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Abstract — Reaction rate ratios are integral responses that are used within the criticality experiments field
because they contain spectral information. While these types of measurements have been utilized for nuclear data
validation with historic experiments, few experiments of this type have been utilized for recent experiments, as few
exist. This work focuses on measured reaction rate ratios for two nearly bare plutonium critical assemblies with
different geometries: one that is cube like (with a Pu mass of 40 kg) and one that is slab like (with a Pu mass of
109 kg). Irradiations were performed with both configurations in which foils were placed near the center of the
assembly. Plutonium, highly enriched uranium, depleted uranium, and Au foils were included in the irradiation
and counted via high-purity germanium detectors. From these measurements, reaction rate ratios were calculated.
Measured and simulated values and uncertainties are presented for the reaction rate ratios. Ratios
utilizing the following reactions are given in this work: '*’Au(n, v), '’ Au(n,2n), >>Un,fission), Z**Utn,
fission), 23U(n,2n), 25Un,y), and *°Pu(nfission). Uncertainties for the measured reaction rate ratios
ranged from 4% to 7%, and the contribution of various parameters to this uncertainty was investigated. The
results are compared to historical experiments and should be used for nuclear data validation for future
nuclear data library releases. These measurements are part of the EUCLID (Experiments Underpinned by
Computational Learning for Improvements in Nuclear Data) project, which utilizes measurement responses
in addition to k. (such as these reaction rate ratios) to help reduce uncertainties in 2Py nuclear data.

Keywords — Reaction rate ratios, spectral index, criticality experiments, plutonium nuclear data, nuclear

data validation.
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I. INTRODUCTION

Reaction rate ratios (RRRs) have been utilized for
nuclear data validation for many decades, and continue to
be used to this day.l' ® These ratios provide spectral informa-
tion about the system being measured that cannot be obtained
using k. measurements alone. Several such reaction rate
experiments that feed into nuclear data validation were exe-
cuted in the 1950s. Recent work further investigated those
experiments, including simulations to determine the sensitiv-
ities of these responses to nuclear data.l”! One interesting
conclusion of that work was that the sensitivities of RRRs
to nuclear data are quite different from k4 sensitivities, even
on the same system (such as the Jezebel experiment).]
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When looking at k., sensitivities, fission and neutron
multiplicity v always trend similarly, but sensitivities to the
same nuclear data for RRRs are very different. The sensitiv-
ities of RRR to v are orders of magnitude smaller than to
fission cross sections, for instance, while the k4 sensitivities
to v and the (n,f) cross sections are always similar (within
a factor of 2). This difference in sensitivities is why the use of
RRRs can potentially help constrain nuclear data more than
kegalone, and why these types of measurements can be useful.

The Experiments Underpinned by Computational
Learning for Improvements in Nuclear Data (EUCLID)
project™!'®! focused on reducing the uncertainty in **°Pu
nuclear data from 0.1 to 5 MeV. Specifically, the project
aimed to reduce compensating errors between different
3Py nuclear data. The EUCLID experiment was designed
using machine learning to achieve this goal, while obeying
constraints associated with available nuclear material.l'")
The result of the experiment design was two configurations
with different geometries. The first configuration (referred
toas 3 x 2)is cube like (5.979 x 6.004 x 7.488 in.) with a Pu
mass of 40 kg. The second configuration (referred to as
8 x 1) is slab like (15.944 x 3.002 % 15.093 in.) and has a Pu
mass of 109 kg.

For the EUCLID experiment, six responses were mea-
sured: RRRs, reactivity coefficients,'>!* Rossi-o,1'*'®) neu-
tron leakage spectra,'”! subcritical experiments,'® and
critical experiments. This work presents the methodology
and results associated with the RRR measurements along
with their simulations. Future work will utilize this
experiment for nuclear data validation and adjustment to
assess their usefulness for constraining **°Pu nuclear
data.

This work is outlined as follows. First, the methodol-
ogy is described in Sec. II. Next, the experiment is
described in Sec. III, including details of the experiment
design, experiment configurations, experiment irradia-
tions, the foils used, and the detectors used to count the
foils. The results, including comparisons to simulations,
are presented in Sec. I'V. Conclusions and future work are
then presented in Sec. V.

Il. METHODOLOGY

Foil counting has been used for many decades as
a way to assess the reaction rates and/or RRRs that
occur within an assembly.*:'2" Foils for the desired
reaction(s) are loaded into a critical assembly or reactor.
The system is then taken critical. The system remains at
a set power level until the desired neutron fluence is
achieved (i.e., a fluence that allows for desirable
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counting statistics within the available counting time).
The foils are then retrieved for counting. Gamma rays
emitted from these foils are generally counted with
high-purity germanium (HPGe) detectors so that the
resolution is adequate to ensure that only the reaction
of interest is being counted. The foils need to have
a known mass and composition, which are generally
determined prior to irradiation. We applied this metho-
dology to measure the reactions listed in Table I.

In addition to measurements of the foils of interest,
two additional measurements were also performed. The
first was a measurement with a known source(s) to be
used to determine the detector efficiency. This measure-
ment had coverage near all energies of interest for the
desired foil reaction photo peaks, and the source was
located as close as possible to the same position that the
foil was located (any difference in location must be
accounted for using a correction factor, which is
described later). The second measurement determined
the background, which was subtracted from the foil mea-
surement. Note that the detectors used had shielding to
suppress the gamma background.

This work largely uses notations consistent with
another recent publication to describe the analysis
procedure.*? First the gamma spectra measured with the
HPGe detector were analyzed, and the peak area recorded
for the gamma-ray photo peak of interest S ;; was deter-
mined. Next, the number of atoms at the end of irradiation
A; i for reaction 7 and foil £ can be determined via

treal k
SyidMy ki Pek ——

A o tlive,k (1 )
ik = — —

! e'y,l.kl"{‘le }"[cool.k ( 1 —e }\'tmaLk ) ’

where

Mye = attenuation correction factor

P, = position correction factor during gamma

counting
€y, = absolute detector efficiency

I, ; = branching ratio of the gamma ray associated
with the photo peak of interest

A = decay constant
t.0or = cooling/decay time after the irradiation
tyear = real time of the measurement

tive = live time of the measurement (the live time is
the real time minus the total dead time that
occurred during the measurement).

