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Design and validation of a fission-product source for radioactive beams
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A neutron-generator-based source of fission products (nuCARIBU) is being developed to replace the existing
B2Cf source at Argonne National Laboratory. Neutrons generated by "Li(p, n) "Be reaction are thermalized
in a compact polyethylene [(C,H,),] moderator and impinge on a thin 2**U foil to produce fission products.
Experiments have been conducted to verify the nuCARIBU concept and simulation results using a 4 MeV,
0.16 uA proton beam from the ATLAS accelerator irradiating a LiF neutron production target and two different
simplified versions of the nuCARIBU (C,H,), moderator with thicknesses of 3.81 cm and 1.91 cm separating it
from the enriched >**U fission foil. The emitted y-ray peaks of 1383.93 keV (°2Sr), 358.0 keV (!*Tc), 565.992
keV (*Te), and 258.411 keV ('*¥Xe) obtained from fission products are used to determine the neutron-induced
fission rates in the fission foil. The measured fission rates are in good agreement with those simulated using
the PHITS Monte Carlo code with user-defined neutron production cross sections based on well-known cross
section data. These experimental results, consistent with the simulations, show that the current 22Cf source
(CARIBU) can be replaced by the neutron induced fission source (nuCARIBU).

DOI: 10.1103/PhysRevC.109.024605

I. INTRODUCTION

Our understanding of the structure and reactions of
neutron-rich nuclei lying far from the valley of the 8 stability
has improved in the last few decades, driven by various ex-
perimental results from radioactive ion beam facilities. These
facilities have historically been categorized into two main
types, the isotope separation on line (ISOL) and in-flight
fragment separator types, based on the production and extrac-
tion mechanisms used. About a decade ago, a new type of
facility emerged with the development at Argonne National
Laboratory of the californium rare isotope breeder upgrade
(CARIBU) [1-3]. CARIBU uses a novel gas catcher system
to transform fission products from >3>Cf fission into a high-
quality beam of radioactive ions that are purified by mass
separation and further manipulated to produce neutron-rich
low-energy and reaccelerated beams. Furthermore, it pro-
vides short-lived rare isotope beams not typically delivered by
ISOL-type facilities. CARIBU successfully provides beams
of 232Cf fission products to a large community of users for
mass measurement and decay studies related to nuclear struc-
ture and astrophysics, in addition to world-unique programs
in Coulomb excitation of refractory or otherwise difficult
neutron-rich rare isotope beams in particular in the A ~ 100
and N = 100 regions [4-11].

The use of a strong »>Cf spontaneous fission source to
generate the initial fission products allowed these physics
programs to be initiated without the need for an additional
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accelerator to produce the fission products. However 2>Cf
has a half-life of 2.6 y which means the source has to be
replaced every three years or so and procuring replacement
thin 1 Ci sources has proven to be difficult and unreliable.
A new approach is required to improve these issues. It is
now proposed to increase the radioactive beam capabilities
of the ATLAS/CARIBU accelerator facility by the installa-
tion of a new source of fission products in CARIBU (called
nuCARIBU) to provide a more reliable and intense source of
short-lived neutron-rich isotopes [12] (see Appendix). With
nuCARIBU, the neutron-generator-based source will resolve
the issues caused by using the >>Cf foil while making the
system easier to maintain and operate since the main source
of radioactivity will now be able to be turned off.

Simplified layouts of beam production at CARIBU and
nuCARIBU are presented in Fig. 1. At CARIBU (Fig. 1(a)),
the fission products are obtained from the spontaneous fission
of a thin >>>Cf source whose fission products are stopped in a
large gas catcher and extracted as a cooled low-energy beam.
The nuCARIBU will use a similar extraction method but will
use fission products generated by neutron induced fission on
a thin 2%y foil, with the neutrons produced by a thermal
neutron generator adjoined to the gas catcher (Fig. 1(b)). The
proposed "Li(p, n) based neutron generator will produce an
intense thermal neutron flux at the actinide foil, resulting in a
fission rate exceeding that available at CARIBU by roughly
an order of magnitude. The neutron-induced fission prod-
uct mass distribution of *>U is considerably shifted from
that from spontaneous fission of >Cf (see Fig. 1(c)), with
large gains in the mass regions A < 100 and 120 < A < 150,
and some losses for the heaviest part of both fission peaks.
This will yield significant advantages for programs such as
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FIG. 1. Schematic layouts of CARIBU (a) and nuCARIBU (b).
Comparison of the mass distribution for the spontaneous fission
products for *>Cf and the neutron induced fission for 2°U (c).

