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A B S T R A C T

CdZnTe (CZT) detectors have been used in the past and are being actively considered for future gamma-ray
space telescopes. One of the challenges of operating CZT detectors in low Earth orbit is radiation damage
caused by energetic protons. Previous studies concluded that fluences of 108 -109 p/cm2 are sufficient to
cause shifting of peak positions and degradations of energy resolution. Degradation of detectors after proton
irradiation has been extensively investigated to determine their radiation resistance limits and performance
recovering procedures for their applications in space and nuclear nonproliferation. Here we present the study
of radiation effects induced by 100 MeV protons in 3-cm long CdZnTe detectors that we recently proposed for
the gamma-ray telescope GECCO. The goal of this study is to evaluate the feasibility of using such long CZT
detectors in future space missions.
. Introduction

Over the past decade, CdZnTe (CZT) gamma-ray detectors have
een increasingly used in a broad area of applications including space,
edical imaging, and nuclear nonproliferation with a growing trend

f employing thicker and bigger detectors with extended energy range
nd ability to accurately measure the location of interaction points.
or practical applications, the thickness of the CZT detectors is always
tradeoff between required performance and cost/availability of CZT

rystals. In the past, CZT detectors with thickness of a few millimeters
ere the only option for making gamma-ray space telescopes. Today,
igh-quality CZT crystals with thicknesses up to several centimeters can
e obtained from commercial suppliers.

Arrays of the bar-shaped CZT detectors with thickness up to 35 mm
nd cross-sections up to 10 × 10 mm2 have been considered for
wo future gamma-ray telescopes: AMEGO [1] and GECCO [2]. Such
ars, configurated as position-sensitive virtual Frisch-grid (or capacitive
risch-grid) detectors, offer an economical way of integrating large
ffective area detecting planes for coded aperture or Compton tele-
copes, which opens an opportunity for developing new telescopes for
easuring galactic gamma rays in the MeV energy range—the least

xplored energy band today [3]. A potential challenge of using such
etectors is long electron collection times, up to 3 μs, which may result

∗ Corresponding author.
E-mail address: bolotnik@bnl.gov (A. Bolotnikov).

in polarization effects, particularly in the presence of large radiation
backgrounds in space.

Satellites operating in a Low Earth Orbit (LEO) pass daily through
the South Atlantic Anomaly radiation belt where the onboard instru-
ments are exposed to high fluxes of highly-ionizing non-relativistic
protons. The cumulative effect over years of operation degrades the
detector performance and causes nuclear line activations [4–10]. The
equatorial low-Earth orbits help to minimize these effects but cannot
eliminate them. The models (we refer here to the most recent re-
view [10]), predict that the total proton fluence, which depends on the
orbit’s inclination and altitude, are of ∼2 × 109 p/cm2/year.

Performance degradations of CZT detectors after exposure to high
fluxes of radiation have been extensively investigated to determine
their tolerance limits to different types of radiation in instruments used
in a variety of fields, including space and nuclear nonproliferation. For
example, the early measurements, summarized in [5,6], indicated that
detectors exposure to 1012 p/cm2 1.3 MeV protons caused significant
increases of leakage currents, while gradual peak shifts and energy
resolution degradation following 200 MeV proton irradiation were
observed starting at ∼108p/cm2. The comprehensive studies of CZT and
CdTe detector activation in LEO including measurements of the proton
induced gamma-ray lines were carried out by several groups, e.g., [7,8].
Spectral degradation of 2-mm detectors was observed in [8] after an
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Fig. 1. (a) Test box with detectors and readout electronics installed inside the target room; (b) 4 8 × 8 × 32 mm3 detectors mounted on the fanout board; (c) positions of the
etectors with respect to the beam.
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ccumulated proton fluence of 4.5 × 1010 p/cm2, while for the ∼1 mm
dTe detectors no degradation was found up to the maximum fluence
f 2.5 × 109 p/cm2 used in these measurements.

CZT detectors have been successfully flown in a number space
issions, and the radiation-related effects induced by cosmic radia-

ion have been rigorously investigated. However, the thicknesses of
he detectors used in previous experiments were limited by several
illimeters, while the long CZT detectors are expected to be more

usceptible to polarization effects and radiation damage, caused by the
rapped protons in low Earth orbits.

Here, we present studies of the radiation effects in 8x8x32 mm3

dZnTe detectors, carried out at the NASA Space Radiation Labora-
ory employing the high-energy proton beam extracted from the BNL
ccelerator.