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2024
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TABLE I

Parameters of Measured Reactions

Half-Life (h) Photo Peak Branching Ratio, Fission Product
Reaction Fission Product® [n(2)/\] Energy (keV) I, Yield (y)?
197 Au(n,y)'*°Au N/A 64.7 411.8 0.9562 N/A
197 Au(n,2n)'*°Au N/A 148.0 333.0 0.229 N/A
97 Au(n,2n)'*°Au N/A 148.0 355.7 0.87 N/A
¥Ni(n,p)**Co N/A 1700.6 810.8 0.9945 N/A
¥Ni(n,2n)°'Ni N/A 35.6 1377.6 0.817 N/A
>*Fe(n,p) N/A 7492.8 834.8 0.99976 N/A
235U fission S7r 1536.8 756.7 0.5438 0.0643
233U fission 7y 16.7 743 .4 0.9309 0.0600
235U fission Mo 65.9 739.5 0.122 0.0594
233U fission 18Ry 941.9 497.1 0.91 0.0324
233U fission 132T¢ 76.9 228.2 0.88 0.0466
233U fission 140, 306.1 537.3 0.2439 0.0598
25U fission 147Nd 263.5 531.0 0.1311 0.0214
239py fission S7r 1536.8 756.7 0.5438 0.0482
239py fission Mo 65.9 739.5 0.122 0.0609
239py fission 18Ry 941.9 497.1 0.91 0.0659
239py fission 1327¢ 76.9 228.2 0.88 0.0500
239py fission 140, 306.1 537.3 0.2439 0.0527
239py fission 47INd 263.5 531.0 0.1311 0.0215
238U fission S7r 1536.8 756.7 0.5438 0.0514
238U fission Mo 65.9 739.5 0.122 0.0617
2381 fission 153Ry 941.9 497.1 0.91 0.0628
238U fission 140g, 306.1 537.3 0.2439 0.0582
238U fission 47Nd 263.5 531.0 0.1311 0.0259
80U (n,y)>Np® N/A 56.5 277.6 0.1451 N/A
B8U(n,2n)>"U N/A 56.5 208.0 0.212 N/A

“N/A = Not applicable.

®The direct reaction is **®*U(n,y)**°U. This then undergoes inverse beta decay resulting in >*’Np. A photo peak from ***Np

radioactive decay is then measured.

The reason that an attenuation correction factor n, ; is
needed is that the foils may have a thickness such that
there is self-shielding within the foil. The position correc-
tion factor P, is needed to correct for slight differences
in the placement of the calibration source and the foil
being counted.

The reaction rate per gram R; ;; for a measured reac-
tion 7 (such as a fission product), inferred reaction j (such

where m is the mass for foil &, Y; ; is the fission product
yield, and F}, is a fission correction factor related to foil
purity [i.e., a highly enriched uranium (HEU) foil, not a
233U foil]. For foils with cladding present, m; does not
include the cladding mass. The term Y;; is set to 1 for
nonfission reactions.

Substituting Eq. (1) into Eq. (2) results in

235 . . . .
as ~°U fission), and foil k£ is given as treal k
) 8 Sy idNy g Pes——Fr
' tlive,k
Rijk = v v ' (3)
R-J-k _ Ai_’ka (2) EY,i,kIY,ie cool, (1 — o Mreal, )kai,j
i,], m Y; ]
K The RRR is then a ratio of two reaction rates, given as
t}" W — —.
Rijkn Sv,i,k,nﬂmnpc,k,n%Fk,n'iy,uk,dlmde Meotiad (1 — e Mreattd )y 1Y j @)
. B t ’
Rijhd Sy 1kany g aPeia T52 Fy gy gl ime et (1 = e Mo )y, Y
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where 7 refers to the numerator and d is for the denominator. For this work, the 2*>U fission cross section was usually
chosen as the reaction in the denominator (i.e., all ratios are some reaction divided by the **°U fission cross section).
This particular reaction was used here, as employing this denominator is standard practice in nuclear data validation.
A subset of the results in Sec. IV includes other reactions in the denominator.

Often many of these terms are further simplified and referred to as correction factors. This reduces Eq. (1) to

Sy,i,kny,kpc,ka
ik = 5
Ey,i,kly,[McoolM'eal

EN

(5)

. . . tre
where Dy is a dead-time correction factor (Dy = 7 ’:‘
ve.K

), Moo 1S a correction factor for decay during the cooling time

prior to counting (M, = e M%), and M, is a correction factor for decay during the measure-

ment (Mf”eal = (1 — efydrml.k)).

This can be inserted into the reaction rate definition [Eq. (2)],

Sy,i,kT]Y7kPC7kaFk

Rijx=
and also into the ratio equation [Eq. (4)],

Ri jkn

. Sy,i.k.nny,kynPc7k7nDk,an,ney,i.k.d]yti,ndoal,ereal,dmk,dYi,j7d

ey?i,kIy.ij‘4coolZwrealn'lk Yi,j

Ri,j,k,d S'\{,i,k,dny7k7ch,k,de,dFk,d€y,i,k,nly.i,nMcool,nMreal,nmk,n Yi,j,n

Propagating uncertainties is easy given the linear form of
Eq. (7). The following parameters were included in the
uncertainty propagation: Sy ; x, Ty o Pej, €ije, Lyis my, Vi,
and F. The other parameters (Dy, M, 01, and M,.,;) were
assumed to have negligible uncertainty.

One assumption associated with the approach described
in this section was that the recorded events within the photo
peak were coming from the reaction of interest. It is possi-
ble that the events were coming from a different source (a
different reaction, a sum peak, etc.). For this work, the
combination of photo-peak energies and counting times
was chosen to minimize the possible impact of any other
reactions. Future work will include methods to improve
automation to ensure that events within a photo peak are
coming from the desired reaction and/or correct for any
events that come from other sources. Another assumption
of the approach used here was that the reactions were
caused by neutron interactions (instead of photon or other
interactions). Future work will include more additional
simulations to quantify the validity of this assumption.

