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Abstract

A spectrometer for measuring positron lifetimes in solids is described. It consists of a pair of BaF
2

scintillators coupled
to Philips photomultipliers XP2020Q and a fast-slow coincidence system composed of standard NIM modules. To
achieve adequate stability and the maximum performance of the spectrometer, several improvements on commonly used
techniques have been introduced. Of these, modi"ed dynode timing based on the utilization of the negative, `anode-likea
fast signal seems to be the most important. At a typical rate of 35}40 coincidences/s, the best recorded timing resolution
power of the spectrometer for a 22Na positron source amounted to 139 ps. Although the photomultipliers used display
marked e!ects of ageing on their dynode systems, the timing resolution of the spectrometer after running for more than
"ve years has deteriorated to only 146 ps. This long-term behaviour has been achieved as a result of measures for
compensating the in#uence of the gradual loss of photomultiplier gain. Important details relating to the spectrometer
design, as well as to its optimization and testing, are given. Examples of measured positron-lifetime spectra are given to
demonstrate the performance of the spectrometer. The rich data relating to the long-term behaviour of the spectrometer
are broadly discussed. ( 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Positron-lifetime spectroscopy proved itself to be
a powerful experimental method in solid-state
physics and materials science [1]. After a develop-
ment that ended approximately in the middle of the
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1980s, it virtually reached the present state-of-the-
art and acquired an almost standard form. The last
of its crucial innovations were represented by the
introduction of the BaF

2
scintillators [2}4] and the

dynode timing [2,5]. Although positron-lifetime
spectroscopy has become widely recognized, it still
su!ers from persistent problems. Of these, the lim-
ited timing resolution power and gradual worsen-
ing of this important parameter due to the ageing of
photomultipliers and BaF

2
crystals seem to be the

most serious. While the optimization of the timing
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resolution has been addressed in several previous
papers, see e.g. Refs. [2,4,6}10], the literature re-
lated to the equally relevant problems of ageing
and ways to cope with them is, as far as we know,
still missing. The lack of such information is felt
strongly, especially in the context of the previously
reported positron-lifetime spectrometers in Refs.
[6}8] which, displayed excellent timing character-
istics. In this respect, the most remarkable results
have been achieved with the spectrometer reported
in Ref. [6] that was based on the use of Hamamatsu
R2083Q photomultiplier tubes (PMTs) in combi-
nation with BaF

2
scintillators. The timing resolu-

tion, expressed in full-width at half-maximum
(FWHM) of the timing response function, was equal
in this case to 140$1 ps for 22Na. In Refs. [7,8]
for a spectrometer, assembled from Philips
XP2020Q PMTs, BaF

2
scintillators and specially

developed electronics modules, a value of FWHM
equal to 165$1 ps was reported. Unfortunately,
no data that would demonstrate the routine use of
these spectrometers in positron-lifetime experi-
ments are available.

This paper deals with the positron-lifetime spec-
trometer installed at Charles University in Prague.
While designing this instrument we took into ac-
count virtually all the available expertise in the
given "eld and made additional improvements to
achieve a superior timing resolution and optima in
other characteristics. Moreover, the design respect-
ed an important requirement that all the sophisti-
cated components of this spectrometer be
commercially available. Compared to an earlier
report about the same spectrometer [11] the pres-
ent paper gives its exhaustive description and de-
scribes its optimization. In addition, it includes an
account of the "ve-year continuous utilization of
this instrument. Some measures for slowing-down
the e!ects of ageing and for their compensation are
also reported.

2. Principles and requirements of positron-lifetime
spectroscopy

In a conventional positron-lifetime experiment,
the radioactive isotope 22Na is used as a source of
the positrons. In this case, the emission of 99.93%

of positrons is accompanied by a 1274 keV
c transition in the daughter nucleus 22Ne. The
emitted positrons enter the material studied where,
typically within a period of several picoseconds,
they are moderated down to thermal energies and
eventually annihilate, each emitting a pair of anni-
hilation c rays with energies of 511 keV. A spec-
trum of time di!erences between detecting the 511
and 1274 keV c rays, called hereafter the delayed-
coincidence spectrum, is measured. By analysing
this spectrum information about the lifetimes
q
i

and the intensities I
i

of various groups i of
positrons annihilating in a given material can be
deduced.

In fact, each individual lifetime is represented in
the delayed-coincidence spectrum not by a mere
exponential component, but by a convolution of
the exponential function with the timing response
function of the spectrometer. The resolution power,
characterized by the narrowness of the timing re-
sponse function, and the maximum achievable
delayed-coincidence counting rate are the most
important factors that limit the ability of positron-
lifetime measurements in identifying and resolving
positron-lifetime components in the spectrum. The
resolution power of the best existing positron-life-
time spectrometers is characterized by the FWHM
values of which are still higher than positron life-
times for defect-free metallic systems, i.e. 100}160
ps, or at most comparable with these lifetimes. As
far as defected metallic systems are concerned, the
lifetime of positrons in the free state can be as short
as several tens of ps. It is thus evident that any
improvement in timing resolution is of major im-
portance while studying positron annihilation in
metals.

3. Description of the spectrometer and other details

3.1. Detectors

The detector part of the spectrometer consist of
two BaF

2
cylindrical crystals with dimensions

H25 mm] 10 mm mounted on fast, quartz-win-
dow PMTs. The crystals were purchased from the
Karl Korth Kristalle GmbH, Kiel, Germany. Phi-
lips PMTs, Model XP2020Q, with a photocathode
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Fig. 1. Assembly of the BaF
2

crystal and the PMT, including
their common housing and other details.

diameter of 51 mm were chosen. Initially, in 1992,
we used a pair of these PMTs that were manufac-
tured in 1991 (Serial Nos. 40432 and 40436). The
values of the photocathode blue sensitivities of these
PMTs were 10 lA/lmF, the meaning of this
quantity being fully speci"ed in Ref. [12]. After four
months of testing and running the spectrometer we
replaced the PMTs for another pair of the same
model, but manufactured before 1986 (Serial Nos.
15553 and 15563). In this case photocathode radiant
sensitivities at 401 nm were declared by the manu-
facturer for these PMTs to be 80 and 77 mA/W,
respectively.

The crystals were polished using the procedure
described in Ref. [13]. Following a recommenda-
tion of the Darmstadt group [14], the front and
side surfaces of the crystals were coated with seven
layers of PTFE (Te#on) tape with a thickness of
38 lm and a pore size of 0.22 lm. The wrapped
crystals were encapsulated in duralumin cups, as
shown in Fig. 1. Each crystal was optically coupled
to the quartz window of a PMT using immersion,
represented by about 5 mm3 of silicon grease of the
maximum acceptable viscosity. The PMT and the
encapsulated crystal are sealed in a common
duralumin water-proof housing. Inside the housing
there is about 25 cm3 of silica-gel to enhance the
protection of the crystal against moisture. In order
to prevent the photocathode of the PMT from
electrolytic destruction, the crystal and the quartz
window are electrically well insulated from the

housing. Further details are shown in Fig. 1. The
zero magnetic "eld at the sites of PMTs is ensured
by a pair of compensating Helmholtz coils with
a diameter of 700 mm, see Fig. 2. In fact, in 1995
these coils replaced the permalloy magnetic shield-
ing, formed by two cylinders with a diameter and
length of 61 and 50 mm, respectively, which we used
in the earlier version of the spectrometer [11]. In
order to reach the maximum possible compensa-
tion of the local magnetic "eld, all parts of the
spectrometer were made of non-magnetic mater-
ials.

