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Surrogate measurement of the 2¥Pu(n, f) cross section
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The neutron-induced fission cross section of 2**Pu was determined using the surrogate ratio method. The (2, f)
cross section over an equivalent neutron energy range 5—20 MeV was deduced from inelastic «-induced fission
reactions on >*Pu, with >U(, o’ f) and 2**U(, o’ f) used as references. These reference reactions reflect
B4U(n, f) and 23U(n, f) yields, respectively. The deduced *®Pu(n, f) cross section agrees well with standard
data libraries up to ~10 MeV, although larger values are seen at higher energies. The difference at higher energies

is less than 20%.
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I. INTRODUCTION

As part of a larger effort to reduce carbon emissions and
the reliance on foreign imports, support for alternative power
sources, including nuclear, has been growing in the United
States. The Energy Policy Act of 2005 and Nuclear Power 2010
Program support the development of new nuclear power plants.
The proposed plants are based on similar designs to the current
fleet, but offer improvements in safety and efficiency. A similar
resurgence has been seen internationally, with new reactors
being built in South America, Asia, Africa, and Europe. In
2010, Germany reversed a decision to shut down reactors [1],
and Sweden followed suit in June [2].

The renewed interest in nuclear power has led to a number
of novel materials proposed for fuels and reactor components.
Future designs have been consolidated into six candidates for
further development [3]. These generation-1V (Gen-IV) reac-
tors advertise enhanced safety, reliability, and sustainability.
In addition, the new designs promote proliferation resistance
and waste reduction. While the very high temperature reactor
(VHTR) will use thermal neutrons for energy production, the
remaining five [supercritical water cooled (SCWR), molten
salt reactor (MSR), gas-cooled fast reactor (GFR), sodium-
cooled fast reactor (SFR), and lead-cooled fast reactor (LFR)]
may utilize fast neutrons. Accurate data sets, notably neutron-
induced cross sections, are vital to the engineering and design
of these systems.

Fast neutron reactions have also been proposed for the
incineration of actinide material, notably the minor actinide
isotopes of Np, Am, and Cm. Spent fuel will be burned in
a dedicated reactor where neutron reactions such as (n, f)
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or (n,2n) may be used to reduce the content of radiotoxic
isotopes.

A number of new or improved neutron measurements are
needed to determine the feasibility, effectiveness, and safety
issues for the novel engineering efforts proposed for these
applications. Data collection is often hampered by the need
for radioactive targets; the use of such targets is limited to
longer-lived isotopes due to the large background induced by
the decay of the material.

Near stability, alternate or “surrogate” reactions can be
used to determine cross sections for isotopes of interest. In the
actinide region, short-lived isotopes often have longer-lived
neighbors. Charged particle reactions on these neighboring
isotopes can be used to form the same compound nucleus as
the desired reaction. Decay from the compound state
is assumed to be independent of the production mechanism,
allowing reactions with the neighboring isotopes to be used as
a surrogate for the neutron-induced reaction of interest.

We have recently measured the neutron-induced fission
cross section of 23®Pu, performed via the surrogate reaction
29Pu(, o’ f). The neutron-induced fission cross section of
28Pu is needed for reactor applications, particularly the
sodium fast reactor, as well as transmutation schemes. Few
measurements have been performed, resulting in sparse data
above 5 MeV. Figure 1 shows (n, f) cross section data from
EXFOR for neutron energies above 1 MeV.

The lack of higher-energy data results in large uncertainties
for the tabulated data. The recent Japanese Evaluated Nuclear
Data Library (JENDL-4) includes covariance data for neutron
cross sections. For 2*Pu(n, f), the uncertainty in the cross
section above 5 MeV is ~3.5%, and >5% above 10 MeV.
The JENDL recommended cross section, with uncertainty, is
shown with other major data libraries in Fig. 2 .

