to normalize the other, the relatively
good agreement in the shape of these results does build confi-
dence in the activation results taken at 33 MeV. Interestingly,
the increased width of the breakup neutron energy distribu-
tion, which was seen in the activation data, is also present in
the nToF data. The breakup peak is fully apparent only in the
0° spectrum; however even in the small peak at 18.2° it is
clear that the measured nToF spectrum is wider than either
the Saltmarsh values or the hybrid Serber model (which was
itself fit to the Saltmarsh data).

One clear area of systematic disagreement between the
nToF data and the foil activation data is in the low energy
portion of the spectrum, where the activation measurements
are generally higher. This could be an artifact related to
wraparound neutrons, which would overlap the high energy
side of the spectrum, leading to an under-prediction of the
low energy side of the spectrum due to the normalization
procedure. It could also be an error in the nToF efficiency
determination, as the low energy portion of the spectrum,
close to E.y, will be most sensitive to that. Or, it could be
due to a lack of monitor reaction sensitivity in the low energy
portion of the spectrum. Only '*In(n, n")!>™In extends down
to the lowest part of the spectrum, but has significant cross
section up to 10 MeV. This could be improved with more
(n, ") or (n, p) reactions in this energy region, with multiple
different thresholds helping to improve the sensitivity.

C. Medical isotope yields from "*Zn, "*Ti targets

In addition to the monitor foils, natural foils of titanium
and zinc were included in the foil packs irradiated during the
activation experiments. The purpose of this was to measure
the production of a number of medically significant radionu-
clides.

024616-14



SECONDARY NEUTRON PRODUCTION FROM THICK ...

PHYSICAL REVIEW C 108, 024616 (2023)

TABLE V. Measured specific saturation yields of the %Cu/%’Cu
and *Sc/¥’Sc theranostic pairs, produced in the Zn and Ti moni-
tor foils, respectively. Measured values are compared to predictions
based on the TENDL-2015 cross section library [42].

Isotope eq MeV) Saturation yield Predicted
[kBq/(uA g)] yield
%Cu 33 8890 + 34 557
40 1672 £+ 878 1287
Cu 33 76 £ 12 36
40 183 £+ 13 124
#Sc 40 15 £ 2.6 287
4TS¢ 40 1405 + 46 1480

Theranostics (therapeutic diagnostics) are a relatively new
class of radiopharmaceutical, in which both therapeutic and
diagnostic isotopes (usually) of the same element are given
as part of a treatment [51]. Because the two isotopes are
indistinguishable from a chemical perspective, they will ex-
hibit nearly identical biochemistry. If one of the isotopes is
a positron emitter, enabling the use of the high-resolution
positron-emission tomography (PET) scanning technique,
then an exact dose profile of the therapeutic isotope can be
mapped through modeling of its decay processes with a simi-
larly high resolution [52].

The theranostic pairs of interest for production from zinc
and titanium targets are %*Cu/®’Cu and **Sc/4’Sc, respec-
tively. While both of the PET emitting isotopes ®*Cu and
#Sc can be produced in relatively large abundances through
9Cu(n, y) and *Ca(p, n) (on an enriched target), the ther-
apeutic B~ emitters *’Sc and %’Cu lack well-established
production pathways.

In the activation experiments, the production of all four of
these theranostic isotopes was observed, as well as a num-
ber of neighboring reaction channels. Unfortunately, several
of the induced activities were measured with relatively poor
statistics, mostly due to an overwhelming y-ray background
from some of the other, much stronger monitor reaction chan-
nels counted simultaneously in the same foil packets. The
measured specific saturation yields (saturation activity per
unit beam current per unit mass) are presented in Table V, and
are shown in comparison to predictions based upon neutron
cross sections from the TENDL-2015 nuclear data library [42]
and our experimentally measured neutron flux spectra. In all
cases, the reported yields were measured with a 1 cm diameter
sample placed directly in line with the incident deuteron beam
(0° laboratory angle), at a distance of 13 cm from the breakup
source.

For both Cu isotopes, the measured yields were gener-
ally higher than the predictions, although the experimental
uncertainties were relatively high. In particular, the 40 MeV
4Cu measurement was based on only ten £2.3 % 3.1qu
counts in the 1345.77 keV gamma line, and is therefore quite
difficult to interpret. The #’Sc production rate agreed quite
well with the TENDL-2015 based predictions; however, the
4Sc prediction was high by an order of magnitude. This
is likely attributable to the fact that at the neutron energies
probed in this experiment (5-40 MeV), the "Ti(n, x)**Sc

reaction accounts for approximately 0.1% of the total cross
section, and with no existing measurements of this reaction
there is little to constrain the TENDL evaluation for this
channel.