As seen in Fig. 2 and schematically in Fig. 3,
a face-to-face detector geometry with a common
symmetry axis was chosen. In order to minimize
parasite e!ects due to simultaneous detections of
both 511 keV photons [4,15] and to simulta-
neously keep a su$ciently high coincidence count
rate, the assembly of the positron source and the
samples is located in between the BaF

2
crystals, out

of the common axis at a radial distance slightly
greater than the radius of the crystals, see Fig. 3.
With such geometry, thanks to a strict angular
anticorrelation of each pair of annihilation c rays,
only one of these two c rays may form together
with the 1274 keV c ray an event of a delayed
coincidence. However, to be strict, this is not true
for much less probable cases when the Compton
scattering of these annihilation c rays with sur-
rounding material occurs prior to their detection.
From the point of view of a maximum coincidence
count rate it is important that for the geometry
shown in Fig. 3 there exists an optimum separation
between the faces of the crystals. For the given
crystals this separation is approximately 14 mm.

3.2. High-voltage dividers

In an attempt to reach the optimum performance
of the spectrometer we gradually tested four types
of high-voltage (HV) dividers referred to hereafter
as I}IV. Their common scheme is seen in Fig. 4.
Their selection was guided by our previous experi-
ence with a provisional version of the spectrometer.
These HV dividers di!er from each other only in
the voltage distribution along the dynode chain, as
shown in Table 1. The "rst three were examined in
conjunction with the PMTs of later production
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Fig. 2. A view of the detector part of the positron-lifetime spectrometer. Both detectors, the Helmholtz compensating coils, the holder of
the sample and the table for mounting a cryostat are seen.

Fig. 3. The con"guration of the positron source and the scintil-
lation crystals.

(Serial Nos. 40432 and 40436), while the HV
divider IV has been used exclusively in combina-
tion with the older PMTs (Serial Nos. 15553
and 15563).

The schematic diagram of the HV divider IV
together with a simple passive RC circuit for shap-
ing the output signals is shown in Fig. 4. Under
scrutiny it can be seen from Table 1 that all the HV
dividers di!er signi"cantly in several respects from
what has been recommended by the manufacturer
of the PMTs [12]. Speci"cally, the voltage applied
between the dynode D2 and the photocathode is
increased to exceed slightly a maximum permissible
value, while inter-dynode voltages at the end of the
dynode chain are suppressed. In addition, to reach
a maximum timing resolution, the fast signal is
extracted not from the anode, as usual, but from the
dynode D10, as "rst recommended in Ref. [16]. In
this mode of operation the dynode D11 plays the
role of a grounded anode, the ground potential
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Fig. 4. The common scheme of the examined HV dividers. The values of resistance shown belong to the divider IV speci"ed in Table 1.

Table 1
Voltage di!erences at various pairs of PMT electrodes for four voltage dividers I}IV mentioned in the main text. The values of these
di!erences are expressed in units ;

0
, representing the average voltage di!erence at pairs D6}D7 and D7}D8. Total absolute voltages

applied are also listed

Voltage di!erence in units ;
0

Pair of electrodes! Divider I Divider II Divider III Divider IV

A}D12 0.00 0.00 0.00 0.00
D12}D11 0.00 0.00 0.00 0.00
D11}D10 1.43 1.43 1.43 0.56
D10}D9 1.44 1.44 1.43 0.67
D9}D8 1.00 1.00 2.06 0.84
D8}D7 1.00 1.00 1.00 0.92
D7}D6 1.00 1.00 1.00 1.08
D6}D5 1.00 1.00 1.00 1.17
D5}D4 1.73 1.74 1.35 1.48
D4}D3 2.77 2.66 2.97 2.07
D3}D1 7.08 7.19 7.62 5.23
D2}D1 Adjustable Adjustable Adjustable Adjustable
D1}K 9.63 9.02 9.01 7.17
g1}K Adjustable Adjustable Adjustable Adjustable

D11}K

G
28.08

(2500V)

27.48

(2500V)

28.07

(2500V)

21.19

(2450V)

!Manufacturer's labelling, see Ref. [14].

being also kept on the true anode and the dynode
D12.

All HV dividers were assembled in a compact
form of printed-circuit boards soldered directly

onto PMT sockets. All connections were made as
short as possible to minimize re#ections and inter-
ference of PMT signals inside the HV divider hous-
ing. For the same purpose the fast and slow signals
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Fig. 5. The principal scheme of the signal processing and data acquisition system. Abbreviations of the individual modules are given in
the text if not self-explanatory.

at the output connectors are led from the printed-
circuit board of the HV divider by short coaxial
cables inside the metallic divider housing. However,
in order to rule out radio-frequency (RF) cross-
talks between two detectors, it is important that
the outer sleeves of the output connectors be
grounded to the divider housing, otherwise small
but signi"cant wave structures in the delayed-coin-
cidence spectra may occur. For insulated connec-
tor sleeves such structures do indeed appear.
In this case, we have proved uniquely that they
result from the RF signal radiated by the gap
between the connector sleeve and the housing of
one detector with the subsequent reception of this
signal by a similar gap at the other detector and
vice versa. Following our expectation the time de-
pendence of these structures in those parts of the
delayed-coincidence spectra, where random back-

ground is dominating reproduces approximately
the shape of the time derivatives of the transmitted
RF signals.

3.3. Electronics

A principal scheme for the hardware processing
of detector signals, as well as for accumulating and
monitoring the raw data are shown in Fig. 5. The
con"guration of electronics modules shown here is
conventionally referred to as the `fast}slowa ar-
rangement.