single-particle transfer around doubly magic '**Sn, since the
thermal neutron induced fission source would produce about
4 times more yield per fission. The nuCARIBU beam source
consists of two targets (neutron production and fission target),
a low-energy proton particle accelerator, a moderator and the
existing CARIBU gas catcher. The neutrons generated via
proton-induced reactions on a lithium target are thermalized
by passing through a moderator. The resulting thermal neu-
trons produce fission products on a thin 2*>U foil located
inside the gas catcher. The fission products are thermalized
in the gas catcher and then extracted, mass separated, and
delivered to experiments with or without further acceleration.
In developing the nuCARIBU concept, it was found via Monte
Carlo simulations using the PHITS code [13] that a neutron
generator [14,15] based on the 7Li(p, n) reaction combined
with a (C,Hy),, moderator should provide the desired fission
yields (see Sec. 2 in the Appendix). In the simulation study,
the fission rate of nuCARIBU is predicted to be ~9 x 108
fission per seconds in the U foil, which is 18 times higher
than that of the current CARIBU.

Before proceeding with the construction of nuCARIBU,
it was considered prudent to confirm the Monte Carlo sim-
ulations [16] on which our design is based. The nuCARIBU
validation experiments were performed for the p — ’Li option
using a simplified geometry of the (C,Hy4),, moderator with a 4
MeV proton beam to measure the fission per proton compared
with the predictions of the simulation. Two versions of the
simplified geometry were simulated and tested experimen-
tally. The first used four sheets (3.81 cm total thickness) of
(C,Hy), between the LiF target and the 23°U foil, and the sec-
ond used two sheets (1.91 cm thickness). These simulations
tested two different degrees of moderation.

II. SIMULATION

The simplified geometry illustrated in Fig. 2 was used for
the validation experiment. The setup was comprised of the
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FIG. 2. Geometry for simulations.

LiF neutron production target, the (C;H,), moderator and
the 2°U fission foil. A monoenergetic 4 MeV proton beam
with full width at half-maximum (FWHM) of 4 mm was
delivered to the target by the ATLAS accelerator. The detailed
input parameters for the simulation are tabulated in Table I.
All simulations were done using the PHITS code, which is a
Monte Carlo particle and heavy ion transport simulation code.
Neutron production at the LiF target was simulated with user
defined cross section data using well-known double differen-
tial cross sections [17]. For the neutron transport through the
moderator material, the ENDF/B-VL.S8 library for the kernel
was used. The moderator temperature was fixed at room tem-
perature (296 K). Lastly, the 35y(n, f) cross sections in the
JENDL 4.0 library [18] were used to produce fission products
in the fission foil.

TABLE I. Input parameters for the simulation.

Projectile

Beam proton
Energy (MeV) 4
Beam current (uA) 0.16
Gaussian beam (FWHM in mm) 4

n-production target

Target LiF ("'Li; 92.4% "Li)
Density (g/cm?) 1.5
Thickness (mm) 2
Diameter (cm¢) 1.3
Moderator

Material (CyHy),
Density (g/cm?) 0.98
Area (cm?) 30.5 x 30.5
Thickness (cm) 3.81 & 1.91
Fission target

Target 25y
Density (g/cm?) 18.3
Thickness (mg/cm?) 369
Diameter (cm¢) 2
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FIG. 3. Total neutron production cross section vs proton energy (left), emitted neutron energies (middle), and double differential cross
sections (right) as functions of the laboratory incident proton energy and neutron emission angle for the reactions of "Li(p, n) "Be® (upper) and
"Li(p, n) "Be* (lower). Data were taken from [17]. Here, XS stands for cross section.

A. Neutron production cross sections

The double differential cross sections from the evaluated
data base [17] for the "Li(p, n) cross sections to the 'Be
ground and first excited states were input to PHITS for these
simulations. Figure 3 illustrates the total neutron production
cross section, angular dependence of emitted neutron energy

20,n

. . . d .
and double differential cross section, Jaat» In the laboratory

frame from threshold energy to 5 MeV.

B. Neutron scattering kernel

The energy and angular distribution of outgoing neutrons
in the moderator can be simulated using the evaluated neutron
scattering library. PHITS used the neutron scattering kernel
of the ENDF/B-VL.8 library. The (C,Hy), material, the mod-
erator for the simulation, was evaluated based on a classical
molecular dynamics model [19]. The kernel for room temper-
ature (C,Hy4), was used in these simulations.

