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We have developed a pulsed slow positron beam with a pulse width of less than 200 ps and a period of
25 ns. The beam apparatus is composed of a Munich-type pre-buncher, a chopper and a buncher. Instead
of the conventional RF cavity, a simple double-cylinder electrode is used for the buncher. The beam will
be used for positron lifetime measurements. The time resolution of the whole system including lifetime
measurement circuits is 250 ps, which is adequate for studying semiconductors and metals.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Investigation of lattice defects in solids is important in the
development of new functional materials. Positron annihilation
spectroscopy is a powerful tool for detecting vacancy-type defects
in materials: in particular, the presence and size of vacancy-type
defects can be detected almost directly. The conventional positron
lifetime measurement, which uses positrons directly emitted from
radioisotopes, such as ?2Na, is suited to bulk studies [1-4]. How-
ever, for the study of subsurface layers and thin films, slow
positron beams should be employed [5-7]. A continuous slow pos-
itron beam can be generated by moderating fast positrons emitted
from the source. To perform the positron lifetime measurements,
start trigger signals are needed. One established method is to use
a pulsed positron beam such that positrons arrive at samples at
regular intervals [8,9]. Several pulsed positron beams have been
developed [10-12]. The required characteristics are (i) short pulse
width (e.g., <200 ps) to avoid degradation of the time resolution,
(ii) ample pulse period (e.g., >10 ns) to observe long-lived compo-
nents, (iii) adequate signal-to-noise (S/N) ratio (e.g., >10%) to ana-
lyze lifetime spectra precisely and (iv) high pulsing efficiency to
avoid the loss of positrons. Most systems developed so far are
based on the combination of a chopper and buncher [13-18]. We
have developed a pulsed positron beam with a sufficiently short
pulse width and a relatively low frequency. This system has
compact electrodes and is equipped with a main buncher driven
at 80 MHz. A pre-buncher and a chopper driven at 40 MHz enable
beam pulsing without using an RF cavity or other advanced RF
techniques.
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2. Concept and design

The time of flight, T, of a charged particle from a gap to a target
is given by
(. E— M

V3¢ (Eo + V(1))