The timing signal from the dynode D10 of each
detector passes to the input of a Constant-Fraction
Di!erential Discriminator (CFDD), ORTEC
Model 583. In the case of HV dividers I, II and III,
we "rst inverted the fast signal with the aid of the
inverting transformer, ORTEC Model IT100, and
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Fig. 6. A simpli"ed block scheme explaining the idea of the non-destructive method for changing the constant-fraction attenuation
factor of CFDDs.

then we used it to feed the CFDD. However, initial
testing measurements indicated that to reach the
maximum timing resolution power, the factory
built-in constant fraction attenuation factor f"0.2
in the ORTEC Model 583 CFDD was not an
optimum choice. It also turned out that to obtain
the maximum resolution the CFDDs required
a clipping time that would be appreciably lower
than the minimum clipping time of 0.9 ns adjust-
able with the external cable on a given Model 583.
To bypass these di$culties we split the inverted fast
signal to feed two inputs: the `regulara input of the
CFDD, and the input of the CFDD that is normal-
ly fed by the output end of the external clipping
cable. The idea behind our trick is elucidated by the
scheme shown in Fig. 6. It is evident that by chang-
ing the di!erence of cable lengths l

1
and l

2
one can

chose any clipping time. Besides that, by changing
the ratio of resistances R

1
/R

2
and "xing their prod-

uct R
1
R

2
at the value of the square of the charac-

teristic impedance, i.e. Z2
0
"2500 X2, any value of

the constant fraction attenuation factor can be
reached. The "xed value of the product R

1
R

2
is

required to prevent undesirable re#ections of the

fast signal. The only disadvantage of this `non-
destructivea change of the built-in constant fraction
attenuation factor is a somewhat reduced sensitiv-
ity of the CFDD.

At present, when the HV divider IV is used, no
pulse inversion is needed, as the leading edge of
the fast voltage signal displays a well-expressed
negative slope, capable of exciting the CFDD, in
a similar way as a genuine anode signal. In the case
of the HV divider IV the shape and absolute size of
the fast detector signal is shown in Fig. 7. Both
CFDDs are operating in the constant fraction
mode with the factory built-in constant fraction
attenuation factor. In view of the relatively low
value of the fast signal the above-outlined method
for non-destructive modi"cation of the built-in
constant fraction factor of the CFDDs could not be
applied. The minimum adjustable CFDD clipping
time, provided by the external cable on both
CFDDs, was found to ensure the best timing res-
olution. Additional reduction of the clipping time,
achieved by shortening the cables inside the CFDD
modules, did not bring any further improvement of
the resolution. The combination of the older PMTs
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Fig. 7. The fast signal from the 10th dynode of an XP2020/Q
PMT for c-ray energies of 511 and 1274 keV as observed in
March 1999 on a 250 MHz oscilloscope. The high voltage
applied was !2500 V.

with the HV divider IV has been continuously used
since 1993. During this period irreversible changes
on the surfaces of the dynodes appeared and the
gain of the PMTs gradually decreased up to the
point when the fast signal from the stop detector
became critically small and could not be properly
processed by the CFDD. The factor of the
overall decrease of the fast signal from the PMTs
over the period of 4.3 yr was estimated to be 0.25,
while the slow signal decreased approximately
by a factor of 0.09. Together with these changes
some worsening of the timing resolution of the
spectrometer has been observed. As a remedy, a
Hewlett}Packard MMIC high-frequency pre-
ampli"er, Model MSA-0404 with a gain of
7.5 dB and an upper frequency limit of 2.7 GHz
was installed in the middle of 1997 to provide
ampli"cation of the fast signal from the stop de-
tector. Later this ampli"er was removed and a pair
of Hewlett}Packard ampli"ers, Model MSA-0204
with a gain of 11 dB and an upper frequency of 1.8
GHz were used to enhance the fast signals
from both detectors; these ampli"ers are fed by
the PMT fast outputs and provide the input

signals for the CFDDs. Because the signal was
inverted by these ampli"ers, the inverting trans-
former, ORTEC Model IT100, was used to restore
the original polarity of the signal. Each CFDD
performs a coarse energy selection of the corre-
sponding photopeak region. Timing signals from
the CFDDs are led to the start and stop the inputs
of the TAC, ORTEC Model 567, denoted as the
`main TACa in Fig. 5.

As can be seen from Fig. 4, the slow signal from
the detectors is "rst shaped by a passive RC-integ-
ration circuit with qK50 ls. Then, as shown in
Fig. 5, the signal proceeds to a Spectroscopy Am-
pli"er (SA), CANBERRA Model 2020, operated at
the shortest shaping time (0.25 ls) to suppress the
e!ects of pile-up. The bipolar outputs from the SAs
are led to the timing single-channel analysers
(TSCAs), ORTEC Model 551, adjusted to appro-
priate c-ray energy windows. The negative output
pulses from the TSCAs pass to the start and
stop inputs of the auxiliary TAC which serves as
a slow-coincidence unit generating the strobe
signal for the main TAC. The output pulses from
the main TAC are digitized by an Analog-to-
Digital Converter (ADC), CANBERRA Model
8077, whose data output is connected to a Histog-
ramming Memory (HM), C.E.S. Model HM2161,
controlled via a CAMAC dataway by the C.E.S.
ACC2180 STARBURST J11 Auxiliary Crate
Controller (ACC).

With our adopted compact detector}source ge-
ometry the most critical factor that reduces the
number of recorded events per unit of time in the
delayed-coincidence spectra is the considerable
dead time of the TSCA that selects the 511 keV
c line. In order to bypass this di$culty, in the mid
1998s we modi"ed the slow branches of the elec-
tronics system in the way shown in Fig. 8. Instead
of a separate selection of energies deposited in the
two detectors, the modi"ed system accepts only
those events for which the sum of these energies
falls within a suitably chosen energy interval
centered around the value 511#1274 keV. The
energy summation is provided by connecting both
output signals from dynodes D9 to the input of the
SA. It is tacitly assumed that the responses of both
detectors to the deposited c-ray energies in them
are equal. This condition can easily be observed by
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Fig. 8. A modi"cation of the electronics system for the regime of strobing the TAC by a signal derived from the c-ray energy sum.

careful adjustment of the high voltages applied to
the PMTs. More details on the modi"ed energy
selection of coincidence events are given elsewhere
[17].

3.4. Positron source

Positron sources, used in the routine measure-
ments with our spectrometer, are prepared by
depositing and sealing K1.3 MBq of 22NaCl be-
tween two mylar-type D clear "lms manufactured
by Du Pont de Nemours of thickness &2 lm. The
assembling sequence is schematically shown in
Fig. 9. Carrier-free 22NaCl in aqueous solution,
purchased from Amersham Life Science, is used.
Desired amount of activity is extracted by means of
a micropipette from a stock solution with a speci"c
activity of 1}9 MBq/ml into a Te#on dish in which
it is evaporated to a volume 1}2 ll by an infra-red
lamp. A drop of this concentrated solution is put
using a micropipette at the centre of a circular piece

of the supporting foil and is gradually dried for 15
min using the infra-red lamp. Subsequently, it is
covered with another foil of the same kind and
sealed with the aid of rings cut from a thin selfad-
hesive Scotch tape. The diameter of the radioactive
spot is always less than 3 mm. As a result of
radiation damage the mylar foils gradually become
brittle and sooner or later leakage of radioactivity
occurs, which restricts the lifespan of positron sour-
ces to typically 6 months.