C. Neutron energy distribution

The fast neutrons produced in the LiF target via the
7Li(p, n) were moderated in the (C,;Hy),. The moderated
neutron energy distribution at the fission target was calculated
with the libraries above. Figure 4 shows the neutron-induced

fission total cross section vs energy for 23U and the simulated
moderated neutron flux vs energy at the >>U foil for the
two thicknesses of (C,Hy), that were used. The increase of
thermal neutron flux is important as the fission cross section is
inversely proportional to neutron velocity. The simulated fis-
sion product yields included contributions from the simulated
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FIG. 4. Simulated neutron flux energy spectrum at the >**U fis-
sion target compared with the neutron-induced fission cross section.
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TABLE II. Simulated fission rates for various thicknesses of
(C,Hy),, moderator.

Moderator thickness (cm) fission rate x 10° uncertainty (%)

0.9525 0.84 7
1.905 1.00 3
2.8575 1.20 6
3.810 1.51 2
4.7625 1.44 5

neutrons for all energies shown in Fig. 4, but the yields are
dominated by the large cross sections at the thermal energies.
The thermal neutron flux for the 3.81 cm thick moderator case
was three times higher than for the other thickness, whereas
the epithermal and fast neutrons were reduced by a similar
factor. The fission yields were given by the product of the
cross section and flux at each energy. For example, the fission
yield at the thermal “bump” below 0.1 eV is about 27 times
the yield from the fast neutron “bump” at ~1 MeV for the
3.81 cm thick moderator.

D. Fission rate

Fission rates in the 2*U foil for several moderator
thicknesses were obtained by PHITS simulations based on
JENDL-4.0 and the statistical uncertainties based on the num-
ber of Monte Carlo protons were simulated to be ~3% for the
two selected cases (3.81 and 1.91 cm thick moderators), while
other cases were calculated to be ~5-7 % (see Table II). Sim-
ulations were performed with 10°~10'° protons, depending on
the case. The PHITS simulations were run on the Argonne
computer cluster Bebop. The total mass and enrichment of
the 23U fission foil were 1.16 g and 97.8%, respectively. The
3.81 and 1.91 cm thicknesses of (C,Hy), moderator for the
experiments were chosen based on the simulation with the
former giving near the peak of the simulated fission rate, while
the thinner was predicted to yield ~2/3 of that. The fission
rates for the 3.81 and 1.91 cm were predicted to be 1.51 x 103
and 1.00 x 10° /s, respectively.The y-ray intensities from
the fission products were predicted with the post-processor
DCHAIN (simulation code for calculating the time dependence
of activation during and after irradiations). We used these
simulation results to decide the proton beam current, irradi-
ation time, and measurement time for the experiments. The
expected radioactivities from decay of selected fission nuclei
(see Sec. III) and their daughter nuclei after 1 h irradiation are
displayed in Fig. 5. Solid lines indicate selected isotopes.

III. METHOD

The fission rate of 2*>U can be determined by counting
B-delayed y rays from decay of fission products. y rays from
92Sr (1383.93 keV), 'MTc (358 keV), **Te (565.992 keV),
and *®Xe (258.411 keV) were selected based on several re-
quirements: 1) relatively short half-life and high cumulative
fission yield to obtain enough statistics, 2) short half-life of
the parent nuclei of selected nuclei to use cumulative fission
yield, 3) non-overlapping y peak to avoid y ray feeding from
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FIG. 5. Radioactivities for selected nuclei as a function of
elapsed time after EOB. The bottom bar indicates the gamma mea-
surement time beginning 17 minutes after EOB. Simulations were
done with the DCHAIN code.

decay of the other nuclei. The following are the half-lives and
cumulative fission yields (CFY) of the four selected fission
products in thermal-neutron induced fission:

-, =2.611h
o2gy Fo12=201 oy CFY: 0.060
-, =18.3min
s 104 2027 a0apy CRY: 0.019
B3Un, f) — . .
“Lhp=41.
134 L A2 P 134 CFY: 0.068
~,t1p=14.14min
138 £P=IM I 13800 CRY: 0.064
(1)

The CFY includes the probability of the direct production of
the isotopes and the cumulative yields from the decays of
more neutron-rich isobars [20]. In this experiment, y rays
emitted from selected fission products were detected at a
delay time of ~20 min (due to the safety survey) after ~1 h
irradiation. Most of the parent nuclei with short half-life (most
are few seconds except for Mo — '®Tc a1 min) had
decayed away. The selected fission products were no longer
produced via the decay of their parents. In this case, the
fission rate of 23U was obtained approximately by using the
equation of radioactive growth and decay:

