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Abstract— The RENA-3 (Readout Electronics for Nuclear
Applications) is a 36-channel self-resetting, charge sensitive
amplifier/shaper IC with trigger output, wide energy range and
sparse readout designed for use with position-sensitive,
spectroscopy-grade radiation detectors. It has in recent years
been favored to provide the front-end electronics in prototype
instruments for various applications — from space physics
research through medical imaging to homeland security — that
employ CZT or CdTe in the form of planar sensor assemblies or
monolithic pixel/strip arrays. We will present a summary of
spectroscopic data drawn from the body of RENA-3-based
results obtained in our laboratories and by other RENA-3 users.
Spectroscopic performance metrics will be discussed relative to
the requirements of the specific application targeted in each case
as well as from the general standpoint of what may be achievable
within this detector-array/RENA-3 approach. A method to
automate the test and calibration of RENA-3 ICs will also be
described.

Index Terms— ASIC, photon counting, radiation detectors,
radiation detection, gamma-ray spectroscopy, CZT, CdTe, Si,
integrated circuit, IC, RENA-3

1. INTRODUCTION

HE RENA-3 (Readout Electronics for Nuclear

Applications) is a low-noise, 36-channel self-resetting,

charge sensitive amplifier/shaper integrated circuit (IC)
designed for use with position-sensitive, spectroscopy-grade
radiation detectors [1]. It has in recent years been chosen to
provide the front-end electronics in advanced prototype
instruments for various applications — from space physics
research [2]-[4] through medical imaging [5], [6] to homeland
security [7]-[9]. These instruments for the most part employ
CZT in the form of planar sensor assemblies or monolithic
pixel/strip arrays. Whereas the RENA-3 was developed
largely to address the needs of the CZT community, a level of
adaptability was designed into this IC to allow its use across a
broad range of radiation detectors.
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The key design features for the RENA-3 IC are listed in
Table I. A simplified block diagram for one channel of the IC
is given in Fig. 1a and the photographs of the IC wirebonded
inside a CQFP package are shown in Fig. 1b. The RENA-3 die
size is approximately 6.9 mm x 6.4 mm.

Each RENA-3 channel contains a charge-sensitive input
amplifier with resistive-multiplier feedback, a differentiator
and gain circuit, and two shaping amplifiers (“slow” and
“fast”) that operate in parallel. The input amplifier tolerates up
to 5 nA detector leakage current — allowing the inputs to be
DC-coupled — and user can individually optimize for 2 or 9 pF
detector capacitance. The threshold and the peak detector
polarities are externally selectable per channel basis. The
amplitude range is 56 ke or 340 ke, corresponding to 250 keV
and 1.5 MeV, respectively, in CZT. Since any channel can be
operated with either polarity, the RENA-3 can be used with
any combination of anodes and cathodes a detector may have.
The slow shaper is optimized for accurate pulse height
determination, has 16 user-selectable shaping times (15
ranging from 0.29 to 4.5 ps, plus 38 ps, selectable per
channel), and is followed by a peak detector and a trigger
comparator. A pole-zero cancellation circuit facilitates use of
the IC at relatively high count rates (200-500 kCounts/sec)
without significant pileup errors. The linearity of the RENA-3
pulse height response is excellent (Fig. 2) and has been
measured by others to be better than 0.1% [2]. The fast shaper
is optimized for timing accuracy, has a shaping time between
100 and 200 ns, and is followed by its own trigger comparator.

The thresholds of both comparators can be adjusted
individually for each channel by eight-bit DACs; the DAC
range is determined by a pair of externally supplied reference
voltages and can thus be optimized for the application at hand.
The latched comparator outputs from all 36 channels are
wired-or’ed separately for the slow and fast signal paths, and
each is made available for event trigger purposes through a
low-noise differential output that can be daisy-chained
between chips.

The relative signal timing between channels can be
measured with the help of two user-provided periodic
quadrature (sine and cosine) signals whose values are latched
into sample/hold circuits when the fast comparator triggers;
these “timestamp” values can then be read out through the
same differential analog output as the pulse height signals
from the peak detectors (see Fig. 3).

To minimize power consumption, unused channels can be
powered down, as can the fast signal path of any channel that
is not already powered down as a whole. When fully powered
up, each channel dissipates 5 mW.
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Table 1. Key design features of the RENA-3 ASIC.

Features RENA-3 IC Specifications

Signal ranges Two ranges; 56 & 338 ke, externally selectable for
each channel, (9fC/256keV & 54fC/1.5Mev for CZT)

Self-trigger out | User selectable comparator threshold for self-trig. out

Input polarity Positive or negative, selectable channel-by-channel

Number of chan | 36 (2 with test points for characterization)

Noise <150 e RMS & < 280 e rms for low & high ranges, res

Noise Preamp optimized for 2 pF and 9 pF detector

optimization capacitance, externally selectable

DC leakage cur.