To evaluate the potential of these reaction pathways for
large-scale isotope production, let us consider typical beam
currents of 100 pA, and typical sample masses of 100 g.
With these considerations, only production of **Cu from "Zn
targets and *’Sc from "™Ti targets show saturation yields
capable of delivering curie (37 GBq) level quantities of ra-
dioisotope, which is typically desired for clinical applications
where many patients will be treated from a single production
batch. If higher yields of ’Cu or **Sc are desired, enriched
targets of %Zn and “°Ti would likely be required. Also worth
noting is that these yields are based on a source-to-sample
distance of 13 cm, and would likely be higher for targets
placed closer to the neutron source (i.e., having a larger solid
angle).

V. SUMMARY AND CONCLUSIONS

In this work we have proposed a new hybrid model for
predicting neutron yields from intermediate-energy deuteron
breakup on light targets. The model was benchmarked against
literature values at a variety of incident deuteron energies and
outgoing neutron energies and angles. This model has the ben-
efits of a relatively simple calculation method, that does not
sacrifice accuracy over the application range considered. It has
also been adapted to apply a relatively simple six-parameter
fitting procedure, which was demonstrated to be applicable to
both global fits across the literature values mentioned above,
as well as a more focused fit to neutron monitor activation data
for spectrum unfolding.

We have also presented new measurements of the breakup
spectrum on beryllium for deuteron energies of 33 and
40 MeV. These were performed with neutron activation un-
folding, using the hybrid breakup model to forward fit to
the spectrum, as well as complementary time-of-flight mea-
surements, which were normalized to the activation data. The
results of this showed that the hybrid model was generally ac-
curate. Additionally, measurements of a number of medically
relevant isotope production pathways were presented.

In the future, this work could be extended by pursuing
measurements at other energies or low-Z materials (such as
Li), to explore the extrapolation capabilities of the model, and
should also incorporate direct reaction theory. It is the hope
that this work, in providing a relatively simple yet accurate
model of deuteron breakup on light targets, will aid in the
design of future high intensity neutron sources based on this
mechanism, and will enable new research into applications of
intense neutron sources, such as isotope production.
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APPENDIX: RELEVANT NUCLEAR DATA

Table VI provides the principal y-ray data used for the
activation analysis performed in Sec. III.B.

TABLE VI. Principle y-ray data from ENSDF [53-70]. Uncertainties are listed in the least significant digit, that is, 3.16(4) d means 3.16

+ 0.04 d.
Isotope y Energy (keV) I, (%) Ti
2Na 1368.626 99.9936 (15) 3.16(4)d
2754.007 99.855 (5)
#Sc 1157.02 99.9 (4) 3974 h
468c 889.277 99.984 (1) 83.79 (4)d
1120.545 99.987 (1)
4TS¢ 159.381 68.3 (4) 3.3492 (6)d
4Sc 175.361 7.48 (1) 43.67(9)h
983.526 100.1 (6)
1037.522 97.6 (7)
1212.88 2.38 (4)
1312.12 100.1 (7)
S7Co 122.06065 85.6 (17) 271.74 (6) d
136.47356 10.68 (8)
SNj 127.164 16.7 (5) 36.60 (6) h
1377.63 81.7 (4)
1919.52 12.3 (4)
BCo 810.7593 99.45 (1) 70.86 (6) d
S7n 669.62 8.2(3) 38.47 (5) min
962.06 6.5 (4)
%Cu 1345.77 0.475 (11) 12.701 2) h
%7n 1115.539 50.04 (1) 243.93 (9)d
Cu 93.311 16.1 (2) 61.83 (12) h
184.577 48.7 (3)
87my 380.79 78.05 (8) 1337(3)h
87y 388.5276 82.2(11) 79.83)h
484.805 89.8(9)
8y 898.042 93.7(3) 106.626 (21)d
1836.063 99.2 (3)
87r 909.15 99.04 (5) 78.41 (12) h
p 171.28 90.7 (9) 2.8047 (4)d
245.35 94.1 (1)
13mp 391.698 64.94 (17) 99.476 (23) min
14mpp 190.27 15.56 (15) 49.51 (1)d
558.43 4.4 (6)
725.24 4.4 (6)
1Smpp 336.241 459 (1) 4486 (4)h
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