Nevt = Nops - Ce . Csab ' Cy—hrCDT

R .
— _(1 _ e—kt,,) e—)»t(. (1 _ e_)\.At)7
A —— S~ —— e
irradiation €00l down  measurement

Ry =R/CFY, 2)

where R/ stands for the fission rate of 2351y, Ris the production
rate of each nucleus, and N,y is the total number of events for
selected nuclei. Ny is the observed y-ray counts by the high
purity germanium (HPGe) detector, C,, Csp, Cy—pr, and Cpr
are corrections for detector efficiency, y-ray self-absorption
by passing through the fission target, y-ray branching ratio,
and detector dead time during measurements, respectively.
The Cpr is 1.0256 for a typical 2.5% dead time in these
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FIG. 6. Experimental setup of this experiments with 3.81 and
1.91 cm thick (C,H4), moderators. LiF neutron production target,
and the enriched ?*U fission foil were attached in front of and
behind (C,H,4),, moderator plates. (a) Side view and real picture of
the schematic view in Fig. 2. (b) Back side view showing 2**U foil.

measurements. X is the decay constant. Irradiation time, cool-
ing time and measurement time are expressed as f;,, ., and
At, respectively.

IV. EXPERIMENTAL

Experiments were carried out at ATLAS using an experi-
mental setup placed in the air as shown in Fig. 6. A natural
LiF (92.4% ’Li) neutron production target (1.3 cm diameter
and 2 mm thick) and 97.8% enriched 23U fission foil (2.0 cm
diameter and 0.2 mm thick) were mounted on front and rear
sides of a 30.5 cm x 30.5 cm x 3.81 cm (C,Hy), moder-
ator plate, respectively. The 4 MeV, 0.16 uA proton beam
impinged on the neutron production target (LiF) to produce
neutrons via the "Li(p, n) reaction. The produced neutrons
were moderated by passing through the (C,Hy), moderator.
Fission products were generated in the fission 233U foil by the
neutron-induced reaction with these moderated neutrons. The
enriched 2*>U fission foil was irradiated approximately for 1 h.
After irradiation, S-delayed y rays from the fission products
were counted with a portable HPGe detector placed 22 cm
behind the fission foil. In order to test the PHITS simulation
predictions vs moderator thickness, two irradiations with dif-
ferent thickness (3.81 cm and 1.91 cm) of (C,H,),, moderator
were performed.

A. Proton beam

The linac output proton beam energy was 5.22 MeV and
the final energy on the LiF target was 4 MeV after passing
through a 25 pym thick Ti window and 5.5 cm of air, since
the experimental setup was installed outside of vacuum. The
beam current of 0.16 pA was measured by a suppressed Fara-
day cup in front of the Ti window before the experiment and
monitored by a thin Al foil placed between the LiF target
and (C,Hy), moderator during the irradiation. The beam was
focused to be smaller than the diameter of the LiF target. The
target (left) and beam spot on target (right) are shown in Fig. 7.

FIG. 7. The picture of beam on LiF target. (a) Picture of LiF
target and (b) picture of fluorescent beam spot on LiF target.

B. Measurement

As described in Sec. III, the y rays of 1383.93, 385.0,
565.992, and 258.411 keV from **Sr, '™Tc, 1**Te, and '**Xe
were measured and analyzed after irradiation. The above nu-
clei are near the mass number 100 of the light mass peak
regions and 134 of the heavy mass peak regions of the fission
mass distribution. Decay data and detector absolute efficiency
for the selected fission nuclei are summarized in Table III.
Detailed y spectra for 60 minute accumulation are shown in
Sec. V.

1. Detector and dead time

After irradiation, y-ray spectra were measured by a
portable HPGe detector with a 50 mm x 40 mm HPGe crystal
at a distance of 22 cm from the 2*U fission target shown in
Fig. 8. There is a systematic error of a few % from the uncer-
tainty in the distance between the fission target and detector.
During the measurements, the average dead time was 2.5%
approximately.

2. Detector efficiency

The HPGe detector efficiency, shown in Fig. 9 was cali-
brated by a mixed radioactive calibration source at a distance
of 25 cm. The efficiency for the selected y rays was calculated
by the following formula [23]:

¢ = JAHBHCA) CHDAEHEY) (-G 3)
where x and y are In(E, /100) and In(E, /1000), respectively.
E, is the y-ray energy of interest in keV. The uncertainty in
the detector absolute efficiency is less than 2%. The constants
A-G were determined by a fit to the measured y efficiencies.
The discrepancies between the fitted and measured values are

TABLE III. Decay and detector efficiency information for the se-
lected isotopes. Data were taken from National Nuclear Data Center
(NNDC) and Idaho National Laboratory Gamma-ray Spectrometry
Catalog [21,22].

