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Abstract The magnetic proton recoil (MPR) spectrometer is a novel diagnostic instrument with high perfor-

mance for measurements of neutron spectra in inertial confinement fusion (ICF) experiments and high power

fusion devices. A compact MPR-type spectrometer dedicated to the research of pulsed deuterium-tritium

(DT) neutron spectroscopy of special experimental conditions is currently under design. Analyses of the main

parameters and performance of the magnetic analysis system through 3-D particle transport calculations and

MonteCarlo simulations and calibration of the system performance as a test using CR-39 solid track detector

and « particle from 23°Pu and ??°Ra radioactive sources are presented in this paper. The results indicate that

the magnetic analysis system will achieve a detection efficiency level of 107°-10"* at an energy resolution of
1.5%-2.1%, and fulfills the design goals of the spectrometer.
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1 Introduction

Neutron energy spectra from fusion reactions pro-
vide important information about the plasma core
region, such as the ion temperature and the fusion
power [1-4]. The magnetic proton recoil (MPR) spec-
trometer is a novel diagnostic instrument with high
performance for measurements of the neutron spec-
tra in inertial confinement fusion (ICF) experiments
and high power fusion devices. Precise measurements
of neutron spectra with high energy resolution, high
count rate and high signal-to-noise ratios (SNR), as
well as the absolute measurements of the neutron
yields, can be processed by this instrument. The first
MPR spectrometer was built on JET in 1996, and
achieved significant successes in deuterium-tritium
(DT) experiments [5-7]. Another spectrometer of the
same type, called the “MRS”, was built by OMEGA
and NIF [8]. It has already been put into use and
has achieved an energy resolution of about 3% and
corresponding detection efficiency of about 107°.

A compact MPR-type spectrometer dedicated to
the research of pulsed DT neutron spectroscopy of
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special conditions is currently under design. It is
anticipated that high detection efficiency (~107%)
at certain energy resolution (~4%) and good SNR
(>10:1) will be achieved. Therefore, special re-
quirements for the magnetic analysis system are
raised: compact system structure; high performances,
such as good energy resolution (<3%) and efficiency
(~10~*); plus optimized design and low cost.

2 The magnetic analysis system

A typical spectrometer of the MPR-type can be
divided into three independent parts according to its
own principle: the neutron-proton conversion system,
the magnetic analysis system and the focal plane de-
tector. These accomplish the significant process from
the incident neutron spectrum to recoil proton spec-
trum, and to the subsequent focal plane position dis-
tribution of the recoil protons.

The magnetic analysis system, as shown in Fig. 1,
includes two main parts: the proton apertures, which
determine the beam incidence geometry, and the
bending magnet, which provides the necessary mag-
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netic field for momentum analysis of the recoil pro-
tons. Hence the recoil protons of different energies
will be separated and focused on different positions
on the focal plane [9]. The main parameters of the
system are listed in Table 1, in which the rotation
angle corresponds to 5.5 MeV protons.

beam bending
source - shielding magnet

beam

apertures
focal plane
detector
Fig. 1. The precise 3-D model of the magnetic

analysis system.

The proton apertures determine the incidence ge-
ometry, such as the equivalent size of the n-p recoil
foil, the horizontal divergence angle (f) and the ver-
tical divergence angle (¢). In fact, the n-p recoil
foil may not always meet the requirements for sys-
tem performance optimization. Therefore, a method
of double apertures with rectangular holes for proton
collimation is introduced, as shown in Fig. 2. Aper-
ture C1 places close with the n-p recoil foil, then the
aperture size is equivalent to the size of the n-p re-
coil foil (L, for the horizontal dimension, and L, for

the vertical dimension). The distance (L;) between
C1 and the magnet entry is equivalent to the system
target length. The divergence angles of incidence are
determined by the sizes of apertures C1 and C2, as
well as the distance between them.

Fig. 2. Proton collimation method with double

apertures.

