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Expansion of the surrogate method to measure the prompt fission neutron multiplicity for >*'Pu
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Fission neutron multiplicity data are imperative for nuclear models that support criticality safety, nuclear
nonproliferation, and stockpile stewardship. This work presents the first experimental measurement to determine
the average neutron multiplicity (D) and the neutron multiplicity distribution using a surrogate reaction. **'Pu
has a short half-life of 14.3 yr. To circumvent experimental difficulties, inelastic scattering of 53.96-MeV «
particles on >**Pu served as a surrogate for 2*'Pu(n, f). The present text reports and discusses the average neutron
multiplicity, in addition to the neutron multiplicity moments and distribution for equivalent neutron energies
up to 20 MeV. The v measured in this experiment agrees with previous measurements until 12 MeV, where
discrepancies arise due to preequilibrium neutron emission.
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I. INTRODUCTION

Nondestructive assay of fissile material is commonly used
to verify the isotopic composition of nuclear material for
treaty verification purposes. In these cases, samples of de-
clared material are placed in well counters, and the con-
centration of specific actinides can be determined using the
measured neutron count rate. To reduce uncertainties in the
determined fissile concentration, precise nuclear data on the
spontaneous fission rate, neutron production cross sections
[e.g., («, n) on oxygen, fluorine, etc.], and the fast-neutron-
induced neutron multiplicity for fissile or fissionable material
must be known [1,2].

Of the four “major” actinides found in nuclear reactors
(235U, 238, 239Pu, and 241Pu), the nuclear data for prompt
fission neutron multiplicities on **'Pu are sparse. Due to
its relatively short half-life, 14.3 yr, target manufacturing
for these experiments was difficult and required the use of
thick impure targets. 24! Pu targets with 97% purity were used
in both Conde et al. and Frehaut et al.’s experiments with
samples of 20 and 100 mg, respectively, introducing concerns
of self-multiplication [3,4]. Additionally, all previous mea-
surements of fission neutron multiplicities were determined
using direct reactions and large liquid scintillators, causing
large beam-induced neutron backgrounds.

To circumvent the use of thick, unstable targets and beam-
related neutron backgrounds, a surrogate reaction utilizing an
incident beam of 53.96-MeV « particles inelastically scat-
tering off a 2*?Pu target was used in the presented work [5].
Through the use of this method, the reaction

Hpytn— Pt > F + Fy +xn 1))
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can be replaced with
2pyto— MPu o > FL+Fy+xn+ao. (2

Here F;, + Fy refers to the light and heavy fission fragments,
and x is the number of emitted neutrons, n. This method has
been previously used to measure both fission cross sections
and fission-fragment distributions for isotopes near the same
mass region; however this is the first time the surrogate
method has been expanded to fission neutron multiplicities
[6-11].

II. EQUIVALENT COMPOUND NUCLEUS

The use of a surrogate reaction relies on the Bohr hy-
pothesis, which assumes the decay of a compound nucleus is
independent of its formation [12]:

Onf(E) =Y 0N Eex 7, )Gp(Eex. . ). (3)
J,

Here the cross section for fission, o, r, is expressed as a
product of the probability of forming a compound nucleus,
oN, and the branching ratio of its decay, G;. The cross
sections and branching ratios depend on energy, E; parity, 7;
and angular momentum, J. At higher excitation energies, one
can employ the Weiskopf-Ewing limit, which assumes that the
dependencies on angular momentum and parity are negligible

[13]:
_ CN
Un,f(En) =0, (Eex)Gf (Eex)- (4)
To remove systematic uncertainties associated with an abso-
lute measurement, a surrogate ratio is introduced. Here, the

reference reaction >*'Pu(n, f) is compared to the reference
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TABLE 1. Isotopic concentration of the **Pu sample used
to electroplate the target in this work. Small concentrations of
238,239240241pyy and 24! Am are present.

