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Cross sections for the ¥Cl(n, «) 2P reaction in the 3.3-5.3 MeV neutron energy region
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Cross sections for the ¥Cl(n, ) 2P reaction were systematically measured at incident neutron energies in
the range of 3.3 to 5.3 MeV. The experiment was carried out on the Van de Graaft accelerator EG-5 at the Frank
Laboratory of Neutron Physics, Joint Institute for Nuclear Research, Russia. Fast neutrons were produced in
the reaction H(d, n) *He. Alpha particles from the (n, &) reactions were detected using a gridded ionization
chamber (GIC) in which various *Cl samples (NaCl and BaCl,, on a tantalum backing) were placed back to
back. The relative and absolute neutron fluxes were measured by two samples of 2**U305 (99.999%) inside the
GIC. Data obtained in this measurement were compared with other experimental data of the existing library and
theoretical calculations by the TALYS code. Presented data for the **Cl(n, o) **P reaction should help to clarify

discrepancies in the various published nuclear data.
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I. INTRODUCTION

As a widespread element in nature, chlorine is one of the
chemical elements necessary for humans. *Cl(n, &) 3?P is
one of the main reaction channels for the neutron-induced
chlorine reaction since the *Cl abundance is 75.77%. Exper-
imental study of this reaction can improve the existing library
of nuclear data and can be used to test appropriate nuclear
reaction models. The cross sections for the *>Cl(n, o) 3P
reaction are useful for nuclear technology applications. They
were used to estimate fast neutron flux from the JCO criti-
cality accident in 1999 [1]. The beta radioactive product **p
can be used to study the absorption of phosphate fertilizers
by plants using the radionuclide tracking method. In addition,
chloride is a component of the coolant in the molten salt reac-
tor, which is one of the six most promising GEN-IV reactors
[2]. For the ¥Cl(n, &) 32P reaction, eight measurements [3-9]
in the neutron energy range of 1-4 MeV, five measurements
[10-14] close to 14 MeV region can be found in the EX-
FOR library [15]. These experimental data agree well with
nuclear evaluation data libraries [15-19] between 2 to 4 MeV
and around 14 MeV, with the exception of JENDL-4.0 [20].
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Investigations using the activation method were performed in
the neutron energy range 0.1-2 MeV and experimental results
have a big difference with all nuclear data libraries [16-20].
The studies were performed with an ionization chamber at
the neutron energy of 3 MeV [4], where the neutron flux
was monitored with the *N(n, @) ''B reaction. The error of
the total cross-section measurements was estimated 100% for
the reaction *>Cl(n, @) 32P. The ¥Cl(n, ) 3P reaction was
also studied in a narrow energy range of 2.42-2.74 MeV
[9]. In Ref. [21] the cross section of the reaction channels
ap, o) was measured in the energy range of 2.75-5.75 MeV
and a3 4 was measured at 5.75 MeV only. The total cross-
section of the reaction *Cl(n, @) 2P was not obtained in
Ref. [21]. This work is devoted to measuring the cross sections
for the ¥Cl(n, o) 32P reaction in the 3.3-5.3 MeV region.
In our measurements, we used gridded ionization chamber
(GIC) and three (pairs of double-sided) samples of NaCl and
BaCl,. The cross sections for the Cl(n, «) 32P reaction were
measured with high accuracy at incident neutron energies of
3.3, 3.9, 43, 4.8, 5.0, 5.1, and 5.3 MeV. Our experimental
data are compared with the TALYS [22,23] calculations and
existing experimental and evaluation data. In addition, the
alpha-clustering factor was for the first time obtained using the
knock-on model for the *>Cl(n, o) 3P reaction at the different
neutron energies.
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FIG. 1. Scheme of the experimental setup. 1-2**U sample of
fission chamber; 2,3,4-anode, grid, and cathode of the GIC, respec-
tively; 5-samples on the sample changer; 6-Fission chamber cathode;
PA-charge sensitive preamplifier; TFA-timing filter amplifier.

