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56-34Fe(n, @)’3'Cr cross sections were measured in the neutron energy region of 5-11 MeV using three
neutron sources based on accelerators, a twin gridded ionization chamber, and highly enriched **Fe and **Fe
foil samples. The 2*¥U(n, f) reaction was used to monitor the neutron fluence, and the interferences from
the low-energy neutrons were corrected according to the neutron energy spectra obtained through unfolding
the pulse height spectra measured by a liquid scintillator. Both the measured cross sections show a “shoulder”
structure in the 8-11 MeV region which may be caused by the level structure of the residual nuclei. The present
paper aims to improve constraint of the *>*Fe(n, a)**>'Cr excitation functions in the MeV region where
their neutron energy dependences are significant, while related measurements are nonexistent or scarce and
the deviations among existing measurements and evaluations are significant. To obtain more precise excitation
functions of the **3*Fe(n, a)*3! Cr reactions, further measurements and improved evaluations are required.

DOI: 10.1103/PhysRevC.99.024619

I. INTRODUCTION

Iron is one of the most important structural materials for
accelerators and nuclear reactors. The abundances of °Fe
and *Fe in natural iron are 91.754 and 5.845%, respec-
tively. When irradiated by fast neutrons, helium will be ac-
cumulated through the **Fe(n, «)**'Cr reactions, which
will cause embrittlement problems [1,2]. Therefore, accurate
cross sections of the *%>*Fe(n, a)>*’'Cr reactions are cru-
cial to evaluate the irradiation damages of nuclear facilities.
From the theoretical point of view, the cross sections of the
36.34Fe(n, o)>*3!Cr reactions can also provide related infor-
mation on the shell effect, since the numbers of both protons
and neutrons in *°Fe and *Fe are close to the magic number
of 28 [3,4].

Existing measurement results for the Fe(n, a)>Cr reac-
tion are scarce because >>Cr is stable and the commonly used
activation method is not available. In the EXFOR library [5],
there are only two measurements including one energy point
at 8.0 MeV (Saraf et al.) and four energy points in the 4.0-6.5
MeV region (Wang et al. [1]). The latter was finished by
our group [1], and our results are obviously higher than that
of Saraf et al’s. As a result, discrepancies among different
evaluations are bigger than 100% in the MeV region [6].

For the >*Fe(n, a)’'Cr reaction, although existing mea-
surements are abundant since the activation method is avail-
able, measurements in the 7-13 MeV region are still lack-
ing because it is difficult to obtain monoenergetic neutrons
in this region. As a result, discrepancies among different

*Corresponding author: guohuizhang @pku.edu.cn

2469-9985/2019/99(2)/024619(7)

024619-1

measurements and evaluations in the 7-13 MeV region are
apparent. Results of the recent integration measurement [7]
using a >2Cf neutron source show that the cross sections
of the **Fe(n, «)’'Cr reaction in ENDF/B-VIL.1, JENDL-4,
and CENDL-3.1 libraries are higher by 12.7-17.6% than that
of the measurement. Furthermore, in the measurement of
Meadows et al. [8], the >*Fe(n, a)>' Cr reaction cross sections
show a “shoulder” structure in the 8—11 MeV region which is
absent in almost all the evaluations. So, new measurements
of the **Fe(n, «)°'Cr reaction are required to constrain the
excitation function and to validate the shoulder structure.

In the present paper, the *3*Fe(n, a)>*>! Cr cross sections
were measured at five energy points in the 5-11 MeV region.
The experiments are illustrated in Sec. I, the data processing
and the results are presented in Sec. III, and conclusions are
drawn in Sec. IV.