Isotope 238Pu 239Pu 240Pu 241Pu 242Pu 241Am

Activity (uCi) 0.29  0.0018 0.028 3.44 225 025

Mass (ng) 0.017 0.029 0.123 0.033 570.783 0.073
Fraction (%) 0.003 0.005 0.021 0.006 99.952 0.013
reaction >*’Pu(a, o’ f) with the assumption that

an,f(En) _ Got,a’f(En) (5)

o N(Ee)  oSN(Eex)

is the same [8,14]. Utilizing the surrogate ratio, Eq. (4) is
expressed as

0w f(Ex) = 0[N (Ey)G f(Eex). (6)

In the equation above, the cross section for the surrogate reac-
tion, 0 o', becomes the product of the probability of forming
the same compound nucleus with inelastic « scattering instead
of neutron capture and the branching ratio of the compound
nucleus through fission. Implementing the Bohr hypothesis,
the branching ratios in Egs. (4) and (6) are the same. In the
present work, the branching ratio for fission with the emission
of neutrons is of interest; thus, the formation of the same
excited compound nucleus is used as a tag to measure the
branching ratio.

III. EXPERIMENTAL SETUP

The measurement was performed at the Texas A&M Uni-
versity Cyclotron Institute using 53.96-MeV « particles inci-
dent on a 140 pg/cm? target. The target was made by elec-
troplating 2*?Pu onto a 100 1g/cm? natural carbon backing.
Table I shows the isotopic composition of the sample used
to make the >*’Pu target. The NeutronSTARS array was used
to detect and correlate charged particle events and neutron
emission [15]. An illustration of the experimental setup can
be seen in Fig. 1.

The scattered o particles were detected using a thin AE
and a thick E silicon detector located downstream of the
target. In addition to determining the energy of the charged
particles, the silicon telescope was used for particle identi-
fication to ensure that tagged events were from scattered o
particles and other reaction products. Another silicon detector
was also placed upstream of the target to identify fission
events by tagging on emitted fragments. A large cylindrical
tank segmented into four quadrants and filled with 2.2 tons
of EJ-335 was used to detect emitted neutrons. The neutron
detection efficiency determined using >>>Cf was determined to
be 50.81 4 0.15%. An additional 1% uncertainty is included
in the systematic errors to account for the neutron energy
dependence for the detection efficiency.

IV. ANALYSIS

In this work, an event is triggered by an « event in the AE
and E detectors in coincidence with the detection of a fission
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FIG. 1. Cross-sectional view of the detectors used in the ex-
periment relative to the beam line. A silicon telescope is located
downstream of the beam for event tagging and particle identification.
A silicon detector is located upstream of the target to identify fission
events. The entire target chamber is surrounded by a large cylindrical
tank filled with EJ-335 and segmented into quadrants, where each
quadrant has three photomultiplier tubes mounted on the side.

fragment in the fission detector. Neutrons emitted following
this trigger are then measured in the liquid scintillator. During
the experiment, multiple events that are not of interest also
deposit energy in the AE and E silicon detectors, the fission
detector, and/or the liquid scintillator. To reduce the contri-
bution of background events from light ions (m < 4 a.m.u.),
fusion-fission events, muogenic and spallation events, and
other sources of radiation from the room or beam, appropriate
cuts to signals identified in multiple detectors must be made.

A. Event selection

To ensure events that trigger the system are from scattered
«a particles, the energy loss in the AE can be plotted against
the total energy deposited in the telescope. This was used
to identify particles from their unique dE /dx in silicon. The
particle identification (PID) equation was used to show a clear
separation of particles given their mass and charge [16]:

R =15.0[(E + AE)" —E'7]. (7)

Here the exponents are constants that represent the energy loss
in silicon for « particles. The resulting PID plot can be seen in
Fig. 2. The nuclear structure from 242py, oxygen, and carbon
are evident in the scattered «-particle band. Making a cut at
an effective thickness of 17500 removes events correlated
with 3He, tritons, deuterons, and protons, including “punch
through” corresponding to events where ions do not stop in
the E detector.
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FIG. 2. Linearized particle identification plot as described in the
text. Clear separations between «’s, 3He, tritium, deuterons, and
protons can be seen.