In the current work, the 23Pu(n, f) cross section was
deduced from 5 to 20 MeV in a single measurement using
the *°Pu(a, o’ f) surrogate reaction. The use of induced
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FIG. 1. (Color online) Neutron-induced fission cross sections for
238py. Data are from Refs. [4-11].

fission by « inelastic scatter as a surrogate for (n, f) reactions
has been recently benchmarked with uranium isotopes near
A ~ 235[12].

II. SURROGATE RATIO METHOD

The surrogate method was introduced in 1970, utilizing
(t, p) reactions to determine (n, f) cross sections for Th, U, and
Pu isotopes [13]. More recently, a variety of charged particle
reactions have been successfully used to determine (n, f),
cross sections for a broad range of actinide nuclei [14-21].

The correlation between the neutron-induced and surrogate
reaction is built upon a Hauser-Feshbach formalism to describe
the compound reaction. For simplicity, the decay probablity of
the compound nucleus is assumed to be independent of the
angular momentum and parity of the populated states. This
assumption is the Weisskopf-Ewing limit, and often works
well for (n, f) cross sections at higher equivalent neutron
energies (=5 MeV). At lower energies, the Weisskopf-Ewing
assumption fails and differences between the spin-parity
populations in the desired and surrogate reactions have to
be accounted for. Within the Weisskopf-Ewing limit, the
neutron-induced fission cross section is equal to the product
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FIG. 2. (Color online) Neutron-induced fission cross sections for
233Pu from select data libraries. For 23%Pu(n, f), ENDF-VI and ENDF-
VII data are equivalent, as are JEFF-3.1 and JENDL-3.3 for neutron
energies above 1 MeV. The shaded area represents the cross-section
uncertainty from the covariance data in JENDL-4.
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of the formation cross section for the compound nucleus using
a neutron reaction (o¢y) and the probability for the decay
channel using the charged particle surrogate reaction (P) [22].
For the a-induced fission surrogate reaction,

O, 1) = 0cN P f)- (D

The formation cross sections can typically be calculated
using an optical model potential to a greater accuracy
than the decay probability. However, the decay probability
can be readily measured. The «-induced fission probability
(P, f)) as a function of compound nuclear excitation
energy is

N(Ot,ct’f) (2)

P, = ,
(o, 0’ f) €fNa

where Ny o ) and N, are the number of detected a-fission
coincidences and total number of detected « scatter reactions,
respectively, and ¢ is the fission detection efficiency. The
total number of observed direct o scatter reactions is de-
termined by the product of the direct reaction cross section
(0q), the a-detection efficiency (g,), the areal target density
(pr), the live time fraction (¢;), and the integrated charge
delivered by the particle beam (Q) over the course of the
experiment:

Nat = Sa,Ong Qaa- (3)

For the actinide isotopes, determination of the total number
of direct reaction events (N,) is complicated by impurities.
Most actinides readily form oxides and materials are typically
not self-supporting, requiring the use of carbon or metal
backings.

To reduce the effects of contaminants, the surrogate ratio
method (SRM) has been used. This technique determines the
ratio of an unknown cross section relative to a known one,
and is described in detail in Refs. [12,22] for surrogate (n, f)
reactions. If the experimental set up does not change for the
two reactions, the detection efficiencies (¢, and ¢ ) can often
be assumed to be the same. For reactions on similar nuclei,
the direct cross sections (o,) may also be nearly equal. The
ratio of an unknown (unk) to known, or reference (ref), cross
section as a function of energy for the «-induced surrogate
reaction is, therefore, denoted as

U(n,f),unk _ C UCN,unk N(a,f),unk (4)

On, f),ref ocN et N, ), ref

within the Weisskopf-Ewing limit. The constant C is energy
independent and is equal to

— PT ref Et.ref Qref (5)
O7,unk L¢,unk Qunk

under the assumptions that the detection efficiencies and direct
reaction cross sections are equal for the reference and unknown
systems.