where L is the distance from the gap to the target, E, is the initial
positron energy and V(t) is the electric potential at the gap [19].
Therefore, if V(t) changes with high frequency, bunching will occur
in a continuous beam. It is important to shorten the pulse width of a
beam as much as possible to make measurements with high time
resolution. However, the pulse width tends to become broader than
expected due to the finite energy spread (typically several electron
volts for a slow positron beam). Reduction of the pulse width can be
achieved by shortening the time of flight, and hence the size of the
pulsing system should be reduced in order to provide a small value
for L. The electron potential V(t) generated by an RF wave is a peri-
odic function. This means that V(t) is divided into two parts: an
‘effective phase’ causing beam convergence and an ‘ineffective
phase’ causing beam divergence. When the RF frequency is high, a
beam with a shorter pulse can be formed. However, the pulse inter-
val also becomes shorter and it becomes impossible to maintain a
long enough interval for positron annihilation lifetime spectroscopy
(PALS) measurements. For this reason, the frequency is kept as low
as possible. By increasing the frequency, moreover, unexpected
influences such as stray capacitance are enhanced, and this compli-
cates the design and operation of the pulsing system [20,21]. If the
direct-current (DC) positron beam is bunched directly, a back-
ground component will be generated since the beam entering dur-
ing the ineffective phase will be spread out in time. To increase the
S/N ratio, a beam chopper is used to avoid injecting the beam during
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the ineffective phase. The beam chopper is driven at several tens of
megahertz, synchronized with the buncher frequency. The installa-
tion of a pre-buncher in front of the chopper is known to be an
effective method of maintaining beam intensity. We, therefore, de-
signed a three-stage bunching system: (i) a pre-buncher (40 MHz,
1/t2 wave), (ii) a reflection-type chopper (40 MHz, sine-wave) and
(iii) @ main buncher (80 MHz, sine-wave). Fig. 1 shows a schematic
drawing of our pulsed positron beam apparatus. Positrons gener-
ated by a positron source (*2Na, 2.96 GBq) are thermalized by using
a tungsten-mesh moderator (wire diameter 2 pm, 100 mesh/in.)
[22]. The diameter of the moderator is 7 mm. Slow positrons emit-
ted from the moderator are extracted by a grid electrode (2 eV) and
transported by a magnetic guiding field (0.02 T). This DC beam is
first bunched at the pre-buncher with a 40 MHz sawtooth t~2 wave-
form and converted into a pulse beam with a cycle of 25 ns. The
pulse width is assumed to be several nanoseconds. The pre-buncher
is composed of three cylindrical electrodes with two gaps of 5 mm
and diameter of 20 mm. The RF wave is applied to only the center
electrode. In this type of buncher, a beam will cross a gap at the en-
trance and the exit of the center electrode. To make efficient use of
the modulation energy after crossing the two gaps, the length of the
center electrode is adjusted so that a beam can pass in a half cycle of
the RF fed into the buncher. After the buncher gaps, a long drift
space is usually necessary to ensure the time convergence of the
modulated beam. In our pre-buncher, it is possible to do without
such a long drift space after the buncher because the buncher elec-
trode itself can function as a drift space. The focal length is short-
ened using the high-amplitude RF wave. Thus, the long drift space
for beam convergence becomes unnecessary, and the full length
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Fig. 1. Schematic drawing of out pulsing system and RF system. Abbreviations:
AFG, arbitrary function generator; ATT, attenuator; AMP, power amplifier; MU,
matching unit; PS, phase shifter; HV, high voltage; PMT, photomultiplier tube;
CFDD, constant fraction differential discriminator; TAC, time-to-amplitude con-
verter; MCA, multi-channel analyzer.
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of the buncher system can be shortened. The length of the pre-bun-
cher designed in this study is only 100 mm. After the pre-buncher,
positrons that can become background beam components are cut
with a reflection-type chopper which consists of three tungsten
meshes (100 wires/in.). The gap between the meshes is 3 mm. As
a chopping waveform, a simple 40 MHz sine wave with DC offset
was applied to the center mesh. After the chopper, a double-cylin-
der main buncher is installed. A 80 MHz sine wave with a DC offset
of 100V relative to the chopper is used for the bunching RF wave.
Although the structure of this buncher is the same as that of the
pre-buncher, a sine wave is used here because it is difficult to pre-
vent the distortion of a t=2 waveform. Nevertheless, since the inci-
dent beam is already bunched, further bunching can be carried out
using a simple sine wave. In order to use the modulation voltage
effectively, the length of the buncher electrode is chosen so that
the time for a beam to pass between the two gaps is equal to a
half-cycle of 80 MHz. The total length of the buncher is 130 mm
and the drift space is 200 mm. Finally, the positron beam is
electrostatically accelerated in the gap between the drift electrode
and the sample stage. Fig. 2 shows simulated time structures after
the pre-buncher, chopper and main buncher. The simulation was
carried out by the solving 1-dimensional equation of motion
numerically with a Monte-Carlo method. Fig. 2a shows the result
of the calculation of the time structure of the pre-bunched beam
at the exit of the pre-buncher. The DC beam is converted to a
bunched beam with a width of 3 ns. Although the left-hand side
of the peak is smooth, the right-hand side is discontinuous. This is
probably due to a small disturbance of the t~2 waveform at the
end of its period. As seen from Fig. 2b, the pulse width at the exit
of the chopper does not change much but the background compo-
nents are suppressed. When operating all pulsing devices, the time
structure at the sample position is shown in Fig. 2c. The beam accel-
eration energy is 2.5 kV and a pulsed beam with a width of 200 ps
and a high S/N ratio can be generated using our design.
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Fig. 2. Calculated time structures of pulsed beam. The calculation conditions are (a)
only the pre-buncher, (b) pre-buncher and chopper and (c) the whole system.
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3. Experimental procedure

As described in the Section 2, three types of DC-offset RF waves
are required for this system. The t~2 waveform supplied to the
pre-buncher is generated by an arbitrary function generator
(AFG, Tektronix AWG510) and is amplified by an RF power ampli-
fier (Thamway T142-432AA). A DC voltage is superimposed on the
amplified waveform and fed to the pre-buncher as a waveform
with V=0 to —30 V. To suppress the distortion of the waveform,
an impedance matching unit (MU) having the function of a DC
block is installed between the pre-buncher electrode and the RF
amplifier. This matching unit consists of capacitors and inductors.
The voltage standing wave ratio (VSWR) is 1.28.