Following the detection of « particles in the silicon tele-
scope, a coincident fission fragment in the fission detector
defines the beginning of an event. Due to the high rate of
elastic scattering and fusion-fission, the two occurring in
coincidence causes accidental backgrounds. Figure 3 shows
the timing correlation between the silicon telescope and the
fission detector as a function of excitation energy. To remove
the accidental contribution a prompt timing gate is set at —50
to 150 ns, while the background is characterized from 250 to
2000 ns.

The target used in this experiment is a plutonium-oxide
electroplated onto a carbon backing. Reactions on oxygen and
carbon in the target can induce carbon and oxygen breakup
which registers signals in the fission detector. To account for
this background, a natural carbon and Mylar (C;oHgOy) target
were placed in the beam for 24 and 12 h, respectively. From
these two targets the energy deposition in the fission detector
from oxygen and carbon contributions, as shown in Fig. 4, did
not surpass 40 MeV. Instead of subtracting the contributions
of oxygen and carbon, an energy threshold of 40 MeV was set.

When observing the number of fission events as a function
of both the excitation energy for ***Pu and the equivalent
neutron energy for *'Pu, distinct features relating to nuclear
structure, specifically the neutron separation energy, can be
observed. As shown in Fig. 5 the fission events at low ex-
citation energy, <5 MeV, are due to accidental coincidence
events from elastic scattering off 2*?Pu, oxygen, or carbon
with fusion-fission. The fission rate begins to increase at the
neutron separation energy, S, = 6.31 MeV. Features from
multichance fission are evident at the other neutron separation
energies: 11.6, 18.1, and 23.8 MeV. Beyond an excitation
energy of 30.6 MeV the number of measured outgoing o
particles falls off due to the Coulomb barrier for « parti-
cles incident on 2*’Pu. Given the lack of statistics past the
Coulomb barrier, the measurement is not presented past this
energy range.

B. Equivalent neutron energy

The energy of the detected « particle can be reconstructed
to determine the equivalent neutron energy. An w«-particle
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FIG. 3. Fission events coincident with o particles exciting >**Pu
and the time difference between the silicon telescope and the fission
detector. Correlated events are shown at ¢ = 0, while random coinci-
dent backgrounds (e.g., elastic scattering in coincidence with fusion-
fission) are observed to be correlated with beam pulses associated
with the cyclotron’s radio frequency.

beam with energy Epeam = 53.96 MeV inelastically scatters
on ?#?Pu. Due to momentum and energy conservation some
energy transfer will be lost from the recoil of the nucleus,
while the rest will excite the nucleus to another state. In
addition to losing some energy in the AE before stopping in
the E detector, the scattered « particle will also lose energy in
various dead layers, i.e., materials that are not active detectors.
ELAST, Energy Loss and Straggling Tool, was used to model
the energy loss in the § shield, the gold and aluminum layers
surrounding the silicon telescope, and the ***Pu target [17].
The reconstructed excitation energy of 2**Pu, E.,, can be
represented as follows:

Eex = Epeam — (Erec + Eloss + AE + E). (®

Here E.. is the energy of the recoiling nucleus and Ejyg is
the energy loss of the o particle through the dead layers. The
equivalent neutron energy, E,, can be determined using the
following:

En = Eex - Sn (9)

Here S, is the neutron separation energy for 2*’Pu. In a
neutron-induced reaction when 2*'Pu + n forms 2*?Pu”, the
resulting compound nucleus is left in an excited state deter-
mined by the Q value of the reaction which is equivalent to
—S,, for 2*?Pu and the energy of the incident neutron.

C. Neutron detection

Two timing gates were used to determine the fission neu-
tron multiplicity: a background gate from —42 to —2 usec and
a prompt gate at 2—42 usec. Energy deposition that exceeded
2 MeV in the liquid scintillator was considered a neutron
capture, while events surpassing 12 MeV were neglected
to remove contributions from muons and fast-neutron back-
grounds. Figure 6 shows the time correlation of events in the
scintillator relative to event tags in the silicon telescope and
the fission detector. Before a fission event occurs, the energy
distribution is relatively flat. At t =0, y rays from fission
and proton recoils are present in the detector. Following
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FIG. 4. Energy deposition in the fission detector summed over all
excitation energies for 2**Pu and the contribution from oxygen and
carbon, which was extracted using the measurement of the carbon
and Mylar targets. The lower-energy feature is due to the o decay of
the target. Above 40 MeV, only contributions from fission fragments
can be observed in the detector. The “smearing” of the light and
heavy fragments’ total kinetic energy is due to the wide angular
coverage of the fission detector.

fission, clear separation between the y flash and the neutron
thermalization can be seen.

