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Abstract In the field of Perturbed Angular Correlation (PAC) measurements Avalanche
Photo Diodes (APD) are rarely used, despite their favourable properties for fast counting
purposes at low energies. This work demonstrates their application in combination with a
simple and cheap custom build voltage sensitive preamplifier module. Using the PAC nuclei
83Rb(33Kr) and 33™Kr(33Kr), the time resolution of the set-up is analysed and the feasibility
of precise timing measurements is shown.

Keywords PAC - Perturbed angular correlation - 83Rb - 83™Kr - APD - Avalanche photo
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1 Introduction

In the last two decades, Avalanche Photo Diodes (APD) have become more common in
experiments that involve the detection of low energy y radiation and particles. The develop-
ment of large-area devices with active areas as big as (10 x 10) mm? available off the shelf
have greatly increased the experimental possibilities. Low energy quanta can be detected
directly, whereas scintillation crystals extend the application range to hundreds of keV for
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Fig.1 A simplified decay scheme of 83Rb taken from [3]. Both possible cascades, the y-y and the e™-y are
shown in red

y radiation, all with good energy resolution [1]. Windowless APDs can be used to detect
charged particles like conversion electrons directly with a high detection probability as well.

Furthermore, if used with an appropriate pre-amplifier, APDs show good timing prop-
erties. Depending on the active layer thickness and area, the time resolution can be in the
range of some hundreds of ps [2]. The dead times of these detectors can be optimized to be
in the ns regime, making them ideal candidates for fast counting applications.

Despite these favourable properties, APDs have rarely been used in the field of Per-
turbed Angular Correlation (PAC) measurements. Their application as low energy y and
conversion electron detector is discussed for the nuclei 33Rb(33Kr) and 83™Kr(33Kr).

The radionuclide 3>Rb decays via an electron capture process with a half-life of 2=
86.2(1) d [3]. This decay populates two cascades that pass through the same intermediate
9.4 keV level with 7/2+ nuclear spin, a half-life of 155.1(12) ns [3] and a quadrupole
moment of O = 507(3) mb [4]. The first is a y-y cascade consisting of a 553 keV and a
9.4 keV y with an anisotropy coefficient of Ay, = 0.06. The second one is an e -y cascade
with the 17.8 keV K conversion electron of the 32.2 keV transition as start and the 9.4 keV
y as stop. Its anisotropy coefficient is A»» = —0.14. A simplified decay scheme with all
relevant transitions and both cascades highlighted can be found in Fig. 1. Both cascades are
good candidates for the application of the PAC method and can be measured simultaneously.

In contrast to the initial level’s half-life of the first 33Rb (33Kr) cascade of 6.2(21) ps
[3], the initial level of the second 83Rb (33™Kr) cascade is the isomeric 83™Kr level with
a half-life of #;,, = 1.83(2) h [3]. In the former case, the quadrupole interaction happens
immediately after the decay of the parent and thus on the lattice site where 83Rb was incor-
porated after ion-implantation or an optional thermal treatment is examined. In the latter
case, there is considerable time for interactions between probe nucleus and its environment.
For instance, the noble gas 33™Kr may undergo diffusion processes during the half-life of
the isomeric state. Hence, the interaction occurs on the lattice site of 83™Kr.

@ Springer



Hyperfine Interact (2016) 237: 154 Page3of 7 154

Fig. 2 The quantum efficacy for 100
the C30703FH-200T APD as
provided by Excelitas. The value i 30
for 9.4 keV y radiation is -
highlighted >
§ 60
=
o
g 40
=
g
5 20 F g
)
O 1 1 1 1 1 1 1

2 4 6 8 10 12 14 16
v quantum energy E in keV

2 Experimental details

To perform PAC measurements, the C30703FH-200T! reach-through APDs from Excelitas?
are especially suited. These windowless devices with an active area of (10 x 10) mm? feature
a 200 um thick active layer, providing high quantum efficacies for the detection of low
energy y quanta, see Fig. 2. For 83Rb(®3Kr) and 33™Kr(®3Kr), the relevant 9.4 keV y line
and the 17.8 keV conversion electron are detected with a probability of roughly 84 % and
100 %, respectively. The signal rise time of this detector is specified as 5 ns.

To make use of the fast signals that APDs can provide, an appropriate amplifier has to be
used. A design of a high-bandwidth (< 1 GHz) voltage sensitive amplifier is given by Baron
et al. [5]. However, the cited design is meant to be used at count rates exceeding 10 MHz
and with detectors having thinner active layers and thus producing signals with rise times
much shorter than the C30703FH-200T in question. For the purpose of PAC measurements,
areduction in bandwidth is facilitating the design of the circuit board without any drawbacks
for the experiments.

The voltage sensitive preamplifier presented here is influenced by Baron et al. [5] and
Flaxer [6] and consists of one MARG6+ input stage that is followed by two operation
amplifiers that allow for an amplification adjustment. A circuit diagram is shown in Fig. 3.

The preamplifier is operated at a voltage gain of approximately 2000 and its bandwidth
is in the range of 150 MHz, sample oscilloscope traces recorded using two detectors with
different active layer thickness can be found in Fig. 4.

In the energy spectrum, y quanta with energies above ~ 7keV have a tail towards lower
energies that is more pronounced for higher energies. This is caused by radiation penetrating
the avalanche region of the detector, causing incomplete charge carrier multiplication. This
makes the determination of the energy resolution difficult, as it will vary over the detectable
energy range. From recorded 83Rb spectra (see Fig. 5), the energy resolution is estimated to
be in the range of 20 % to 25 %. The lower detection threshold of this particular detector
preamplifier combination is around 4.5 keV.