Tolerant to < 5nA per channel

Power

< 6mW per channel with all features (reduction

consumption possible by powering down certain features)

Fast timing < 30ns (for timing/coincidence measurements @
output peaking time 0.29 ps)

Channel-to- Implemented to enable determination of time diff.

chan time diff.

between > 2 coincident pulses for < 5 ns accuracy

Bias current

Adjustable through power supply current into input
trans

Trigger compar.
thresholds

Individually adjustable by internal 8 Bit DACs for
each channel

Peaking/shaping

0.29us to 38ps in 16 steps

High count rates

Using pole zero cancellation, capable of >200,000 cps
per chip (external ADC will determine actual rate)

Key gamma sig.

14, 60, 141, 511, 662, 1,330 and up to 1,500 keV

System Pipeline A/D converter, FPGA state machine
components controller, data FIFO
Interface Min. pin count. Up to 8 ICs can be daisy-chained.

Readout mode

Max. flexibility through programmable hit register

Deadtime per
event

<5 us for digital interface. Overall dead time depends
on the external ADC used.

Zero-pole
cancel

Input

75 fF L

Test >—| '—I
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(shaper)

Clear fast
channel

Timing
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Fig. 1b. RENA-3 IC wire bonded in a 144-pin CQFP package

Readout of the RENA-3 is controlled by a token register.
The register bits are initially set according to the channels’
trigger outputs (default sparse readout) but can be overwritten
to allow for a generalized nearest-neighbor readout with
maximum flexibility for different detector geometries. For test
and debugging purposes, RENA-3 has a test signal input that
can be AC-coupled to any combination of channels under user
control, and the slow shaper output from any channel can be
selected for observation on the analog output bus when data
acquisition is not in progress. Additionally, signals from
various points along the signal paths of the first and last
channel are made available on a total of 21 dedicated, buffered
test pads.
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Fig. 2. Plot of measured ADC values for 4 fC to 36 fC input signals from
the RENA-3 system on-board test pulse generator; using the CZT value of 4.5
eV per electron-hole pair for charge to photon energy conversion, this
corresponds approximately to 110 keV and 1 MeV energies. The data were fit
to a straight line, the (arbitrary) y-axis offset subtracted and the differences
between measured ADC values and corresponding fit results calculated. The
deviation is <1% for most data points and is about 1.25% at the extrema.
Others have done more detailed and numerous linearity measurements and
consistently determined linearity to be better than 1% [2].
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Fig. 3. (Left) Scatter plot of the VU and VV 1MHz sine/cosine
waveforms used in RENA-3 to produce the timing signal. The RENA-3
timestamp circuit enables a triggering event to record an analog time value
encoded by VU and VV. When a fast trigger event occurs, the sample-and-
hold circuit located in the timestamp block opens to capture the analog value
currently present on those two input lines. When the result is read out, the
relative time of the event to other events may be determined since VU and VV
go to all channels in the array. (Right) Example timing resolution plot for two
RENA-3 channels obtained for a 20fC test pulse input and 1V, 1MHz
quadrature timing reference signal. In this example, a Snsec resolution is
observed.

In this paper we present a summary of spectroscopic data drawn
from the body of RENA-3-based results obtained in our laboratory
and by other RENA-3 users. Performance metrics will be discussed
relative to the requirements of the specific application targeted in
each case as well as from the general standpoint of what may be
achievable within this detector-array/RENA-3 approach.
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II. RENA-3 IN RECENT LITERATURE

The two-electrode readout, energy and timing resolution
capabilities of the RENA-3 make it an enabling technology for
applications that require three-dimensional (3D) position-
sensitive detection. As such, the IC has been used by several
groups to develop instruments that implement 3D readout
techniques. J. Matteson et al. at UCSD are building a
prototype of their CZT Time Projection Detector concept that
is comprised of four 1 ¢cm® eV PRODUCTS CZT detectors
each with 1.25 mm? pitch pixels [2]. Their performance goals
of <1 mm 3D spatial, <10 nsec time and <1% at 662 keV
energy resolution are typical of CZT-based 3D gamma-ray
imaging methods targeting space physics and nuclear
monitoring applications. In their preliminary work with
RENA-3, they measured a 7nsec FWHM coincidence time
resolution between channels using 500keV equivalent test
pulses and 15 ns FWHM between two planar 12x12x2 mm’
CZT detectors [2]. They also observed a 1% FWHM 662 keV
resolution upon acquiring '*’Cs gamma-ray spectra with
simultaneous anode and cathode readout wusing a
20x20x5 mm® Redlen monolithic CZT pixel array with
2.46x2.46 mm* pixel pitch [10].