The flat nature of the background rate would imply a
Poisson distribution. However, when observing the neutron
multiplicity distribution in the background gate, deviations
from this shape occur due to backgrounds correlated from the
beam and the target such as fusion-fission and other induced
neutron processes. The average neutron multiplicity, D, was
determined using events in the prompt gate, p, events in the
background gate, b, and the total number of fission triggers,
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FIG. 5. Fission events as a function of the excitation energy for
242py and the equivalent neutron energy for ' Pu. The fission barrier,
neutron separation energies, and Coulomb limit are referenced for the
excitation energy of the **Pu nucleus.
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FIG. 6. Time correlation of events in the scintillator relative to
the fission event trigger. At negative times the background is flat.
The prompt fission y rays are evident at t = 0, while the capture of
neutrons is seen on the order of tens of microseconds after fission.

f, as a function of energy, E:

oiE] = PIE1 = HIED
flEle
Here ¢ is the efficiency of the neutron detector.
To determine the neutron multiplicity as a function of
energy, the background is subtracted using the following
deconvolution:

(10)

Dli] = Pli, jI"'D'li]. (11
Here D’ is a one-dimensional vector and i corresponds to the
detected multiplicity for each integer neutron without back-
ground correction. The matrix P[i, j] is an upper diagonal
matrix composed of the background multiplicity b[i] for n
neutrons:
Pli, j1 = {SP —1
The neutron detection efficiency follows a binomial distri-
bution. The matrix expressing the probability that i neutrons
were detected for a real multiplicity of j for a given efficiency
€ is as follows:

itj =1,

otherwise. (12)

Bli, j1 = mef(l —e) (13)

To extract the moments associated with the fission neutron
multiplicity distribution as a function of E,, a true multiplicity
distribution shape that is convolved with the Neutron ball
detector efficiency is assumed. This function is used to fit
the present data to deduce the moments. A Gaussian shape
has previously been suggested for the neutron multiplicity
distribution [1]. In the present work, a skewed Gaussian, G,
of the form

_ 1 v —p? B — 1)
R B ]
(14)

provides superior agreement between the extracted first mo-
ment and the directly measured v in this work (8), so this
function is adopted. This approach was also applied to the
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FIG. 7. Results of the average neutron multiplicity for **'Pu
compared to the existing literature. The results presented from this
work are in agreement with previous measurements and expand the
known quantities of ¥ for >*'Pu from 14 MeV up to 23 MeV.

same system with a »>Cf source [15]. The results of the
multiplicity were in agreement with literature values.

Traditionally, nuclear models sample a normal distribu-
tion to determine the fission neutron multiplicity distribution;
however, this method does not account for the high neutron
multiplicity tail that is present from fission [1]. To validate
this assumption the multiplicity distribution was fit with both
a Gaussian distribution, and a skewed Gaussian distribution.
It was determined that the fission neutron multiplicity data
was in better agreement with the skewed Gaussian distribution
when validating the first neutron moment as described in
Sec. V.

The fission neutron moments, vy, v, and v3, as a function
of energy can then be determined from the skewed Gaussian
distribution:

max

v = ZvP(v), (15)
=1

vy = Z v(v — DP(v), (16)
=2

vy = Z v(v — DV = 2)P(v). a17)

v=3

Here P(v) represents the probability of a given neutron multi-
plicity. Note the first moment is effectively the same as ¥.