IIl. EXPERIMENT DESCRIPTION

I1ILA. Experiment Design

Reducing compensating errors in fast *°Pu nuclear
data was the goal of the EUCLID experiment design. The

@ANS

(7)

specific *°Pu observables targeted included fission,
inelastic scattering, elastic scattering, capture, v, and
prompt fission neutron spectrum. The D-optimality
criterion,”* which minimizes the log determinant of
adjusted nuclear data covariances, was used to optimize
the experiment design. This metric helps in screening for
unproductive responses and gives a measure of informa-
tion content. Gaussian process optimization was used to
maximize D-optimality.****) The MCNP® code, version
6.2* with ENDF/B-VIILO0® nuclear data, was utilized in
the experiment optimization and design.

The optimization showed that RRRs were useful (as
opposed to say an additional critical configuration or
some other response), but the optimization was not used
to determine which ratios would be utilized (which could
be performed in future work). Additional information is
provided in previous work regarding the experiment
design.” "]

#MCNP and Monte Carlo N-Particle® are registered trademarks
owned by Triad National Security, LLC, manager and operator of
Los Alamos National Laboratory. Any third party use of such
registered marks should be properly attributed to Triad National
Security, LLC, including the use of the designation as appropriate.
For the purposes of visual clarity, the registered trademark symbol
is assumed for all references to MCNP within the remainder of this

paper.
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1/2 inch Al reflector
on topand bottom

Fig. 1. Single bucket for the 3 x 2 configuration (six
total buckets used: three on the bottom movable platen
and three on the top stationary platform).

111.B. Experiment Configurations

The optimization resulted in two configurations
with very different geometries: one was cube like
and the other was slab like. Both had rectangular
parallelepiped geometry. They used the same fuel,
which was made up of zero-power physics reactor
(ZPPR) plates, specifically, plutonium-aluminum, no
nickel ZPPR plates.?* % The average plutonium
mass within a plate was 105.383 g.[*°! Every ZPPR
plate had 304-L stainless steel cladding with outer
dimensions of 3.002 x 1.993 x 0.117 in.*”!

The configuration referred to as 3 x 2 had three units in
the 1.993-in. dimension, two units in the 3.002-in. dimen-
sion, and 64 layers in the 0.117-in. dimension. This resulted
in the 3 x 2 configuration having overall dimensions of
5.979 x 6.004 x 7.488 in. The configuration referred to as
8 x 1 had eight units in the 1.993-in. dimension, one unit in
the 3.002-in. dimension, and 129 full layers (and a 130th
layer with a single ZPPR plate) in the 0.117-in. dimension.
This resulted in the 8 x 1 configuration having overall
dimensions of 15.944 x 3.002 x 15.093 in.

The ZPPR plates were assembled inside aluminum
“buckets.” Each bucket was loaded with ZPPR plates,
as shown in Fig. 1 for the 3 x 2 configuration and
Fig. 2 for the 8 x 1 configuration. These buckets were
loaded on the Planet critical assembly machine,*"!
shown in Fig. 3 for the 8 x 1 configuration. Planet
has a movable platen and a top stationary platform.
For this experiment, a core support plate, placed on
the stationary platform, was used to support the top
fuel while the bottom fuel was on the movable platen.
The movable platen can be raised remotely to the
desired separation distance (including full closure).

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2024

1/2 inch Al
reflector on top
and bottom

MR LY b alaitie

Fig. 2. Single bucket for the 8 x 1 configuration (16 total
buckets used: 8 on the bottom movable platen and 8 on
the top stationary platform).

Figures 4 and 5 show slices of the fully assembled
3 x 2 and 8 x 1 configurations, respectively.

Fig. 3. 8 x 1 configuration on the Planet critical assembly
machine. Here the platen is in the fully lowered position.

@ANS
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lII.C. Experiment Irradiations

In order to have a sufficient number of reactions
inside the foils, the required power level in the critical
assembly must be raised (referred to in this work as an
irradiation). The neutron detection system used to
monitor the power level is referred to as the linear
channel (LC) system.’?! The LCs are compensated
ion chambers with a '°B lining. There were two cham-
bers, and the difference in the '°B lined chamber and
the unlined chamber was the neutron current. The

power level was proportional to the neutron current
(amp) in the LC system. Similarly, the energy was

Fig. 4. MCNP model of the 3 x 2 configuration. Color
legend: blue is plutonium and green is aluminum 6061-T6.
The foil is actually located in y=2 but only y =1 fuel is shown
in this slice (so the arrow is showing the correct location in
x and z only).

Fig. 5. MCNP model of the 8 x 1 configuration. Color
legend: blue is plutonium and green is aluminum 6061-T6.

@ANS

proportional to the neutron current in the LC multiplied
by the time (amp-s).

Figures 6 and 7 show the LC current for the 3 x 2
and 8 x 1 irradiations, respectively. As seen in these
figures, channel 2 (LC2) consistently had a higher
current than the other channels. This is because LC2
was physically closer to the Planet assembly than the
other channels. As seen in Fig. 6, the current of LC2
for the 3 x 2 configuration was 1.4E-7 amp during the
irradiation and resulted in 1.00E-3 amp-s integrated
over the irradiation (7320 s). Similarly, for the 8 x 1
configuration in Fig. 7, the current was 1.3E-7 amp
and resulted in 2.34E-3 amp's integrated over the
irradiation (18 000 s). The reason why the larger
integrated current was needed for the 8 x 1 compared
to the 3 x 2 was because neutron leakage was much

e —— =

1077

10-8 4 IStan of irradiation I |End of irradiation |

1072 4 1.4e-7 amp on LC2.
1.00e-3 amp-sec on LC2 total.

L[]
:
10—10 4 . |l
-11 J 2
10 L}
+« Channel 1
»
10-124 ' « Channel 2 L

$
Channel 3 * I

Current (amps)

0 2000 4000 6000 8000 10000

Time (sec)

Fig. 6. LC data for the 3 x 2 irradiation.

1077 4 e
10-8 4 Start of irradiation End of irradiation | ,

L]
.

i
[=X
E 10794
S,
E 1.3e-7 amp on LC2.
E 2.34e-3 amp-sec on LC2 total.
=5
(e 10—10 4
1071 4 p
LC1 r
LC2
10712 4 « LC3 3

10000 12500 15000 17500 20000 22500 25000 27500
Time (sec)

Fig. 7. LC data for the 8 x 1 irradiation.
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higher for that configuration (so the total fluence on
the foils in both configurations was fairly similar).

