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We have deduced the cross section for 27 U(n,f) over an equivalent neutron energy range from 0
to 20 MeV using the Surrogate Ratio method. A 55 MeV *He beam from the 88 Inch Cyclotron
at Lawrence Berkeley National Laboratory was used to induce fission in the following reactions:
B8 (a, o f) and °U(a, o’ f). The 38U reaction was a surrogate for **’U(n, f) and the 26U
reaction was used as a surrogate for 2**U(n, f). Scattered alpha particles were detected in a fully
depleted segmented silicon telescope array (STARS) over an angle range of 35° to 60° with respect
to the beam axis. The fission fragments were detected in a third independent silicon detector located

at backward angles between 106° to 131°.
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I. INTRODUCTION

Neutron-induced fission cross sections are of interest
for a variety of applied and basic science reasons. To fur-
ther our understanding of fission we have employed the
“Surrogate Ratio method” described by Plettner et al.
[1, 2] to determine the 237U(n,f) cross section via com-
parison with the well-measured 2*3U(n,f) cross section.
This technique removes and/or reduces a large number
of systematic and theoretical uncertainties related to the
direct Surrogate Method [3, 4]. In this report, we review
the Surrogate Ratio method as it pertains to fission, de-
scribe the experiment, and present the resulting 227U (n,f)
deduced cross section.

II. THE SURROGATE RATIO METHOD

The “Surrogate Ratio method” or, simply, the “Ratio
method” is an indirect technique that allows the determi-
nation of cross sections for compound-nucleus reactions
involving difficult-to-produce targets. The method is a
variant of the so-called “Surrogate nuclear reaction ap-
proach” in that it uses a light-ion induced reaction to de-
termine the decay probability of the same compound nu-
cleus (CN) that occurs in the desired difficult-to-measure
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reaction. However, the Ratio method requires that the
decay probabilities of two similar CN are measured rel-
ative to one another. The second CN has to occur in
a reaction that is similar to the difficult-to-measure de-
sired reaction and for which the cross section is known.
In this report we use the known 225U(n, f) cross section
to obtain the cross section for 237U(n, f) for neutron en-
ergies up to 20 MeV. The following reviews the Surrogate
nuclear reaction idea, explains the motivation for consid-
ering simplifications of the approach, and outlines the
Ratio method.

The Surrogate nuclear reaction technique is an indirect
method to determine the cross section for a particular
type of “desired” reaction, a + A — B* — ¢+ C, that
proceeds through a CN state B*, which is a highly excited
state in statistical equilibrium [5-14]. The formation and
decay of a CN with a given angular momentum and parity
are independent of each other. In such situations, the
cross section for the desired reaction can be (somewhat
schematically) expressed as

Uax(Ea) = ZUgN(EemJa"r) GgN(EemJ:ﬂ') - (1)
J,w

Here a denotes the entrance channel a + A and x rep-
resents the relevant exit channel ¢+ C. E, is the kinetic
energy of the projectile a and E., is the excitation en-
ergy of the compound nucleus B*; they are related via
the separation energy S, of the projectile in the nucleus
B: E., = S, + E,. In this present work, we are in-
terested in the reactions n+23%U — 236U* — fission and



n+237U — 238U* — fission. In many cases the formation
cross section 0V = o(a + A — B*) can be calculated
adequately by using optical potentials, while the theo-
retical decay probabilities GQN for the different channels
x are often quite uncertain. The objective of the Sur-
rogate method is to determine or constrain these decay
probabilities experimentally.

In a Surrogate experiment, the compound nucleus B*
is produced via an alternative (“Surrogate”), direct reac-
tion d+D — b+ B* and the decay of B* is observed in co-
incidence with the outgoing particle b. In the experiment,
the relevant compound nuclei 238U* and 238 U* were pro-
duced via inelastic alpha scattering, 236233U(q, o). Fis-
sion fragments were detected in coincidence with scat-
tered alpha particles. The probability for forming B* in
the Surrogate reaction (with specific values for the exci-
tation energy Ee,, angular momentum J, and parity )
is FYN (Eeg, J,m), where § refers to the entrance channel
d+D. The quantity

Pox(Beo) = Y F{N (B, J,7) G{N(Bea, Jym), (2)
J,m

which gives the probability that the compound nucleus
B* was formed with energy E., and decayed into channel
X, can in principle be obtained experimentally.

