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This paper proposes a novel methodology of MeV positrons generation for PAS application. Feasibility
of this proposal analyzed by G4Beamline and Transport have shown reasonable success. Using 2 Hz,
1.6 GeV, 100 ns and 1.5 uC/bunch proton bunches for bombarding a graphite target, about 100 ns e™
bunches are generated. Quasi-monochromatic positrons in the range of 1-10 MeV included in these
bunches have a flux of > 107/s, peak brightness of 10'#/s. A magnetic-confinement beamline is utilized
to transport the positrons and a “Fast Beam Chopper” is unprecedentedly extended to chop those
relativistic bunches. The positron beam can be finally characterized by the energy range of 1-10 MeV
and bunch width from one hundred ps up to 1 ns. Such ultrashort bunches can be useful in tomography-
type positron annihilation spectroscopy (PAS) as well as other applications.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

PAS is a unique nondestructive method to investigate microscopic
characteristic of materials. Its field of application has evolved over the
last four decades from fundamental physics and chemistry to a phase
in which PAS industrialization is becoming apparent [1]. Because of its
sensitivity to changes in the concentration and arrangement of crystal
lattice defects and insensitivity to macroscopic stress, PAS is highly
desirable for describing damages and service-life-relevant aging
processes in plant materials/components [2]. Nevertheless, the small
penetration depth and requirement of specially prepared samples
might limit its further evolution [3]. Positrons of variable energies in
MeV range have shown their capacity for depth profiling of defects
from micrometer to centimeter resolution [4]. They can even pass
through a thin window before being implanted into a sample, which
enables in-situ measurements with the sample under extreme condi-
tions (e.g. high temperature, high pressure and high stress). Besides,
with MeV positron beam, only single-sample pieces are required and
restrictions for sample geometric shapes can be basically eliminated.
Consequently, defects characterization of bulk materials/components
in industrial environments is likely to be conducted.
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Several types of MeV positron sources have been proposed, like
p* emitters and large-scale facilities (nuclear reactors and linear
accelerators). The p* emitters are routinely the main source for
positron production, but they always encounter the bottleneck of
low intensity. Appreciably higher intensity can be furnished in the
large-scale facilities, however, a large area of converter-moderator
section and the corresponding infrastructures limits their wide
applications. Another set-up of the similar function is the photon-
induced positron sources, like GiPS and PIPA [5,6]. But their
gamma background is an especially serious problem, and because
the incident gammas are not monoenergetic, the souce can not
be used for tomography. Since large proton accelerators and, in
particular, spallation neutron sources come into vogue [7], a novel
positron source based on energetic protons can be expected.
This type of source can always produce the highest positron
intensity and widest continuous energy spectrum. The 1.6 GeV
pulsed proton beam at China Spallation Neutron Source (CSNS) is
illustrated schematically in Fig. 1 to drive the novel positron
source. After being produced by protons impinging on a graphite
target and captured by a quadrupole magnet triplet, more than
108/s positrons between 1 and 10 MeV are attainable. Subseqently,
quasi-mono-energetic MeV positron bunches of high intensity are
likely to be obtained just through an energy selector, e.g., 107/s
for 3 MeV with 5 percent energy spread. Thus any moderator or
linear accelerator for re-acceleration might not be indispensable,
which should gain great attention in the research communities of
energetic proton beam and MeV positron beam.
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Fig. 1. The schematic of CSNS layout. A high energy proton experimental area (HEPEA) is arranged at CSNS and the position of proposed positron source is marked by a
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Fig. 2. The schematic drawing of pulsed MeV Positron Beam Transport (MPBT) with a detector-array at the end; It mainly includes the front end of surface-muon beamline
(including an energy selector B1 and a particle separator) and a high-accuracy fast chopper with two collimators apart on both sides.