II. EXPERIMENTAL DETAILS

A. Neutron source

The experiments were carried out on the Van de Graaff
accelerator EG-5 at the Frank Laboratory of Neutron Physics,
Joint Institute for Nuclear Research (FLNP, JINR). A sim-
plified block diagram of the experimental setup is shown in
Fig. 1. Fast neutrons were produced via the *H(d, n) *He
reaction using the deuterium gas target 2.0 cm long and 1 cm
in diameter. The cell with deuterium gas was separated from
the vacuum in the beam channel by molybdenum foil with a
thickness of 6.0 um. The incident deuteron beam current was
approximately 2.0 uA, and the pressure of gaseous deuterium
during the measurement was 2.5 atm.

B. Samples

Natural NaCl and BaCl, with high chemical purity
(=99.5%) were used as sample materials. They were prepared
using the vacuum evaporation method on a tantalum backing
0.1 mm thick and 48 mm in diameter. The thicknesses of the
NaCl samples were 707, 667, 302, and 289 g/ cm?, while for
BaCl, these values were 125 and 108 ug/cm?. The diameter
of all samples was 44 mm. Two samples of 23305 (99.999%,
Ny = 1.74x10", and Ny = 1.5x10" which were placed on
the sample changer and the fission cathode, respectively) were
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used to measure absolute and relative neutron flux. An alpha
source containing the 2**U and ?*U isotopes was used for
energy calibration of the detection system.

C. Detectors and data acquisition

The GIC with almost 100% detection efficiency was de-
veloped at the FLNP, JINR. The structure of the GIC and
its characteristics were in more detail presented in Ref. [24].
One of the 2®U30g samples was glued to one of the GIC
shields to monitor the relative neutron flux. Thus, the shield-
ing electrode was used as the fission cathode of the fission
chamber. Moreover, a *He long counter was also used as a
neutron flux monitor in all measurements. The working gas of
the GIC was Kr + 3% CHy, and the pressure was 0.6 atm, so
the alpha particles could stop before reaching the grids. The
lower gas pressure reduces the proton signal pulse height from
the *>Cl(n, p) reaction and the background from the working
gas. The grid electrodes were grounded, while high voltages
of —1200 and 800 V were applied to the cathodes and anodes,
respectively. Two samples of BaCl, and NaCl on tantalum
backing foils were placed back to back on the GIC cathode.
The detector signals were obtained using a 14-bit Pixie-16
module with a sampling frequency of 250 MHz. The Pixie
system consists of a chassis (PX16023-XIA 14, Wiener), an
embedded controller (NI PXI-8820), and a high-speed digi-
tizer (Pixie-16).

D. Simulation

Before measurements, we performed calculations to pre-
dict the experimental spectra of the 3Cl(n, &) 3*P reaction
and possible interference reactions, including (n, p), (n, )
reactions of Kr, *’Cl, O (leaking from air —0.05%), N (leaking
from air —0.1%), Na, Ba, lH(n,p), and the (n, p) reac-
tion of ¥CI. Simulations were carried out for solid samples
of the NaCl and BaCl, with a thickness of 700, 300, and
100 pg/cm? in the range of incident neutron energy of 4—
6 MeV. Figure 2 shows the calculated energy spectra of «
particles from the ¥Cl(n, o) 32P reaction at E, = 5.0 MeV,
where « particles from the sample move forward [Fig. 2(a)]
and backward [Fig. 2(b)] with respect to the neutron beam.
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FIG. 2. Calculated energy spectra of « particles from the reaction *Cl(n, a) P at E, = 5.0 MeV (a) forward and (b) backward directions.
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FIG. 3. Two-dimensional calculated cathode-anode spectra of « particles from the reaction ¥*Cl(n, «) **P at E, = 5.0 MeV, (a) forward
and (b) backward directions with the contribution of background reactions.

Here the effects of background reactions are also indicated.
Self-absorption correction for « particles was taken into
account for the determination of the GIC efficiency. The two-
dimensional calculated cathode-anode spectra are shown in
Figs. 3 and 4.

It was seen that the "“N(n, «) and '°O(n, @) reactions
from working gas were the main source of the background,
especially for the backward measurement of the *Cl(n, «)
reaction. The background from *’Cl is very low. Alpha par-
ticles emitted from the **Cl(n, o) 32P reaction were simulated
for various components and thicknesses of the samples using
the Monte Carlo method to determine the detection efficiency
of alpha particles. The detection efficiency of alpha particles
was determined 80%—97% depending on the neutron energy,
sample thickness, and thresholds of measurements.