The direct-reaction probabilities Fac N(E,g, J, ) have
to be determined theoretically, so that the branching
ratios GgN (Eez, J,m) can be extracted from the mea-
surements. In practice, the decay of the compound nu-
cleus is modeled using statistical reaction theory and the
GSN (Eez, J,m) are obtained by adjusting parameters in
the calculations to reproduce the measured decay prob-
abilities Psy (Ee;). Subsequently, the branching ratios
obtained in this manner are inserted in equation 1 to
yield the desired reaction cross section.

The experimental determination of the decay probabil-
ity Psy(Eez) = Njsy/Ns requires that both the number
of b-x coincidences (Njy) and the number of reaction
events (N5) (the total number of inelastically scattered
alpha particles in the present case) are accurately deter-
mined. If target contaminants are present, it becomes
very difficult, if not impossible to determine a reliable
value for Nj.

The “Surrogate Ratio method” eliminates the need
to accurately measure Ny, the total number of reaction
events, which has been the source of the largest uncer-
tainty in Surrogate experiments performed recently [1, 3].
Under the proper circumstances it also reduces or re-
moves dependence on the angular distribution of fission
fragments, which is not well characterized in the present
experiments. The goal of the Ratio method is to experi-
mentally determine the ratio

Oaix1 (E)
UazXz (E)

of the cross sections of two compound-nucleus reactions,
ar + Aq —).Bi= — 1+ Cq and as + A- —).B;= —)CQ+CQ,

R(E) = ©)

for the same excitation energy, £ = E,;, = E.,, of both
compound nuclei. An independent determination of one
of the above cross sections then allows one to infer the
other by using the ratio R(E).

Under certain conditions [15, 16] the branching ra-
tios G{N(Eeq,J,m) become independent of J and
m, i.e. the Weisskopf-Ewing limit of the statistical
Hauser-Feshbach theory applies. The form of the
cross section (for the desired reaction) simplifies to
ag‘;E(Eew) = oSN (E.,) ggN(Eem) where 0CN (Ee,) =
Y 0SN (Eey, J, m) is the reaction cross section describ-
ing the formation of the compound nucleus at energy E,
and GIN (E,,) denotes the Jr-independent branching ra-
tio for the exit channel y. In the Weisskopf-Ewing limit,
the ratio R(E,,) can be written as:

UCN(Eew) g)?lN(Eem)

R(Eez) = Ug’lj\'(Eez) g)(c,;N(Eez) ’ (4)

a2

with branching ratios gf N that are independent of the
Jr population of the compound nuclei under consider-
ation. For most cases of interest the compound-nucleus
formation cross sections 0§V and ¢SV can be calculated
using an optical model. To determine GZN /G, two
experiments are carried out. Both use the same direct-
reaction mechanism D(d,b)B*, but different targets D
and D, to create the relevant compound nuclei B} and

Bj respectively. For each experiment, the number of co-

. 1 2
incidence events, N (M and NP , are measured.
d1x1 d2X2
In the

present case, 2%U(a,0’)?*U* and
238U(,a’)?*8U* experiments were carried out and
a-fission coincidences were measured. The same exper-
imental setup was employed for both cases. The ratio
of the branching ratios into the desired channel for the
compound nuclei created in the two reactions is given by

gSIN(Em) _ Ng;l(Eez) y N(gj)(Em) %)
G& (Bea) NP2 (Fea) N (Beo)

If both experiments give the same number of reaction
events, N éll) ~ N 5(22), the ratio of the decay probabilities
simply equals the ratio of the coincidence events and the
quantity R(E,;) becomes:

R(B) — 2 (Ber) Ny, ()
exr - P .
USQN(Eez) Né:;Q (Eex)

(6)

In practice it is unlikely that both experiments yield
the same number of reaction events and it becomes nec-
essary to apply a correction to account for the difference
in target thickness, integrated beam on target, and live
time of the data acquisition for the two experiments.