For PAS application, a conventional muon beam line is used to
focus and transport positrons. A fast chopper is used to shorten the
bunch width to within 1 ns. These ultrashort bunches are utilized for
trigger signal in coincidence measurement, and gamma rays emitted
from the sample, which are captured by detectors, are exploited for
stop signal. PAS instruments would thus be available, like positron
annihilation lifetime spectroscopy (PALS), positron emission tomo-
graphy (PET), positron age-momentum correlation (AMOC) and so on.

2. Facility layout and design overview

CSNS is a large-scale accelerator facility consisting mainly
of a H™ linac and a proton rapid cycling synchrotron (RCS). It is
designed to accelerate proton pulses to 1.6 GeV at a repetition rate
of 25 Hz, and to deliver a beam power of 120 kW in the first phase
(500 kW in the second phase) [8]. 1 Hz proton pulses are extracted
from RCS to HEPEA [9]. Each pulse contains two gaussian bunches
in about 500 ns with the FWHM of 70 ns (Fig. 3).

The position of positron source is seen in Fig.1 and the overall
layout of MPBT is illustrated schematically in Fig. 2. Using proton
bunches for impinging on a graphite target, muon and positron
bunches are generated of similar time structures [10]. Since
the interchangeability between muon and positron bunches is to
be implemented by a particle separator, muon beamline can be
shared by positrons through periodically changing the working
parameters of the beamline. It reasonably provides us a platform
to certify the feasibility of our design. Furthermore, a p*-e™
symbiont deserves our expectation. The main difference between
muon and positron bunches is that the maximum width of the

L ls »

N N | N |
\ T~

\

\\ Opne bunch

Quasi-Guassian
distribution

Fig. 3. The time structure of proton beam at HEPEA extracted from CSNS main
proton beam.

latter should be additionally shortened to 1 ns, which is respon-
sible for PAS application. A “Fast Chopper” driven by DC high
voltage generator is proposed to meet this requirement. To our
knowledge, it is the first attempt to find a proper chopper for
MeV positron beam chopping. Compared with conventional PAS,
another new concept of “Detector Array” should be considered.
It means that, to achieve good detection efficiency, plenty of
detectors are required to be assembled together as stop detectors,
which form a large solid angle coverage around the sample. Their
technical details will be discussed in the next chapter.
Innovations (like novel method of positron generation and
first attempt of fast chopper and detector array in MeV-PAS) and
advantages (like pulsed nature, adjustability of energy in MeV
range and co-existence with muon beamline) can be apparently
found in our design. Besides, many other superiorities will emerge
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in PAS experiments: remarkably higher coincidence rate ~1 about
10-30 times higher than the conventional double-gamma coin-
cidence (typically 0.04 in the case of plastic scintillator), appreci-
ably lower time jitter (between chopper and sample), scarcely any
restriction for sample geometric shapes, reduced systematic con-
tribution from positron source and simplified data analysis.

3. Design of pulsed MeV positron beam facility
3.1. Positron generation mechanism

For positron generation, three fundamental sources can be
commonly applied: isotope source, reactor core based source and
accelerator-based source [11]. The mean energy of positrons in these
sources is a few hundred keV. For this reason, they have to be
decelerated in a moderator typically made of tungsten and subse-
quently accelerated to expected energies. A new method for positron
generation is proposed at CSNS that positrons are produced by
thermal protons being captured in a graphite target. Compared
with its counterparts (e.g. an accelerated 1.5 or 3 MeV deuteron

beam hitting a graphite target to create a p* emitter via 'C(d, n)">*N
reaction [12,13]), more modes of positron generation are triggered at
1.6 GeV and they can be divided into two stages: (1) “evaporation” or
“continuous” stage: direct decay of p* emitters (e.g. °N, N, ¢, ''C

L 22 N
[14]), indirect decay of x* mesons x* —p* 2*e+ and de-excitation

of nuclear levels; (2) “cascade” or “pulsed” stage: pair production
through bremsstrahlung of proton or other secondary charged
particles (e.g. e*, extx—) and decay of = mesons