nucl.  half-life y peak (keV) branch ratio (%) deteff x10*
28r  2.611h 1383.93 90 (6) 1.49
104T¢  18.3 min 358.0 89 (3) 6.03
134Te  41.8 min 565.992 18.6 (10) 3.61
138Xe 14.14 min 258.411 34.1 (13) 8.73
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FIG. 8. The picture of y-ray peak measurement with portable
HPGe detector. The distance from 23U target to the detector was
22 cm.

shown in the lower part of Fig. 9. The calibrated detector
efficiency, corrected for the actual distance of 22 cm vs 25 cm,
as a function of y-ray energy for the selected nuclei are
summarized in Table III.

3. Self-absorption

The thickness of the >*3U fission foil was 0.369 g/cm?. For
low energy emitted y in the high Z and high density 23> U foil,
the self-absorption for escaping y rays cannot be neglected.
The correction factor of self-absorption can be calculated by

Jo a(x)e o0 x

1/Co, = =
/G o a(x)dx
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FIG. 9. Absolute HPGe detector efficiency at a distance of 25 cm
and its uncertainty as a function of y energy from the mixed calibra-
tion source.

where u stands for the mass attenuation coefficients which
were taken from the NIST database [24]. The x, is the total
thickness of the fission target and the «(x) is the activity
density. In these experiments, the activity density was taken
to be linear with respect to thickness, o(x) = 1 — ax, based
on the PHITS simulations. This correction factor was used to
calculate the self-attenuation of y intensity by passing through
the full thickness of the fission target.

C. Subtraction of y rays from the residual products

The simulations and measurements were carried out using
two different thicknesses of (C,Hy),, moderator. Initially, the
experiment was conducted using a thick moderator to ob-
tain measurements. Subsequently, two moderator slabs were
removed, and the experiment was repeated with a thin mod-
erator after a 114 min interval. Due to the reuse of the U
target, the residual activity in the fission target was subtracted.
For the second run (1.91 cm thick moderator), the observed
y rays were determined by subtracting the y rays from the
residual fission nuclei from the first run. The expected y rays
from the decay of the residual activity from the first run can
be determined by

R
Novs - Can = —(1 = e™)ee(1 — 72,

R ,
Nops + Can = 5-(1 = e7H)ee(1 — 74,
) e—}\z(’_
Nobs = Nobs * E, (5)
where N/, . stands for the expected y count during the second

measurements. ¢, is the new cooling time before the second
run measurement. The expected y counts were calculated by
multiplying the observed y counts in the first run by the ratio
of cooling terms.

V. RESULTS

Comparison of y spectra for the two cases accumulated
for 60 min from ~20 min after the end of bombardment
is presented in Fig. 10. The emitted y energies of 1383.93,
358.0, 565.992, and 258.411 keV were selected to identify
the fission products. The total absolute number of detected y
rays in the peaks, Nops, was analyzed and used to determine
the fission yield during the irradiation. The whole spectra can
be found in Fig. 10. As shown in Sec. III, the fission rate from
the total number of detected y rays, Nqps, Was calculated by

Ca]l A Nobs
(1— ef)‘t,v,)efxtﬂ(l _ ef)LAt)

The ratios of experiments and simulation were determined by
the cumulative fission yield using the JEFF [25] and JENDL
databases. The integration time for °2Sr and '**Te was 60 min,
however the time for '“Tc and '*¥Xe was 40 min due to
their shorter half-lives. The statistical error was calculated
by RADWARE [23] and total error includes systematic errors.
Here, a 2% uncertainty in the detector efficiency and a few
% uncertainty in the y-ray branching ratios for the selected
nuclei were included to calculate the systematic error. The

R; = R/CFY = /CFY. (6)
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FIG. 10. Comparison of y ray spectra from the decay of 2*3U fission products in moderator cases with thicknesses of 3.8 cm and 1.9 cm.
Spectra were accumulated over a 1 h. The spectrum for the 1.9 cm case includes y rays from residual nuclei, as the U target was reused.