I1.D. Foil Information

Six foils were irradiated with both configurations:
plutonium (Pu), HEU, depleted uranium (DU), gold
(Au), nickel (Ni), and iron (Fe). Issues were encoun-
tered with the use of the Ni and Fe foils. Specifically,
for Fe, it was found that some foils contained signifi-
cant Mn impurities (even though they were procured at
99.99% pure Fe). The Mn impurity was problematic as
the Fe reactions of interest were (n,p) reactions (and
therefore, resulted in Mn). For Ni, there were issues
encountered with proper counting times due to facility
availability. For these reasons, only the results for the
other four foils are included in this analysis.
Information on the Ni and Fe foils were retained in
this section, however, even though no results are
reported.

Table II gives the measured masses of each foil m.
All foils were nominally 0.5 in. in diameter. The foils
used were of the highest purity that could be obtained.
The HEU foils were 93.2% **°U (balance assumed to
be 2*®U), the Pu foils were 4.8% 2**°Pu (balance
assumed to be **°Pu), and the DU foils were 0.7%
235U (balance assumed to be **®*U). The fission correc-
tion factor Fj was calculated using the equation

N, m,
_ T Nomyg
Nooro

where % is the ratio of the atom fraction of nuclide x to

nuclide 0 (the desired nuclide), ;”70 is the ratio of atomic

Of x
O, f,0

masses, and is the ratio of fission cross sections.

TABLE II
Foil Masses m for the EUCLID Irradiations

Material 3 x 2 Mass (mg) | 8 x 1 Mass (mg)

Pu 394.24 + 425 432.69 + 4.65

HEU 63.44 £ 141 62.76 = 1.33

DU 1163.46 + 21.38 1126.4 £+ 21.97

Au 65.43 £ 0.05 126.38 4+ 0.05

Ni 285.03 4+ 0.05 282.87 + 0.05

Fe 122.94 4+ 0.05 126.48 + 0.05

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2024

These ratios were determined by performing simula-
tions with ENDEF/B-VIILO'! cross sections using
a centralized tally in Jezebel. The sums included all nuclides
with a nonzero atom fraction. It should be noted that it was
unfortunate that this ratio of fission cross sections was one
of the desired outputs of the RRRs, yet those same ratios
may also be an input. For this work, that only occurred for
the 2*®U/**°U ratio. This is why it is useful to look at
additional RRRs instead of always having **°U fission in
the denominator (which is investigated in Sec. IV). It should
also be mentioned that if the atom fraction of the desired

nuclide was high (i.e., %0 is small for all nuclides when

x # 0), then F} will be near 1.

Table III shows the fission correction factor values for
the Pu, HEU, and DU foils (assumed to be the same for
both the 3 x 2 and 8 x 1 irradiations as the foils used were
from the same batch of material for each foil type). Note
that Fj only applies to fission foils (so for the activation
foils, the F} term was equal to 1 by definition). The F}
term is described in more detail in recent work that ree-
valuated the RRRs of historical critical experiments.**!

Figures 8 and 9 show the foil loadout for the 3 x 2
and 8 x 1 configurations, respectively. The foils were
loaded in an aluminum sample holder that had the
outer dimensions of a ZPPR plate. The sample holder
was loaded into the aluminum buckets in a position
that was previously occupied by a ZPPR plate.
Figure 10 shows the loading of the foil sample holder
inside a 3 x 2 bucket. The location of the foil sample
holder was nominally near the center for both irradia-
tions, as shown in Figs. 4 and 5.

For the 3 x 2 configuration, the sample plate was
loaded in location x = 2, y = 2, and z = 33. This means
that it was in the middle location in the x-dimension
(number 2 of 3) and the middle location in the z-dimen-
sion (layer 33 of 65, which was near the bottom of the
top stack). In the y-dimension, it was not possible to
center the sample plate, so the choice of y = 2 instead of
y =1 was arbitrary.

For the 8 x 1 configuration, the sample plate was
loaded in location x = 4, y = 1, and z = 64. This
resulted in the x-dimension being as centered as pos-
sible (number 4 of 8), and the y-dimension always
being centered (since there is only 1 unit in the
y-dimension). The z-dimension was not perfectly cen-
tered (layer 64 of 131); this was chosen as having the
sample plate near the top of the bottom stack resulted
in significantly lower worker dose rates than having it
near the bottom of the top stack during sample
retrieval.
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TABLE III
Fission Correction Factors Fj,
Fission

Desired Weight Percent Atom Ratio or Ratio Correction
Foil Nuclide Nuclide in Foil | Nuclide Ratio (my/mo) (o7.x/07,0) Factor, F
Pu - - 240py,239py 0.0512 0.69 -
Pu - - 241py239py 0.0032 0.92 -
Pu 239py 95.2 - - - 1.016
HEU - - BayPsy 0.0108 0.93 -
HEU - - Boy/ABsy 0.0047 0.50 -
HEU - - B8YBSy 0.0577 0.30 -
HEU 25y 93.2 - - - 1.043
DU - - 25y238y 0.0030 3.34 -
DU 28y 99.3 - - - 0.993

HEU,
Plutonium, DU,

Gold, Nickel,

Iron

Fig. 8. Foil loadout for the 3 x 2 configuration.

lron, DU, Plutonium, |
Nickel, Gold, HEU

Fig. 9. Foil loadout for the 8 x 1 configuration.

The total number of layers in the z-dimension
listed here (65 for the 3 x 2 and 131 for the 8§ x 1)
are different than those given in Sec. III.B. This is
because Sec. III.B gives the specifications of the cri-
tical configuration (i.e., with no foil sample holder).

@ANS

Fig. 10. Location of sample plate holder highlighted in
the central 3 x 2 bucket on the top stationary platform.

Since inclusion of the foil sample holder requires
removing a ZPPR fuel plate near the center of the
assembly, it reduces the reactivity of the system to
a subcritical state. In order to make up for this, addi-
tional fuel must be added to the top of the assembly.
But since the reactivity worth of a ZPPR fuel plate
near the center of the assembly is much larger than the
worth near the edge of the assembly, more than one
plate must be added to overcome the reactivity loss.