High performance permanent material (NdFeB) of
high remanence and high coercive force is employed in
the bending magnet. The optimization of the mag-
net design was accomplished by a 3-D electromag-
netism emulator that is specially designed in order
to increase the vertical magnetic field strength in the
magnet air gap, and to extend the uniform area. The
real magnet is shown in Fig. 3(a), which has total
dimensions of 422 mm x 258 mm X 290 mm and a rel-
atively light weight of about 190 kg. The height of
the magnet air gap is 3 cm. The measured magnetic
field strength distribution of the air gap central plane
is shown in Fig. 3(b). The center illustrates the area
where the magnetic field asymmetry level is less than

1%.

Table 1. Main parameters of the magnetic analysis system.
design target focusing incidence exit central field effective field rotation
No. length/cm length/cm angle/(°) angle/(°) strength/T length/cm angle/(°)
14# 45 42 9.0 —40.3 >0.76 36 46.6
8000
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0
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(a) (b)
Fig. 3. Bending magnet (a) and magnetic field strength distribution on the central plane (b).



1862 Chinese Physics C (HEP & NP)

Vol. 34

3 Performance analysis

The 3-D particle transport code specially designed
for the magnetic analysis system is based on the basic
kinetic laws of charge particles in the magnetic field,
using the conservation of energy restriction. The nec-
essary magnetic field data were obtained from the cal-
culations of the precise magnet model by a 3-D elec-
tromagnetism emulator and the experimental mea-
surement results of the real magnet. Thus the study
of the system focusing and imaging performances can
be processed, and the system performances can be
subsequently confirmed, such as the energy resolution
and detection efficiency.

The proton energy range that the system can
manage is between 3.5 MeV and 8.5 MeV, while the
recoil protons only get through the uniform area of
the magnet air gap. Thus the neutron energy range
of the spectrometer can be adjusted according to dif-
ferent n-p recoil angles. For example, the neutron en-
ergy range is between 7.0 MeV and 17.0 MeV, while
the n-p recoil angle is 45°.
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290 .-_.__-.———'i N "7.
I A )0‘9°

285 —N\}—A\,\A

E 280 I 4.0 MeV 4.8 MeV
B 5.5 MeV
E | € 6.2 MeV 7.6 MeV
275 | 7.0 MeV
270
265 -
260 I | L | L | s | L | s | s |

400 450 500 550 600 650 700
X/mm
Fig. 4. Determination of the system focal plane

using theoretical and experimental magnetic
field data.

In fact, mono-energetic protons will not focus on
a theoretical “point”, since the real n-p recoil foil can-
not be considered as a “point” source and the mag-
netic field in the air gap is not absolutely uniform,
and the influence of the fringe effects has to be taken
into account. At the same time, the “focal plane”
will not be a theoretical plane either, but is always
fitted by several “focus points” of different energies.
Two focal planes determined by 3-D particle trans-
port simulation are shown in Fig. 4, using theoretical
and experimental magnetic field data, respectively.
The distance between the two planes is about 5 mm,
thus the difference between the system focus lengths

for protons of the same energy is less than 1.1%. And
the obliquity between them is less than 1°. The small
differences indicate that the theoretical and experi-
mental magnetic field data are consistent, in an error
range of +0.6%, on performance of charged particle
dispersion and focus.

The recoil protons of different energies are sep-
arated and focus on different positions on the focal
plane. The central position of the proton distribution
and the distribution FWHM are almost linear with
the proton energy, as shown in Fig. 5. In other words,
the focal plane distribution center (z’, cm) is deter-
mined by the proton energy (E,, MeV), following the
expression ' = 7.4E, —38.57. Therefore, the linear
relationship between the proton distribution center
and its energy makes the re-projection process pos-
sible that the proton spectrum can be processed by
measuring the proton position distribution on the fo-
cal plane. The system resolution at different proton
energies will be quite flat at the same time since the
distribution FWHM is linear with the proton energy.
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Fig. 5. The central position and FWHM of the

proton distribution on the focal plane with
corresponding energies, while L, = 4 mm,
L.,=4mm, Ly, =7.2 mm and L,, =4 mm.