total error was obtained by

ANgs\> [ Aeo\> (AL _p\°
ARlOtal —R 00s =Y y—or , 7
f f\/< Nops * € * Iy—hr ( )

where Nops, €, and 1, are the number of the detected y rays,
detector efficiency, and y-ray branching ratio, respectively.
The simulated moderated neutron flux vs energy is shown in
Fig. 4, so the modified CFY with the weight of the thermal
and fast neutron is needed to determine the fission rate. The
fission yield ratios at the thermal and fast neutron energy for
the 3.81 cm and 1.91 cm (C,Hy),, cases are 27 and 2.5, respec-
tively. With these ratios, the weighted CFYs were calculated.
The fission rates determined using the weighted CFYs are
tabulated in Table IV. The effect of the weighted fission rate
compared to the thermal fission rate is randomly ~ +(1-6)%.
The cumulative fission yield for the 2*°U fission products
varied slightly between the libraries. There is a few percent
variation of cumulative fission yield depending on the neutron
energy. The cumulative fission yield induced by thermal and
fast neutrons in the literature are listed in Table V. PHITS
applied the energy dependent CFY case by case depending
on neutron energy.

A. Ratio of fission rates

The fission rates were determined in the above section. In
order to verify the simulations, measured 5 fission rates
were compared with PHITS simulations obtained based on
JENDL library. The ratio of experiments and simulations de-
termined for the selected nuclei for both 3.81 cm and 1.91 cm
thick (C,Hy), moderator cases are illustrated in Fig. 11. The
measured fission rates on the figure were calculated with the
thermal induced cumulative fission yield from JEFF library
data. The blue line shows the normalized fission rates of
simulations with statistical errors, ~2%. The ratio of fission
rates between experiments and simulations are calculated by
the constant fit with the ratios of four selected nuclei. The red
dotted lines are the fit results shown in Fig. 11. The fit ratios
between the experiments and simulations for the 3.81 cm
and 1.91 cm (CyHy), cases are 1.039(35) and 0.928(54),
respectively.

VI. CONCLUSION AND DISCUSSION

The nuCARIBU simulation validation experiments on en-
riched 233U fission target bombarded by the thermal neutrons
produced via the reaction of "Li(p, n) were performed using
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TABLE IV. Fission rates for two moderator thicknesses. The symbol “w-" indicates the weighted values.

Nobs Nevt R FR w-FR FR w-FR ratio  w-ratio ratio w-ratio stat. tot.
nucl. JEFF JEFF JENDL JENDL JEFF JEFF JENDL JENDL err (%) err(%)
3.81 cm  thick moderator
x 100 x 103 x10°  x10° x10° x10°
2Sr 981 5.87 8.60 1.43 1.43 1.45 1.45 0943  0.959 0.959 0.944 33 7.1
104¢ 1061 1.68 3.12 1.66 1.65 1.66 1.65 1.098 1.096 1.092 1.090 5.8 6.8
34Te 931 11.34 10.81 159  1.60 1.55 1.55 1.053  1.026 1.028 1.060 5.1 5.5
138%e 1325 4.06 10.33 1.61 1.62 1.64 1.65 1.067 1.087 1.089 1.070 14.0 14.2
1.91cm  thick  moderator
x 100 x 103 x10°  x10° x 10° x10°
2Sr 529 3.15 5.85 0.97 0.98 0.99 0.99 0970 0.987 0.991 0.978 7.5 9.8
1047¢ 513 0.81 1.75 0.93 0.88 0.93 0.91 0.935 0.933 0.906 0.878 10.0 10.6
134Te 439 5.35 6.20 0.91 0.97 0.89 0.91 0914 0.891 0.906 0.966 9.6 9.9
138Xe 672 1.92 5.54 0.86 0.88 0.88 0.89 0.865 0.882 0.894 0.884 13.4 13.6

the activation method at Argonne. During the experiments,
two moderator cases (3.81 cm and 1.91 cm thickness) were
carried out. The 1383.93 keV (**Sr), 358.0 keV ('*™Tc),
565.992 keV (**Te), and 258.411 keV (!*¥Xe) y rays were
selected and analyzed to calculate production rates for each
fission product. Measured fission rates were compared with
PHITS simulation results based on JENDL library. The ob-
served ratios from four different fission nuclei are consistent.
For both the 3.81 cm and 1.91 cm thick moderator cases, good
agreement within uncertainties between the simulated and
the measured yields were observed. The experimental yields
were 1.039(35) and 0.928(54) times the simulated yields,
respectively. It is determined that the results of this valida-
tion experiment are adequate for launching the nuCARIBU
project. The case that gives the best agreement is the one
closest to the actual geometry to be used.

The nuCARIBU will provide a neutron-induced fission
yield of (9.3 4 0.5) x 108 f/s in the 23U foil by employing
neutrons produced by a 5 MeV, 0.5 mA proton beam on a
"Li target, far exceeding the fission yield of ~5 x107 f/s
available with the current >2Cf source of the CARIBU. The
predicted fission product distributions for the neutron-induced
fission of nuCARIBU are compared to the distributions for
the spontaneous fission of CARIBU in Figure 12. The fission
product distribution changes significantly from the distribu-
tion of the spontaneous fission source of 2>Cf. The fission

TABLE V. Thermal and fast (500 keV) neutron induced cumula-
tive fission yield.