In the current experiment, the 2*8Pu(n, f) cross section was
determined via ratios with **U(n, f)and B5U(n, f). Table 1
highlights relevant characteristics for each reaction.

While the 2>>U(n, f) cross section is very well known, with
uncertainties <1%, the large difference in neutron separation
energy and the odd/even effect for the neutron number of the
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TABLE I. Desired and surrogate reactions used in the determina-
tion of 2*Pu(n, f). Also shown are the ground-state spins and parities
for the surrogate isotope, with the neutron separation energy.

Reaction Surrogate JT Sy MeV)
Z8Pu(n, f) 2Pu(a, ' f) 1/2* 5.2
Z4U(n, f) 25U(a, o' f) 7/2- 5.6
B5U(n, f) B6U(a, @' f) ot 6.2

surrogate isotopes may limit the model independence desired
by the use of the SRM. The nuclear structure of the **U(n, f)
surrogate is more similar to the unknown reaction, although
the spin difference is significant (AJ = 3) and the (n, f) cross
section is less well known (~3%) for fast neutrons.

The experimental configuration is described below, with
results for the new measurement.

III. EXPERIMENT

Thin actinide targets were prepared by electrodepositing
isotopically enriched material on 100-1g/cm? natural carbon
foils. An electroplating cell was designed to allow direct
deposition of thin actinide films within a confined area on a
target frame. The areal density of each target was determined
by « counting. For the current work, targets of 140(8)-uug/cm?
239Pu, 416(23)-pug/cm? U, and 322(18)-pg/cm? 2°U were
prepared. For all three targets, contaminant species (e.g., 2*U,
238Py) were less than 1%.

The actinide targets were bombarded with 55-MeV
« particles delivered by the 88-Inch Cyclotron at Lawrence
Berkeley National Laboratory. Data was collected for 17.7 h
on the 23U target, 21.7 h on the 2*°U target, and 43.5 h on
the 2%°Pu target. Emitted particles and fission fragments were
detected in the Silicon Telescope Array for Reaction Studies
(STARS) [23]. The STARS array is comprised of a series of
double-sided, annular Si detectors for particle detection. Each
detector is segmented into 48 rings and 16 sectors; adjacent
rings and sectors are combined for a total of 24 rings and 8
sectors. For this study, the array consisted of two detectors
downstream of the target for reaction channel identification,
and a third detector, upstream from the target, for fission
tagging.

The downstream detectors consisted of 150 and 1003-pm
thick detectors, respectively. This telescope array covered a
range of 31° to 61° at forward angles, relative to the beam
axis. A 12.5-um thick aluminum shield was placed in front of
the telescope array to stop scattered fission fragments and to
protect the Si detectors from § electrons emitted from the
target. The silicon telescope effectively detected hydrogen
(p, d, t) and helium (*He, «) species emitted in the reaction.

The third detector, 140 um thick, was placed 8.9-mm
upstream of the target for fission tagging. This detector
subtended angles of 142° to 165° relative to the beam axis.
The deposited energy was used to delineate fission events;
an example spectrum is shown in Fig. 3. In addition, a
time-to-amplitude converter (TAC) between a fission hit and a
coincidence detected in both downstream detectors was used
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FIG. 3. Fission spectrum observed with the 2*’Pu target, in
coincidence with prompt « particles detected in the downstream
detectors. The low energy peak is largely due to the large flux of
« particles emitted with the natural radioactive decay of the target.
Fission events are above channel 500.

to select prompt fission events. The particle-fission TAC for
the 23°Pu target is shown in Fig. 4.

IV. RESULTS

In total, 1.1 x 10’ background-subtracted prompt c-fission
coincidence events were observed with the 2*Pu target. The
surrogate ratio targets of 2>U and >**U resulted in 3.5 x 10* and
8.6 x10* coincidence events, respectively. The coincidence
yield, as a function of « energy, is shown in Fig. 5.