II. DETAILS OF THE EXPERIMENTS

The sketch of the experimental setup is illustrated in
Fig. 1, which is composed of three main parts: the neutron
source, the charged particle detector, and the data acqui-
sition system. Compared with our previous work [1], four
improvements were adopted in the present measurements.
First, the neutron energy spectra were measured using a liquid
scintillator detector [9], so that the interference from the low-
energy neutrons can be corrected. Second, the Xe + 5.0%
H, mixtures were used as the working gas of the gridded
ionization chamber instead of Kr + 2.7% CO, mixtures, so
that the strong background from the ®O(n, a)'3C reaction
in the high neutron energy region can be excluded. Third,
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FIG. 1. The sketch of the experimental setup: FC, fission cath-
ode; PA, charge sensitive preamplifier; A, anode; G, grid; C, cathode;
SE, shielding electrode; FIFO, fan in—fan out (CAEN N625); TCU,
trigger control unit; SA, signal amplifier (ORTEC 572A); DA, delay
amplifier (ORTEC 427A); LG, linear gate (ORTEC 542); SC, single
channel analyzer (ORTEC 551); WFD, waveform digitizer (Signatec
PDA14); DT5730, desktop digitizer (CAEN DT5730B); and PC,
personal computer.

the 23U sample [10] was moved from the cathode to the
fission cathode of the gridded ionization chamber, and the
counts of the fission fragments from the >**U(n, f) reaction
were used instead of the BF5 counts [11] for normalization in
the background deduction. The normalization factor provided
by the fission counts was more accurate than that provided
by the BF;5 counts [12]. Finally, the updated data acquisition
system based on waveform digitizers was utilized instead
of the nuclear instrument module based data acquisitions
[13]. These upgrades made the precise measurement of the
36:3%Fe(n, ) !Cr cross sections in the 7-11 MeV region
possible, because the interferences from low-energy neutrons
can be deducted, the strong background of the working gas
can be greatly decreased, and a more accurate normalization
factor in the background deduction can be obtained.

In the present paper, three neutron sources based on ac-
celerators were used as presented in Table I. First, to verify
the present measurement method, the 3*Fe(n, a)>*3!Cr re-
action cross sections were remeasured at 5.5 MeV based on
the 4.5-MV Van de Graaff accelerator of Peking University
(PKU). The neutrons were produced through the D(d, n)*He
reaction using a deuterium gas target 2.0 cm in length and
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FIG. 2. The measured neutron energy spectra.

~0.30 MPa in pressure. The deuterium gas target was sepa-
rated from the vacuum tube of the accelerator by a molyb-
denum foil 5 wm in thickness. Second, measurements were
extended to 7.7 MeV based on the 4.5-MV Van de Graaff
accelerator of PKU. The neutrons were generated through
the “Be(a, n)!2C reaction using a solid beryllium target ~
500 ug/cm? in thickness. Finally, measurements were per-
formed at 8.5, 9.5, and 10.5 MeV based on the HI-13 tandem
accelerator of China Institute of Atomic Energy (CIAE). The
neutrons were generated through the D(d, n)*He reaction
using a deuterium gas target 3.0 cm in length and ~0.25
MPa in pressure. The deuterium gas target was separated
from the vacuum tube of the accelerator by a molybdenum
foil 10 pum in thickness. The corresponding neutron energy
spectra (shown in Fig. 2) were measured using an EJ309
liquid scintillator detector placed at 0° with respect to the
beam line by unfolding the measured pulse height spectra [9].
Although the folded back pulse height spectra of the obtained
neutron energy spectra agreed well with the measured ones
(relative deviation <3%), the uncertainties of the proportions
of the low-energy neutrons were assumed to be 10% to make
sure that they were reliable within the uncertainties. With the
28U(n, f) excitation function taken from Ref. [14], the mea-
sured neutron energy spectra, and the corresponding angular
differential cross sections introduced below, the fission pro-
portion oy, induced by low-energy neutrons can be subtracted.
The D(d, n)’He and D(d, np)D angular differential cross
sections were taken from the ENDF/B-VIIL.b3 library [6] and
Ref. [15], separately. The *Be(a, n9)'>C and °Be(a, ny)'*C

TABLE I. Descriptions of the neutron sources.