V. RESULTS

The average neutron multiplicity as a function of equiva-
lent neutron energy is displayed in Fig. 7. When compared to
the existing literature values, the measurement is in agreement
within the uncertainties at all reported energies. A systematic
disagreement at 12 MeV is apparent between this work and
Frehaut et al.’s data [4]. Sources of the disagreement may arise
from multiple factors. In Frehaut et al.’s experiment the target
consisted of 97% 2*'Pu. Although the isotopic contribution of
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FIG. 8. Derived neutron multiplicity moments for **'Pu as a
function of equivalent neutron energy. The first neutron multiplicity
moment was compared to the average neutron multiplicity from
Fig. 7 as a benchmark to the methodology.

the contaminants are not identified, the purity of the sample
is enough to account for the 1% discrepancy. Moreover the
target thickness, 20 and 100 mg in the measurements of
Conde et al. [3] and Frehaut et al. [4], respectively, may
introduce self-multiplication and multiple interactions in the
sample. Pre-equilibrium neutron emission may precede fis-
sion in >*'Pu(n, f), which will change the excitation energy in
the fissioning system. Calculations in TALYS have shown that
preequilibrium neutron emission from (o, af) is expected to
be negligible for 53.96-MeV « particles.

Lastly, the 12-MeV energy threshold for the discrepancy is
consistent with that of preequilibrium. In a direct reaction a
neutron incident on >*'Pu may interact with individual nucle-
ons causing an (n, 2n) reaction. If excess energy is left in the
residual nucleus it may deexcite through fission. Using (o, )
reactions removes all contributions from preequilibrium for
the energy range in this analysis.

After the prompt fission neutron distribution was corrected
for background neutrons, the resulting distribution was fit to a
skewed Gaussian convolved through the detector response. As
a test of the assumed shape to deduce the moments, the first
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neutron multiplicity moment was compared to the average
neutron multiplicity, which was determined directly. The first
neutron moment is effectively the same as the average neutron
multiplicity. In Fig. 8, the first neutron moment was consistent
with the average neutron multiplicity. By applying Eqgs. (16)
and (17), subsequent moments were determined, although
there are no existing data to compare the results with. The first
neutron moment and the average neutron multiplicity moment
serves as a benchmark to this approach. The uncertainty
increases significantly with the higher-order moments, but
similarly to ¥ the first two moments have linear trends with
respect to the equivalent neutron energy.

The deduced P(v) is consistent with the measured v;
further validating the multiplicity distribution at energies
where the fit is in reasonable agreement. When observing the
neutron multiplicity with increasing incident neutron energy,
the spread and the mean increase rather continuously until
the nucleus reaches a neutron separation energy. Here, large
uncertainties in the fitting parameters occur and the deviations
in the multiplicity shape become apparent. This is due to
both the limitation in the Weiskopf-Ewing approximation at
the threshold of new decay channels becoming available and
the superposition of the structure of multiple nuclei due to
multichance fission.

VI. CONCLUSION

In summary, both ¥ and the fission neutron multiplicity
moments were determined using the surrogate method for
the first time. The results of the measured v for >*'Pu were
consistent with the existing literature until the threshold for
preequilibrium in neutron-induced reactions at 12 MeV. Al-
though the surrogate method cannot reproduce preequilib-
rium conditions, this method is suitable for the measurement

of average neutron multiplicities below the preequilibrium
threshold.

This experiment was also the first time that the fission
multiplicity distribution and the neutron multiplicity moments
as functions of neutron energy were measured for 2*!Pu. The
results of the fission neutron multiplicity moments displayed a
breakdown in the Weiskopff-Ewing approximation at neutron
separation energies. Regardless, the first neutron multiplicity
moment was consistent with the measured v, allowing for
the determination of the second and third neutron multiplicity
moments.

Lastly, this measurement introduces a new capability for
determining nuclear data. Barring preequilibrium and neutron
separation energies, this method replicated past direct neutron
measurements. The surrogate method has previously been
used to deduce the (n, f) and (n, g) cross sections [18,19].
Extending this method to fission neutron multiplicities allows
for a range of experiments to be performed on short-lived
nuclei of interest in support of nuclear criticality safety, non-
proliferation, and advanced reactor designs.
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