. Experimental

The measurements were carried out at the NASA Space Radiation
aboratory (NSRL) established to provide charged particle beams for
pace radiation research [11]. We employed the proton beam with
nergies of 100 and 150 MeV to irradiate 4 8 × 8 × 32 mm3 CZT
etectors. The beam aperture of 4 × 5 cm2 is defined by thick tung-
ten blocks to minimize exposure of the readout system’s mechanical
omponents. Fig. 1(a) shows a picture of the aluminum test box,
ousing the detectors and electronics, mounted with the proton beam
ntering the detectors from the right side. It also shows the tungsten
locks (on the right from the test box) and gas ionization chamber for
onitoring proton rates. The proton beam irradiated all the volume of

he detectors. The time beam profile has a period of 4 s with protons
niformly distributed in time during a ∼4 s spill, followed by a ∼3.6 s
eam-off time. The maximum beam intensity is ∼1011 protons per spill.

.1. CZT detectors and readout electronics

For these studies, we fabricated 4 virtual Frisch-grid detectors using
x8x32 mm3 CZT crystals acquired from Redlen [12]. The detectors
ere mounted vertically on the fanout board by gently pressing them

rom the top with the cathode board as illustrated in Fig. 1(b). The
etector positions with respect to the proton beam are schematically
hown in Fig. 1(c). The analog frontend AVG ASIC [13] was bonded
o the opposite side of the fanout board that also had two multi-
in connectors. The cathode board carried a decoupling capacitor to
ead signals from the detector cathodes which were interconnected
ogether via the cathode board. The whole assembly was plugged into
he readout motherboard inside the aluminum enclosure with USB and
ower cables. For each interaction event, the readout ASIC captured

he anode and cathode signal amplitudes and sent them for off-line

2

nalysis. The cathode signals were used to measure locations of inter-
ction sites along the detector length and apply the interaction depths
orrections. The detectors and readout electronics were calibrated using
n uncollimated 137Cs source after installing the system in the beam
ight before the measurements. The calibration included finding the
aselines and dependencies of the anode amplitudes on the cathode
o anode ratios (A vs. C/A) required for the interaction depth (1D)
orrections. The detectors were biases at 3700 V, which corresponded
3.3 μs drift time in 32 mm long CZT detectors. The ASIC amplifiers
eaking time was selected to be 3.5 μs.

For the electron lifetime measurements before and after detector
xposure, we used a different readout approach based on sampling
f the charge signals captured with the hybrid 1-ms decay time eV-
reamplifiers [13,14]. The waveforms sampling allowed us to accu-
ately measure the dependence of the collected charge on the drift time
or the events interacting near the cathode at different biases. The later
onditions are important to minimize the effect of the holes. Fitting
hese dependences allowed us to estimate the electron life times.

.2. Experimental procedure

The measurements were conducted in two days. In the first day,
e used 150-MeV protons fluxes like those expected in LEO, to inves-

igate the potential polarization effects. The detector responses were
ontinuously monitored by measuring the 511-keV background line
nd gamma rays from a 137Cs source placed on the top of the test
ox. Every 30 min the intensity of the beam was increased, however
he total accumulated fluence was kept below the level at which the
esponse degradations due to radiation damage are expected. At these
onditions, photopeak shifts would indicate the polarization effect that
ould be also verified by shutting down the proton beam and observing
he recovery of the peak positions.

It is important to mentioned that we calibrated the detectors in the
eginning of each day (before the irradiations) and used the same cal-
bration parameters (gains, and A vs. A/C curves) to plot the acquired
pectra.

During the second day, we employed 100-MeV protons with much
igher fluxes to investigate detector response degradations caused by
adiation. Before taking measurements, we remeasured the initial peak
ositions using the 662-keV photons for the 137Cs source. The detectors
ere irradiated for 15 min followed by ∼15 min cooldown during
hich we monitored the detector responses by measuring the pulse-
eight spectra using the 511 and 662-keV lines. Using NIST tables,
e estimated that a 100-MeV proton deposits energy of ∼22 MeV in

the front two bars and ∼28 MeV in the shielded bars, as shown in
Fig. 1(c). The deposited charges saturated the readout electronics for