-17
(n08'4X1g *y—e*+e~). Prompt positrons are produced in the pulsed

stage. The temporal profile of proton pulse is thus fully transferred to
positron beam (Fig. 4) and a continuous positron spectrum from 0 up
to several hundred MeV is obtained (Fig. 5). In this stage, positrons in
the range of 0-10 MeV come mainly from the bremsstrahlung of
charged particles [15] and the corresponding cross section approxi-
mately varies with ~E In E [16], where E is the incident kinetic energy
of protons. Thus, the energy of 1.6 GeV possesses a huge advantage in
the yield of positrons. Positrons from the pulsed stage have accord-
ingly had a strong impression on us and they are to be used for PAS
experiment. Details will be expounded emphatically in the subsequent
sections.

Graphite, a low-Z material, has been selected as the target with
length, width and height all of 60 mm [17]. The physical processes of
positron production in the target and the capture by quadrupole
magnets are simulated by G4beamline code. The time structure of
positrons collected in the first quadrupole triplet Q1-2-3 is presented
in Fig. 4. Positrons produced in the pulsed stage are taken as a
Gaussian profile and positrons from the continuous stage are shaped
as an exponential distribution. These results further demonstrate the
generation modes of positrons described above. Counts of positrons

P1 Q
>
=
[}
2 |
g PULSE commuc#us
P2 ‘
|
a Q {
0
500 10,000
TIME(ns)

Fig. 4. The full time spectrum of positrons obtained in Q1 from G4beamline by
taking logarithm of time-coordinate; the upper-right subgraphs are enlarged
drawings of the pulse part P1 and the continuous part C2.
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Fig. 5. The full energy spectrum of positrons collected in the first quadrupole
magnet triplet, with the upper-right graph of positron yield corresponding
to integral energies from 1 to 10 MeV (energy spread of 5 percent) and their
corresponding error bars (the vertical bars).

over 107/s are obtained at any energy between 1 and 10 MeV with
5 percent energy spread in Q1 (Fig. 5). Thus, it is possible to directly
obtain intense quasi-mono-energetic MeV positrons independent of
any moderator or re-accelerator. Due to the complexity of measuring
process, no facility has directly measured the relativistic positrons
coming out from the target. These simulation results will be taken as a
basis for designing transport line.

3.2. Beam transport line

A conventional beamline is under construction at CSNS to supply
monochromatic surface-muons for Muon Spin Rotation, Relaxation
and Resonance experiments [18]. The schematic drawing of this beam-
line is shown in Fig. 2. Positrons emerging from the target surface are
collected and focused by Q1-2-3 (collection at 90° from proton beam
direction). To acquire quasi-homochromatic positrons, the focused
beam is bent by 45° through B1, which can be adjusted to accept
positrons within several percent energy spread, e.g., 3 MeV positrons
(5 percent energy spread) are extracted and are to be applied in the
next simulation and calculation. Subsequently, “impure” particles,
mainly positive muons, are decontaminated in a separator. To establish
proper time structure, beam size and angular divergence before
physics experiments, a chopping system is required [19]. It contains
a dual-planar chopper to shorten bunch width, and two collimators
arranged on both sides of the chopper to ensure proper beam spot size
and angular divergence.

Beam dynamics simulation (envelope calculation, phase space
matching, multi-particle tracking) is performed by Transport. It aims
to find an optimum position for chopper installing. It is a nontrivial
optimization task with the following main objectives: to minimize
transverse halo at the exit of chopper, to minimize chopper voltage
and to make beamline more compact. The simulation has been done
by using the distribution (result from G4beamline) in Q1 as the initial
input. It allows the analysis of emittance increasement and the halo
development generated in MEPT. The envelope of 3 MeV positrons in
transverse plane is exhibited in Fig. 6. The beam double-waist (LV5),
about 20 mm extent in transverse plane and 2 m away from SQ9,
indicates the chopper location.