JENDL JEFF
nucl. thermal fast thermal fast

228y 0.059320 0.058389 0.060340 0.058614
104 0.018795 0.020707 0.018759 0.022917
134Te 0.069659 0.065588 0.067872 0.055331
38Xe 0.062861 0.059955 0.064050 0.059348

yield is obviously reduced in the mass region, 106 < A < 120
and A > 154 (see the bottom panel of Fig. 12(a)). On the
other hand, the fission yield in the '3?Sn region (120 < A <
154) and in the "®Ni region (A < 106) will be considerably
increased with nuCARIBU. As shown in Fig. 12(b), the esti-
mated yield of '3?Sn for nuCARIBU is ~:80 times higher than
for CARIBU. This is well suited to the coming single-particle
transfer reaction programs with HELIOS [26]. These results
provide strong support for the neutron-induced >*3U fission
source approach of nuCARIBU to replace the existing >>Cf
source.

3.8 cm thick CH,
€13 RFR = 1.036(35)

E 1 ! L
;%1.4; 1.9 cm thick CH,
L\LH1'3? RFR = 0.927(54)
§1.2F
o E
L
ie]
©
o

1 L
Te(566) Xe(258)
Fission Fragment(keV)

1 |

134. 138

3r(1384) 1%T¢(358)

FIG. 11. Comparison of fission rates between measurements and
simulations. RFR indicates the ratio of fission rates between experi-
ments and simulations.
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FIG. 12. (a) Fission fragment yields by mass for thermal neutron
induced fission of U (nuCARIBU) and spontaneous fission of
22Cf (CARIBU). (b) Fission fragment distributions for nnCARIBU
(upper) and CARIBU (lower).
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APPENDIX: NEUTRON GENERATOR SIMULATION

The simulations performed using the PHITS code present
the results of a feasibility study focused on transitioning from
CARIBU to nuCARIBU. This study aims to establish an
appropriate nuCARIBU concept to enhance fission product
yield. Initial comparative simulations were performed be-
tween DD and p — 'Li reactions. Subsequently, a selection
of moderator materials from (C,Hy),, H,O, D,O, and Be

20 T [ T [ T [ T
(@) ]
10 - E
moderator
,E i /235U i void
CH2
S 0F / B Fe
x re - L
i 2H or “Li )
-20 I | 1 | 1 | 1
20 -10 0 10 20
z [cm]
600
[ (b) ----- 2H(®H,n)°He
500; — "Li(p,n)"Be
= L
§’400?
S f
g [
©300—
g r
- L
o001
oL
100
ol i Lo b Lo Lo o Lo Lo
0 05 1 15 2 25 3 35 4 45 5

Incident beam energy(MeV)

FIG. 13. (a) Geometry of nuCARIBU target assembly in the
simulations. The beam comes in from the left. (b) Total neutron
production cross sections for the DD (dotted line) and p — "Li (solid
line) reactions as a function of incident beam energy.

was undertaken. Finally, the selected reaction and moderator
material were employed to optimize the geometry.

Note that the inputs used for these simulations to define
the nuCARIBU concept are different from those used for the
validation test simulation in Sec. II. For instance, in these
simulations, we utilized an ideal "Li target (not LiF), and
various parameters such as beam energy, target thickness, and
moderator thickness were varied.

1. Inputs and target system

There are many ways to produce thermal neutrons using
low energy accelerators. In this study, DD and p — 'Li re-
actions were considered. In order to compare these methods,
we simulated thermal neutron fluxes (< 10 eV) produced by
the reactions of 2H(d, n) *He and "Li(p, n) "Be with the setup
shown in Fig. 13(a). 0.3 and 3 MeV deuteron beams and 3
MeV proton beam were used and incident beam parameters
and physical properties of target are summarized in Table VI.
For the p-’Li option, it is effective to use a proton beam with
energy above 2.3 MeV because of the relatively high cross
section near the reaction resonance (see Fig. 13(b)).
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TABLE VI. Initial beam parameters and physical properties of
targets.