For each target, the equivalent neutron energy is determined
from the difference between the nuclear excitation energy
and the neutron separation energy. The ratios of «-fission
coincidence events at each neutron energy, corrected for
experimental properties as shown in Eq. (5), are shown in
Fig. 6 for each target.

The uncertainty in neutron energy for each data point is
approximately 108 keV. Contributions to the uncertainty are
similar to those outlined in Ref. [16], and are shown in Table II.
The energy straggle of the o particles passing through the
target and the detector components, as well as the angle
of emission incur an uncertainty of ~44 keV. The intrinsic

Intensity (arb. units)

— A—~—~——)
-400  -200 0 200 400

Time (ns)

FIG. 4. a-particle-fission TAC spectrum observed with the >**Pu
target. The full width at half maximum (FWHM) for the prompt peak
is 18.4 ns. The periodic structure of the random particle-fission events
is due to the 8.2602-MHz-cyclotron frequency.
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FIG. 5. (Color online) Background-subtracted «-fission coinci-
dences as a function of « energy for each target used in the current
experiment. First- , second-, and third-chance fission peaks can be
observed.

detector resolution of ~77 keV was determined from a 2*Ra
source measurement immediately preceding and following the
reaction experiment. The uncertainty of the cyclotron energy
has been estimated at 60 keV for a 55-MeV « beam [16].

As the same experimental conditions existed for all three
target species, the fission detection efficiencies cancel in the
SRM. This assumption was validated by the ratio of fission
fragment anisotropies, shown in Fig. 7. The anisotropy was
defined as the number of “in-plane” fission events divided by
the number of “out-of-plane” events. The reaction plane was
determined by the scattered « particle; fission events in the
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FIG. 6. Coincidence ratios, corrected for experimental parame-
ters, for the two ratio surrogate reactions. Panel (a) shows the ratio
for 2*Pu/?*U and (b) shows the ratio for 2**Pu/?¢U.
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TABLE II. Systematic sources of energy uncertainty.

Source AE (keV)
o energy straggle in target and § shield 2649
Recoil angle 11-34
Intrinsic detector resolution 60-94
Cyclotron beam 60
Total 89-126

same or opposite sector number as the « particle are within
the reaction plane. Fission events in sectors orthogonal to the
reaction plane comprised the out-of-plane events. While the
fission anisotropy varies as a function of neutron energy, the
ratios are equal within the experimental uncertainties over the
energy range of interest.

The experimental ratios shown in Fig. 6 must be multiplied
by the respective formation (ocy) and reference (0, ) ref)
cross sections to yield the 23¥Pu(n, f) cross section under the
Weisskopf-Ewing assumption. The formation cross sections,
shown in Fig. 8, were calculated using the optical-model
potential Flap2.2, described in the Appendix of Ref. [24].
The neutron-induced fission reference cross sections were
calculated using the statistical reactions code STAPRE [25],
as outlined in Refs. [22,24]. Discrete levels and y branching
ratios were taken from the recent RIPL-3 evaluation [26],
and the parameters were updated. The calculated (n, f) cross
sections are in close agreement with recent evaluations, as
shown in Fig. 9, and reproduce current data sets well. The
resulting 23®Pu(n, f) cross sections are shown in Fig. 10 for
the 2*U(n, f) and 2°U(n, f) reference reactions.

Both surrogate ratio measurements yield similar results
for neutron energies above 5 MeV. The **¥Pu(n, f) cross
section is observed to vary little with energy, exhibiting a
cross section of approximately 3 b from 5 to 20 MeV. Below
5 MeV, differences are observed. The discrepancy is related
to the breakdown of the Weisskopf-Ewing approximation
that underlies the surrogate ratio approach employed here.
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FIG. 7. (Color online) (Color online) Fission fragment anisotropy
ratios for each target used in the experiment. The anistropy of the
(a) U compound nucleus is shown relative to 2*Pu, and of the
(b) 23%U relative to 2**Pu. The values scatter about unity, confirming
the cancellation of fission detector efficiencies in Eq. (4)
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FIG. 8. (Color online) Ratio of compound nuclear formation
cross sections for 2*Pu(n, f) relative to 2*U(n, f) and >U(n, f).

