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Figure 1: Schematic of the cross-strip CZT detector. The anodes are 100 microns wide, as is the steering electrode. The cathodes
are 450 microns wide. Both anodes and cathodes have a 500 micron pitch.

the intrinsic performance of CZT detectors. This position-sensitive CdZnTe detector has a unique electrodé y¥ometry

(see Figure 1). The narrow anodes and orthogonal, wide cathodes are tailored to the charge collection properties of electrons
and holes in CdZnP&™° An interleaved steering electrode has the same geometry as the anodes and is held at 10% lower
bias. This improves the anode charge collection efficiency and provides valuable depth of interaction (DOI) information. The
fine pixelation of the detector coupled with its sensitivity to DOI provides important information on the nature of the

radiation damage in CZT detectors.

2. RADIATION DAMAGE STUDY

Previously reported data regarding proton induced radiation damage in CZT detectors include results from 2 mm
and 3 mm thick planar detectors, a 3 mm thick 2 x 2 array of 3 x%pimeis detector by Hull et &f.and a review of several
published and unpublished experiments by Franks*at ain the Hull et al. experiment, peak shifts at 122 keV were
reported to be about 23% for 3 mm thick detectors (both planar and pixel) and about 12% for the 2 mm thick planar detectors
after exposure to 5 x 1@rotons/crhat 199 MeV. The energy resolution was also found to broaden for all detectors,
however the resolution degradation was much greater for the 3 mm thick detectors than the 2 mm detector. The implication
of this result is that radiation damage in CZT causes increased electron trapping. We have performed a similar experiment but
with a 2 mm thick cross-strip detector having %09 pitch, allowing us to probe the effects of radiation damage on a smaller
size-scale.

In May 1999, we began a radiation damage study of our 12 mm x 12 mm x 2 mm cross-strip CdZnTe detector,
manufactured by eV products, at the Indiana University Cyclotron Facility (IUCF). On this detector, both the anodes and the
cathodes have a 5@Q0n pitch. A 200 volt bias was applied to the detector for all data presented, and the detector was
operated at ambient temperature. We irradiated the detector with 189 MeV protons at a fluence’ pirtariicm We
have been regularly monitoring the effects of the radiation damage and the self-annealing recovery of the detector by
characterizing the detector’s performance with X-ray calibration sources. We present preliminary data on immediate
(30 days post) effects of radiation damage. More results from our ongoing study will be presented in a subsequent paper.

The ADC-to-energy calibration is a two-point fit based on the photopeak®42an source and the positively
offset pedestal (0 keV) of each strip. This simple calibration results in a slight offset of the 122 dg¥otopeak to a
typical value of 120.5 keV. Due to the limitations of the current electronics, we make a minimum energy requirement of
30 keV for the anodes and 11.5 keV for the cathodes for confident determination of interaction pixel. The data has also been
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Figure 2: >’Co Spectra of four central CZT pixels. Dotted line is pre-radiation data, solid line is post-radiation data. Notice that
although the photopeak position shifted to lower energy after the radiation damage, the energy resolution has not degraded.

filtered to discard multi-site events, which are those events with anode signals above threshold that are neither the primary
interaction anode nor the nearest neighbor anodes. Figure 2 shéi@otlealibration spectra of four individual pixels pre-

and 30 days-post proton radiation. The post-radm data have been scaled to the pre-radiation data so that the areas under
the curves in Figure 2 are equal. All 30 central p similar performance to those shown in Figure 2. After irradiation,

the photopeak position of each pixel has shifted to lower energy (Figure 2) by ~ 6% — 9%. These peak shifts are somewhat
less than those measured by Hull et al., but can be attributed to electron trapping as they have suggested. In Figure 3 we plo
a histogram of the photopeak position for each of the 30 central pixels for pre- and 30 days post-radiation exposure. Notice
that the pre-radiation anodes are tightly bunched in energy space, indicating laterally uniform charge collection throughout
the CZT crystal. However, the post-radiation anodes photopeak position histogram is loosely bunched in energy space,
indicating non-uniform damage in the detector on a scale ofi®00Thus, had this been a single element detector, the

energy resolution would appear to have degraded. Surprisingly, the energy resolution appears to have improved slightly after
irradiation, as is indicated by the fitted peak widths given in Figure 2.