Although sine waves of 40 and 80 MHz are needed for the chop-
per and the main buncher, respectively, these must synchronize
correctly with the pre-buncher. For minimum timing jitter, a sine
wave of 40 MHz is generated from the 40 MHz rectangular pulse
waveform output from the AFG. After adjustments of the signal tim-
ing using a phase shifter, this 40 MHz RF is split into two. One part is
amplified with an RF amplifier (Thamway T142-4029A) and is fed
into the chopper electrode through a matching unit. The distortion
of the waveform becomes large because of the difficulty of giving a
50 Q characteristic impedance to the chopper electrode due to the
complex shape. However, this matching unit is designed as an
LCR resonance circuit that operates at 40 MHz. Therefore, it is pos-
sible not only to produce a large amplitude in low power, but also to
suppress the generation of unwanted harmonics. The VSWR of the
RF system is 1.08. A 40 MHz sine wave of 6 W with a DC offset
(+30V) is provided to the chopper.

The other part of the 40 MHz sine wave is transformed to an
80 MHz sine wave using a frequency doubler to be the RF source
of main buncher. A matching unit of the same type as the one de-
scribed above is also installed. The VSWR of the RF system is 3.11.
Thus an 80 MHz sine wave of 16 W with a DC offset (—100 V) is fed
into the buncher.

A detector for the annihilation gamma rays is installed just be-
hind the sample stage to record a counting rate. The detector is a Pi-
lot-U scintillator with a photomultiplier tube (PMT, Hamamatsu
H2431-50MOD). The time resolution of this PMT is easily degraded
by an external magnetic field. Therefore, the whole detector was
stored in a magnetic shield made of 45-permalloy (diameter of
80 mm and length of 400 mm). Using this shield, the guiding mag-
netic field of 0.02 T is decreased to 0.0005 T allowing normal oper-
ation of the PMT. The output signals are discriminated by the
constant fraction difference discriminator (CFDD, ORTEC 583), and
are used as start signals for the time to amplitude converter (TAC,
ORTEC 556). The 40 MHz timing signal output from the AFG is input
to the CFDD as a stop signal. Although the time-inverse spectrum is
obtained, the deadtime of the TAC can be minimized because the
conversion of the TAC is valid whenever the signal from the PMT
is input.

4. Results and discussion

We first measured the time structures of the pulsed beam after
the pre-buncher, chopper and main buncher using a high-speed
microchannel plate (MCP) with an anode out (Hamamatsu
F4655-13). Fig. 3a shows the time structure obtained after the
pre-buncher. Convergence of the beam to a width of 3 ns was con-
firmed. The background level is high and S/N ratio is about 20 be-
cause of direct bunching of the DC beam. These values are in good
agreement with the results of our calculations. A tail on the right-
hand side of the peak appears, as expected from the calculations.
Fig. 3b shows the time structure observed just behind the chopper.
As expected, the background was greatly decreased and the S/N
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Fig. 3. Time structures of pulsed positrons detected by a micro-channel plate. The
operation conditions are (a) only a pre-buncher, (b) pre-buncher and chopper and
(c) the complete system.

ratio increases to about 300:1, although the pulse width is un-
changed. However, the background is not completely removed:
possibly unthermalized high-energy positrons pass through the
beam line to reach the MCP. This background is observed because
the ratio of the dark current of the MCP itself to the background is
about 1/3. Fig. 3c is the time structure of the pulsed beam at the
sample position. The pulse width is 187 ps, which is in good agree-
ment with the calculation. The S/N ratio is about 5000. Thus, the
formation of a short-pulsed positron beam is confirmed. The flux
of the pulsed beam is estimated to be approximately 1 x 10* posi-
trons/s at the sample position. The efficiency of this pulsing system
was about 1/6.