Energy (MeV) 55 7.7 8.5,9.5,and 10.5

Reaction D(d, n)*He Be(a, n)'"*C D(d, n)*He

Target Gas target, 2.0 cm in length Solid target, Gas target, 3.0 cm in length
and 0.30 MPa in pressure 500 1g/cm? in thickness and 0.25 MPa in pressure

Beam (1 A) 2.5 2.5 2.5

Beam duration (h) 73 99 24 (three energies)

Accelerator

PKU 4.5-MV Van de Graaff accelerator

CIAE HI-13 tandem accelerator
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angular differential cross sections were taken from Refs. [16]
and [17], respectively.

Since it was difficult to obtain monoenergetic neutrons
in the 7-13 MeV region, the subtraction of the interference
from the low-energy neutrons, which was one of the most
important reasons for the large deviations among existing
experiments in the 7-13 MeV region, was required. In the
present paper, because the cross sections of the *¥U(n, f)
reaction induced by low-energy neutrons are apparently lower
than those induced by the main neutrons, the uncertainty
caused by the correction of the interference from the low-
energy neutrons is restricted. After subtracting the interfer-
ence from the low-energy neutrons, the average fluence of the
main neutrons through the *®U sample can be determined.
With the corresponding D(d, n)*He or °Be(«a, ny)'*C angular
differential cross sections, the ratio G [18] of the main neutron
average fluence through the 2*¥U sample over that through the
36.54Fe samples is calculated. It should be pointed out that the
interference from the low-energy neutrons to the measured
o events emitted from the *°*Fe(n, «)>>°!Cr reactions can
be ignored for two reasons. First, the energies of the o
particles induced by low-energy neutrons are lower than the
measurement threshold (as shown in Fig. 5). Second, the «
particles induced by low-energy neutrons are scarce since the
corresponding cross sections are small.

A twin gridded ionization chamber was used as the charged
particle detector [19]. The separations of the cathode grid and
the grid anode were 61 and 15 mm, respectively. The distance
from the anode to the fission cathode (or to the shielding
electrode) was 9 mm. The working gas was Xe +5% Hj
mixtures and the pressures were 0.052 MPa at 5.5 MeV, 0.072
MPa at 7.7 MeV, and 0.095 MPa at 8.5-10.5 MeV, separately.
The cathode of the chamber contained a sample changer
with five sample positions and back-to-back samples can be
mounted at each of them. At four sample positions, back-to-
back *°Fe samples, 3*Fe samples, Ta backings, and compound
a sources were mounted, individually. The samples can be
replaced through rotating a knob below the chamber without
opening it [19]. The details of the highly enriched (99.9%)
5Fe and >*Fe foil samples were presented in Ref. [1]. The
radii of the *°Fe and >*Fe foil samples ranged from 21.5 to
23.0 mm and the corresponding thickness ranged from 0.54 to
0.58 mg/cm?. The thickness of the Ta backing was 0.1 mm.

The data acquisition system was similar to that presented
in Ref. [10]. The coincident anode-cathode signal pulses were
recorded by the two waveform digitizers (Signatec PDA14,
100 MHz in sampling rate) for the forward and the backward
directions, respectively. After correcting the baseline of the
recorded signal pulses and then smoothing the signal pulses,
the amplitudes of both the cathode and anode signals of the
corresponding event were decided. The amplitudes of the
fission signals were recorded by the desktop digitizer (CAEN
DT5730B, 500 MHz in sampling rate).

At each energy point, five runs of measurements were
performed. First, the experimental setup was calibrated using
the compound « sources, the result of which is shown in
Fig. 3. Second and third, the SFe and **Fe samples were
measured (foreground), separately. Fourth, the Ta backings
were measured (background). Finally, the experimental setup

250

[

00

150

100

Anode channel

50

0 50 100 150 200 250
Cathode channel

FIG. 3. The measured cathode-anode two-dimensional spectrum
of the compound « source in the forward direction.

was calibrated again to check its stability. The beam durations
are shown in Table I, the total of which is ~196 h.