3.5. Data acquisition and analysis

During long-term measurements drifts of time
zero of the measured spectrum would cause its
spreading. To avoid this deterioration the delayed-
coincidence spectrum is created from a large num-
ber of separate measurements. In each of them,
lasting typically 30 min, a partial delayed-coincid-
ence spectrum is accumulated in the HM. The
length of partial spectra amounts to 8192 channels
with an average channel width of 3.13 ps. The time
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Fig. 9. Sealing a positron source.

scale is thus "ne enough to make corrections for
time-zero long-term drifts during data acquisition
with the aid of a simple shift of a partial spectrum
by an integer number of channels. The size of this
shift is given by the di!erence between the actual
position of some pre-de"ned reference point in the
spectrum and the required position of that point.
For this purpose the given partial spectrum is shif-
ted by a xxed number of channels and then it is
subtracted from the original, not the shifted spec-
trum. The reference point is then determined as the
number of the channel at which the di!erence spec-
trum crosses zero. In fact, the reference point is
taken as the cross-over point of the regression line
that locally approximates the di!erence spectrum
in the vicinity of its crossing zero. This way of
determining the reference point is important for
minimizing statistical uncertainties, associated with
the limited number of counts in partial spectra. The
sum of the shifted partial spectra is accumulated in
RAM, stored onto a hard disk and eventually
transferred to a PC for further o!-line analysis in
which the delayed-coincidence spectra are decom-
posed into their individual components by means
of an unscrambling procedure [18] based on the
maximum-likelihood method.

4. Optimization and testing

Following our testing measurements, the opti-
mum voltages between the pairs of electrodes D2-K

and g1-K that are needed to get the best timing
resolution simultaneously yield the maximum
slow-output signals. Owing to this ascertainment
the focussing voltages of PMTs could easily be
adjusted.

It turned out that the permalloy magnetic shield-
ing, used in the earlier setup of the spectrometer,
was not e$cient enough. Besides that, the photo-
cathodes proved to be inhomogeneous as far as
quantum e$ciency and/or electron collection time
are concerned. Furthermore, as explained in Sec-
tion 3.1, the sandwich, formed by the positron
source and the sample, has to be located out of the
common axis of the detectors. All these circumstan-
ces make the timing resolution power sensitive not
only to the rotation angles, U and W, of the de-
tectors around their axis, but also to the rotation
angle, H, of the sandwich around the same axis. It
has been found that the FWHM, characterizing the
timing response function, depends on U, W and
H in a complicated way, when the minimum
FWHM with respect to one parameter, say H, at
"xed values U

0
and W

0
of the remaining para-

meters depends on these "xed values. The proced-
ure of minimizing the FWHM could not thus be
done by three independent acts of minimization
with respect to angles H, U and W, i.e. relatively
large number of points in the 3D space U]W]H is
needed. The problem of "nding the optimum angles
U, W and H became simple when a full compensa-
tion of the magnetic "eld was achieved by the
use of Helmholtz coils. In this case it was enough to
"x the angle H at an arbitrary value and "nd
a minimum FWHM in the 2D space U]W.
Finding the minimum in such a space is simple,
as it consists of two independent steps in which
the minimum is "rst sought with respect to
one of the angles U and W and then with respect to
the other. For the sake of convenience the optim-
ization of angles U and W was performed with the
aid of the measurement of delayed-coincidence
spectra for the c cascade following the decay of
60Co. As can be deduced from the data in Fig. 10,
for the full 2D range of angles U and W the value of
FWHM varies within an interval of 104.5}126.5 ps.
As is apparent, this interval is relatively broad,
which justi"es the real need for the optimization of
W and U.
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Fig. 10. Values of FWHM of spectrometer response function,
determined from measurements with 60Co, as functions of
angles of turn W and U of start and stop detectors, respectively.
The data shown were obtained when the magnetic "eld at the
site of photocathodes and dynodes was fully compensated with
the aid of Helmholtz coils.

Assuming that the uncertainty in the timing of
a single detector is proportional to N~1@2

1%
, where

N
1%

is the number of emitted photoelectrons, the
following proportionality holds for the value of
FWHM of the spectrometer:

FWHM&A
1

E
c1

#

a2
E

c2
B

1@2
(1)

where E
c1

and E
c2

are the energies of c rays detec-
ted by the "rst and the second detector, respective-
ly, while a is a parameter characterizing the
uncertainty in timing of the second detector
relative to that of the "rst one. From our previous
22Na measurements with the interchanged
detectors, when E

c1
"1274 keV and E

c2
"

511 keV, we got a value of FWHM that was
higher by a factor of 1.19 compared to the case
when E

c1
"511 keV and E

c2
"1274 keV. From

this comparison we estimated that aK1.53.
Assuming proportionality (1), the value of FWHM,
characterizing the spectrometer response function
in 22Na measurements with optimally adjusted
angles U"870 and W"680, should be equal to 127
ps. In contrast to this, the value of FWHM ob-
tained from regular 22Na measurements, per-
formed immediately after the above-outlined
optimization with the aid of 60Co source, was
found to be 144 ps. This discrepancy can be, at least
in part, accounted for by a limited validity of
proportionality (1) due to a non-linear response of
the fast signal to the c-ray energy (see Fig. 7) and
by non-equivalent energy selections in two
substantially di!erent sets of measurements with
60Co and 22Na.

In routine measurements with the 22Na source,
the energy windows of TSCAs in the slow branches
of the spectrometer are precisely adjusted to in-
clude only the photopeaks at energies 511 and 1274
keV. Following our experience, the best choices of
relative widths of the energy windows are 11 and
7% for the start and stop c rays with energies 1274
and 511 keV, respectively. In the regime of strobing
the TAC with the signal derived from the c-ray
energy sum the relative position of the lower level
of the window at the TSCA is chosen to be approx-
imately 5% below the ideal energy sum. In addi-
tion, an energy pre-selection is used. For this sake
the widths of the energy windows of CFDDs are set
at minimum possible values that guarantee at the
same time full overlapping with the corresponding
windows of the TSCAs. The original purpose of this
outlined pre-selection was to suppress the count
rate of a priori useless fast signals at the outputs of
CFDDs with the aim of achieving a lowered dead
time of the main TAC. However, it turned out that
such a pre-selection slightly improved the timing
resolution and at the same time it became apparent
that it also reduced parasite admixtures in de-
layed-coincidence spectra. The reason why the en-
ergy pre-selection is advantageous is as follows.
Under conditions of a high count rate some
slow signals at the inputs of the TSCAs result
from a pile-up of the energies of two or several
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consecutive, closely spaced events of detection, so
that energy selection, ensured by the TSCAs cannot
work properly in these cases and a c-cross talk may
occur. On the other hand, signals at the inputs of
CFDDs originate almost exclusively from single
events of detection, not su!ering from random
pile-up.