Positron annihilation lifetime spectra for several reference sam-
ples were obtained. Table 1 shows the lifetime components ana-
lyzed by the PATFIT program [23] for each of the samples. The
time resolution was approximately 280-300 ps. Fig. 4 shows the
positron lifetime spectrum obtained for polyimide film. The inci-
dent positron energy was 7 keV. Open circles indicate the experi-
mental results. The superimposed solid line shows the theoretical
lifetime spectrum calculated by the PATFIT analysis. In the figure,
theoretical lifetime spectra of each component and the residuals
from the theoretical spectrum are also shown. From the PATFIT
analysis, one single lifetime component (t = 0.386 ns) was ob-
tained. This value is in good agreement with the reported value
(0.382-0.386 ns) [24]. A satellite peak appears at around 7 ns from
the peak. Since the distance from the sample surface to the accel-
eration gap is 100 mm and the expected time of the satellite peak
is 6 ns, this satellite peak is attributed to positrons scattered from
the sample surface.

Fig. 5 shows the positron lifetime spectrum of the p-type FZ-Si
crystal. The incident energy was 19 keV. From the PATFIT analysis,
two lifetime components were obtained: 0.22 and 1.01 ns with
intensities of 97.2% and 2.7%, respectively. The shorter lifetime
component can be attributed to the bulk silicon [25]. The longer
one can be attributed to the influence of the natural oxidization
layer which exists on the Si surface [26,27]. With increasing inci-
dent energy, the position of the satellite peak moves towards zero.
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Table 1

Parameters obtained by fitting the lifetime spectra of the samples.
Sample material Energy (keV) 71 (ns) 72 (ns) 73 (ns) L (%) I (%) I (%)
Polyimide 7 0.386 - 100 - -
FZ-Si (p-type) 19 0.220 1.010 - 97.2 2.7 -
Amorphous SiO, 10 0.125(fixed) 0.555 1.549 21.7 18.4 59.9
PTFE 10 0.125(fixed) 0.380 2.999 131 60.8 26.0
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Fig. 4. The lifetime spectrum obtained for a polyimide film with an incident
positron energy of 7 keV.
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Fig. 5. The lifetime spectrum obtained for a p-type FZ-Si crystal with an incident
positron energy of 19 keV.

Figs. 6 and 7 show the results of PALS measurements of an
amorphous SiO; and a polytetrafluoroethylene (PTFE). It is known
that these materials contain many large voids and positronium (Ps)
will be generated. The shorter lifetime components (0.125 ns) of
the annihilation of para-Ps and the longer lifetime components
(several nanoseconds) from the pick-off annihilation of ortho-Ps
are observed in addition to the lifetime components of free posi-
tron annihilation. From the PATFIT analysis, when the lifetime
component of para-Ps is fixed to the 0.125 ns, two more lifetime
components were obtained for these two specimens. The observed
values are almost equivalent to the reported values [26,28].

Thus, it was confirmed that the PALS measurements including
short lifetime components could be carried out with sufficient
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Fig. 6. The lifetime spectrum obtained for an amorphous SiO, substrate with an
incident positron energy of 10 keV.
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Fig. 7. The lifetime spectrum obtained for a PTFE sample with an incident positron
energy of 10 keV.

accuracy by this system. With the composition described above,
the length of the whole buncher system was about 450 mm includ-
ing an acceleration electrode. This is much more compact than
existing pulsing equipment. Taking advantage of this size, the bun-
cher system was made into a monolithic cartridge. Therefore, it is
expected that the system can be easily installed in an existing
beam line with a DC slow positron beam.

5. Summary

A slow positron pulsing system which can produce short pulses
of positrons with time resolutions sufficient for PALS experiments
has been developed and tested. This system is composed of three
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parts: (i) a pre-buncher (40 MHz, t~2 wave), (ii) a reflection-type
chopper (40 MHz, sine wave) and (iii) a buncher (80 MHz, sine
wave). A complicated RF system is not needed because of the
low-frequency operation. For this reason, this buncher system is
designed with compactness in mind because this has a relatively
small influence on AE of an incident beam and has contributed to
the improvement in time resolution. Moreover, because of this
compactness, the buncher system can be structured as a mono-
lithic cartridge, which allows flexibility of installation. Positron
annihilation lifetime spectra obtained using the beam showed a
time resolution of 260 ps and a peak-to-background ratio of
1000:1 in PALS measurements for silicon. These values are in good
agreement with the values expected from simulations.
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