For the 3 x 2 configuration, an extra layer of plates
was needed (from 64 layers without the sample plate to
65 layers with the sample plate in the location given
previously). For the 8 x 1 configuration, the system
required 129 full layers with a single ZPPR plate in the
130th layer without a sample plate and 131 full layers
with a single ZPPR plate in the 132nd layer with the
sample plate.
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lILE. Foil Counting

Four HPGe detectors were employed to count the
reactions listed in Table I. Figure 11 shows one of the
detectors used; note that the shielding was made of lead,
but contained a 1-mm tin layer and a 1.5-mm copper
layer to suppress lead X-rays. The detector systems had
different shielding setups, but all had thick lead shielding
to suppress any background radiation (and also to sup-
press any radiation associated with the other foils).

The foils were all placed onto planchets and had
fixed positioning such that the foil center was aligned
with the detector crystal center. In addition, the fixed
positioning resulted in high precision on the distance
from the detector crystal to the foil. One example of
this can be seen in Fig. 11.

Prior to conducting these experiments, measurements
were performed using a mixed gamma source in each of
the same positions from which the foils were measured.
This allowed for the efficiency to be determined as
a function of energy and position €,. It is possible for

— 11| ead/Cu
) hielding

Single foil

-~

"

~

i
i
B
HPGe
detector s

| {1/l

<,

i

Fig. 11. HPGe detector shown. Foils placed on planchets
were located at a known distance from the face of the
detector. Lead shielding reduced the background and
a tin copper layer shielded lead X-rays.
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the position of the foil to be slightly different than the
position of the mixed gamma source. If they were differ-
ent, then the position correction factor P, would deviate
slightly from 1.

II.F. Simulations

Simulations were performed of irradiation for both
the 3 x 2 and 8 x 1 configurations using MCNP6.2.
The MCNP models included the detailed geometry of
each ZPPR plate and other experimental components,
as shown in Figs. 4 and 5. The ZPPR plate composition
used was from the Chlorine Worth Study
benchmark.*¥

The MCNP models included the aluminum sample
holder, which included cutouts for the foil locations.
The individual foils, however, were not included in the
model. The volumes that the foils occupied were set as
void and were utilized to calculate the desired reaction
rates. ENDF/B-VIIL.0 nuclear data were utilized for
transport;  both ~ ENDF-VIII.O and  IRDFF-II
(International Reactor Dosimetry and Fusion File)!"
were utilized within the multiplier tallies to calculate
the reaction rates.

IV. RESULTS

IV.A. Gamma Spectra

Table I lists all of the reactions that were included
in this work. Note that additional photo peaks asso-
ciated with the reactions listed are also present in the
data but were not used. Similarly, additional fission
products also could have been used. Both may be
included in future work.

Figure 12 shows an example of the gamma spectra
collected by the HPGe detectors for the DU foil in the
3 x 2 configuration. Figures 13 and 14 show the same
data, but zoomed in on specific photo peaks. In all of
these figures, the color corresponds to the time after
irradiation (shown in the color legend). Blue is earlier
times and green is later times after irradiation.

Some interesting characteristics can be seen when
comparing the short-lived example in Fig. 13 [56.544-h
half-life for **°Np, created via ***U(n,y)] versus the
long-lived example in Fig. 14 (941.9-h half-life for
the fission product '“Ru). It can be seen that the
early data (in blue) had a much better signal-to-noise
ratio when the half-life was short (Fig. 13) compared to
when the half-life was long (Fig. 14). The opposite

@ANS



10 HUTCHINSON et al. - REACTION RATE RATIOS FOR RECENT FAST METAL EXPERIMENTS

101 9
700 _
w
100 4 <
600
o
=
500 2
£ 107" 5 K]
§ 400
o} -2 he
o 10 300 &
2
200 ©
1073 4 4]
£
100 F
10_4 E T T T
0 500 1000 1500 2000 2500
Energy (keV)

Fig. 12. Gamma spectra of the DU foil for the 3 x 2
configuration.

was true for the late data (in green). Given this, one
must be careful in the selection of data that are utilized
for analysis of a specific photo peak.

IV.B. RRR Values

Once the proper data were selected and the gamma
spectra were analyzed, the approach in Sec. II could be
applied. Tables I through IV include the parameters that
were applied in the analysis. The individual RRRs were
determined via Eq. (4) for each pair of entries in Table
I. For the fission RRRs, an average weighted by count-
ing statistics for each fission product in Table I was
utilized. Table IV lists '*’I, which was used originally
but was removed from inclusion due to the large
reported uncertainty in the yield given in ENDF/
B-VIIL.O. This uncertainty was unrealistically high and

Np239: 277.599 keV

700

600

500

400

Count rate

300

fter end of irradiation (hrs)

200

Ime a

T

100

260 265 270 275 280 285 290 295
Energy (keV)
Fig. 13. DU foil for the 3 x 2 configuration zoomed in

near the **U(n,y)**°Np 277.599-keV photo peak. This is
an example with a short (56.544-h) half-life.
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Ru103: 497.085 keV
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Fig. 14. DU foil for the 3 x 2 configuration zoomed in
near the '®Ru fission product photo peak at
497.085 keV. This is an example with a longer
(941.9-h) half-life.

has already been updated for inclusion in ENDF/
B-VIIL1.% Similar to averaging fission products, for
96 Au (which has two photo peaks of interest shown in
Table I), a weighted average was also utilized. All other
reactions only had a single photo peak (and therefore,
no averaging was necessary).

The RRR results are shown in Tables V and VI for
the 3 x 2 and 8 x 1 configurations, respectively. The
propagated measurement uncertainties in these tables
included all of the terms listed at the end of Sec. II.
The chosen reaction for the denominator in these
tables was always >*>U fission. It can be seen in the
tables that the relative uncertainty in the measured
ratios was between 3.9% to 6.9%. The simulated
uncertainties included only statistical uncertainties in
the Monte Carlo simulation.