III. EXPERIMENTAL APPARATUS

The present experiment was performed at the 88
Inch Cyclotron at Lawrence Berkeley National Labo-



ratory using the Silicon Telescope Array for Reactions
Studies (STARS) developed by Lawrence Livermore Na-
tional Laboratory. Inelastically scattered alpha particles
from the 238U (a, o/ f) and 2%¢U(a, o’ f) reactions were
detected using the STARS scattering chamber shown
schematically in figure 1. The silicon telescope produces
differential energy loss in the thin (AE) and thick (E) de-
tectors which enables particle identification. The AE and
E detectors were both Micron ”S2” type with a thickness
of 140 pm and 1000 pm respectively. Each S2 detector
has 48 rings on one side and 16 sectors on the other.
For this experiment both detectors had pairs of adjacent
rings and sectors bussed together to form twenty-four 1
mm wide rings and 8 sectors. The targets were located
16 mm upstream from the front face of the AE detec-
tor. The AE and E detectors were spaced 3 mm apart.
The beam spot on the target was approximately 3 mm in
diameter. This geometry leads to an angular detection
range in 6 (the angle formed between the beam axis and
the scattered alpha particle) from 35° to 60°. The trajec-
tory of an alpha particle was determined by which rings
in the AE and E detector were triggered. The angular
resolution limited the precision of the recoil energy cor-
rection applied to the scattered a-particle. A 4.44 %
aluminum foil was placed between the target and the sil-
icon telescope. The aluminum foil served a dual purpose.
The foil ranged out the fission fragments thereby protect-
ing the AE detector from damage which would reduce
its energy resolution. The foil was also biased to 300 V
during the experiment to help reduce the effect of delta
electrons produced in the target. Fission fragments were
detected in a third 140 pm Micron S2 detector located
10 mm upstream of the target. The adjacent rings and
sectors of this detector were also bussed together. The
fission detector covered an angle range of 106° to 131°
with respect to the beam axis of the telescope.

The AE, E, and fission detectors were biased with
30 V, 105 V, and 30 V respectively. The signals from
the rings and sectors of the AE and E detector were
conducted through the vacuum chamber wall by four
straight-through 34 pin connectors potted into a cus-
tom made NEMA-G10 vacuum flange. The signals were
pre-amplified by 64 individual 45 mV/MeV CHARGESV
Swan Research pre-amplifiers located on the side of the
STARS scattering chamber. The amplified signals were
connected to four 16 channel CAEN N568B shapers by
64 individual 10 m long RG-174 cables. The signals from
the fission detector were treated identically with the ex-
ception that the pre-amplifiers used had a sensitivity of 8
mV/MeV. The fast output of the CAEN N568B shapers
were connected to LeCroy 1806 discriminators modified
to be leading edge. The discriminator thresholds were set
at 60 mV which corresponds to an energy threshold of ap-
proximately 800 keV. At least one hit in each AE and E
detector were required to form the particle trigger. Once
a valid trigger occured, the delayed shaped slow output
of the shaper channels were digitized by 96 channels of
SILENA analog to digital converters (ADCs). The gate
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FIG. 1: Schematic view of the STARS detector setup. The
silicon telescope is downstream from the target. The fission
detector is located 10 mm upstream of the target. The Ae™
shield located in front of the AE detector ranged out the
fission fragments.

provided to the SILENA ADCs was approximately 7 us
long. Particle-fission timing was obtained using a Time-
to-Amplitude module read out using an Ortec AD413
Peak-sensing ADC.

IV. DETECTOR CALIBRATION

The AE and E silicon detectors were calibrated using
a 226Ra alpha source. A typical calibration spectrum
is shown in figure 2. The peaks were fit with a skewed
Gaussian in order to account for the effects of incomplete
charge collection in the silicon. Typical values for o were
between 31 to 46 keV for the rings on the AE detector
and 22 to 30 keV for the rings on the E detector. The
sectors of both detectors had a factor of approximately
1.4 poorer energy resolution (AE/E). In order to obtain
the best energy resolution possible the rings were used
to reconstruct the energy of the alpha particle events.
The lo energy resolution of the combined detectors
was taken as the sum of the squares of the individual
uncertainties and ranged between 38 keV to 55 keV.

V. OBSERVATIONS

Data were taken over a period of five consecutive days
at the 88 Inch Cyclotron using a 55 MeV beam of a-
particles with an intensity between 2 to 5 pnA. The AE-E
overlap coincidence time window was adjusted to be ap-



7686.8 keV

5000 6002.4 keV

5489.5 keV

5304.4 keV

4784.3 keV

1000

:
|III|IIII‘IIII|II\I|I||IIII

UL

200 400 600 800 1000 1200 1400
Channel number

FIG. 2: A typical ?2Ra calibration spectrum for an individ-
ual ring. The data show the five dominant alpha particles
present in the *2Ra decay chain versus channel number in
the SILENA ADC.

