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Abstract

Quasi-monoenergetic neutron beams are typically pro-
duced at the iThemba LABS fast neutron beam facility by
the "Li(p,xn) or °Be(p,xn) reactions. With the proton
beams available from the separated sector cyclotron, the
neutron energy range from about 30 MeV to 200 MeV
can be covered almost continuously. The facility first
became operational in the late 1980s. The fast neutron
beam facility at iThemba LABS has been designated by
the National Metrology Institute of South Africa
(NMISA) as an entity responsible for providing traceabil-
ity for the medium and high-energy neutron measure-
ments in South Africa. As a result, the facility is undergo-
ing a major upgrade and development in order for it to
meet the requirements for a medium and high-energy
neutron metrology facility. As part of the ongoing up-
grade, Monte Carlo (MC) simulations aimed at bench-
marking the experimental data are ongoing.

INTRODUCTION

iThemba LABS (Laboratory for Accelerator-Based Sci-
ences) is one of the few facilities in the world that can
provide quasi-monoenergetic neutron beams in the energy
range of up to 200 MeV [1]. Quasi-monoenergetic neu-
tron beams that range from about 30 MeV to 200 MeV are
produced in the D-line experimental vault (Fig. 1) via the
"Li(p,xn) or '°Be(p,xn) reactions [2] for varying thick-
nesses of Li and Be targets, using proton beams available
from the separated sector cyclotron (SSC). The iThemba
LABS neutron beam facility has been designated by the
National Metrology Institute of South Africa (NMISA) as
an entity responsible for providing traceability for the
medium and high-energy neutron measurements in South
Africa. Thus, the facility is intended to be recognised and
supported by the international neutron physics and me-
trology communities for calibrations of neutron detectors
and radiation protection dosemeters; including those with
a strong sensitivity to epithermal and thermal neutrons
such as survey meters. Moreover, cross-section measure-
ments of neutron-induced reactions in the medium and
high-energy region (with as low uncertainties as possible)
will be performed. In this regard, the neutron beam facili-
ty at iThemba LABS is undergoing a major upgrade and
development in order for it to meet the requirements for a
medium and high-energy neutron metrology facility.
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Figure 1: Layout of the iThemba LABS facility showing
the location of SSC and the D-line experimental vault.

An ISO-accreditation of the facility will provide it the
ability to participate in international key-comparison
studies in the area of neutron metrology for medium to
high-energy neutrons.

iTHEMBA LABS NEUTRON BEAM
FACILITY

At the iThemba LABS neutron beam facility, neutron
production targets (Li or Be) are mounted on a target
ladder (Fig. 2, label 1) that has four positions, with one
permanently occupied by a quartz viewer. At beam cur-
rents of a few nanoAmpere (nA), the position of the beam
spot can be monitored using the quartz viewer. Out of the
three other positions, one is left empty for background
target runs while the remaining two are dedicated for
neutron production targets. The target ladder is operated
remotely. The proton beam is deflected into the beam
dump after passing the target. At this point, the Faraday
cup that is positioned in the proton beam dump is used to
measure the beam charge. The neutron production area of
the neutron beam facility at iThemba LABS is separated
from the experimental area by an iron shielding wall with
collimators at 0°, 4°, 8°, 12° and 16° neutron emission
angles (Fig. 2). The collimator channels have rectangular
cross sections of about (5 x 5) cm?. Optimized neutron
beam collimator inserts with conical shapes are required
in order to improve the uniformity of the beam profile
throughout the irradiated target.
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Figure 2: Layout of the fast neutron beam facility at iTh-
emba LABS.

The lateral spatial distribution of the neutron beam de-
pends on the positioning of the ion beam on the Li target
and on the collimator shape. The collimator exits are
located at a distance of 4 m from the neutron production
point. Possible neutron flight paths in the D-line extend
from about 4 m to about 10 m. At 0° neutron emission
2 angle, the maximum distance from the target is about

10m. The beam size at this position is about
8 (13 x 13) cm?. At 16°, the maximum distance has only
» been about 8 m, with a correspondingly smaller beam

size. For the ongoing refurbishment plans, this 16° flight

path has been extended to more than 10 m.