The electrode geometry of the basic detector has been tailored to the propagation characteristics of electrons and
holes in CZT. The holes have poor mobility, typicijly ~ 15-50 criv's?, and short trapping lengths, typicdlly, ~ 1 mm.
Therefore we chose wide cathode electrodes (50 which yield a weighting potential that reaches deep into the detector,
improving charge collection efficiency, but still resulting in incomplete charge collection on the cathode. This incomplete
collection becomes worse as the interaction site occurs deeper in the detector. In contrast, electrons have gdod mobility

T Although this detector has 484 pixels, only 56 individual pixels were readout by the electronics due to a limited nuatertof re
channels. Of these 56 pixels, only the central 30 are considered so that nearest neighbor pixel effects can be studied.
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Figure 3: Histogram of photopeak position for all 30 central pixels analyzed. Notice not only the downshift in energy but also the
greater dispersion in peak position post-radiation
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(Me ~ 1000 criv’s™) and long trapping lengthé\. ~ 6 cm); hence we chose narrow anode electrodeguhf0vhose

weighting potential leads to most of the charge induction occurring near the anode. Consequently, the pre-radiation detector’s
anode signal is comparatively insensitive to DOI. The steering electrode improves localization of charge collection on the
anode and provides valuable DOI information. The DOI is also indicated by the ratio of the cathode to anode signal (C/A). A
large C/A indicates a shallow interaction, whereas a small C/A indicates a deep interaction. In a plot of C/A vs. anode signal
(Figure 4a), the anode shows a small charge deficit with deeper interactions and slight flattening of the response at small C/A
due to the effects of hole trapping.

After the detector was irradiated, the shape of the C/A vs. anode plot exhibited a significant change in shape (Figure
4b). The overall anode signal has decreased, however the magnitude of the decrease in collection efficiency is dependent on
the DOI. Notice that for deep interactions, which have short electron drift lengths, the anode signal is only slightlgdecrease
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Figure4: The ratio of the cathode to anode indicates the depth of interaction (DOI). Shown*f@cedalibration data.
(a) Pre-radiation.(b) Post-radiation. Notice after the radiation dgethe anode gnal dgpendence on the DOI is virtuglfemoved.
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Figure5: “Zeroth” order calculation of the electron trapping post-radiation for the central 30 pixels.

For shallow interactions, the anode signal is significantly reduced. We interpret this as an increase in the amoumt of electro
trapping caused by the proton irradiation. This roughly compensates for the DOI effemts bble collection on the anode
signal. This results in an improvement in the energy resolution prior to application of the DOI correction. Our interpretation
of improved energy resolution and decreased DOI sensitivity as indicators of increased electron trapping is consistent with
“tuned” electron trapping studies performed by Shor éf.alThey demonstrate a method for significantly improving
spectroscopic response in CdZnTe by optimizing the bias voltage and hence the amount of electron trapping.
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We can perform a “back of the envelope” calculation of the range of electron trapping lengths in the 30 central
pixels post-radiation. We have previously characterized the cross-strip deaectdne typical parameters are: electron
mobility, pe ~ 1000 crivV's™; trapping time1, ~ 6 us; and electric field, E = 1000 Vén The trapping length is defined as:
Ae = He Te E, which is ~ 6 cm for the pre-radiation cross-strip detector. The charge inducted on an electrode is thus given as:
. = Q exp{-d/ A}, where Q is the total number of electron-hole pairs created and d is the DOI. We can calculate the
fraction of charge induced post-radiation as compared to the pre-radiation detector for each of the central 30 pixels. A
histogram of the results is shown in Figure 5.

The spectrum for all 30 pixels added together is shown in Figure 6. The improvement in the photo-peak resulting
from energy corrections based on the specific geometry of the electrodes of the 'detdetapnstrated in Figure 6. For
both the pre- and post-radiation detector, adding nearest neighbor anodes (Figure 6b) with significant energy depositions
(= 10 keV) to the spectrum of the maximum anode signal (Figure 6a) improves the photo-peak efficiency. However,
corrections based on the D@uirther improve the photo-peak only for the pre-radiation detector (Figure 6c) because the
post-radiation detector anode signal has less dependence on DOI.