III. DATA PROCESSING AND THE RESULTS

The calibration using the compound « sources not only
can decide the energy for each anode channel but also can
decide the effective area of the « events. As an example shown
in Fig. 3, the energy of each anode channel can be decided
by the four o energy groups, and the effective area of the o
events is located between the two dashed curves shown in
Fig. 3. Considering that the energy resolution is smaller in the
measurement with the neutron beam on, the effective area is
larger than the region between the 0° curve and the 90° line.

The net « events are obtained using the foreground deduct-
ing the background, and the ratio of the fission count in the
measurement of the foreground over that in the measurement
of the background is used as the normalization factor of the
neutron fluence. As an example, Fig. 4 presents the cathode-
anode two-dimensional spectrum after the background
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FIG. 4. The cathode-anode two-dimensional spectrum after the
background deduction in the forward direction for the measurement
of the **Fe(n, &)’ Cr reaction at E, = 8.5 MeV.
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TABLE II. Sources of the uncertainty and their magnitudes.
800
"""" Foreground Source Magnitude (%) Source Magnitude (%)
. Background
600 4 :v :“ Net event NU 0.5 Eu 0.4-2.5
b ' . Simulation Nre 1.0 G 3343
= Nay 2.1-114 oL 0.2-3.6
8 4004 ISVd f (l)(l)—(])ézl Taf 0.8-1.0
r 0-1. otal 4.6-12.4
200 -
________ For the 56Fe(n, a)53Cr reaction, apart from our present and
0 = T T N previous (Wang et al. [1]) results, only one measured point
0 50 100 150 200 250

Anode channel

FIG. 5. The measured anode spectra of the **Fe(n, a)*'Cr reac-
tion at £, = 8.5MeV in the forward direction compared with the
simulated one.

deduction in the measurement of the *Fe(n, o)’ Cr reaction
at E,, = 8.5 MeV. In the effective area between the two dashed
curves in Fig. 4, the events are projected to the anode channel
and counted as shown in Fig. 5. Since the residual nuclei are
often in the excited states, the effective Q value is negative in
most cases. So the interference from the background is still
significant even if the working gas is Xe + 5% H, mixtures as
shown in Fig. 5.

The detection efficiency of the o events is determined using
Monte Carlo simulation. In the simulation, the corresponding
double differential cross sections calculated utilizing TALY S-
1.8 code [20] and the stopping powers calculated by SRIM-
2013 code [21] are used and the result is shown in Fig. 5
as “Simulation”. It should be pointed out that the counts of
the simulated anode spectra may be higher or lower than
the measured ones because the calculated cross sections may
be inaccurate, so each of the simulated anode spectra is
multiplied by a factor to fit the measurements.

The measured (n, ) cross section o can be determined by

NUNdaé‘fG
o= - Ofv
NreNayp(1 — pr)eq

ey

where Ny and Ng. are the nucleus numbers of the 23U and
the 3%>*Fe samples, separately; Ngy and Ny, are the detected
(n, f) and (n, @) events, individually; p; is the proportion of
the (n, f) events induced by low-energy neutrons; &y and &
are the detection efficiencies of the (n, ) and (n, «) events,
respectively; G is the ratio of the average fluence of the main
neutrons through the 2**U sample over that through the 36->*Fe
samples [18]; and oy is the 238U(n,f) cross section taken
from Ref. [14]. Each of these quantities will induce more or
less uncertainty to the measured cross sections as listed in
Table II. The measured *>*Fe(n, &)*>>' Cr cross sections are
illustrated in Table III and Figs. 6 and 7. Among the existing
measurements, Wang et al. [1] is our previous measurement,
which agrees well with the present results and thus verifies the
reliability of our measurements.