In order to simulate a quasi-mono-energetic neutron
energy distribution via ’Li(p,xn), the energy spectra of
neutron beams generated by the Li + p reaction at neutron
emission angles of 0° and 16° are simultaneously meas-
ured. The neutron energy distributions from these emis-

> sion angles feature a prominent peak and a continuum

(Fig. 3).
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Figure 3: Neutron spectra (measured by time-of-flight)
from 100 MeV protons on a 6 mm ™'Li target.

The prominent peak is associated with direct reaction
ransitions mainly to the ground state and to the unre-
solved first excited state of ’Be. The continuum at lower
energies is associated primarily with the three-body break
up process; 'Li(p,n’He)*He. The intensity of the promi-
nent peak in the 0° spectrum is high and rapidly decreases
with increasing neutron emission angle. For the low ener-
gy continuum, the intensity is almost independent of the
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neutron emission angle for angles up to 16°. The yield
produced by irradiation with the neutron beam in the 0°
emission angle includes components due to reactions
initiated by both the high-energy peak neutrons (promi-
nent peak) and the continuum. On the other hand, the
yield resulting from irradiation with the neutron beam in
the 16° emission angle is dominated by reactions initiated
by the low-energy continuum alone. Therefore, a yield
determined for the quasi-monoenergetic neutron energy is
obtained through a “difference spectrum”, by subtracting
the yield produced in the 16° beam from that simultane-
ously produced in the 0° (Fig. 4) [3-7]. Before obtaining
the “difference spectrum”, the two spectra are normalized
to equalize the total number of counts in the continuum
region.
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Figure 4: Difference spectrum obtained by subtracting the
16° spectrum from the 0° spectrum.

Neutron beams at iThemba LABS have been well char-
acterized over the years [4, 7, 8]. In Fig. 5, some of the
normalised neutron spectra produced at iThemba LABS
are shown [9]. The intrinsic widths indicated by the red
horizontal bars in Fig. 4 refer to the spread in neutron
energy associated with the Li target thickness.
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Figure 5: Normalised neutron spectra from Li targets at
various energies produced at iThemba LABS [9].

The iThemba LABS neutron beam facility first became
operational in the late 1980s [2, 10]. Some of the major
challenges of the current set-up were identified based on
the results from a measurement campaign performed in
the facility by [8]. These challenges include the epither-
mal neutron background due to leakage from the target
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area to the experimental area (Fig. 6), instability of the
spatial neutron beam profile due to movement of the pro-
ton beam spot on the neutron production target and unsta-
ble neutron energy distributions caused by protons hitting
the target holder (both due to the insufficient control of
the proton beam). This is unacceptable for the intended
use since some of the dosemeters which will have to be
calibrated in the facility tend to be highly sensitivity to
epithermal and thermal neutrons.
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Figure 6: Ambient dose equivalent, H*(10), at various
locations within the fast neutron beam vault at iThemba
LABS measured for a 200 MeV proton beam on a 6 mm
Li target [8].

FACILITY UPGRADE

As part of the ongoing upgrade, considering the find-
ings by [8] and the advice from [10], a new design for the
D-line vault is proposed as presented in Fig. 7.
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Figure 7: The proposed new configuration of the iThemba
LABS neutron beam vault.

In order to reduce the effect on epithermal background,
an improved shielding on neutrons from the target area
was produced based on a qualitative analysis of data from
the previous investigations of the neutron background
using the Institut de Radioprotection et de Stireté Nu-
cléaire (IRSN) Bonner sphere spectrometer HERMEIS.
Emphatically in this design, the leakage of epithermal
neutrons from the target area through the door is reduced
by additional concrete blocks. Moreover, the area between
the 0°and 16° has been opened up, providing an extended
16° flight path and providing more space for the experi-
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ments. An additional concrete block (~1.5 m thick) has
also been added in the vault behind the beam dump after
the original steel blocks (~ 2 m thick). The layout as
shown in Fig. 7 does not include an additional neutron
beam dump to be installed at the end of each flight path.
The neutron beam dump is meant to reduce the effect of
neutrons striking the concrete wall and scattering back.
This will improve shielding of background neutrons in the
experimental area. The two concrete blocks along the
passage have been moved 10 cm to the left (towards the
passageway), in order to increase the space around the 0°
measuring axis. Also, this shift has improved the direct
line of sight from the beam dump towards the passageway
way, which has been travelling straight to the corner of
the concrete block. A test experiment aimed at validating
the improved shielding in the D-line is anticipated for the
beginning of 2020.