The bar chart in Fig. 15 highlights the differences
between the measured and simulated results. It can be
seen that the measured values were generally greater
than the simulated values for the 3 x 2. For the 8 x 1,
this was not the case (three ratios had simulated
values greater than the experiment values and vice
versa). Of the 12 results shown in Figure 15, five
have measured and simulated results within one stan-
dard deviation (using the reported measured uncer-
tainties in Tables V and VI), four are within one to
two standard deviations, one is within two to three
standard deviations, and two are more than three
standard deviations away.

Figure 16 shows an overlay of the simulated flux
versus energy overlaid with the reaction cross sections
of interest. The constant difference in flux between

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2024
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TABLE IV
Fission Product Yields Used for This Work from ENDF/B-VIIIL.0*
Parent Fission Product Yield Uncertainty Uncertainty (%)
25y S7r 6.4320E-02 6.4320E-04 1.0%
235y 7y 6.0003E-02 8.4004E-04 1.4%
25y Mo 5.9431E-02 8.3200E-04 1.4%
25y 18Ry 3.2439E-02 4.5415E-04 1.4%
25y 132T¢ 4.6608E-02 9.3215E-04 2.0%
235y 140, 5.9777E-02 5.9777E-04 1.0%
B3y 147Nd 2.1389E-02 2.1400E-04 1.0%
25y 1331 6.7179E-02 4.2995E-02 64.0%
23%py S7r 4.8200E-02 1.4940E-03 3.1%
23%py Mo 6.0900E-02 1.8880E-03 3.1%
29py 18Ry 6.5919E-02 9.8878E-04 1.5%
239py 1327¢ 4.9995E-02 9.9990E-04 2.0%
29py 1408, 5.2700E-02 1.6340E-03 3.1%
29py 47Nd 2.1500E-02 3.6550E-04 1.7%
29py 1331 6.6798E-02 4.2750E-02 64.0%
238y S7r 5.1405E-02 7.1967E-04 1.4%
28y Mo 6.1683E-02 8.6356E-04 1.4%
238y 18Ry 6.2753E-02 8.7855E-04 1.4%
28y 1408, 5.8152E-02 4.0707E-04 0.7%
28y 47Nd 2.5927E-02 3.6298E-04 1.4%
28y 133 6.7594E-02 4.3260E-02 64.0%
*Due to its high report uncertainty, 133 was not used in this work.
TABLE V
3 x 2 RRR Results
Measured Simulated
Ratio Name Value Uncertainty Uncertainty % Value Uncertainty Uncertainty %
Aul97(n,2n)/U235f 0.0026 0.0002 6.9 0.0021 0.0001 2.5
Aul97(n,g)/U235f 0.1018 0.0041 4.0 0.0790 0.0002 0.2
Pu239f/U235f 1.4505 0.0839 5.8 1.4043 0.0023 0.2
U238(n,2n)/U235f 0.0092 0.0005 5.2 0.0087 0.0001 1.2
U238(n,g)/U235f 0.0709 0.0036 5.0 0.0647 0.0001 0.2
U238{/U235f 0.1593 0.0089 5.6 0.1617 0.0004 0.2

the two configurations indicated that fairly similar
RRRs were expected between the configurations,
especially those utilizing threshold reactions.

As mentioned previously, the presented results for
fission used a weighted average of all of the fission
products listed in Table I. Table VII shows the

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2024

individual reaction rate fission results using different
fission products. The column labeled “sigma” in this
table shows the number of sigma of that fission pro-
duct from the listed average. It can be seen from this
table that the spread among the different fission pro-
ducts was fairly small.
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TABLE VI
8 x 1 RRR Results
Measured Simulated
Ratio Name Value Uncertainty Uncertainty % Value Uncertainty Uncertainty %
Aul97(n,2n)/U235f 0.0028 0.0002 6.1 0.0025 0.0001 3.5
Aul97(n,g)/U235f 0.1083 0.0042 3.9 0.0922 0.0003 0.3
Pu239f/U235f 1.5588 0.0868 5.6 1.4460 0.0037 0.3
U238(n,2n)/U235f 0.0102 0.0005 52 0.0104 0.0002 1.6
U238(n,g)/U235f 0.0792 0.0039 5.0 0.0778 0.0002 0.3
U238f/U235f 0.1841 0.0096 5.2 0.1944 0.0006 0.3
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Fig. 15. (C-E)/E comparison between the simulated (C)
and measured (E) results for the 3 x 2 and 8 x 1 RRRs.
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Fig. 16. Simulated neutron flux per source particle for
both experimental configurations plotted with select
cross sections.
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In addition to having ***U fission in the denomi-
nator, the results of all possible combinations of RRRs
were also investigated. Figure 17 shows the measured
results for all combinations of reactions for both con-
figurations. It should be noted that for these results,
only '"*/Nd was used as the fission product (instead of
averaging over all fission products). As shown in
Table VII, this would result in results similar to aver-
aging all fission products. Figure 18 shows a similar
heat map, but compares the measured and simulated
results. For the 3 X 2, it can clearly be seen that the
results utilizing Au had the largest deviation. For the
8 x 1, ""Au(n,y) also showed large deviation, but
"7Au(n,2n) was clearly in better agreement than
the 3 x 2.