at 8.0 MeV (Saraf et al.) is included in the EXFOR library
[5], which is apparently lower than ours. To help constrain the
excitation function more accurately, the 56Fe(n, Xa) Cross sec-
tions (Grimes et al. [22], Fischer et al. [23], and Sterbenz et al.
[24]) are used. According to the ratio of the Fe(n, a)>Cr
cross section over the °Fe(n, xo) cross section taken from
the JENDL-4.0 library [6], the “Fe(n, a)*>Cr cross sections
are calculated from the 56Fe(n, xa) cross sections (shown in
Fig. 6 as “Calculated”). Since the abundance of **Fe in natural
iron is as high as 91.754% and the differences among the
cross sections of different isotopes of iron are not extremely
significant, the cross sections of the natural iron are close to
those of °Fe. Thus, the (1, ) cross sections of the natural
iron measured by Paulse et al. [5] and Wattecamos et al. [5]
and the (n, xo) cross sections of natural iron measured by
Baba et al. [25] and Kunieda et al. [26] (shown in Fig. 6 as
“Nat”) are also presented and compared with the presented
results. The present *°Fe(n, a)>*Cr cross sections agree well
with the calculated results of Sterbenz et al. [24]. Also, the
results of Paulse et al. [5] agree with the present results except
for the two energy points above 9 MeV, and the results of
Baba er al. [25] agree with the present results except for the
measured point at 7.9 MeV. As illustrated in Fig. 6, the present
S0Fe(n, «)>>Cr cross sections show a shoulder structure in
the 8—11 MeV region, but most evaluations do not show this
shoulder structure. In addition to the present measurements,
the results of Sterbenz er al. [24] and Baba et al. [25] also
show the shoulder structure although the shoulder in Sterbenz
et al. [24] is not very clear. In addition, the evaluation of
CENDL-3.1 also supports this shoulder structure although the
shoulder is not apparent.

TABLE III. Measured **>*Fe(n, «)’**'Cr cross sections com-
pared with those calculated using TALYS-1.8 code with adjusted
input parameters.

E,(MeV) SFe S4Ee

Oexp (mb) otaLys(mb) Oexp (mb) orarys(mb)
5.5 1.02 +0.13 1.01 3.76 £0.24 4.52
7.7 9.26 + 1.07 10.93 28.69 £+ 2.23 28.12
8.5 14.99 + 0.83 15.00 35.66 £ 1.62 35.31
9.5 21.77 £ 1.70 20.64 41.31 £2.05 41.01
10.5 23.46 £2.92 24.06 43.77 £ 3.52 46.07
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FIG. 6. The present *Fe(n, a)**Cr cross sections compared with
the existing measurements and evaluations. Among the measured
cross sections, only Saraf ef al. and Wang et al. are included in the
EXFOR library [5], and the others are the calculated results based on
the measured *°Fe(n, xe) cross sections. In addition, the (1, &) cross
sections of natural iron measured by Paulse ez al. [5] and Wattecamos
et al. [5], and the (n, xo) cross sections of natural iron measured by
Baba et al. [25] and Kunieda et al. [26] are also presented.

Because there is no newly opened reaction channel [such
as (n, 2n) and (n, np)] with a large cross section in this neutron
energy region, the measured shoulder structure may be caused
by the level structure of the residual *Cr. Since both the
neutron number 29 and proton number 24 in 3*Cr are close
to the magic number 28, the level structure is in “concave”
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FIG. 7. The present **Fe(n, a)*'Cr cross sections compared with
the existing measurements and evaluations. All the measurements are
included in the EXFOR library [5] except for Meadows et al. [27,28]
and Khryachkov et al. [29].

TABLE IV. Adjusted input parameters of TALYS-1.8.

6 e 54Fe
Keyword Parameter Keyword Parameter
preeqmode 4 preeqmode 4
aadjust 26 57 1.28 maxlevelsbin als
maxlevelsbin a22 pair 24511 .90
pair 24 532.70 gammald 2451 0.55
gammald 2453 0.80 Tadjust 24510.72
Tadjust 24 530.58 EOadjust 2451044
EOadjust 2453 0.46 avadjust al1.02
avadjust al.l8 cstrip alls
cstrip a 1.50 pair 2554 0.55
Tadjust 2556 0.58 EOadjust 2554 0.90
avadjust p 0.85 avadjust pl.12
Tadjust 2653 1.10