For the first measurements with the nucleus 83Rb, a 100 um polycrystalline Be foil is ion
implanted [7] with an implantation energy of 4 keV at the BONIS (BONn Isotope Separator)
facility using activity produced as described by Vénos et al. [8]. In order to measure the

ITechnical data on C30703FH-200T taken from C30703FH Avalanche Photodiode Interim Datasheet,
Februar 2014 by Excelitas Technologies

2Formerly known as Perkin Elmer and EG&G
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Fig. 3 The amplifier circuit developed for PAC measurements. All resistors are thin film, only the 1 MQ is
a metal film resistor. All capacitors are of the COG type, filter capacitors are omitted. The total amplification
can be tuned using Rg; and Rf;
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Fig. 4 Typical oscilloscope traces produced with the present preamplifier module after the detection of a
12.6 keV X-ray. On the left side the output signal using a Excelitas C30703FH-200T detector as used for the
measurements is shown. The rise time is limited by the detector and is in agreement with the value stated
in the datasheet by Excelitas. On the right side, a signal produced with a much thinner APD, a Hamamatsu
S8664-1010 is shown. Compared to the result of Baron et al. [2], in this case the preamplifier module limits
the rise time

cascade involving 17.8 keV conversion electrons, the whole experiment has to be placed
in vacuum. The measurement set-up’s backbone is a DN100 ConFlat six way cross. The
vacuum pumps are connected from below, the sample is inserted from the top while four
detectors, one scintillation detector and three avalanche photo diodes point towards the set-
up’s centre from all four sides. The scintillation detector is a2” x 2” CsF crystal. It is placed
outside the vacuum in a hollow Al cylinder that is inserted into the six way cross from one
side allowing for a positioning close to the sample. The additional 2 mm thin Al wall does
not reduce the 553 keV y intensity significantly.

When measuring with the described detector set-up, four spectra are obtained at the same
time: a 90° and a 180° for both, the 553 keV-9.4 keV y-y and the 17.8 keV-9.4 keV e~ -y
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Fig. 5 Energy spectra recorded with the APD and preamplifier with and without plastic foil absorber.
The energy shift between both spectra is attributed to different intrinsic amplification of both diodes. The
statistical uncertainties are too small to be shown in the plot

cascade. The APD that is used for the 17.8 keV start conversion electron can not be used as
stop for the 553 keV-9.4 keV cascade. L, N and M conversion electrons from the 9.4 keV
transition are not distinguishable from the y line but are detected in the same detector.
Due to the particle parameter, the anisotropies of a cascade stopped with the y or with the
corresponding conversion electron differ. For the other two detectors, a thin plastic foil that
covers the APD’s active area prevents electrons from being detected, see Fig. 5.

3 Measurements

To prove a correct operation of the set-up, the half-life of the 9.4 keV intermediate level
is determined using both available cascades in the decay of 83Rb. All four coincidence
spectra that are measured simultaneously are shown in Fig. 6. The determined half-lifes
with fit uncertainties are 7}%%" = 155.9(3) ns, 7% = 156.2(3) ns, 7,%)" = 156.9(6) ns
and T]??; = 158.2(5) ns. All values agree with the literature value of 155.1(12) ns [3] if the
uncertainty of the time calibration of 1 % is included.

The time resolution of the whole set-up can be determined by measuring the linewidth of
simultaneous events in the time spectrum. The 83Rb decay provides such events for APD-
only operation as well as for a mixed operation with a scintillation detector and an APD.

After the electron capture process has taken place, when the 553 keV-9.4 keV cascade
is populated, a 12.6 keV X-ray is emitted. It is easily detected with the present set-up and
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Fig. 6 All recorded spectra, the top row shows e~ -y spectra, the lower row y-y spectra. The routing glitch
fort < 0in the 180° y-y spectrum has no influence on the measurement. Statistical uncertainties are smaller
than the data symbols
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Fig.7 The prompt curve for the 553 keV-9.4 keV y-y coincidence detected with a CsF scintillation detector
and an APD (right) and for the 17.8 keV-9.4 keV e~ -y coincidence detected just with APDs. The deviation
on the right side of the curve is due to the onset of the lifetime curve. Measurements uncertainties are smaller
than the points indicate

is the dominant line in the 33Rb spectrum, see Fig. 5. The cascade’s initial level has a half-
life of just 6.2(2.1) ps, thus the emission of the 553 keV y and the X-ray can be considered
simultaneous. The resulting spectrum and a Gaussian fit to the prompt line is shown in Fig. 7
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on the right side. For the combination of scintillation detector and APD, the time resolution
is 1.48(8) ns FWHM.

For the APD-only operation of the setup, the 17.8 keV conversion electron and the suc-
cessively emitted 12.6 keV X-ray can be used to determine the time resolution. A resulting
spectrum is shown in Fig. 7 on the left side. The width of the prompt curve is 1.55(8) ns
FWHM.

4 Conclusions

Using the nuclei BRb(®3Kr) and BMKr(®3Kr) it is shown that PAC measurements using
APDs and voltage sensitive amplifiers are feasible. An accurate measurement of the inter-
mediate level’s half-live is presented. With this small and simple set-up, a time resolution
of 1.6 ns FWHM for the whole fast-slow apparatus is reached. This value is well compara-
ble to the time resolution of a detector of type C30703 determined by Baron et al. [2]. The
set-up proposed can easily be used for experiments with y and conversion electron energies
as low as 4.5 keV.

Furthermore, the usability of the nuclei 83Rb(33Kr) and 33™Kr(33Kr) as PAC probes has
been shown.
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