3. CURRENT WORK AND FUTURE PLANS

Our latest advance is a prototype detector that consists of a three dimensional position sensitive CdZnTe detector,
25 mm x 25 mm x 2 mm, with 1 mm pitch crossed strip electrodes yielding 625 pixels, an interleaved steering electrode, and
an Application Specific Integrated Circuit (ASIC) for individual electrode readout. The RENA readout system (Figure 7),
developed by NOVA R&D, Inc., is compact, lightweight, has low power consumption and will lead to reduced system
electronic noise. The RENA allows us, for the first time, to read out all strips individually on a significantly largstrgyoss-
detector than previously flown. The detector is surrounded by passive shielding and an active anti-coincidence system for
charged particles (Figure 8a), both of which have been optimized based on results from two previous ballbdh flikts
passive shield is 2 mm thick graded Lead-Tin-Copper, and the active shield is 1 cm thick scintillating plastic. We have
found, through modeling and balloon flight results of passive shielding, that the background level is minimized with 2 mm of
PbSnCu'. In regards to active shielding on a moderate to wide FOV instrument, such as HEXIS, little is gained by
increasing the shield sensitivity beyond charged particle rejéctihe 20° field of view (FOV) passive collimator has a
shutter that can be moved multiple times on or off the FOV during the flight. A calibration source will be periodically
positioned over the detector throughout the flight. The entire assembly will be housed in an aluminum pressure vessel
(Figure 8b). The first balloon flight test of this system is scheduled for Fall 2000 from Ft. Sumner, NM.



1000 - : Pretad ««eeee - .
I Interaction Anode P i
I Pre-rad Peak: 1204 keV i
800~ FWHM: 8.2keV T
i Post-rad Peak:  112.0keV ]
- FWHM: 80keV 1
600 — : -
.g i ]
Q - .
U = -
400 — -
200~ =
L rih E

0 = o -
1 1 =
1000 Plus Nearest Neighbors Jrorad ---o--- ]

L Pre-rad Peak:  120.5 keV
800~ FWHM: 8.5keV 7]

Post-rad Peak: 112.1keV
- FWHM: B86keV .

10001~ DOI corrected Pre:rad ........ -

L Pre-rad Peak: 120.3keV
800 |- FWHM:  65keV i —

Post-rad Peal:  112.1 keV i
L FWHM: 86keV i 1
600 | P

Counts

400 -

200 —

Energy (keV)

Figure6 (a) °'Co spectra for all 30 central pixels summed together in the pre-radiation (dotted) and post-radiation (solid) detector.
Notice the energy resolution has not significantly changed in comparison with the pre-radiation detector. The FWHM ofdahe pedes
(at 0 keV) is 5.7 keV and 6.6 keV, pre-radiation and post-radiation respectigglhe photopeak efficiency is improved by adding
nearest neighbors with significant energy deposition over the interaction anode signa(@!@@l. correction applied to pre-

radiation detector (dotted) and post-radiation (solid). Notice the post-radiation detector is not improved due to itagetditiety

to DOI.
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(b) Photograph of RENA board with two ASICs developed by NOVA R&D, Inc. Each chip allows 32 channel readout with low
noise, low power consumption and is very compact.
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Figure 8 (a) Close up of shield configuration for an upcoming balloon flight incorporating a larger area cross-strip CZT detector,
ASIC readout and shielding optimized based on two previous balloon fligf)t$he assembly shown in (a) will be housed in an
aluminum pressure vessel for flightt) The pressure vessel will be mounted on a 4’ cube gondola.



ACKNOWLEGEMENTS

We are grateful to everyone who made this work possible, especially the valuable contributions by David Malmberg
and Garry Simburger. We thank The Scripps Institution of Oceanography's Marine Science Development Shop at University
of California, San Diego and the Department of Physics machine shop at Washington University. We are appreciative to
Chuck Foster and the staff at the Indiana University Cyclotron Facility for well-supported accelerator runs. This work is
supported by NASA grants NAG5-5114, NAG5-5111, NAG5-8498, and NASA GSRP grant NGT5-50170.

REFERENCES

1. Slavis, K. R., Dowkontt, P., Epstein, J., Hink, P., Matteson, J., Duttweiler, F., Huszar, G., Leblanc, P., Skelton, R.,
Stephan, E., “High altitude balloon flight of CdZnTe detectors for high energy X-ray astronomy PafEUV,iX-ray
and Gamma-Ray Instrumentation for Astronomy X, O. H. Siegmund and K. A. Flanagan, e85, pgs. 397-406Proc.

SPIE, Denver, 1999.

2. Matteson, J. L., Gruber, D. E., Heindl, W. A., Pelling M R., Peterson, L. E., Rothschild, R. E., Skelton, T., Binns, W. R.,
Hink, P. L., Slavis, K. R., “High-energy X-ray imaging spectrometer HEXISEUWN, X-ray, and Gamma-Ray
Instrumentation for Astronomy X, O. H. Siegmund and M. A. Gummin, ed®45, pgs. 445 - 45®roc. SPIE, San
Diego, 1998.

3. Lebrun, F., Blondel, C., Fondeur, I., Goldwurm, A., Laurent, P., Leray, J., “ISGRI: a CdTe array imager for
INTEGRAL”, Gamma-Ray and Cosmic-Ray Detectors, Techniques, and Missions, Brian D. Ramsey and Thomas A.
Parnell, eds 2806, pgs. 258-268Proc. SPIE, 1996.