proximately 50 ns. The 233U fission data were obtained
from a self supporting metallic 3619 + 72 angstrom (585
+ 23 £} thick 2*3U foil. The ?*%U fission data were ob-
tained using a uranyl nitrate 236U 02 (N O3), target con-
sisting of 99.68% 226U and 0.32% 234U electroplated onto
a 2.3 7% Ta foil. The ?*U foil had an areal density of
approximately 184 + 9 £4;. The areal density of each
target was determined by its area and specific activity.
The master trigger rate for coincident events ranged be-
tween 4 kHz to 6 kHz during the experiment. The data
acquisition system event deadtime was set by the master
gate width of 70 us. At master trigger rates of 4 kHz and
6 kHz the system deadtime was 28 % and 42 % respec-
tively. The fission detector singles rate was considerably
higher at 40 kHz. This was due to a large (approximately
1 barn) 2%8U(q, f) fusion-fission cross section.

The protons, deuterons, tritons, *He and alpha parti-
cles were uniquely identified by plotting the AE energy
against the total energy (AE + E) to create a parti-
cle identification (PID) plot as shown in figure 3. The
PID plot for each ring was linearized to create an effec-
tive thickness versus energy plot. The effective thickness
versus energy plot was generated using the following lin-
earization function where R is the range, Fy is the total
particle energy, and E is the energy deposited in the E
detector.

R =15.0 x (ELT5 — E*75) (7)

Figure 4 shows a typical effective thickness energy curve
for an individual ring. Alpha particle events were de-
fined as particles that occured within an energy range of
20 (approximately 400 keV) of the centroid of the alpha
particle band. This range energy cutoff ensures that the
data from the 2*U and 2*®U are free from (‘He,3He)
induced fission events. Events in the fission detector
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FIG. 3: Delta E versus E plot obtained from nominally 55
MeV alpha particle incident on 2**U in coincidence with fis-
sion events. Starting in the lower left corner we see protons,
deuterons, and tritons. The large band in the middle of the
plot represents alpha particles.
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FIG. 4: Effective thickness energy curve. Alpha particles can
be seen in the top band. The three bands in the lower left
hand corner starting from the bottom are protons, deuterons,
and tritons respectively.

greater than 6 MeV (approximately channel 200 in fig-
ure 5) were identified as fission events to remove light
ions from direct reactions and charged-particle evapora-
tion. The fission fragments lose considerable energy in
the target and detector dead layer before they are de-
tected. A typical fission spectrum for an individual ring
is shown in figure 5. The uncertainty in determining the
cut off point at the minimum of the fission spectrum in-
troduces a systematic uncertainty in the final 237U (n,f)
cross section. The sensitivity of the final cross section to
the fission cutoff point was determined to be 1.3% and is
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FIG. 5: Typical fission spectrum from a ring in the fission
detector. The centroid of the light and heavy fission fragments
are indicated with arrows.

listed in Table 1.

For each ring in the AE detector a PID plot and range
curve were created. The alpha particles, identified in the
effective thickness energy plot, in coincidence with fission
events were identified by the sort routine. A histogram of
alpha-fission coincidences as a function of alpha particle
energy was created for each ring in the AE detector. The
energy bins for the histogram were chosen to be 100 keV
wide. A bin size of 100 keV was chosen due to the statis-
tics per bin and in order to allow for compression at a
later time. The alpha particle energy was corrected event
by event for recoil effects and for energy losses in the tar-
get, aluminum §-shield, and inert detector layers (Al and
Au). The spectra for each ring were then summed to-
gether. This process was identical for both 233U (a, o' f)
and the 226U (q, o f) data. The data were also corrected
to take into account the integrated beam current, number
of target atoms, and live time of the acquisition system.
This normalization factor is

I2se gy v Trive2ssu % Natoms?36U =0.1534 (8)
Izng NAt0m5238U

Norm =
TLi1)€238 U

where I23.; is the integrated beam current, T, e23-¢ is
the live time fraction, and N g¢pms23- are the number
of atoms of the corresponding target. The uncertain-
ties associated with the live time fraction and integrated
beam current are less than a percent. The uncertainty in
the target thicknesses mentioned above is the dominant
uncertainty in the normalization factor and is listed in
Table 1.