The main system performance, such as the energy
resolution, the efficiency and the count rate capabil-
ity, can be adjusted by changing the incidence geom-
etry, which can be easily implemented by the double
aperture collimation method.

The system energy resolution for 5.5 MeV protons
along with the horizontal dimension (L,,) of aperture
C2 is shown in Fig. 6, while L, = 3,4, 5 mm, L, =
4 mm, L,, = 5.6 mm and L, = 300 mm. The width
of the focal plane distribution (Az’, cm) will expand
while the aperture’s horizontal dimension increases
subsequently. Therefore, the energy resolution (Rg,)
will decrease

AE, Ag'-dE,/dx’ FWHM(z')

Rev =5 E, T 74E, (1)
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where dE, /d2’ is the energy-position projection fac-
tor, MeV/cm; and FWHM(2”) is the proton distribu-
tion FWHM on the focal plane, cm.
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Fig. 6. System energy resolution (for 5.5 MeV

protons) and efficiency along with the hori-
zontal dimension (Laz) of aperture C2, while
Ly, =3/4/5 mm, L., = 4 mm, L,. = 5.6 mm
and L, = 300 mm.

If the apertures’ dimensions are small, compared |

with the distance between them, the system efficiency
(em) is determined by the incident solid angle, which
is only related to the area of aperture C2 (Ac,, cm?)
and the distance between C1 and C2 (L,, cm)

_ Ac
LI @)

EMm

The incidence geometry must be chosen on the ba-
sis of the system performance requirements, accord-
ing to different experimental conditions. A small hor-
izontal aperture dimension and large divergence angle
could be selected in order to improve the efficiency as
much as possible with corresponding energy resolu-
tion adapted to a certain limit, for instance. Other-
wise, a proper horizontal aperture dimension and di-
vergence angle must be selected to increase the count
rate while the source is weak in order to ensure the
system measurement accuracy and the SNR. The sys-
tem performances of different incidence geometries
are listed in Table 2. The theoretical results indi-
cate that the magnetic analysis system could receive
a detection efficiency level of 1075-10~* at a certain
energy resolution of 2%-3%.

Table 2. System performances on conditions of different incidence geometries.
aperture aperture C1 aperture C2 efficiency/ rate®/ energy
No. . _= 9 RS remark
distance/mm  L;/mm L./mm Laz/mm L,./mm 10—° 107 cts/s  resolution® (%)
1 300 3.0 4.0 4.0 5.6 4.0 0.5 2.1 good resolution
300 4.0 4.0 7.1 5.6 7.0 1.1 2.8 high efficiency
300 5.0 4.0 6.0 5.6 5.8 1.2 2.9 high count rate

a. The neutron flux () near the n-p recoil foil is supposed to be 1 n/(cm?-s), and the n-p conversion efficiency (enp) is

supposed to be 10~4.
b. The energy resolution corresponds to 5.5 MeV protons.

4 Experimental results and discussion

Non-relativistic alpha particles and protons have
the same tracks in certain magnetic fields if they
are of the same kinetic energies. Therefore, alpha
particle sources, such as #*°Pu and ??°Ra, are used
to confirm the system performance since they emit
nearly mono-energetic particles that have been well
surveyed. Kinetic energies of alpha particles from the
29Pu source are 5.156 MeV (73%), 5.143 MeV (15%)
and 5.105 MeV (12%). *?°Ra nuclide and its sub-
nuclides emit « particle with energies of 4.782 MeV
(95%), 5.490 MeV (100%), 6.002 MeV (100%) and
7.687 MeV (100%).

The system is placed in a vacuum box, as shown
in Fig. 8. A beam shielding is used to stop « parti-
cles before the vacuum condition meets the experi-
ment requirement, as shown in Fig. 1. The accurate
position of the focal plane must be determined be-

| fore investigating the proton distribution. As a re-

sult, certain experiments are performed to determine
the focus points of o« particles from the 2*Pu and
226Ra radioactive sources, respectively by observing
the changes of the « particle distribution center and
width while the focal plane detector moves in a par-
allel way, as shown in Fig. 9(a). Thus the CR-39
solid track detector was employed. This can detect the
charged particle position on the focal plane precisely
after particle ionization and etching in the alkaline
aqueous solution. The alpha particle tracks on the
CR-39 detector observed by a microscope are shown
in Fig. 7.