IV.C. RRR Uncertainties

Tables V and VI include the uncertainties of each
RRR. Using the approach given in Sec. II, individual
sources of uncertainty can be isolated. Uncertainties
for the following parameters were included: peak area
Syik, attenuation correction m,,, position correction
factor during gamma counting P, absolute detector
efficiency €y, branching ratio I,;, correction factor
related to foil purity Fj, foil mass my, and fission
product yield Y; ;. Uncertainties in the dead-time cor-
rection factor Dj; and measurement times M,,,; and
M,.,; were assumed to be negligible and were not
included. Note that each of the parameters included
had an uncertainty associated with the reaction in the
numerator as well as in the denominator. Figures 19
through 22 show how each parameter contributed to
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TABLE VII
Reaction Rate Results with Different Fission Products
3x2 8 x 1
Fission
Reaction Product Value Uncertainty Sigma Value Uncertainty Sigma
U235f S7r 9.04E+10 3.07E+09 1.0 8.80E+10 2.93E+09 0.2
7r 9.63E+10 3.39E+09 0.8 8.37E+10 2.88E+09 1.7
“Mo 9.15E+10 3.64E+09 0.6 8.56E+10 3.36E+09 0.9
1083Ry 9.33E+10 3.50E+09 0.1 9.09E+10 3.35E+09 0.7
132Te 9.79E+10 5.24E+09 0.8 9.49E+10 4.84E+09 1.3
1405, 8.93E+10 3.14E+09 13 8.60E+10 2.94E+09 0.9
147Nd 9.59E+10 3.57E+09 0.7 9.16E+10 3.20E+09 0.9
Average 9.35E+10 8.87E+10
Pu239f 7y 1.24E+11 6.42E+09 1.7 1.42E+11 5.98E+09 0.8
Mo 1.43E+11 6.44E+09 1.2 1.34E+11 6.02E+09 0.7
1083Ry 1.37E+11 4.69E+09 0.4 1.39E+11 4.65E+09 0.2
132Te 1.38E+11 6.73E+09 0.3 1.38E+11 6.74E+09 0.0
1405, 1.31E+11 5.53E+09 0.7 1.34E+11 5.62E+09 0.8
147Nd 1.39E+11 4.75E+09 0.8 1.41E+11 4.73E+09 0.7
Average 1.35E+11 1.38E+11
U238f 7y 1.45E+10 7.23E+08 0.6 1.59E+10 5.58E+08 0.6
Mo 1.52E+10 5.97E+08 0.6 1.61E+10 6.36E+08 0.3
1083Ry 1.48E+10 5.70E+08 0.0 1.62E+10 6.01E+08 0.1
140g, 1.51E+10 5.05E+08 0.5 1.64E+10 5.51E+08 0.2
147Nd 1.47E+10 5.91E+08 0.3 1.67E+10 6.15E+08 0.7
Average 1.49E+10 1.62E+10
Aul97(n,2n) !
102 Au197(n,g) -1 20
Au197(n,g)
5 g U238(n,2n) . -3. »
U238(n,2n) & ~10
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Denomina or Aul97(n,2n) . » »
Au197(n,g) 0
U238(n,g)
penemnater Fig. 18. Heat map with RRR (C-E)/E comparison

Fig. 17. Heat map with measured RRRs for the 3 x 2 and
8 x 1 configurations.
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between the simulated (C) and measured (E) results for
the 3 x 2 and 8 x 1 configurations.

@ANS



14 HUTCHINSON et al. -

the measured absolute uncertainties. In these figures,
the uncertainties are stacked in an arbitrary order, but
the purpose of these figures is to easily see which
parameters contributed the most to the overall
uncertainty.

In Figs. 19 through 22, it is easiest to focus on
a reaction such as '°7Au(n,y)/**>U(n,fission) first, as it
had the smallest percent uncertainty in Tables V and
VI. What can be seen in Fig. 19 is that the majority of
the uncertainty came from the HEU foil, in particular,
the mass my and foil purity F}. Since all ratios used
235U(n,fission), the HEU foil essentially set a lower
threshold on the overall experiment uncertainty. The
Au foil had smaller uncertainties than the HEU, and
therefore, the total uncertainty in '°’Au(n,y)/***U(n,
fission) was dominated by the HEU. When DU and
Pu foils were used, however, their uncertainties were
comparable to those of the HEU. In general, it was the

3x2: Aul97(n,2n)/U235(n,f)
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Fig. 19. 3 x 2 reaction rate absolute uncertainty asso-
ciated with each parameter. Solid colors are uncertainties
in the numerator reaction (subscript #) and dashed colors
are associated with the denominator reaction [subscript d
and always >**U(n,fission)].
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mass my and foil purity Fj that were the largest con-
tributors to the uncertainty.

For the Pu foil, it was found that the fission
product yield Y;; also contributed significantly. The
fission product yield uncertainties that came directly
from the ENDF/B-VIILO! nuclear data (for fast fis-
sion) are shown in Table IV. As seen in this table, the
uncertainties associated with *°Zr, Mo, and '*°Ba
for »*°Pu fission were large. These are the fission
products that drive the Y;; uncertainty. As previously
stated, '*’I was removed from the analysis due to the
extremely large uncertainty in this yield in ENDF/
B-VIIL.O.

In order to reduce uncertainties for future experi-
ments, better foil mass and foil purity information will
be needed. While foil mass is generally
a straightforward parameter, it is less so for HEU,
DU, and Pu foils. For HEU and DU, the foils were

3x2: U238(n,2n)/U235(n,f)
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Fig. 20. 3 x 2 reaction rate absolute uncertainty asso-
ciated with each parameter. Solid colors are uncertainties
in the numerator reaction (subscript ) and dashed colors
are associated with the denominator reaction [subscript d
and always 2**U(n,fission)].
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8x1: Aul97(n,2n)/U235(n,f)
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Fig. 21. 8 x 1 reaction rate absolute uncertainty asso-
ciated with each parameter. Solid colors are uncertainties
in the numerator reaction (subscript ) and dashed colors
are associated with the denominator reaction [subscript d
and always >**U(n,fission)].

bare, and these materials can easily oxidize. While
surface oxidation is generally not an issue for large
uranium parts, it is an issue when the components
become very small like the foils used in this work.
For Pu, there was a separate complication in that the
foil was clad with 5-mil-thick Ni. Therefore, if the Pu
foil is placed on a scale, only the combined (Pu + Ni)
mass can be obtained. Both of these issues can be
somewhat overcome by the use of gamma spectroscopy
prior to irradiation. This, however, will have larger
uncertainties than direct mass measurements performed
using a precise scale.

IV.D. Comparison to Other Critical Experiments

For all the results presented thus far, the fluences
experienced by the various foils were different and
a correction for this had not been applied. Such
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8x1: U238(n,2n)/U235(n,f)
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Fig. 22. 8 x 1 reaction rate absolute uncertainty asso-
ciated with each parameter. Solid colors are uncertainties
in the numerator reaction (subscript ») and dashed colors
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a correction factor was not needed because the simula-
tions accurately represented the difference in fluence.
However, in most historical experiments, the fluence
was taken to be the same for each of the foils. This
was useful to consider when comparing different
experiments to one another. Correction factors were
made for historical experiments (either through mea-
surements or simulations), or work was performed to
demonstrate that a correction factor was not needed
(i.e., if the fluence of all foils were shown to be the
same). To compare the EUCLID results to those of the
historical experiments, a correction factor must be
applied.