In order to keep control over the overall
quality of the spectrometer, special testing
measurements of delayed-coincidence spectra are
regularly carried out. In these cases, the adjust-
ment of the spectrometer is the same as in the
routine positron-lifetime experiments. For this
purpose well-annealed pure a-Fe has been selected
for reference samples. As this material is defect
free, it is characterized by a single exponential
component in the delayed-coincidence spectrum.
Samples of a-Fe in the form of discs with dimen-
sions H10 mm]0.3 mm are used. Apart from
the determination of timing resolution power the
purpose of testing measurements is (i) to check the
correct functioning of the spectrometer by inspect-
ing the deduced positron lifetime for a-Fe, (ii) to
determine the detailed make-up of the time-res-
olution function, (iii) to estimate the contribution
of the process of positron annihilation in the
source material and the mylar foils to the de-
layed-coincidence spectrum, and (iv) to check for
the absence of possible parasite structures or dis-
tortions in the measured spectrum by examining
the degree of accordance between it and its model
description. Over a period of more than 5 yr
a series of these described testing measurements,
with statistics typically 53]106 counts, yielded
values for the positron lifetime in a-Fe that display
#uctuations characterized by a standard con"-
dence interval 108.1$0.2 ps. It is to be noted
that the values for this quantity known from the
latest literature are 106 and 110 ps, see Refs.
[19,20], respectively. It is to be stressed that
a sample in which positrons annihilate predomi-
nantly with one characteristic lifetime, the value of
which could be used as a precise and reliable
standard, is still missing. An example of a posit-
ron-lifetime testing measurement with a-Fe is
given in Fig. 11. The results deduced from this
measurement are discussed in detail in Sections
5.2 and 5.3.

5. Performance

5.1. Energy resolution

Energy resolution, characterizing the quality of
slow branches of the spectrometer, has been found
to be 9.2% for 137Cs. This value, representing the
FWHM of the 662 keV c-line, has been obtained
under conditions identical to those in routine posit-
ron-lifetime measurements, i.e. at room temper-
ature, with a 22Na source strength of 1.3 MBq,
with the same detector-source geometry and at the
same shaping time of 0.25 ls, adjusted on SAs. For
a weaker 137Cs source, with a larger shaping time
of 1.5 ls and the temperature adjusted at #33C,
a record energy resolution of 6.8% has been ob-
served, as illustrated in Fig. 12. The 137Cs c-ray
spectrum shown here is intentionally contaminated
by 60Co lines to demonstrate a linear response of
the slow signal to the c-ray energy. To our know-
ledge, the best previous energy resolution was re-
ported recently in Ref. [21] from the measurement
of the 88Y c-ray spectrum with a cylindrical BaF

2
scintillator of an enlarged thickness of 37 mm. For
the same temperature #33C the extrapolation
from the data in Ref. [21] to the energy of 662 keV
yields a FWHM of 9.5%.

5.2. Response function, timing resolution and related
characteristics

Following our experience, the timing response
function of the spectrometer can always be de-
scribed as a superposition of three Gaussians. Ini-
tially, values of FWHM of these Gaussians were
135, 153 and K800 ps, their relative areas being
K50, K50 and (0.2%, respectively. The
FWHMs of the main two Gaussian were increasing
during 3 yr of exploitation of the spectrometer up
to values 155 and 175 ps for "rst and second one,
respectively (see Section 6). In our approach the
ratio of the relative contributions of two prominent
gaussians is "xed, see Ref. [18]. Although the
widest Gaussian contributes only weakly to the
timing response function, its postulation is impor-
tant in order to get a good agreement between the
experimental delayed-coincidence spectra and their
modelled counterparts. In the spectra with the total
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Fig. 11. An example of the a-Fe delayed-coincidence spectrum. The results of the decomposition of the spectrum into the individual
positron-lifetime components, as well as the weighted residuals of the "t are also shown.

Fig. 12. The singles c-ray spectrum of 137Cs measured with the
BaF

2
detector at temperature ¹+33C.

number of counts exceeding 106 the contribution
of the widest Gaussian can be seen as a prelude of
the main signal at the foot of its leading edge, see
Fig. 11.

In order to understand better the makeup of the
timing response function an auxiliary measurement
of a delayed-coincidence spectrum with 0.2 MBq
source of 60Co has been performed, see Fig. 13.
Compared to 22Na delayed-coincidence spectra,
the 60Co spectrum is expected to be formed only by
the timing response function and some parasite
component due to a c cross talk. The parasite
component is to be represented by a small, narrow,
symmetrical and generally non-Gaussian peak that
results from a convolution of the timing response
function with the distribution for the time of #ight
of the cross-talk c-rays, assuming that this time of
#ight is positive and negative for the scattering
from the start detector to the stop detector and
from the stop detector to the start detector, respec-
tively. Following our estimates, the maximum
range for the time of #ight of scattered c-rays is
$150 ps. Under the strongly simplifying condition
that the cross-talk time of #ight is distributed uni-
formly within this range, our estimate for the upper
limit of the FWHM of the parasite component in
the 60Co spectrum leads to a value of 235 ps. As is
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Fig. 13. A delayed-coincidence spectrum measured with a source of 60Co in the simpli"ed mode of operation with the main TAC
strobed autonomously, ignoring slow signals from dynodes D9. Energy windows of CFDDs were adjusted to include both 60Co lines at
1174 and 1332 keV. Individual smooth curves shown represent contributions of four gaussian parts superimposed on the time-
independent background, as explained in the main text.

evident from Fig. 13, this spectrum obtained from
our measurements can be decomposed into the
following three parts: (i) the main component, for-
med by two equally intense Gaussians with
FWHMs of 106 and 123 ps and an overall intensity
of 99.6%, (ii) the 0.3% Gaussian component with
a FWHM of 284 ps, and (iii) the 0.08% Gaussian
component with a FWHM of 890 ps. Of these parts
only the 284 ps Gaussian can be identi"ed with the
expected parasite component, belonging to the
c cross-talk. Parts (i) and (iii) remain to be inter-
preted as constituents of the timing response func-
tion. The makeup of the response function in 60Co
measurements thus strongly resembles that of the
response function postulated in our approach to
the analysis of 22Na delayed-coincidence spectra.

We attribute the widest Gaussians in 60Co and
22Na response functions to the random pile-up
e!ects at the inputs of CFDDs; the pile-up meant in
this context is that which comes from the summa-
tion of those parts of the fast signals that originate

from the fast, 0.81 ns component of the scintillation
light output. This explanation seems to be substan-
tiated by the occurrence of the appreciably oscillat-
ing structures accompanying each fast signal. Such
structures are apparent in Fig. 7. Another argument
in favour of this explanation comes from the asser-
tion that the relative size of the widest component
of the response function increases with the increas-
ing activity of the positron source. In this context it
is to be noted that our attempts to understand the
origin of the oscillations, accompanying the fast
signals from dynodes D10, have not been success-
ful. We have also failed to suppress them. Having in
mind regular positron-lifetime measurements it is
to be stressed that the considered widest compon-
ent of the response function does not noticeably
in#uence the extracted lifetimes nor the intensities
of the individual lifetime components. It thus seems
that oscillating trails of fast signals have no serious
impact on the quality of measured delayed-coincid-
ence spectra.