3.3. Beam chopping system
3.3.1. Design of fast chopper

It is still vacant presently to use a chopper to chop the
relativistic positron beam. In our case, off-peak component of
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Fig. 6. The beam envelope of 3 MeV positrons in MPBT with the chopper switched off, a double waist (LV5) is found at about 2 m after Q9.

bunches is to be removed while 1 ns or less is to be remained.
This puts a challenge on chopping technics, meanwhile, it is the
key to the feasibility of the PAS experiments. The transmission-line
type of dual-planar chopper supported by DC high-voltage gen-
erator can be a candidate for its superiority in high voltage and
system rise time. This type of chopper has been developed for
the chopping of medium energy (several MeV) H™ beam in
ESS-RAL, LANL-SNS, JAERI, CERN-SPL etc. over ten years [20].
Quasi-trapezoidal bipolar high-voltage pulses seen in Fig. 7 are
accordingly utilized to deliver transverse radio-frequency (RF)
electric field [21].

To establish priority of all parameters and specifications, the
system rise time is preferential to be considered, for it relates
directly to the bunch width at output. The system rise time is
approximately provided by [22]:

tr=/t2+t (1)

where t; is the generator rise time and ts is the structure rise time.
The state-of-art is identified that the lower limit of t; is 2 ns or
slightly less at the high voltage of 1.5 kV [23]. Since deflectors are
likely to be driven at opposite polarities, a total effective voltage of
3 kV is available. For the designing of chopper structure, the
reasonable goal should be to add as few ts as possible to overall
system rise time tg. The former is given by:

tszrx(lig—f)),‘r:ﬁ% 2)
where g,, B, and L are respectively the beam velocity, the
effective wave velocity and the deflector length. Positive sign
corresponds to the opposite direction of positron beam and high
voltage wave propagation, while sign reverses in the same direc-
tion. With the choice of the transmission-line configuration seen
in Fig. 8 or other counterparts with delay lines [24], electric field
can travel almost simultaneously with particles through (3 MeV
positrons with a relativistic velocity ~0.989 c). Therefore, the
structure rise time is to be reduced or better neglected.

3.3.2. Calculation

After passing through the collimator installed before the
chopper, a count of 2 x 10°e+/100 ns, or average 0.4 pA current
in one bunch, is obtained from the transport. Space-charge effects
in this current can be neglected and “single particle model” (SPM)
is likely to be applicable during calculation. It means a super-
position of non-interacting particles after being separately calcu-
lated. Setting the electrode gap of the chopper to be equal to
20 mm (the maximum possible size of beam spot at exit),
positrons after being collimated by the preposed collimator can
entirely pass through the deflectors and postposed collimator
when there is no electrical deflection. The SPM is thus to be
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Fig. 7. The structure of “Fast Chopper” with the tandem distribution of two sub-
choppers and the corresponding timing schematic.
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Fig. 8. A typical configuration of transmission-line deflectors: several short strip
lines connected by delay lines.

further characterized by zero angular divergence. Provided that
there is a high coverage factor (~1), there is a very low attenua-
tion of RF electric field and perfect synchronization between the
traveling-wave and positron beam. Transverse displacement Ay of
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the relativistic positrons can be estimated as:

(chﬂL_l), E=V/d, e=moc>+Vy
P()C

€0

= 3)

Ay
where q is the electronic charge, mg is the rest mass, L is the
effective electrode length, V is the deflecting potential, d is the
electrode gap and Py, g, V7 are respectively the initial momentum,
the total energy and the kinetic energy of the incident positrons.
A proper set of parameters seen in Tablel is selected as been
routinely used, internationally [20]. A deflection distance of
20 mm is required to guarantee the unwanted partial of bunches
to be pneumatically removed. A minimum of high voltage on the
single deflector should be set to 0.2 kV. After calculation, an
optimum time resolution ~ 150 ps is obtained. However, a combi-
nation of 500 ps and 3.4 x 10%e */s (bunch FWHM and count rate)
at 0.5 kV is to be preferred (Fig. 9), for this intensity is enough for
normal experiments and that, furthermore, relatively low voltage
can relieve rigorous requirements for the chopping technics. It is
only the result of 3 MeV positrons presented above. However,
energy range can be expanded actually to around 10 MeV and the
corresponding time resolution can still retain within 1 ns.