Here, a position correction factor denoted as P,
(the subscript a here is due to the location within the
assembly) was determined using MCNP simulations.
A tally of the fluence was performed and then scaled
to that of the ***U foil. The values for P, are given in
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Table VIII. It is not surprising that the deviation from
1 was much larger for the 3 x 2 configuration (mini-
mum of 0.88 and maximum of 1.19) compared to the
8 x 1 configuration (minimum of 0.93 and maximum
of 1.08). This occurred because the 3 x 2 configura-
tion was less symmetrical from the point of view of
adding a single sample plate to replace a single ZPPR
fuel plate. This correction factor is then included in
Eq. (2), which becomes

Ai 1 Fi Py

Rijx =
ik
myiY;

©)

The results are compared to the Jezebel critical
experiment (PU-MET-FAST-001)!® in Fig. 23. Here,
Jezebel is shown in the shaded region. Different refer-
ences have reported slightly different values (and often
these changes in values have been larger than the
uncertainties given in a specific reference),!®*¢ 3%
which is why a range is shown. Note that the '*’Au
(n,y)/***U(n,fission) ratio is not shown as there were no
reported values for Jezebel using this ratio. It can be
seen that the 2**U(n,fission)/**>U(n,fission) value for
Jezebel is higher than for the EUCLID experiments.

As shown in Table IX, Jezebel had a harder spec-
trum than both EUCLID experiments, since both the
3 x 2 and 8 x 1 configurations had 1/2-in.-thick
aluminum present. Given the harder spectra, it was
expected that the 238U(n, fission)/**>U(n, fission) ratio
would be higher for Jezebel since it is a threshold
reaction. Comparison to several historical experiments
are shown in Figs. 24 and 25. Note that both the data
points and plot for Fig. 24 are from the ENDF/
B-VIILO validation paper,'® with the EUCLID points
added. In both figures, one ratio is shown on the
y-axis and a second ratio [always B8U(n,
fission)/>**U(n,fission)] is shown on the x-axis. As
seen in both figures, the EUCLID results fall roughly

TABLE VIII
Position Correction Factors P,
Foil 3 x2 8 x1
Pu 0.883 + 0.001 0.985 + 0.003
HEU 0.884 + 0.001 1.014 + 0.003
DU 0.971 + 0.002 0.930 + 0.002
Au 0.971 £ 0.002 0.951 £ 0.002
Ni 1.193 £ 0.002 1.084 + 0.003
Fe 1.191 + 0.002 1.053 + 0.003
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Fig. 23. Comparison between the EUCLID and Jezebel
experiments. Jezebel is shown in the gray shaded region.
The RRRs are shown in the top plot and the difference
(in percent) between EUCLID and Jezebel is shown in
the bottom plot.

where one would expect them given that both
EUCLID configurations are fast Pu systems (but
slightly softer than Jezebel, as shown in Table 1X).

V. CONCLUSIONS

The EUCLID experiment included two configura-
tions with very different geometries: one that was
cube like (with a Pu mass of 40 kg) and on that was
slab like (with a Pu mass of 109 kg). An irradiation
was performed on both configurations, each using six
foils approximately 0.5 in. in diameter: Pu, HEU, DU,
Au, Ni, and Fe. The foils were located near the center
of the assembly. After each irradiation, the foils were
retrieved within hours and gamma spectroscopy
counting was performed using HPGe detectors. The
RRRs were presented for '°’Au(n,2n)/**>U(n,fission),
97 Au(n,y)/*°U(n,fission), **°Pu(n,fission)/**>U(n,fis-
sion), 2**U(n,2n)/**°U(n,fission), ***U(n,y)/***U(n,fis-
sion), and ***U(n, fission)/>**U(n,fission).

Uncertainties for the measured RRRs ranged from
4% to 7%. The uncertainty of individual parameters
was investigated, and it was found that the foil mass
and purity were the largest contributors to experiment
uncertainty. The measured results were compared both
to simulations and also to previous experimental work.
Differences of 0.2% to 22% were observed between
the measurements and simulations, and 5 of the 12
ratios were within one standard deviation of the mea-
sured uncertainties.

The results compared well to historical experiments
and should be included in future nuclear data validation
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TABLE IX
Comparison of Simulated Spectral Characteristics of Jezebel and EUCLID Using MCNP6.2
Jezebel 3x2 8 x1
Average neutron energy 1.92E+00 1.70E+00 1.70E+00
causing fission (MeV)
Percent thermal (<0.625 eV) 0.00% 0.00% 0.00%
Percent intermediate 1.89% 2.59% 2.49%
(0.625 eV to 100 keV)
Percent fast (>100 keV) 98.11% 97.41% 97.41%
® Topsy, measured
0.14 ® Topsy, Measured 154 - ® Popsy, measured
° & Big-10, calculated . [ - Godiva, measured
0.12 1 - Big-10, Measured % o ® Jezebel, measured
- ° ° ® Flattop-Pu, Measured f 1.4 . ® o @ Flattop-Pu, measured
o 0.10 e :; @ Jezebel, calculated s [ 4 ® Flattop-U, measured
;; LY Jezebel, Measured 2 L4 ® EUCLID 3x2, measured
3, 0081 = ® Flattop-25, Measured < 1.3 e e @ EUCLID 3x2, calculated
= z r ® EUCLID 3x2, measured = ° ° EUCLID 8x1, measured
5:' 0.06 @ EUCLID 3x2, calculated & ° . @ EUCLID 8x1, calculated
B EUCLID 8x1, measured N l21g °
~ 0.04 & EUCLID 8x1, calculated °
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1072 107t 238()(n, 7/235U(n, f)
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Fig. 24. RRRs for (top) **U(n,y)/***U(n,fission) and
(bottom) 238U(n,2n)/**3U(n,fission). Both have 238U(n,
fission)/**°U(n,fission) on the x-axis. EUCLID results
(all on the right side) are added to those presented in
previous work.[

work. The data from this experiment will also be utilized
in future nuclear data adjustment work to help reduce
#39Py compensating errors.
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