The minimum FWHM of the distribution and the
corresponding distribution center determine the par-
ticle focus point together, as shown in Fig. 9. The
widths of the distributions are obtained by reposi-
tioning CR-39 track detectors and the accurate focus
point of the 5.156 MeV « particle can subsequently
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Fig. 7. 239Pu « particle tracks on the CR-39 de-
tector. The etching conditions are 6.0 mol/L

KOH aqueous solution of 80 Cand an etching

time of 6 h.
be determined, as shown in Fig. 9(b). The result in-
dicates that the realistic position of the system focal
plane has some differences with the theoretic anticipa-
tion (shown in Fig. 4). The distance between the the- |

focal plane
detector

particle '

position
distribution

Fig. 9.
the 5.156 MeV « particle (b).

Table 3.

A sketch map of the focal plane positioning experiment

oretical focus point of the 5.156 MeV « particles and
the experimental result is about 4 cm. A longer focus
length is profitable to increase the position distance
between the protons of different energies (dz’/dE,),
and the change in the distribution FWHM around
the focus point is only about 6%. Thus, the system
energy resolution will be improved (Eq. (1)).

Fig. 8. The magnetic analysis system.
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(a) and determination of the focus point of

System performances of different experimental incidence geometries.

aperture C1

aperture C2

No. aperture distance/mm Lo /mm L. /mm Ly /mm Lz /mm efficiency/107° energy resolution®(%)
1 255 6.6 5.6 7.6 5.6 10.440.1 2.37£0.03
2 255 5.1 5.6 7.6 5.6 10.440.1 2.17+0.03
3 255 5.1 5.6 6.1 5.6 8.35+0.1 1.81£0.03

a. The energy resolution corresponds to the 5.156 MeV particles.

The relationship between the particle energies and |
the corresponding distribution center on the focal
plane can be measured after the system focal plane is
determined. The proton focal plane distribution cen-
ter (2, cm) and its energy (F,, MeV) have a good
linear projection relationship, which follows the ex-
pression 2’ = 7.46E, — 38.72. Therefore, the system
experimental and the theoretical energy-position pro-
jection factors (dE,/dxz’) are consistent in an error
range of +0.5%.

The performance of the magnetic analysis system
can then be investigated by changing the system in-
cidence geometry, such as the aperture position and
size. The focal plane distributions of the 5.156 MeV «
particles corresponding to different aperture sizes are
shown in Fig. 10. The distribution expands while the
sizes of the apertures increase, which leads to a better
detection efficiency and a little worse energy resolu-
tion, as listed in Table 3. The results indicate that
the magnetic analysis system will achieve a proper
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detection efficiency level of 107°~10~* with the corre-
sponding energy resolution of ~2%.
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Fig. 10. Position distributions of the 5.156 MeV

« particles corresponding to different aperture

sizes: Ly = 6.6 mm, Ly, = 7.6 mm; L, =
5.1 mm, Lagy = 7.6 mm; Ly = 5.1 mm, La; =
6.1 mm and L, = 26 cm. The uncertainty of
position detection is £0.3 mm.

5 Conclusions

The magnetic analysis system designed for a com-
pact MPR-type spectrometer for pulsed DT neutrons
has been accomplished. The system uses a small per-
manent dipole magnet of high magnetic field strength
as the system bending magnet. The theoretical anal-
ysis through 3-D particle transport calculation and
the experimental results using « particles and a CR-
39 solid track detector indicate that the system can
achieve an energy resolution of about 2%-3% with the
corresponding efficiency of about 10~*. The particle
energy and its position distribution center on the fo-
cal plane have a good linear projection relationship.
At the same time, the total weight of the system is
less than 300 kg and the whole size is only about
1.6 m x 0.8 m x 0.6 m. Therefore, the performance of
the magnetic analysis system meets the design goal
of the compact MPR-type spectrometer.
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