The observed differences at low energy are expected, based
on theoretical studies [22] and experimental tests of the
ratio approach [12,17]. The expectations were confirmed by
simulating the effect of the spin-parity mismatch on the present
results. The slight difference near second-chance fission
(~7 MeV) is also attributed to spin effects. A significant
amount of experimental data exists for neutron energies
below 5 MeV, and the current work focuses on obtaining the
238Pu(n, f) cross section for energies between 5 and 20 MeV,
where the SRM is valid.

The observation that both measurements yield similar cross
section results for neutron energies above 5 MeV can be
taken as an additional indication of the validity of the ratio
approach. Inelastic « scattering on 23®U and >**Pu is expected
to produce similar spin-parity distributions in the compound
nuclei, as the targets’ ground states have J™ = 0" and 1/27%,
respectively. Inelastic « scattering on 2>>U and 2*’Pu, on the
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FIG. 9. (Color online) Calculated values for neutron-induced
fission cross sections compared to standard data libraries for
(@) **U(n, f) and (b) **U(n, f).
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FIG. 10. (Color online) Neutron-induced fission cross sections of
238Pu using two surrogate ratio measurements.

other hand, is expected to produce different spin distributions
in the relevant compound nuclei, as the ground state of
25U is J® = 7/2~. While this does not account for the
fact that these spin distributions are expected to be different
from those populated in the desired reaction, it is an indi-
cation that the Weisskopf-Ewing limit is approximately valid
and that the ratio approach reduces potential discrepancies due
to deviations from this limit.

A comparison of the surrogate data to direct measurements
is shown in Fig. 11. Below 5 MeV, the current data deviates
from previous results, as expected, due to the limit of the
Weisskopf-Ewing approximation as discussed above. Above 5
MeV, the current data agree very well with the more recent
measurement of Ref. [5] in the 5-10 MeV energy range.
Near 15 MeV, the surrogate data lies higher than the earlier
measurements, although the difference is less than 20%.

The surrogate data presented here provides continuous data
from 5 to 20 MeV using two independent reference reactions;
this data was used to perform a calculation for the >3¥Pu cross
section in a manner similar to the 2**U(n, f) and B3U(n, D)

2*pu(n,f) (barns)
7

® Previous data
A 234U(n,f) reference
V 235U(n,f) referenca

1.0~ T T T 1
5 10 15 20

Neutron energy (MeV)
FIG. 11. (Color online) Current and previous neutron-induced

fission cross sections for 2** Pu above 1 MeV neutron energy. Previous
data are from Refs. [4-11].
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FIG. 12. (Color online) Neutron-induced fission cross sections
for 238Pu from selected data libraries and a new calculation consider-
ing the current data. Also shown are the weighted average data points
from the two surrogate reactions. Note that the data and evaluation
agreement below 5 MeV is coincidental as the two surrogate reactions
employed here resulted in opposite angular momentum effects at low
energy.

reactions described above. The new calculation is shown
in Fig. 12 with the standard data libraries and a weighted
average of the surrogate data. Below ~10 MeV, the new result
agrees well with the published libraries. Above this energy, a

TABLEIII. Cross-section data needed for next-generation reactor
technologies for neutron energies greater than 1 MeV and required
accuracy >5% derived from Ref. [27]. Potential surrogate reactions
and ratios are also shown. An x denotes a light charged particle, such
asap,d,t,a,or  He. Only target species with half-lives greater than
5000 yr were considered.