a spill duration plus some recovery time, but we still were able to
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Fig. 2. Initial 1D corrected spectra measured for all 4 detectors from 137Cs at the temperature of ∼23 degree C inside the target room before irradiation. All detectors show good
performance with energy resolutions of 1.3-1.5% (FWHM at 662 keV).
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measure the 511 and 662-keV photopeaks even during the irradiation.
Increasing the proton fluxes in each run, we eventually observed small
shifts of the peak positions, indicating a decrease of the electron
lifetime. After a total fluence of 4 × 107 p/cm2 or ∼108 protons per
detector, which is comparable to the fluences expected in equatorial
LEO over a 5-year mission, the photopeak positions shifted ∼2%. At
the end of the measurements, the detectors were irradiated for ∼30 min
using the maximum proton rate with a total fluence of ∼1010 p/cm2.
Our goal was to monitor the detector performance degradation in
real time. Unfortunately, during the measurements the readout system
stopped responding after ∼2 min of irradiation due to ASIC latching.
The readout system was not designed for remote power control. After
completing the irradiation and shutting down the beam, we entered the
target room and restarted the readout system, which started functioning
normally, however the detectors showed no responses.

Although the detectors became activated, their internal
backgrounds after 2 weeks of cool-down became acceptably low to
continue our studies. After removing the detectors from the test box,
we measured the internal background spectra using a high-purity Ge
detector (ORTEC Solid-State Photon Detector, GEM30P4-83) and with
CZT detectors themselves after annealing was carried out to recover
their performance. During the following months, we were monitoring
detector responses and measured a reduction in their internal back-
grounds. After a year, the internal background was practically invisible
in comparison to the natural background in the lab.

We carried out 2 annealing runs in dry conditions at 65 and 80
degree C for 3 weeks each run without removing detectors from the
fanout board. After each annealing, the detectors were plugged back
into the readout system and continuously tested for several months. In
∼10 months we repeated the second annealing at 80 degree C for 3
weeks and observed further improvement of the detector responses.

3. Results and discussions

The detectors were characterized before the proton exposure with
the final calibrations done inside the target room. Fig. 2 shows the
pulse-height spectra measured from all the detectors using the uncolli-
mated 137Cs source at the temperature of ∼23 degree C inside the target
room. Three detectors out of four showed exceptional performance
with energy resolutions of 1.3-1.5% (FWHM at 662 keV) after 1D
corrections and 3%–4% before corrections. The fourth detector had a
higher background in the Compton continuum region and lower peak to
Compton edge ratio, likely due to the sub-grain boundary that effected
uniformity of the charge collection in the crystal. This detector would
not be used in practical instruments, but it is well suitable for these
studies. The low energy lines from the activation background in the
target room, along with the 511-keV line, are seen in the spectra. The
electron lifetime measured for these detectors using the waveforms
sampling readout [12,13] were found to be 80, 81, 78, and 60 μs,
respectively. The initial correction parameters were used to plot the
spectra after irradiation.
3

Fig. 3. A photograph of the oscilloscope’s screen with a bright curve representing of
the overlapping signals generated by 137Cs gamma rays and proton spills. As seen, the
readout electronic is saturated when the beam is ‘‘on’’ and when the beam is ‘‘off’’,
detector can continue capturing the 137Cs signals. The individual gamma-ray interaction
events (faded vertical lines) are seen between the proton spills. The time scale is 1 s.

We continuously monitored output signals coming from the detec-
tors with an oscilloscope. As an example, Fig. 3 shows a photograph of
the oscilloscope’s screen with the bright curve representing overlapping
baselines of the signals generated by the 137Cs gamma rays. During the
pills, proton events saturated the readout electronics with the baseline
oing up in the screen. At the end of the spill, the baseline moved
elow its original position before a full recovery. Individual pulses from
amma ray interactions are seen as vertical lines between the proton
pills, which means that we could monitor the photopeak positional
hifts in the pulse-height spectra during the irradiation runs. As the
umber of protons per spill increased it took longer for the readout
ystem to recover, while the normal baseline position time intervals
ecame shorter. Effectively, it increased the system dead time. But even
t the highest rate used in these measurements (3 × 107 p/cm2/spill),
e were able to distinguish the photopeaks in the pulse height-spectra.
imilar system behavior would be expected when a satellite passes
hrough the South Atlantic Anomaly.