570 F. Bec\ va& r\ et al. / Nuclear Instruments and Methods in Physics Research A 443 (2000) 557}577



Table 2
Results of analyses of delayed-coincidence spectra for a-Fe and RPV-steel samples. These analyses were undertaken for the data taken
before and after the recovery of the timing resolution power of the spectrometer. In parentheses standard deviations are shown in units
of the last signi"cant digit

a-Fe RPV steel

May 1997 November 1997 May 1997 November 1997

q
&

(ps) 107.8(8) 107.4(3) 56(15) 61(9)
I
&

(%) 93.4(2) 93.3(2) 10(1) 13(1)
q
5
(ps) 147(3) 151(2)

I
t
(%) 81.2(8) 79.8(8)

q
!7

(ps) 137(4) 139(3)
q
1,4

(ps) 367(7) 373(6) 340(14) 358(15)
I
1,4

(%) 5.7(1) 6.0(1) 7.9(8) 6.9(7)
q
2,s

(ps) 1460(50) 1640(70) 1500(50) 1430(60)
I
2,4

(%) 0.84(4) 0.69(3) 0.79(4) 0.70(5)

w
1

(ps) 152.6(3) 138.4(6) 150.4(5) 138.0(8)
w
2

(ps) 173(2) 156(2) 169(4) 156(3)
d
1,2

(ps) 50(2) 28(2) 49(3) 27(3)
w
505

(ps) 171 149 168 148

s2/l 1.037(24) 0.986(24) 1.026(24) 0.955(24)
Counts 7.8]106 7.8]106 8.4]106 8.3]106

The above-mentioned part (ii) of the 60Co spec-
trum, attributed to the c cross-talk, is very small. It
is therefore expected that the manifestation of the
cross-talk process in regular positron-lifetime
measurements with 22Na source should be beyond
the threshold of observation. In particular, as fol-
lows from our crude assessment for the case of a-Fe,
the bias of lifetime estimates due to this c cross-talk
is expected not be higher than 0.2 ps.

With the response function, represented by three
Gaussians, the decomposition of the delayed-coin-
cidence spectrum for a-Fe (Fig. 11), mentioned in
Section 4, led to the results that are summarized in
column 3 of Table 2. Here, positron lifetimes q and
intensities I of the individual components are listed.
Quantities related to freely moving positrons are
labeled by subscript f, while the source contribu-
tions are labeled by subscript s. The time-resolution
function is characterized by values w

1
, w

2
and

w
3

of the FWHM for the three Gaussians. In the
"tting procedure the distance between the centroids
of the "rst two of them, d

1,2
, is a free parameter,

while the position of the remaining Gaussian is
given by the weighted average of the positions of

the "rst two. The ratio between areas of the "rst
two Gaussians, say A

1
/A

2
, is "xed, while area

A
3

of the third Gaussian is a free parameter. A con-
straint A

1
#A

2
#A

3
"1 is assumed. The total

FWHM is denoted by w
505

. The last two rows of
column 3 in Table 2 specify the quality of "t, repre-
sented by the sum of weighted squared residuals
per degree of freedom, s2/l, and the total number of
counts.

Except for the main positron-lifetime compon-
ent, belonging to the positron annihilation in
the bulk a-Fe, it is evident that two additional
components are identi"ed. They are attributed to
the annihilation events coming from positron
source material and its covering mylar foils. The
spectrum of weighted residuals between the "tted
and experimental data, shown in the upper panel of
Fig. 11, does not indicate any traces of systematic
di!erence between the experimentally measured de-
layed-coincidence spectrum and its description
within the adopted model. Thus no noticeable dis-
tortions of the spectrum and, in particular, no ap-
parent spurious short-lifetime components caused
by detecting undesirable coincidence events [14,15]
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Fig. 14. An example of the RPV-steel delayed-coincidence spectrum. For details see the caption of Fig. 11.

seem to be created. With a 22Na source of activity
1.3 MBq the coincidence count rate reached in the
fast}slow con"guration of the electronics system is
35}40 s~1, while for the alternative con"guration
[17] with the selection of c-ray energy sum the
count rate is typically K75 s~1.

5.3. An example of routine measurements

The present spectrometer has been designed main-
ly for the purpose of studying systems containing
small-size defects. As demonstrated in our previous
works [22}24], besides the components arising from
positron trapping at defects, extremely short compo-
nents with a few tens of picoseconds ascribed to free
positrons can be identi"ed. Recent measurements
with a specimen of VVER-440-type reactor pressure
vessel (RPV) steel 15Kh2MFA represent another
example demonstrating such a capability.

The measured delayed-coincidence spectrum for
this system is shown in Fig. 14. In contrast to the
case of a-Fe, the three-component model appears
to be insu$cient now. On the other hand, as can be
seen from Fig. 14, the four-component model pro-
vides an excellent "t to the experimental data. In

accordance with the results obtained for a-Fe, the
two longest components may easily be explained as
those belonging to the contribution of mylar foils
and the source material. The remaining two com-
ponents with the shortest lifetimes thus have to be
associated with positrons annihilating in the RPV
steel. In fact, due to the complex structure of the
steel material, the positron-lifetime spectrum is ex-
pected to contain more than two components.
A detailed interpretation of the shape of the spec-
trum is, however, out of the scope of the present
paper and we shall con"ne ourselves to a simpli"ed
approach assuming that the shorter component
belongs to the annihilation of the delocalized posit-
rons, while the longer one is attributed to the anni-
hilation of positrons trapped at defect sites.

The results obtained with the RPV-steel and the
well-annealed a-Fe are compared in detail in
Table 2. The meaning of some of the quantities
shown in Table 2 is speci"ed in Section 5.2. Quant-
ities related to the trapped positrons within the
above-outlined simpli"ed picture are labeled by
subscript t. The quantity q

!7
stands for the average

lifetime, i.e. q
!7
"(I

&
q
&
#I

5
q
5
)/(I

&
#I

5
). The lifetime

q
5

observed in the RPV steel (Table 2) agrees
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reasonably well with the experimental values of
K 150 ps reported earlier [25] for RPV steels of
similar composition. As mentioned in Section 3.3,
in the middle of 1997 the degradation of PMT gain
and the timing resolution due to the ageing of the
dynode systems was compensated for. The columns
of the table, labeled as `May 1997a and `November
1997a, illustrate quantitative di!erence between the
timing resolution of the spectrometer before and
after this remedy. Looking at the data in Table 2
from May 1997, it is evident that the three- and
four-component "ts to the a-Fe and RPV-steel
data, respectively, lead to mutually compatible
values of parameters for the timing response func-
tion. The close quantitative agreement between the
two sets of data on the response function is evident
also from measurements with a-Fe and RPV-steel
samples after the improvement of timing resolution
in November 1997. In connection with this it is to
be noted that quantities w

1
, w

2
and d

1,2
were

always treated as free parameters. Bearing in mind
the four-component "ts of the RPV data, it is evi-
dent from Table 2 that two sets of measurements
that di!er in the spectrometer's resolution power
lead to mutually consistent lifetime values and in-
tensities of the individual positron groups. This
kind of mutual agreement is also observed in the
case of a-Fe. At the same time the degree of accord-
ance between the experimental and modelled de-
layed-coincidence spectra is characterized by
almost ideal values of s2/l for a broad range of the
time scale, including the leading edge of the `truea
delayed-coincidence signal. Taking into account
the relatively high numbers of recorded events of
annihilation, these conclusions represent another
piece of indirect evidence in favour of the accuracy
of the adopted model for the spectrometer's re-
sponse function and the absence of parasite struc-
tures in the delayed-coincidence spectra.