III. EXPERIMENTAL DATA

A. Experimental procedure

The experiments were carried out at the six neutron en-
ergies of the 3.3-5.3 MeV range. At each energy point, the
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following five measurement runs were performed: energy cal-
ibration of the experimental setup using two groups of alpha
particles of 4.197 and 4.775 MeV energy emitted by the
mixed alpha source (*33*U and ?*¥U); measurements with the
back-to-back *>Cl samples (foreground); measurement with
the back-to-back Ta backings (background); calibration of
absolute neutron flux using the 2*U(n, f); and recalibration
of the experimental setup to check its stability. The signals
from the fission fragments of the fission chamber were fed into
the data acquisition system when measuring the foreground,
background, and B8 (n, f) reaction. In all measurements, a
*He long counter was also used as a neutron flux monitor.
Since the analysis of the data showed that the results of moni-
toring the neutron beam using the long counter and the fission
chamber are very close, further in the article we use the data
from the fission chamber.

B. Determination of the fission events using the >*Uj;05 sample

To determine the absolute neutron flux, the total fission
counts of the 23¥U30g sample were used. A typical anode spec-
trum of fission fragments is shown in Fig. 5 as an example.
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FIG. 4. Background-subtracted two-dimensional calculated cathode-anode spectra of « particles from the reaction **Cl(n, o) 3P at E, =

5.0 MeV, (a) forward and (b) backward directions.
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FIG. 5. The anode spectrum of fission fragments for measuring
the absolute neutron flux of the 2*U(n, f) reaction at E, = 5.0 MeV.

To obtain the total number of fission, it is necessary to
determine the detection efficiency €5 of the GIC for fission
counts which can be obtained by the expression [25]

T
2(Rmalx - Rthreshold) '

where 7 is the thickness of the sample, Ry« is the maximum
stopping range of fission fragments, and Rypresnolq 1S the thresh-
old value of a fission fragment. The SRIM code [26] was used
to obtain the parameters of Eq. (1). The detection efficiency of
the GIC for the fission fragments was about 97% in this work.
The relative neutron flux can be determined as mentioned in
Sec. I B, using the fission counts from the >*¥Us0g sample
glued on the fission cathode for each experimental step.

ep=1-— (1

C. Alpha events from the *Cl(n, «) 32P reaction

Two-dimensional ~ cathode-anode  spectra of the
3Cl(n, ) P reaction have been analyzed. Figure 6
shows the two-dimensional spectra for the *Cl(n, o) 3P
reaction after background subtraction at E,, = 5.3 MeV in the
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TABLE I. Sources of the uncertainty.

Source Magnitude (%)
Nassyy 2.0*

Nssg 3.0¢

Onf 0.7*

Fisy 3.0

Fis, 3.0

Ny 5.0-11.0*
Ny 3.0

Oq 4.8-11.0

2For the forward and backward cross sections.
For the total cross sections.

forward and backward directions. Background counts were
normalized using the fission counts from the 23305 sample
glued on the fission cathode. After background subtraction,
the two-dimensional spectrum was projected onto the anode
channel (see Fig. 7). Thresholds were set to separate the
effective events from the background events that cannot be
subtracted. The number of pure « events within the threshold
values N, can be determined as follows:

Na — N;r[oreground _ CNgackground’ (2)

where Njoreeound 5nq ybackeround oo the total numbers of
counts within the threshold values of the foreground and
background measurements, respectively. C is the background
normalization factor, which is determined by the ratio of
events from 2*®U30g during the foreground and background
measurements.