.1. Low-flux measurements

We used the 150 MeV protons with fluxes up to 160 p/cm2/s to
nvestigate polarization effects in 3-cm thick CZT detectors that may
ccur when the detectors operate in LEO with typical proton fluxes
f ∼2 p/cm2/s. Each 160-MeV proton crossing a CZT bar deposited
20 MeV energy and saturated the readout electronics, but still, no
olarization was observed in our detectors up to a maximum flux of
60 p/cm2/s. Fig. 4 shows relative 662-keV peak positions evaluated

for all four detectors at different proton fluxes. The spectra were
collected during the proton irradiations. These results demonstrated



A. Bolotnikov, G. Carini, M. Chekhlov et al. Nuclear Inst. and Methods in Physics Research, A 1039 (2022) 166927

a

d
D

t
w
f

3

t
3
d
e
o
t
w
s
u
b
b
T
p
o

Fig. 4. Relative 662-keV photopeak positions evaluated for 3-cm drift CZT detectors
t different proton fluxes. The spectra were collected during the proton irradiations.

Fig. 5. Detector response degradations of the 3-cm drift CZT detectors due to radiation
amage caused by 100 MeV protons. Detectors 1 and 2, which were behind the front
etectors 3 and 4, exhibit stronger radiation damage.

hat 3-cm drift CZT detectors will not suffer from polarization effects
hile operating in LEO. This was previously concluded by other teams

or thinner CZT detectors [6,7].

.2. High flux measurements

Here, we studied the detector response degradation due to radia-
ion damage by irradiating the detectors with 100-MeV protons. Each
0 min irradiation run was followed by a 30 min cool-down time
uring which we collected spectra from the 137Cs check source and
xternal activation 511-keV line. No changes in peak positions were
bserved up to a fluence of 106 p/cm2. While continuing to increase
he proton exposure up to 4 × 107 p/cm2 or ∼108 protons per detector,
e observed small (<2%) shifts in the peak positions, indicating a

mall decrease of the electron lifetime (Fig. 5), which can be corrected
sing in orbit calibrations. As seen, detectors 1 and 2, which were
ehind the front detectors 3 and 4, exhibit stronger radiation damage
ecause 100 MeV protons deposited more energy in the back detectors.
he measurements reported in [7,8] also demonstrate that there are
ractically no changes of the electron lifetimes up to a proton fluence

8 2
f 10 p/cm —such doses are expected for a 5-year mission.

4

Fig. 6. shows pulse-height spectra measured inside the target room
after the detectors received a proton fluence of 107 p/cm2. The spectra
were collected between two irradiation runs for 15 min. Most of the
lines seen in the spectra are from the external activation, i.e., high Z
materials surrounding the test box. The internally activated background
in CZT contributes to the low energies below 200 keV.

At the end of the measurements, we exposed the detectors to an
extremely high proton flux for ∼30 min with a total fluence of 9 × 109

p/cm2. Since the readout electronics stopped responding after 2 min of
irradiation, we were unable to monitor the detector responses during
the run. After completing the irradiation and shutting the beam down
we restarted the readout system which continued to operate nor-
mally. Unfortunately, the detectors suffered from radiation damage and
showed no signals above the noise level, which remained unchanged.
We did not take I-V measurements after irradiation but, based on the
electronic noise, we could conclude that the leakage current has not
changed. The initial leakage currents measured for these detectors were
<10 nA at 3700 V. The signals disappearance can be entirely attributed
to decay of the CZT electron lifetime.

3.3. Induced activation

The activation background was measured during the irradiation
inside the target room and after using the detectors themselves and a
LN cooled GMX series coaxial HPGe detector. Fig. 7 shows the pulse-
height spectra measured with one of the CZT detectors before and
during proton irradiations and after 2 weeks of cool-down. Spectrum
1 was taken inside the target room before irradiation. The only peak
seen in this spectrum is the 511-keV gamma line from the external
background inside the target room. Spectra 2 and 3 were collected
between exposing the detectors to the fluences of 1.2 × 107 and
3.9 × 107 p/cm2, respectively. Spectrum 4 was acquired after exposure
to the total fluence of 9 × 109 p/cm2. The latter spectrum was taken 2
months after the irradiation. During that time, we carried out 2 runs of
annealing to fully recover the detector performances. For comparison,
Fig. 7 also shows the spectrum measured with the HPGe detector 2
weeks after irradiation. Some lines, seen in HPGe spectrum, became
almost invisible in spectrum 4 measured 2 months later, because of
the short-lived radionuclides decay. Conversely, the internal conversion
electron lines in spectrum 4 are not seen in HPGe spectrum.