6. Experience with long-term exploitation of the
Spectrometer

6.1. The use of high-voltage dividers I}III

Our testing of a provisional version of the spec-
trometer led us to guess that to get the maximum

timing resolution it was important to apply max-
imum voltages between the photocathode and the
"rst dynode D1, between D1 and D2 and possibly
between D2 and D3. This "nding has been taken
into account in the design of all the HV dividers
reported in this paper. The justi"cation of these
increased voltages can easily be understood if the
relative variance of the number of emitted second-
ary electrons decreases with their increasing aver-
age.

As is evident from Fig. 15, the use of the HV
divider I resulted in an excellent initial timing res-
olution, represented by a FWHM of 142 ps, as
deduced from standard testing measurements with
a-Fe. Unfortunately, the resolution of the spec-
trometer turned out to be subject to gradual
worsening. Besides that, we observed a drastic sys-
tematic decrease of the sizes of slow signals from
both photomultipliers. Though the use of modi"ed
HV dividers II and III slightly in#uenced the rate of
worsening of the timing resolution, as well as the
decrease of slow signals, it became evident that
these dividers did not bring a radical solution of the
problem. In fact, as can be seen from Fig. 15, any of
the dividers I}III combined with the photomultip-
liers of later production (ser. Nos. 40423 and 40436)
were not acceptable, as they guaranteed a life span
of the spectrometer which could only be measured
in months, rather than in years.

Comparison between the rates of degradation,
apparent in Fig. 15, provides some guidelines for
better understanding the nature of the observed
e!ects. If the systematic decrease of the PMT sig-
nals were connected exclusively with a degradation
of the photocathode quantum e$ciency, one would
have observed a much larger degradation of the
timing resolution. Indeed, assuming the N~1@2

1%
law,

in the case of divider I the observed increase of the
FWHM from 148 to 159 ps would have been ac-
companied with a decrease of the slow signal char-
acterized by a factor of 0.87, and not K0.62 or
K0.68, as it was actually observed for a given pair
of PMTs. This discrepancy, and also the fact that
the rate of decrease of the slow signal apparently
depended on the voltage distribution along the
dynode chain, led us to surmise that the primary
source of di$culties with timing resolution was
a gradual decrease of the PMT gain. Such
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Fig. 15. Timing resolution and sizes of slow output signals as
functions of time for the spectrometer for the cases of HV
dividers I}III

Fig. 16. The output from dynode D9 of PMT ser. No. 15553 as
a function of time for the case of divider IV (circles). Behaviour
of analogous output from a PMT of later production (ser. No.
40432), equipped with divider I, is shown for comparison (bro-
ken line).

degradation can be attributed to irreversible changes
of coe$cient of secondary electron emissions from
several of the last dynodes due to the long-lasting
exposure of dynodes to electron bombardment. If
the coe$cient of secondary emission changes, the
shapes of fast-output signals from dynodes D10 will
necessarily change too. Speci"cally, with lowering
this coe$cient the size of the leading negative part of
the fast signal increases relatively to that of the
positive part. As is evident from Section 3.3, in the
case of both detectors the fast signal is inverted
before it reaches the input of the CFDD, so that it is
the positive part of the original signal that is mainly
responsible for exciting the CFDD. Nevertheless, as
the resulting zero-crossing timing is also in#uenced
by the leading negative part of the original fast
signal, the changes in proportions of the positive and
negative parts alter the detector timing properties.

6.2. The use of high-voltage dividers IV

6.2.1. PMT gain
As an important step in upgrading the perfor-

mance of the spectrometer, the HV dividers IV were
installed and the PMTs of more recent production
were replaced by those produced before 1986 (see
Section 3.1). The data in Fig. 16 indicate that these
measures turned out to be successful, as they re-
duced the initial rate of systematic decrease of the
PMT gain. Moreover, for both detectors the ob-
served size of the signal from dynode D9 as a func-
tion of time displayed a very obvious tendency to
saturate. As a result, the overall decline of slow
signals we observed over the period of 4.3 yr is
represented by a factor not lower than 0.09. This
contrasts with the result of our extrapolation of
data in Figs. 16 and 17, according to which such an
attenuation would have been reached with dividers
I and the PMTs of more recent production sooner
than after 6 months. As far as fast signals are
concerned, with dividers IV after 4.3 yr of operating
the spectrometer they decreased by a factor of
K0.25, eventually becoming too small to excite the
CFDDs. This decrease is markedly lower than that
of the slow signals, which is a consequence of
saturation of the fast component of fast output sig-
nals due to the e!ects of space charge.
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Fig. 17. Timing resolution as a function of time for the spec-
trometer equipped with the HV dividers IV.

It seems plausible that the loss of ability of
a dynode to emit secondary electrons is propor-
tional to the product of the total number of pri-
mary electrons and some increasing function of
their kinetic energy. Accepting this possibility it
might appear that the achieved low rate of
degradation of the PMT gain is mainly due to a
strong suppression of the inter-dynode voltages at
the end of the dynode chain. However, closer
analysis suggests to our surprise that this expecta-
tion is justi"ed only for the gain of the last dynodes,
but not for the gain of the whole active dynode
system.

Let us consider the coe$cient of secondary emis-
sion q

i
from the ith dynode that is proportional to

the voltage ;
i
, applied between this dynode and

the preceding electrode, and also to a factor of
deterioration f

i
, i.e.

q
i
"a;

i
f
i
. (2)

Considering a pristine PMT, the constant of pro-
portionality a is common to all dynodes. For the
sake of simplicity let us further assume that

f
i
"1!it;

i
IM
i
. (3)

Here, i is another constant of proportionality,
IM
i
the average current of primary electrons to the

ith dynode and t the elapsed time. Expressing
IM
i
"IM

0
G

i~1
, where G

j
is the gain of the PMT at the

jth dynode and IM
0

the average photocathode cur-
rent, for small values of t the PMT gain at the nth
dynode is

G
n
"

n
<
i/1

a;
iA1!

itIM
0

a

i
<
j/1

a;
jB. (4)

Using this expression it can easily be shown that
the initial relative loss of the gain per unit of time is

A
1

G
n

dG
n

dt B
t/0

"!