Q. Li et al. used the RENA-3 and cathode-to-anode-ratio
depth-sensing correction to obtain 3.2% from a non-corrected
6.1% FWHM at 662 keV in an 8x8 pixel array that they
fabricated from a 20x20x5 mm® Orbotech CZT crystal; they
also got 1.6%FWHM at 662 keV with a 15x15 pixel array
likewise fashioned out of 20x20x5 mm® Orbotech material [4].

On the other hand, W. Li et al. reported energy resolution
of ~1% FWHM at 662 keV with depth sensing for 8x8 pixel
arrays fabricated from 10x10x10mm’ Redlen and Yinnel CZT
and read out with RENA-3 [8]. They determined the electronic
noise contribution to be 4 keV FWHM and that the RENA-3
response drift introduces a global gain drift less than 0.5% for
3D CZT detectors operated between —5 to 45 °C which will
not cause any significant energy resolution degradation.
Robust performance under varying thermal conditions is
important for homeland security type applications. With the
same 10x10x10 mm® Yinnel CZT pixel array read out by
RENA-3, Y. Du et al. developed a 4m direction-sensitive
gamma imager with 0.05-0.07 steradian FWHM angular
resolution [7]. They moreover measured timing resolution
between channels to be 10 ns within the same IC and 30 ns
between different ICs.

A similar result, 15.5 ns FWHM, was achieved by P.
Olcott et al. with two position-sensitive APDs read out by
RENA-3, without any correction for pulse-height dependent
time walk [6].

III. NEW TEST RESULTS

In this section, we describe results that in effect extend the
applicability of the RENA-3 to other detector types and thus to
a broader community of instrument developers and wider
range of spectroscopic uses.

Single CZT Detectors with Frisch Collar

Single-element CZT detectors equipped with Frisch collars
have been developed by the group of D.S. McGregor at
Kansas State University (KSU) [11], [12]. The group recently

presented new methods designed for the commercial scale
production of detectors of this type. Frisch collar detectors
have reached an energy resolution as low as 1.3% FWHM at
662 keV, or 1.15% with very moderate cooling [12], without
the need for correcting the data for the depth of interaction
(DOI) of the photons in the detector. This allows for simpler
electronics and data processing — desirable in most
commercial applications - compared to monolithic pixel
detectors, for which somewhat better energy resolution has
been achieved with the help of DOI corrections (e.g.,
references [2], [4], [7], [8], [13]).

Exploratory spectroscopy measurements using KSU Frisch
collar CZT detectors read out with a standard RENA-3
evaluation system were performed jointly by KSU and
NOVA. The spectral results for tests using Na, "'Cs and
%Co sources with 3x3x5 mm® and 6x6x7 mm”® Frisch collar
CZT detectors are shown in Fig. 4 and Fig. 5, respectively.
The data clearly show that the RENA-3 higher amplitude
range stretches out to 1.5 MeV. This is important relative to
nuclear monitoring (e.g., weapons grade uranium is 7% >**U
which produces a 1.001 keV gamma ray). Fig. 4 (bottom
panel) shows a "*’Cs spectrum from one of the preliminary
measurements. The energy resolution at 662 keV obtained in
the particular example of the 3x3x5 mm’ detector is 2.6%
FWHM, which leaves room for improvement. It should be
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Fig. 4. Spectra acquired with a 3x3x5 mm?® Frisch collar CZT detector
read out by a RENA-3 IC. (Top) *Na and (middle) “Co (blue) spectra
showing using the same scale the 511 keV plus 1.275 MeV and 1.173 MeV
and 1.333 MeV peaks, respectively. (Bottom). The energy resolution of the
13Cs spectrum is 2.6% FWHM at 662 keV.
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noted that the RENA-3 system board layout was not optimized
for use with these detectors and that the detector connection
and experimental conditions during these tests were not
optimal either.
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Fig. 5. (Top) ?*Na, (middle) '*’Cs and (bottom) *’Co spectra acquired with
a 6x6x7 mm® Frisch collar CZT detector read out by a RENA-3 IC showing
the 511 keV, 662 keV, 1.173 MeV, 1.275 MeV and 1.333 MeV gamma ray
peaks.

Planar CdTe Detectors

Strategies to minimize polarization effects in CdTe have led
to the use of this detector material in nuclear medicine
instrument development efforts [14,15]. Indeed, very recently,
literature has appeared reporting positively on performance
investigations of prototype brain and small-animal PET
scanners using CdTe [16, 17]. This growing interest motivated
us to study 10x10 mm’ planar CdTe detectors of different
thicknesses from Acrorad on the RENA-3 evaluation system.