Also critical for the success of the measurements is a
proper adjustment of the proton beam transport. In order
to avoid parasitic sources of neutrons, the beam should
have no halo and should not hit any structural material on
the target chamber. Thus, the beam should be centred in
such a way that only the target material is hit by the beam.
At low beam currents, monitoring of the beam is accom-
plished by using a quartz viewer with a central hole,
which takes the central part of the proton beam and makes
only the outer parts of the beam to be visible on the TV
screen. At higher intensities, the existing quartz viewer
cannot be used since it cannot withstand higher beam
currents. To enable regular on-line monitoring of the
proton beam position and spot size on the neutron produc-
tion target by the cyclotron operators, a radiation-hard
monitor must also be installed close to the target. The
expected new beam position monitoring system should be
able to withstand the intended current range of < 10 pA.
Plans are underway to install proton beam position moni-
tors along the beamline, which will provide continuous
information about the proton beam spot during experi-
ments. For scanning procedures, new designs for collima-
tor insert which will provide steeper beam profiles are
required and planned. Moreover, a new water-cooled
target ladder, which should be able to withstand higher
beam currents, will be incorporated into the system. Radi-
ation dose levels of the facility will be investigated to test
the limits on maximum beam current allowed on targets.
Monte Carlo (MC) simulations aimed at benchmarking
the experimental data from the D-line are ongoing. Nu-
merous MC simulation codes are available for radiation
transport using random sampling methods. For bench-
marking purposes, the experiments and simulations have
to be consistent in the description of the physical system
for the comparison to work [11]. For the system at iTh-
emba LABS, the standard MCNPX ver. 2.7 with tabulated
values of cross-section ENDF/B-VII.0 and ENDF70prot
(3007.70 h and 13027.70 h) [12] is used. As part of prepa-
rations for an ISO!-accreditation as a fast neutron beam
reference facility, new instrumentation will be procured,
characterized and tested in the D-line. In this regard, a

! International Organization for Standardization.
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E new proton recoil telescope for 30 MeV - 200 MeV ener-
5 gies will be designed for fluence measurements, in addi-
.Z tion to a modified and characterised version of the exist-
%ing 28U fission chamber. Moreover, a new digital data
_gacquisition system will be procured for acquiring data
g during measurements. Once all the structural modifica-
2 tions of the vault have been done and the instrumentation
5: optimized, the upgraded facility will be tested for metrol-
O ogy capabilities.

CONCLUSION

The fast neutron beam facility at iThemba LABS is un-
S dergoing a major upgrade and development in order for it
f to meet the requirements for a medium and high-energy
= = neutron metrology facility. More experimental tests are
g planned and simulations are ongoing to benchmark the
2 2 experimental data. Once the fast neutron beam facility at
E = iThemba LABS obtains the ISO-accreditation as a fast
£ neutron facility in the energy range from 30 MeV to
g 200 MeV, it will be recognised and supported by the in-
£ ternational neutron physics and metrology communities.
Z The facility will then be more suitable for cross-section
= measurements of neutron-induced reactions and for cali-
S bration of neutron detectors and radiation protection
.« dosemeters (including those with strong sensitivity to
f epithermal and thermal neutrons such as survey meters).
< Traceability of measurements carried out using fast neu-
£ tron beam facility at iThemba LABS will be ensured by
setting up a primary standard for neutron measurements
in the energy range from 30 MeV to 200 MeV. Further-
> more, as an ISO-accredited facility, the fast neutron facili-
< ty at iThemba LABS will be able to participate in interna-
& tional key-comparison studies in the area of neutron me-
§ trology for medium to high-energy neutrons. The key-
© comparison studies in the area of neutron metrology are
g organized by the Consultative Committee for lonizing
§ Radiation (CCRI) of the International Committee for
= Weights and Measures (CIPM).

e author(s), titl

ny distribu

ACKNOWLEDGEMENTS

O This work is based on a research project supported by
é’;’ the National Research Foundation of South Africa,
o NMISA (South Africa), UCT? (South Africa), PTB?
E (Germany), IRSN (France), and the NPL* (United King-
dom). The authors would like to acknowledge NMISA for
designating the neutron beam facility at iThemba LABS
as a neutron metrology for quasi-monoenergetic neutrons
in the ‘medium to high energy region’ in South Africa.
The consortium for fast neutron metrology facility at
= iThemba LABS is thankful to thank Dirk Fourie, Lowry
2 > Conradie and the rest of the iThemba LABS accelerator
g department team for assisting them with the layout draw-
s_ ings and information regard the iThemba LABS neutron
3 beam facility. Ralf Nolte from PTB is also acknowledged
-2 for his critical input and review of this paper.