shape in the MeV region according to Ref. [30]. Larson and
Dickens [31] also declared that the level structure of 3Cr
is not as well understood as expected. In addition, Prajapati
et al.’s calculation [32] also supports that the level structure
may induce this shoulder structure in the 8—11 MeV region,
because their calculation using the microscopic level densities
from Hilaire’s table presents a shoulder structure although
the cross section is about a factor of 0.5 smaller (shown in
Fig. 6 as “Prajapati et al. [32]”). Through adjusting several
input parameters, most of which are related with the level
density as listed in Table IV, the calculated *°Fe(n, o)**Cr
excitation function using TALYS-1.8 code [20] agrees with
the measurements as shown in Fig. 6. It should be mentioned
that the shoulder structure of the *°Fe(n, «)*>Cr reaction is not
conclusively decided due to the experimental uncertainty and
the lack of measurements. To validate the shoulder structure
of this reaction, more measurements are required.

The present **Fe(n, )’ Cr cross sections agree with most
existing measurements, and the results indicate that there may
be some deviations among the measurements of Salisbury
etal. [5], Paulsen et al. at 9.9 MeV [5], and Gledenov et al. [5].
The present results validate the shoulder structure in the 8—11
MeV region, which is absent in most evaluations. Being the
same as the *°Fe(n, «)>*Cr reaction, the measured shoulder
structure may be caused by the level structure of the residual
SICr because the level structure of *'Cr is also in concave
shape in the MeV region [30]. Through adjusting several input
parameters as listed in Table IV, the **Fe(n, )’! Cr excitation
function calculated using TALYS-1.8 code [20] also agrees
with the measurements as presented in Fig. 7.

According to Schulc et al.’s [7] method utilized to validate
the evaluated >*Fe(n, «)’'Cr excitation function using the
integral reaction rates in the 0.8-20 MeV region induced by
a ®2Cf neutron source, the evaluations of ENDF/B-VIL1,
JENDL-4, and CENDL-3.1 libraries are higher than Schulc
et al.’s measurement by 12.7-17.6%, while the result of the
present calculation agrees with Schulc ef al.’s measurement
within the uncertainty. The main differences between the
present calculation and those evaluations are located in the 8—
14 MeV region, which means that the present measurements
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and calculations in this region are reliable, i.e., the shoulder
structure should exist.

It is interesting to notice that the shoulder structure is also
observed in the measured (2, ) cross sections of several other
nuclei near *>*Fe, such as 3¥Ni [26,33], >°Co [5], and >*°Cr
[29]. This indicates that the level structure of the nuclei around
36:54Fe may be significantly affected by the shell effect.

Other major reaction channels for neutron induced °Fe
and *Fe reactions are also checked. The differences between
the results of the calculations of the (n, tot) and (n, el)
reactions with and without adjusting the input parameters can
be ignored and the results agree with the measurements well.
The calculated (n, n'), (n, p), and (n, 2n) excitation functions
with adjusting the input parameters agree much better with the
measurements and evaluations than those without adjusting
the input parameters. This verifies the adjustment of the input
parameters.

IV. CONCLUSIONS

The cross sections of the *>*Fe(n, ®)>>'Cr reactions
were measured in the 5-11 MeV region at five neutron energy
points, and the present results illustrate a shoulder structure
for both reactions. Through adjusting several input param-
eters, mostly related with the level density, the excitation
functions of these two reactions calculated using TALYS-1.8
code agree well with the measurements. The present results

are helpful to constrain the *Fe(n, «)*>!Cr excitation
functions, and they are useful to clarify the deviations among
the existing measurements and evaluations. Especially in the
neutron energy region of 8—11 MeV, the meaning of the
present results is significant because the existing measure-
ments are nonexistent or scarce and the deviations among
existing measurements and evaluations are very large. The
present results indicate that the related measurements are still
required to constrain the excitation functions, especially in
the 10-14 MeV region. Furthermore, the measurements for
the isotopes of Fe and of the elements near Fe (e.g., Cr, Mn,
Co, and Ni) are also very meaningful to study the shoul-
der structure because the shoulder structure is also observed
in the (n, ) reactions of several isotopes of the elements
near Fe.
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