The final alpha fission spectra are given by

N(Eea:)238Ufission = N(Eez)238Ua—f (9)
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FIG. 6: Number of (o, f) events as a function of excitation
energy of the respective nucleus. This data is used to calculate
relative probability of fission for 224U compared to 2*¢U. The
287 data are represented by circles and the 2°4U data are
shown as triangles.

and

N(Eez)236Ua—f

1
Norm (10)

N(Eex)236 U fission —
where N (E,; )23z fission are the corrected fission spectra,
N(Eecz)23:17—y are the alpha fission coincident spectra
described above, and Norm is the normalization factor
from equation (8). Figure 6 shows the resulting spectra
corrected for the normalization factor. The a-U Coulomb
barrier (24 MeV) and the recoil of the target nucleus limit
the maximum excitation energy that can be studied to
approximately 26 MeV.

VI. SYSTEMATIC UNCERTAINTIES

A detailed analysis of the energy loss and uncertainty
in the detector system has been performed. The sources
of uncertainty are energy straggle, angular resolution, in-
trinsic detector energy resolution, and cyclotron beam
energy resolution and they are documented in Table II.
The energy straggle arises from the interaction of the al-
pha particles with the various materials in the target and
detector system. Alpha particles interact with the target
material, §-shield, aluminum and gold layers on the de-
tector, and the silicon. The energy losses in the inactive
layers are substantial (700 keV to 2 MeV) and are cor-
rected on an event by event basis in the data analysis.
The energy loss corrections take into account the energy
of the incident alpha particle and the angle at which it
is incident. Typical values of energy loss are given in
Table III. The angular resolution of the detector is dic-
tated by the geometry of the beam spot on the target
and the relative distances of the target to the AE and E
detectors.



TABLE I: Sources of systematic uncertainty for the 234U /236U ratio.

Affected parameter

Source of uncertainty

Relative uncertainty

Normalization Factor
Normalization Factor
Alpha spectra

338U Target thickness 5 %
2367 Target thickness 5 %
Fission spectrum cutoff energy

1.3 %

[Total systematic uncertainty|

| 72 %

TABLE II: Systematic sources of energy uncertainty.

Sources of sytematic energy uncertainty | AE (keV)
Energy straggle (d-shield and target) 38 — 85
Recoil angle 19 — 54
Intrinsic detector energy resolution 38 — 55
Cyclotron beam 60

[157 - 220

[Total uncertainty

For this experiment, the angular resolution ranged be-
tween 0.7° to 2.2°. The angular resolution translates into
an uncertainty of the recoil angle of the target nucleus.
The intrinsic detector resolution was measured using the
226Ra source described in Section IV. The cyclotron beam
energy resolution was inferred from the width of the elas-
tic peak in a previous experiment. In that experiment,
the beam width was measured by placing a calibrated
silicon detector directly in the alpha beam from the 88
Inch Cyclotron [17]. The energy width of the cyclotron
beam was then inferred using the following relation

AE?otal = AE?a,l + A‘Elizam (11)

where FEyoq; is the total energy uncertainty, ., is the
intrinsic detector resolution, and Ejeqy, is the Cyclotron
beam energy width. The energy uncertainty changes as
a function of outgoing alpha particle angle, therefore the
energy straggle and recoil angle uncertainty partially can-
cel each other. As a final check on the energy uncertainty,
the elastic peak was fit with a gaussian and the 1o un-
certainty was found to be 220 keV. Based on this and the
above calculations the overall energy uncertainty used in
the final cross section was taken to be 220 keV.

The fission fragments have a distribution with re-
spect to the recoiling nucleus that is anisotropic. This
anisotropy changes with the excitation energy of the nu-
cleus. Differences in the anisotropy of the fission frag-
ments [18] with respect to the recoiling 236U and 238U
nuclei constitute another source of uncertainty due to the
finite solid angle coverage of the fission detector. The fis-
sion fragment anisotropies for 228U and 226U fission frag-
ments have been examined as shown in figure 7. As a
measure of the anisotropy, we consider the ratio of the
number of fission events in the angular range of 0° to
30° to the number of fission events over the angle range
of 45° to 80°, as a function of excitation energy. The
angle described here is taken with respect to the recoil-
ing uranium nucleus. In the energy range near the fission
barrier, from 0 to 4 MeV surrogate neutron energy (6.4 to

£
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Anistropy of fission fragments (0 to 30 deg)/(45 to 80 deg)
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FIG. 7: The in-plane fission fragment anisotropies as a func-
tion of excitation energy of the nucleus for **U (red triangles)
and 23U (blue circles). The anisotropy is most pronounced at
the fission barrier E., of approximately 6 MeV and decreases
towards unity thereafter. The fission anisotropies are equal
within the experimental uncertainties over the excitation en-
ergy range of interest.