CBY 3.

used under the ter

> University of Cape Town
3 Physikalisch-Technische Bundesanstalt
4National Physical Laboratory

TUP01 2
184

©=2d Content from thi

Cyclotrons2019, Cape Town, South Africa

(1]

(3]

JACoW Publishing
d0i:10.18429/JACoW-Cyclotrons2019-TUPO12

REFERENCES

S. Pomp et al., “High-energy quasi-monoenergetic neutron
fields: existing facilities and future needs”, EURADOS,
Braunschweig, Germany, EURADOS Rep. 2013-02, May
2013.

https://uu.diva-portal.org/smash/get/
diva2:621911/FULLTEXTO1. pdf

W. R. McMurray et al., “The Faure cyclotron neutron
source and a particle spectrometer for neutron induced
emission of charged particles at energies between 60 and
200 MeV”, Nucl. Instrum. Methods Phys. Res., Sect. A,
vol. 329, pp. 217-222, 1993.
do0i:10.1016/0168-9002(93)90939-F

N. Nakao, et al., “Development of a quasi-monoenergetic
neutron field using "Li(p,n)’Be reaction in the 70-210 MeV
energy range at RIKEN”, Nucl. Instrum. Methods Phys.
Res., Sect. A4, vol. 420, pp. 218-231, 1999.
d0i:10.1016/S0168-9002(98)01146-2

R. Nolte et al., “High-Energy neutron reference fields for
the calibration of detectors used in neutron spectrometry”,
Nucl. Instrum. Methods Phys. Res., Sect. A, vol. 476,
pp. 369-373, 2002.
d0i:10.1016/S0168-9002(01)01472-3

Y. Iwamoto et al, “Characterization of quasi-
monoenergetic neutron source using 137, 200, 246 and 389
MeV ’Li(p,n) reactions”, Prog. Nuclear Science Tech.,
vol. 4, pp. 657-660, 2014. doi:10.15669/pnst.4.657

Y. Iwamoto et al., “Characterization of high-energy quasi-
monoenergetic neutron energy spectra and ambient dose
equivalents of 80-389 MeV ’Li(p,n) reactions using a
time-of-flight method”, Nucl. Instrum. Methods Phys. Res.,
Sect. 4, vol. 804, pp. 50-58, 2015.
doi:10.1016/j.nima.2015.09.045

J. M. Sisterson et al., “Cross-section measurements for
neutron-induced reactions in copper at neutron energies of
70.7 and 110.8 MeV”, Nucl. Instrum. Methods Phys. Res.,
Sect. B, vol. 240, pp. 617-624, 2005.
d0i:10.1016/j.nimb.2005.06.005

M. Mosconi et al., “Characterisation of the high-energy
neutron beam at iThemba LABS”, Rad. Meas., vol 45,
pp. 1342-1345, 2010.
doi:10.1016/j.radmeas.2010.06.044

R. Nolte et al., “Cross sections for neutron-induced fission
of 235U, 238U, 29B4i, and "'Pb in the energy range from 33
to 200 MeV measured relative to n-p scattering”, Nucl. Sci.
Eng., vol. 156, pp. 197-210, 2007.
d0i:10.13182/NSE06-14

[10] J. C. Cornell, D. T. Fourie, and G. C. W. Lloyd, “A neutron

beam facility at NAC”, in Proc. 12th Int. Cyclotron Conf.
and Their Applications (Cyclotrons'89), Berlin, Germany,
May 1989, paper J-08, pp. 594-597.

[11] S. G. Mashnik and J. S. Bull, “MCNP6 simulation of quasi-

monoenergetic “Li(p,n) neutron sources below 150 MeV ”,
Nucl. Data  Sheets, vol. 118, pp. 323-325, 2014.
d0i:10.1016/j.nds.2014.04.070

[12] D. B. Pelowitz (ed), MCNPX™ User’s Manual, version

2.6.0, LA-CP-07-1473, Los Alamos National Laboratory,
U.S., Apr. 2008.
https://www.mcnp.ir/admin/imgs/1354176297.2.
6.0_UsersManual.pdf

04 Operation and Upgrades