D. Determination of the cross sections

The cross section o, 4 of the 3Cl(n, a) P reaction was
obtained using the following formula:

Ny €5 Noss
Una—KUnf_a_f U (3)
Nf €y N“Cl
where K = %, Fisy and Fis are fission-fragment counts of

the fission chamber while the ¥Cl(n, «) 2P and >®U(n, f)
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FIG. 6. Background subtracted two-dimensional spectra of the **Cl(n, ) 3P reaction in the (a) forward and (b) backward directions at

E, = 5.3 MeV.
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FIG. 7. The anode projection spectra of net events of the reaction **Cl(n, «) **P in the (a) forward and (b) backward directions at

E, = 5.3 MeV.

reactions were measured, respectively. o, ; is the B8(n, f)
reactions cross section taken from ENDF/B-VIII [16]. N, and
Ny are the numbers of pure alpha and fission events within the
threshold value in the 3°>Cl(n, «) 32P and 23U (n, f) reactions.
€r and ¢, are detection efficiencies of the fission and alpha
events. Nass;; and Niscy are the atom numbers of the 2*U and

33Cl, respectively.

IV. RESULTS AND DISCUSSIONS

A. Experimental cross sections of the **Cl(n, a) 2P reaction

Forward and backward cross sections of the reaction
3Cl(n, ) P were obtained by the formula (3). The

cross-section uncertainties at six energies were calculated by
adding uncertainties listed in Table I. Uncertainty of the total
3Cl(n, a) P cross section was in the range of 4.0% to 6.3%.
Similarly, the cross-section uncertainties of 3Cl(n, Qo,1,2) 32p
and ¥Cl(n, a3,4,5)32P were obtained to be 7.9%-11.0% and
10.2%—-12.0%, respectively. The total (n, o) cross section can
be obtained by summing the forward and the backward cross
sections. The results are shown in Table II and Fig. 8. Ob-
tained cross sections of *>Cl(n, a) 3*P were compared with
other results, nuclear data libraries, and calculation results
by TALYS-1.9. Figure 8 shows that our experimental cross
sections for the *Cl(n, ) 3>P reaction are in agreement
with evaluated data by the ENDF/B-VIIL.O, FENDL-3.1c,

TABLE II. Measured (n, &) cross sections for *Cl.

Cross sections (mbarn)

Energy (MeV) Samples (thickness, j1g/cm?) Forward Backward Total
Experiment TALYS-1.9
33 NaCl(302,* 289) 242434 19.4+3.0 43.6+4.5 43.6+4.5 24
39 NaCl(302,* 289) 28.6 £3.0 26925 55.5+£39 55.5+£39 57.4
43 NaCl(707,* 667°) 35.7+3.7 37.6 £3.9 733+5.4
38.6 £4.0 36.7£3.8 753 +5.5
NaCl(302,* 289°) 403+£4.2 36.3+3.8 76.6 £5.6 743 +£2.8 79.9
38.0+3.5 32.7+£3.0 70.7 £ 4.6
BaCl,(125,* 108%) 405+ 6.8 351£6.0 75.6 £9.0
4.5 NaCl(302,* 289°) 479+ 44 384+£35 86.3£5.6 86.9+£5.5 87.7
BaCl,(125,* 108°) 442+6.3 433+73 87.5£9.6
4.8 NaCl(302,* 289°) 573+52 447+4.0 102.0+ 6.5 101.0+5.1 100.9
BaCl,(125,* 108°) 483 +£4.7 523+6.5 100.6 + 8.0
5.0 NaCl(302,* 289°) 58.1+4.7 43.4+£45 101.5£6.5 100.3 £4.2 108
NaCl(707,* 667°) 524+3.6 46.7+£4.2 99.1£5.5
5.1 NaCl(302,* 289°) 61.8+6.2 454+£45 107.2+£7.7 1054 +£5.8 110.1
BaCl,(125,* 108%) 533+5.9 50.4 £ 6.6 103.7 + 8.8
53 NaCl(302,* 289°) 59.6 5.4 46.6 £4.3 106.2+6.9 116.4+5.2 114.8
BaCl,(125,* 108°) 60.5+5.0 66.1 £6.1 126.6 7.9

2For the forward cross sections.
"For the backward cross sections.
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FIG. 8. Experimental and evaluated cross sections for the
3Cl(n, o) 2P reaction and calculated results by TALYS-1.9.