10.4 MeV excitation energy), the anisotropy peaked at a
factor of 3 and dropped to unity by 4 MeV surrogate neu-
tron energy for both nuclei. The main feature to note is
that the ratio of the fission fragment anisotropies of 238U
over 236U was found to be consistent with unity in the
energy range from 0 to 20 MeV surrogate neutron energy
(6 to 26 MeV in excitation energy). The ratio method re-
duces our sensitivity to the fission fragment anisotropies
provided the two nuclei have similar distributions as is
the case here.

VII. *"U(n,F) CROSS SECTION RESULTS

The 2%7U(n,f) cross section was determined
from the data using the procedure described
in Section II. The normalized ratio R(33%) =
N(Eem7238 Ufissz'on)/N(Eez7236 Ufz'ssion) was deter-
mined as a function of excitation energy and is plotted
in figure 8. The 235U(n,f) cross section energy scale was
converted to excitation energy by adding the 23U neu-
tron separation energy (S, = 6544.5 keV). The product
of the R(233) ratio and the *3U(E,,) spectrum yields
the 27U(E.s, n, f) spectrum in excitation energy. The

final result is obtained by shifting the 2*"U(E,,,n, f)



TABLE III: Materials responsible for energy loss.

Detector Element Material |Areal Density Eioss
(2, (keV)
287U Target By 292 18 - 52
2381 Target 8Oy 92 6-15
1817, Backing (**5U target only) 181y 2300 150 - 418
Delta Shield Aluminum 4440 508 - 1534
Detector Contacts (sectors) Gold 1158 73 - 200
Detector Contacts (rings) Aluminum 27 19 - 33
Total energy loss for ***U target and detector 682 - 1744
Total energy loss for 2*U target and detector 838 - 2128
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FIG. 8: The ratio of 23U (a, o' f) to 2*U(a, o/ f) events as a function of excitation energy of the corresponding nucleus.

energy scale down by subtracting the 23%U neutron
separation energy (S, = 6152.0 MeV) to obtain the
87U (n, f) cross section at the appropriate neutron
energy. This procedure is summarized in the following
equations.

N(235U(Ee$,n,f)) — N(235U(En + Sn(236U)a”=f))

(12)

238 a,a
N(237U(Eezan= )= x%%ggg:: EO‘: 041;;; (13)
xN(235U(Ee:xzan7f)) (14)

- Sn(QBSU)7n= f))
(15)

N(?TU(En,n, £)) = N(*'U(Beq

The upper panel of figure 9 shows the the 2*5U(n,f)
cross section [19] used to obtain the 237U(n,f) cross sec-
tion. The resulting 2*"U(n,f) cross section is plotted in
the lower panel of figure 9. For completeness, the previ-
ous results from Younes and Britt [20] are also shown.
The two cross sections agree well in the neutron energy
range from 0 to approximately 10 MeV. Above 10 MeV
our cross section is lower by approximately 10% to 20%.
This difference may arise from the linear extrapolation
to higher energies of first and second chance fission used
by Younes and Britt.

VIII. CONCLUSIONS

The 27U(n,f) cross section has been determined using
the Surrogate Ratio method. This method requires that
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FIG. 9: The upper panel shows the 2**U(n,f) cross section from ENDF/B-VII [19] used to determine the **"U(n,f) cross
section. The lower panel compares our 2*"U(n,f) cross section (triangles), to the results from earlier work by Younes and Britt

[20] (squares, no error bars shown).

a fission cross section for a similar nucleus be known.
In this experiment, the reaction 238U (a, o’ f) was used
as a surrogate reaction for 227U(n,f) and the reaction
260U (a, 0! f) as a surrogate reaction for the known case
of 235U(n,f). In using the Surrogate Ratio method, the
assumption has been made that the inelastic (a, ') scat-
tering cross section for the two nuclei (238U and 23670)
are equal to within approximately 5%. We have also
assumed that the compound nucleus formation at equiv-
alent neutron energies in the range from 0 MeV to 20
MeV are equal to within approximately 5%. These two
assumptions lead to an uncertainty in the 237U(n,f) cross
section no greater than 10% over the energy range from
0 to 20 MeV equivalent neutron energy. The Surrogate
Ratio method minimizes uncertainties arising from pre-
equilibrium decay, angular momentum effects, and fission
fragment anisotropies. These adverse effects impact both
reactions considered here in a similar manner and their
effects are expected to approximately cancel in the Ratio

method.
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