3.4. Detectors annealing

Following recipes described in [15–17], we annealed the detectors
in a dry air environment to recover their performance. First, we an-
nealed detectors for 3 weeks at the temperature of 65 degree C that
had no effect on recovering the detector responses. After the 2 weeks
annealing at 80 degree C (the temperature recommended by other
researchers), the detectors recovered and showed the same energy
resolution (after the interaction depth corrections) as before. However,
the measured electron lifetimes were 58, 54, 58, and 49 μs, which
is ∼50%–60% of the original values. Fig. 8 shows the pulse-height
spectra from 137Cs after the annealing. To emphasize that the detector
performances were not fully recovered we used the initial calibration
parameters (before irradiation) to plot these spectra. As seen, the peak
positions are left shifted by ∼20 channels. Additional low-energy lines
are due to internal activation.

The spectra in Fig. 8 were collected for over 2 months without
interruptions while the detectors were continuously biased at 3700
V. The purpose of these measurements was to demonstrate the long-
term detector stability after annealing, particularly the absence of the
polarization reported by some groups. No shifts in the peak positions,
which would indicate the polarization effect, were observed after 2
month of continuous data acquisition. Slight increases of the peak
widths are due to small temperature variations with ∼5 degree C in

our lab.
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Fig. 6. Pulse-height spectra measured inside the target room after the detectors received a proton fluence of 107 p/cm2. The majority of the gamma lines seen in the spectra are
from external activation of the materials inside the target room.
Fig. 7. The pulse-height spectra measured with one of the CZT detectors before and during proton irradiations, and after 2 weeks of the detectors cooling-down. Spectrum 1 was
taken inside the target room before irradiation. The only peak seen in this spectrum is the 511-keV gamma line from the external background inside the target room. Spectra 2
and 3 were collected between exposing the detectors to fluences of 1.2 × 107 and 3.9 × 107 p/cm2, correspondently. Spectrum 4 was acquired after exposure to the total fluence
f 9 × 109 p/cm2. The latter spectrum was taken ∼2 months after the irradiation. The spectrum measured with the HPGe detector 2 weeks after irradiation is also shown.
Fig. 8. The pulse-height spectra from 137Cs after annealing. To emphasize that the detector performances were not fully recovered we used the initial calibration parameters (before
rradiation) to plot these spectra. Additional low-energy lines are due to internal activation. We note the 20–30 channel shifts in the 137Cs photopeak positions in comparison to

the original spectra shown in Fig. 2.
After completing these measurements, the detectors were stored in
a dry air environment and remained unused for a year. After a year,
we retested the detectors (to verify that nothing changed in their per-
formance) and carried out the third 2-week annealing which resulted
in full recovery of the detector electron lifetimes and improving their
performances. The measured electron lifetimes were 84, 77, 83, and 71
μs. We did not observe any activation lines in the pulse-height spectra.
Also, we noticed reductions in leakage currents and electronic noises,
particularly at high voltages. As an example, Fig. 9 shows 137Cs spectra
measured after the second annealing.
5

4. Conclusions

We have investigated the feasibility of using arrays of long-drift
large-volume CZT detectors in space telescopes operating in low Earth
orbits. We employed the proton beam at the NASA Space Radiation Lab-
oratory with energies of 100 and 150 MeV to irradiate 4 8x8x32 mm3

detectors. No polarization effects were observed as the detectors were
irradiated by protons with fluxes up to 160 p/cm2/s for several hours.
We observed small (<2%) shifts of the peak positions after proton
exposure up to 4 × 107 p/cm2 due to radiation damage, which can
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Fig. 9. 1D corrected 137Cs spectra measured after the third annealing. The energy resolution was found to be in the range 1.2–1.4% FWHM at 662 keV and the interaction depth
orrection.
e corrected using in orbit calibrations. Such a radiation dose could be
xpected during a 5-year mission. The detectors stopped responding to
amma radiation completely after receiving the extremely high dose
f ∼1010 p/cm2. However, after two annealing cycles (at 80 degree C
or 3 weeks) their performances were fully recovered. We are planning
o investigate in the future if the performance recovery level has been
eached in shorter time.

The internal background of the activated CZT detectors poses an-
ther problem affecting the sensitivity of space telescopes. We mea-
ured the activation spectra in CZT detectors after exposure to different
roton fluences, up to 1010 p/cm2. Most of the observed gamma ray

lines were from the short-lived radionuclide decays. These lines became
practically invisible after 10 months after exposure. We are planning a
more systematic study of large-volume CZT detector activation using
both protons and neutrons to assess the potential radiation induced
effects in LEO and response recovery steps.
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