JEFF-3.3 and BROND-3.1 in the neutron energy range of
3.9 to 4.3 MeV. At that time, our values of the (n, o) cross
section for 4.8-5.3 MeV are lower than evaluations by the
ENDEF/B-VIIIL.O, FENDL-3.1c, JEFF-3.3, and BROND-3.1. It
was seen that the JENDL-4.0 [20] gives considerably overes-
timated values for the *>Cl(n, ) 3P reaction cross sections in
the investigated energy region. In addition, our experimental
(n, o) cross sections are in good agreement with TALYS-1.9
calculations with adjusted optical model parameters (rvadjust
a 0.95, avadjust a 0.95) excepting the 3.3 MeV where our
datum is higher by a factor of ~1.8. Partial cross sections
of two groups for discrete levels of the **P nucleus were
obtained from the TALYS-1.9 calculation and compared with
our experimental results shown in Table III and Fig. 9. The
two groups 12 and o3 45 are well separated using the thin
BaCl, target.
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FIG. 9. Partial cross section of two groups for discrete levels of
the 3P nucleus.
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FIG. 10. Alpha cluster preformation factor vs neutron energy for
the 3Cl(n, &) 3P reaction.

B. Alpha clustering in the 33Cl(n, o)**P reaction

The preformation factor of an alpha cluster in a nucleus is
defined as the probability of finding an alpha particle inside
the parent nucleus. This factor refers to the clusterization of
the alpha particle from four nucleons before the emission.
Therefore, the value of this factor should be less than or
equal to one [27]. In this work, we have tried to evaluate
the alpha cluster preformation factor for the *>Cl(n, a) 3P
reaction. The direct reaction mechanism can be used in the
several MeV neutron energy range for medium-mass nuclei
as a first approximation. Then, using the knock-on model the
(n, o) cross section can be expressed as a two-stage process:

Ona = D40, (‘He), “)

n

where @, is the alpha cluster preformation factor and

o (“He) is the total neutron cross section for the “He (or o

particle). From (4) the alpha cluster preformation factor can

be obtained as
Un o

= — 5

“ 7 oi(*He) ©)

Our results for the alpha clustering factor calculated by for-
mula (5) are shown in Fig. 10.

In the calculations our experimental values of the total

cross sections for *Cl (see Table II) and total neutron cross

TABLE III. Experimental results for >*Cl(n, ) 32P partial cross
sections compared with TALYS-1.9 calculation using the adjusted
input parameters.

Cross sections (mbarn)

Experimental data TALYS-1.9
Energy (Mev) O-’lva0<],2 G”»a3.4,5 o—nxa(),ll O-n~‘13,4,5
4.8 70072 30.6*34 84.9 16.0
5.1 720+80  31.6+3.8 86.7 23.4
5.3 83.4+£6.6 433+44 86.2 28.7
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sections for “He taken from ENDF/B-VIILO library [16] were
utilized. As shown in Fig. 10, the alpha cluster preformation
factor for the 3Cl(n, «) 32P reaction is almost linearly in-
creased depending on the incident neutron energy from 3.3
to 5.3 MeV. In addition, it should be noted that values of the
alpha cluster preformation factor are varied in the range of
1.33x1072 to 5.55x 1072, which are roughly close to those
obtained in our previous works [28,29] using the statistical
model for fast neutrons.

V. CONCLUSIONS

The ¥Cl(n, @) 3P reaction cross sections were system-
atically measured with high accuracy at incident neutron
energies of 3.3, 3.9, 4.3, 4.8, 5.0, 5.1, and 5.3 MeV. The
obtained cross sections in the neutron energy range of 3.9 to
4.3 MeV are in agreement with evaluations by the ENDF/B-
VIII.O, FENDL-3.1c, JEFF-3.3, and BROND-3.1, while for
4.8-5.3 MeV our experimental results are lower than the
above-mentioned nuclear reaction data libraries. The total and

partial (n, @) cross sections are satisfactorily described by
the TALYS-1.9 calculations with the adjusted optical model
parameters.

Moreover, in the framework of the direct reaction
mechanism, the alpha cluster preformation factor for the
3Cl(n, a) ¥P reaction was determined using the knock-on
model. The obtained values of the alpha clustering factor were
ranged from 1.33x 1072 to 5.55x 1072 depending on neutron
energy. These values of the alpha cluster preformation factor
are roughly close to those obtained in our previous works
using the statistical model.
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