Energy current diameter
Projectile MeV mA mme
d 03,3 0.25 10
p 3 0.25 10
neutron target density thickness diameter

g/cm? mm mme
’H 1 2 20
Li 0.534 2 20
fission target density thickness diameter

g/cm? mg/cm? mme
235(3 19.1 5 100

2. Neutron generator options

Figure 14 shows thermal neutron fluxes with energy below
10 eV on the target system for DD and p — 'Li generators,
which are plotted on the same scale for z. As can be seen,
the p — "Li option is a more efficient way to produce thermal
neutron than the DD option. The total neutron yields per
projectile on the fission target are 5.5 x 10~° (DD at 0.3
MeV), 1.1 x 107 (DD at 3 MeV), and 5.8 x 107 (p — "Li
at 3 MeV). According to these results, the p — "Li neutron
generator can produce more thermal neutrons by a factor
of 5 compared to the DD neutron generator at 3 MeV per
projectile. The p — "Li neutrons are more forward focused
and of lower initial energy so that this allows them to be
thermalized more easily in a small volume which therefore
leads to a higher flux per cm? oat the 2**U foil. The DD at 0.3
MeV produces roughly 200 times less thermal neutrons per
incident projectile but this lower beam energy can be reached
with electrostatic accelerators that can reach in some cases
very high currents.

Flux [1/em‘lsource]

Flux [1fem’/source]

Flux [1/em‘lsource]

z [cm]

FIG. 14. Comparison of neutron fluxes (£, < 10 eV) per projec-
tile with a same H,O moderator for the DD at 0.3 MeV (a), DD at 3
MeV (b), and p — "Li at 3 MeV (c) generator options.

)

Fiux 1/omsource)
Fiux [omsource)

10°

Flux [1/em/source]

Flux [Vem/source]

z[cm]

FIG. 15. Comparison of neutron fluxes (E, < 10 eV) per pro-
jectile for H,O (a), D,O (b), (CoHy), (c), and Be (d) moderator
materials.

3. Optimization of the moderator material

As shown above, the p — "Li neutron generator appears to
have the highest yield as a neutron source. To determine which
type of moderator is the most suitable to reduce neutron ener-
gies and improve thermal neutron intensity, simulations were
performed using water, D,O, (C,H4),, and Be as moderator
materials. The simulated thermal neutron distributions for the
four moderator materials are shown in Fig. 15. The neutron
flux distributions for water and (C,Hy), are relatively narrow,
in contrast neutrons moderated by D,O and Be show much

TABLE VII. Thermal neutron intensities and fission rates on 10
cmg¢ target at the current of 0.5 mA. The mod. th. indicate moderator
thickness.

neutron flux E, < 10eV
mod. th. E, MeV)
cm 2.5 3.0 3.5 4.0 5.0
x 1010 x 1010 x10'0 %10  x10'0
1 2.2 34 4.4 5.4 8.2
2 3.1 4.8 6.3 7.6 114
3 3.5 5.5 7.3 8.8 12.6
4 34 54 7.4 9.0 12.3
5 2.8 4.9 6.6 8.1 10.2
fission rate
mod. th. E, MeV)
cm 2.5 3.0 3.5 4.0 5.0
x 108 x 108 x 108 x 108 x 108
1 1.3 2.1 3.3 3.7 6.4
2 2.0 34 5.2 4.8 8.5
3 2.6 4.2 5.0 6.3 9.3
4 2.5 4.0 5.2 7.0 9.0
5 2.2 3.1 4.3 6.8 6.9
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broader distributions. Both water and (C,Hy),, are good mate-
rial as a moderator. However, comparing peak thermal neutron
fluxes on the moderators, neutron intensity using (CyHy),
moderator is 20% higher which makes it the best choice of
the four for p — "Li.

4. Optimization of the thickness of the moderator

(CoHy), was selected as the moderator material for
these simulations. To optimize the thickness of the mod-
erator, several simulations with moderator thicknesses from
1 to 5 cm and proton energies from 2.5 to 5 MeV were

performed to obtain the thermal neutron intensities on the
fission target. The beam current was fixed at 0.5 mA. The
calculated neutron intensities and fission rates are given in
Table VII. Statistical errors of the neutron intensities and
fission rates are ~1% and ~5%, respectively. The moderated
neutron intensity in the fission target increases with increas-
ing proton beam energy at a fixed current. As the results,
simulations show that maximum moderated neutron inten-
sities are 3.5x10'°, 5.5 x 10'°, 7.4 x 10'°, 9.0 x 10'°, and
12.6 x 10'° neutrons/0.5 mA and the optimal thicknesses
of moderators are between 3.0-4.0 cm with the proton en-
ergies from 2.5 to 5 MeV. The maximum fission rate is
~9.3 x 10 fissions/0.5 mA.
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