IM
0
i

a

n
+
i/1

(G
i
)
t/0

. (5)

From this expression it is evident that for a "xed
value of G

n
the suppression of inter-dynode volt-

ages at the end of the dynode chain in fact enhances
the rate of the gain degradation. It is believed that
this qualitative conclusion is valid not only in
idealized conditions, but also in the case of the real
behaviour of quantities q

i
and f

i
. The suppressed

degradation of gain G
9

seen in Fig. 16 for the combi-
nation of the PMT of older production with the HV
divider IV thus seems to be a result of the extremely
good quality of dynode surfaces of the PMT used,
not a result of the changed inter-dynode voltages.

6.2.2. The timing resolution
The most important outcome of the combination

of dividers IV with the older PMTs is the radical
solution to the above-mentioned problem of timing
resolution, which is apparent from Fig. 17. The
lowered inter-dynode voltages, provided by these
dividers, lead to low secondary emissions from the
last dynodes. As a consequence, the absolute values
of integrals over the positive and negative parts of
the fast signal are almost the same, see Fig. 7. Since
the front edge of the leading negative part of each
such signal is out of the reach of the positive part,
the changes of the coe$cients of secondary emis-
sion q

i
from the last dynodes should not have any

direct impact on the timing resolution power of the
spectrometer, not mentioning that these changes
are small. This is evidently not the case with divid-
ers I}III. However, the systematic deterioration of
overall PMT gain G

10
at dynodes D10 still brings
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some di$culties. Speci"cally, in view of the decreas-
ing role of saturation due to the space-charge ef-
fects, the shape of the negative part of the fast signal
inevitably changes. In addition, these signals be-
come too small to be processed by the CFDDs
without some in#uence of a non-negligible level of
electronic noise. For these reasons, if operation
conditions remain unchanged, the value of the
FWHM will systematically increase with the e!ec-
tive time of running the spectrometer. Nevertheless,
as can be seen from Fig. 17, this crucial quantity
was found to be still stable enough within a period
of 4.3 yr without the need for a remedy. It is
interesting to note that in the case of dividers I and
PMTs of newer production the rate of worsening of
the timing resolution is higher by a factor of 20, see
Figs. 16 and 18.

6.3. Compensating the ewects of ageing

During an almost continuous exploitation of the
spectrometer lasting more than "ve years several
compensation measures were undertaken to im-
prove the otherwise slowly worsening timing res-
olution. As is evident from Fig. 17, a remarkable
lowering of the value of the FWHM, characterizing
this resolution, has been achieved by interchanging
the `starta and `stopa detectors. Referring to a note
in Section 4, this improvement was achieved thanks
to the use of a detector with better timing proper-
ties for the detection of 511 keV c rays. Also
mounting the Helmholtz compensating coils led to
some improvement in resolution. Unfortunately,
both these compensating measures for better res-
olution could be undertaken, in principle, only
once. On the other hand, provided that there exists
a link between the gradual loss of the fast signals
and the worsening of the timing resolution, as out-
lined in Section 6.2.2, the remedy can be repeatedly
achived by increasing the high voltage and/or the
gain of the high-frequency ampli"ers. With this
perspective the lifespan of the spectrometer seems
to be still far from expiry. From the data in Fig. 17
it is evident that the increase of the high voltage
from 2450 to 2500 V and the installation of two
single-chip 1.8 GHz ampli"ers with a gain of 11 dB
(see Section 3.3) restored the timing resolution
almost to its initial status.

6.4. Other relevant details

During the long-term exploitation of the spec-
trometer we found that the ageing process did not
a!ect the optimum rotation angles of the detectors.
Similarly, optimum voltage di!erences between
pairs of electrodes g1-K and D2-D1 also turned out
to be intact despite ageing. Our success in restoring
the timing resolution strongly indicates that no
degradation of quality of BaF

2
crystals or their

optical coupling with photocathodes took place
and that the quantum e$ciency of the photo-
cathodes of both PMTs used remained stable, not-
withstanding the fact that the detector system was
exposed to an environment strongly polluted by He
gas. It may be that the endurance of our system was
achieved owing to the fact that the BaF

2
crystal

and the PMT of each detector was encapsulated in
a carefully sealed common housing.

The data in Fig. 17 indicate that the use of
positron sources of lower activities leads to a slight-
ly better timing resolution. Speci"cally, the de-
crease of activity from its standard value of 1.3 to
0.5 MBq improved the resolution by about 2}3 ps.
This improvement can be accounted for by the
suppressed probability of a pile-up of the fast-out-
put signal originating from the 0.81 ns scintillation
component with the fast-output signals belonging
to the slow, approximately 1 ls component [13].
On the other hand, a small decline in timing
resolution, characterized by a 1}2 ps increase of
FWHM, was observed when we started to work in
the strobing regime with the c-ray energy sum. The
reason for this increase is not yet understood.

7. Concluding remarks

The described spectrometer was assembled al-
most exclusively from materials, components and
modules that were commercially available. Not-
withstanding this fact, the spectrometer's perfor-
mance, described in Sections 5 and 6.2, as well as by
its successful long-term behaviour, seems to con-
vincingly exceed current standards for similar
equipments. Its noteworthy features are as follows:
(i) the superior timing resolution, (ii) the simple
make-up of the response function, (iii) a virtual
absence of parasitic components and distortions in
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the measured delayed-coincidence spectra, even
under conditions when the overall number of re-
corded events exceeds 107, and (iv) a fully acceptable
throughput, especially in the mode of operation of
strobing by the c-ray energy sum. In our experience
the most crucial measures that lead to the achieved
performance of the spectrometer are:

f high-quality PMTs are used (see Section 3.1),
f the PMT with the best timing properties is em-

ployed for detection of the 511 keV c rays (Sec-
tions 4 and 6.3),

f the dynode timing derived from the negative,
`anode-likea component of the PMT fast signal
is used (Section 3.2),

f an increased HV is applied at the beginning of
the dynode chains, while the inter-dynode volt-
ages at the last stages of the chains are lowered
(Section 3.2),

f BaF
2

crystals are protected against moisture
(Section 3.1),

f the choosen detector}source geometry reduces
the simultaneous detection of two 511 keV c rays
(Section 4),

f angular positions of PMTs are carefully opti-
mized (Section 4), and

f high-frequency, single-chip preampli"ers are
used to enhance PMT fast signals (Section 3.3).

We believe that our reported timing resolution is
still not the utmost limit for a given class of de-
tectors, formed by BaF

2
scintillators and Philips

XP2020/Q PMTs. Referring to the discussion in
Section 4 it seems that with PMTs of qualities close
to those of the PMT in our stop detector a value of
FWHM lower than 130 ps can be reached.
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