3.4. Detector spectrometer

In coincidence measurements, high-voltage pulses and annihi-
lation gammas are respectively taken for the start signal and stop
signal. In our spectrometer, 64 prepositive and 64 postpositive
detectors are symmetrically installed to detect 0.511 MeV annihi-
lation gammas, like the Dai Omega-Kai built at at J-Parc/Muse,
which is furnished with 128 counters (10 percent of all solid angle)
to handle 2 x 10% */spill (typically 100 ns width) [25]. This design
aims at a sufficient count rate, an excellent peak-to-background
ratio [26] and an unique platform for AMOC. After penetration into
the sample, positrons annihilate with the individual lifetime z; in

Table 1
Key parameters for the fast chopper.

Parameters Units Values
High voltage kv 0.2-1.5kV
Transition time ns 2
Pulse duration ns 50
Electrode length mm 350+ 350 (tandem)
Electrode gap mm 20
1.5
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different types of electron holes and their count rates exponen-
tially vary with the time t: I;(t) = I;e ~ /%, the loss of gamma events
in detectors can thus be given as a probability [26]:

Y I _dr . dIi(t)
P= /O P(t)dt = - ; Pi(tydt =5 Pi(t)~5 )
where m is the number of detectors and [=10%ly=

340e™" /s=170e™" /bunch is the gamma count rate detected by
the spectrometer. Basically, two factors account for the count loss:
one is the time resolution of the detector system d; (typically
about 200 ps for 0.511 MeV gamma detection), within which two
adjacent signals will be piled up; the other one is the deadtime of
the electronic system d, (typically about 20 ns), during which
gammas will be lost after one gamma being detected. According to
the formula (4), the count loss due to the latter factor is obviously
predominant. However, in our case, positron bunch width (500 ps)
is much less than d,, which means that one detector can only
detect one gamma per bunch, or that the final count rate is
basically determined by the number of detectors: 64e " /bunch or
128e*/s. The corresponding bunch FWHM can be reduced to
below 200 ps. Normal PAS instruments like PALS, AMOC, etc., with
this specified detector array distribution would be prevalent and
another apparatus, PET, for 3D imaging and assaying of defects in
thick materials should also be candidates.

4. Summary and prospects

In this study, we proposed a novel positron source driven by
the 1.6 GeV pulsed proton beam at CSNS. A conventional muon
transport line is utilized to capture, focus and transport MeV
positrons. Through a fast chopper of the internationally identified
parameters, quasi-homochromatic MeV positron bunches with a
count of 10°-10%*/s and time resolution of several hundred ps
can be eventually obtained, thus presenting a successful proof of
feasibility.

Furthermore, the final count rate can still be improved mainly
from the following three aspects: (1) the positron bunch fre-
quency: it is directly proportion to the final count rate, 2 Hz in our
case reserves a large rising space, (2) the number of positron
detectors: higher-segmented positron-detection technologies are
actually mature, for example, a 606-counter positron-detection
system is under construction at RIKEN-RAL [27]. (3) The positron
beam intensity: employing a more efficient capture system, an
appreciably higher intensity is promising to be expected, e.g., 1000
times higher capture efficiency than the conventional collection by

3
b) 10e+03
25
8 -
=
2 5
=
2,
6 2
15 B
@
, « 3
0.5 2
0 0
001 03 05 07 09 11 13 15

High voltage(kV)

Fig. 9. The high voltage of single deflector versus (a) the time resolution arising from bunch width (i.e. bunch FWHM), and (b) the positron transmission rate (the left vertical
coordinate) and beam intensity at the exit of chopper (the right vertical coordinate).
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quadrupole magnets has already been implemented in MuSIC
(Japan) [28] by using superconducting solenoid magnets.
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