4. Rothschild, R. E., Ulmer, M. P., Altkorn, R. ., Gruber, D. E., Heindl, W. A., Hink, P. L., Krieger, A. S., Matteson, J. L.
Matz, S. M., Staubert, R., Tumer, T. O., "Actively-shielded CZT focal plane detectors for the Fine Angular Resolution
X-ray Imaging Telescope (FAR-XITE)"EUV, X-ray, and Gamma-Ray |nstrumentation for Astronomy X, O. H.

Siegmund and Kathryn A. Flanagan, e8%65, pgs.360 - 36/roc. SPIE, Denver, 1999.

5. Harrison, F. A. Cook, Ill, W. R., Christensen F. E., Citterio, O., Craig W. W., Gehrels, N. A., Gorenstein, P., Grindlay, J.
E., Hailey, C. J., Kroeger, R. A, Kuneida, H., Parsons, A. M., Petre R., Romaine, S. E., Ramsey, B. D., Serlemitsos, P.
J., Tueller, J., Weisskopf, M. C., "Technology development for the Constellation hard X-ray teleEtbpeX;ray, and
Gamma-Ray Instrumentation for Astronomy X, O. H. Siegmund and Kathryn A. Flanagar5, pgs. 104 - 111Rroc.

SPIE, Denver, 1999.

6. Gehrels, N., Swift Science Team, “Swift - The Next GRB MIDEX Missiénfigrican Astronomical Society Meeting
195, #92.08, Atlanta, 1999.

7. Cherry, M. L., Altice, P. P., Band, D. L., Buckley, J. H., Guzik, T., Hink, P. L., Kappadath, S. C., Macri, J. R., Matteson,
J. L., McConnell, M. L., O'Neill, T. J., Ryan, J. M., Slavis, K. R., Stacy, J. G., Zych, A. D., “A Coded-Aperture X-
ray/Gamma-Ray Telescope for Arc-Minute Localization of Gamma-Ray BurstsU\ X-ray and Gamma-Ray
Instrumentation for Astronomy X, O. H. Siegmund and K. A. Flanagan, e8865, pgs. 539-550Proc. SPIE, Denver,

1999.

8. Matteson, J. L., Gruber, D. E., Heindl, W. A., Pelling, M. R., Peterson, L. E., Rothschild R. E., Skelton, R. T., Hink, P.
L., Slavis, K. R., Binns, W. R., Tumer, T., Visser, G., “Recent Advances in CZT strip detectors and coded mask
imagers,”A&AS, 138, p. 575-576, 1999.

9. Kalemci, E., Matteson, J. L., Skelton R., Hink, P. L., Slavis, K. R., "Model calculations of the response of CZT strip
detectors", irHard X-ray, Gamma-Ray, and Neutron Detector Physics, R. B. James and R. C. Schirato, e8868, pgs.
360-373,Proc. SPIE, Denver, 1999.

10. Matteson, J., Duttweiler, F., Huszar, G., Leblanc, P., Skelton, R., Stephan, E., Hink, P., Dowkontt, P. , Slavis, K.,
Tumer, T., "Position-sensitive CZT detector moduBd46, 192,SPIE Proc., San Diego, 1998.

11. Slavis, K. R., Dowkontt, P., Epstein, J., Hink, P., Matteson, J., Duttweiler, F., Huszar, G., Leblanc, P., Skelton, R.,
Stephan, E., "High altitude balloon flight of CdZnTe detectors for high energy X-ray Astronor&yJVirx-ray, and
Gamma-Ray Instrumentation for Astronomy X, O. H. Siegmund and M. A. Gummin, ed&45, pgs. 169-183Proc.

SPIE, San Diego, 1998.

12. Hull, E., Pehl, R., Varnell, L., “The effects of 199 MeV proton radiation damage on CdZnTe photon deté&ibrs”,
Trans. Nucl. Sci., NS44 No. 3, pgs. 870-873, 1997.

13. Franks, L., Brunett, B., Olsen, R., Walsh, D., Vizkelethy, G., Trombka, J., Doyle, B., James, R., “Radiation damage
measurements in room-temperature semiconductor radiation detebianis'instr. And Meth. A, 428 (1), pgs. 95-101,

1999.



14. Shor, A, Eisen, Y., Mardor, |., “Spectroscopy with CdZgwTand X-ray detectors by modifying the electron trapping to
compensate for incomplete charge collection caused by large hole trappiog’lnstr. And Meth. A, 426, pgs. 491-
496, 1999.