Reaction Surrogate Ratio Ratio Surrogate
2Pu(n, f) 22Pu(x, x' f) Z5U(n, f) B5U(x, x' f)
*Pu(p, 1f) U(n, f) U(p,tf)
*Pu(p, tf) PPu(n, f)  **Pu(p,tf)
238U(6Li,df) 235U(}’l,f) 232Th(6Li,df)
*Am(n, f)  **PuCHe,pf) 2INp(n,f)  **U(CHe,pf)
*2PuCHesf)  ZNp(n.f) - **UCHedf)
Pu(°Li,af) "Np(n, f) U(C°Li,af)
242Am(n,f) 243Am(x, X/f) 234U(I’l,f) 235U(X, X/f)
243Cm(n,f) 245CH1(p, df) 233U(n,f) 235U(p, df)
M5Cm(d, tf) Z3U(n, f) 23U, tf)
5 Cm(He,af) U, f) Z5UCHe,af)
242py(SLi,df) B5U(n, f) 22Th(SLi,df)
239Pu(6Li,pf) ZSQPU(H, f) 235U(6Li,pf)
244Cm(n,f) 245Cm(x’ X/f) 234U(I’l,f) 235U(x, X/f)
Z:Cm(lﬂ, tf) izPU(n,f ) z‘:zPU(p, tf)
Cm(p. 1f) »U(n, f) “U(p.1f)
*Cm(n, f)  **Cm(d, pf) U, f) U, pf)
25Cm(d, pf) 2%Pu(n, f) 2%Pu(d, pf)
22py(SLi,df) B5U(n, f) 22Th(°Li,df)
22py(SLi,df) 29Py(n, f)  BOUCLLAS)
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higher cross section is proposed, in accordance with the new
experimental results.

V. CONCLUSIONS

In summary, the neutron-induced fission cross section of
233Pu was measured using the surrogate ratio method. The
(n, f) cross section was deduced from «-induced fission
reactions on 2*Pu, with 2’U(a, o’ f) and 2U(a, o’ f) used
as references. These reference reactions reflect 2*U(n, f) and
B5U(n, f) yields, respectively. Use of the SRM technique
to determine actinide cross sections reduces the effects of
contaminants, such as target backing materials and impurities.
The two reactions should involve targets with similar nuclear
structure characteristics, such as ground-state spins and pari-
ties and neutron separation energies. However, as previous [17]
and current work shows, for higher neutron energies, the
differences do not play a significant role for isotopes near
one another in mass and proton number.

The uncertainty for the 23¥Pu(n, f) cross section is ~5%
over the range 5-20 MeV using 2*U(n, f) as the reference
reaction. For the 2**U(n, f) reference, the uncertainty is
modestly higher at ~7%. In many cases, this uncertainty is
adequate for reactor applications and transmutation schemes.

Table III highlights fast neutron reaction data needed,
where the required accuracy can likely be attained through
surrogate reaction work. Candidate reactions for surrogate
ratio measurements are also shown.

For the ?*'Pu surrogate measurement, higher-mass Pu
isotopes may be used. These isotopes, with longer half-lives
than 14.1-yr >*'Pu, will still be quite active. Use of these
isotopes will require careful experimental conditions to reduce
the background effects from the decay of the target material.
Recently, the ?*'Pu cross section has been measured directly
using neutron time of flight [28]. Uncertainties of less than 1%
are reported for the 10-20 MeV neutron range. Differences
with standard libraries exceed 30% in some energy ranges,
and confirmatory measurements are warranted.

The 2! Am, ?*2Cm, and 2*3Cm fission cross sections have
been recently measured at low energy (<10 MeV for >*! Am
and ?*2Cm, <3.2 MeV for >*?Cm) using ** Am(*He,x) surro-
gate reactions, where x is a deuteron, triton, or « particle [29].
This work reports uncertainties ~11-14%; these uncertainties
could be lessened with higher-statistics data and the reaction
could be used to extend the cross-section measurement to
higher energies.
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