The CdTe detectors, depicted in the photograph of Fig. 6,
are similar to those used in stacked configurations in
references [14] and [16]. We studied several of these planar
CdTe detectors as single units. Spectral results obtained with
TCo, *'Am, "*7Cs, **Na and *’Co sources are displayed for the
case of a 10x10x1.0 mm® CdTe detector in Fig. 7 and Fig. 8. A
5.38% FWHM resolution at 122keV and 2.6% FWHM at
662 keV were observed. The 511 keV, 1.173 MeV,

1.275 MeV and 1.333 MeV gamma ray peaks were also easily
observed (Fig. 8).

Monolithic 8x8 Pixel CZT Array

Redlen Technologies fabricates a monolithic 8x8 pixel
array from 20x20x5 mm® CZT material as a standard product.
This detector design is similar to ~2.5mm’ pixel pitch CZT
pixel arrays used in the recently commercialized SpeCZT pre-
clinical SPECT system from GE Healthcare [18] and the D-
SPECT cardiac imager from Spectrum Dynamics [19]. A
special board for this Redlen 8x8 pixel array was developed to
facilitate its evaluation on the RENA-3 system.

Example spectral data acquired simultaneously from all 64
pixels with a Co-57 source are shown in Fig. 9. The average
FWHM @ the 122keV peak is 5.7% with resolution down to
4% observed in some cases. This superior energy resolution is
one of the several known advantages presented by the
CZT/readout IC approach to SPECT. With CZT giving
typically better than 6% FWHM at 140keV — compared to
10% for Nal(Tl) - simultaneous use of multiple isotopes
becomes possible.

Fig. 6. A photograph of Acrorad 10x10 mm? planar CdTe detectors. These
detectors are available in thicknesses of 0.5, 0.75 and Imm.
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Fig. 7. (Top) Co”” and (bottom) Am**' spectra recorded with Acrorad
planar 10x10x1.0 mm® CdTe detector. The energy resolution is 5.38% FWHM
at 122 keV.
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Fig. 8. (Top) "*’Cs, (middle) *Na and (bottom) *’Co spectra obtained from

an Acrorad planar 10x10x1.0 mm® CdTe detector. The figures show the 662

keV, 511 keV, 1.173 MeV, 1.275 MeV and 1.333 MeV gamma ray peaks.
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Fig. 9. (Top) Panel of 64 plots of Co-57 spectra acquired simultaneously
from a standard Redlen 8x8 pixel array on 20x20x5 mm’ CZT using the
RENA-3 detector system. (Bottom, left to righty FWHM (%) at 122keV
versus pixel number, ’Co spectrum for one pixel showing 4% FWHM at 122
keV and photograph of standard Redlen 8x8 pixel array.

Large CZT Detectors with 3-D Localization

Stanford University and the University of California, San
Diego are developing the CZT Small Animal PET System for
high resolution imaging with 1 mm resolution and 2 -3%
energy resolution. [20], [21] It uses 96 large-volume CZT
detectors from Orbotech Medical Solutions that measure 40 x
40 x 5 mm’. Detectors are read out with crossed-strip
electrodes on 1 mm pitch for the anodes and 5 mm for the
cathodes, which localized interactions to a 1 x 5 mm? pixel.
Localization in the third dimension with sub-mm resolution is
obtained with the drift time and cathode-to-anode ratio
techniques. Thus, interactions are localized to 1 x 1 x 5 mm’
voxels. A steering electrode between the anodes improves
charge collection and energy resolution. Flex circuits connect
the detectors to the RENA-3 readout system (192 chips) that is
outside the detectors. This technique allows very closely
packed detectors that are separated by only ~0.15 mm, which
is important for efficiency PET systems. However, the length
of the signal traces to the RENA-3 chips is ~15 c¢cm, which
increases capacitance and noise, and degrades energy
resolution. Three detectors are shown in Fig. 10, where the
electrodes are visible.

- S

Fig. 10. Three 40 x 40 x 5 mm® CZT detectors of the CZT Small Animal
PET System. Anodes and cathodes of the crossed-strip electrode design are
visible.

Fig. 11 shows an anode versus cathode scatter plot of data
taken with 662 keV gamma-rays in a test setup with ~25 cm
traces. The tight ensemble of points is due to 662 keV
interactions, and its narrow width and flat slope indicate good
energy resolution and uniform charge collection at the anode.
The downward curvature at the left end of the ensemble is due
to reduced anode signal caused by trapped holes from
interactions within ~0.5 mm of the anodes. Since this effect
has a clear signature in the scatter plot, the ratio of cathode-to-
anode signals can be used to parameterize a function that
corrects for the signal reduction due to trapped holes. Such a
correction can recover good energy resolution over nearly the
entire detector thickness.

Energy spectra may be obtained by projecting scatter plot
points onto the anode axis (y-axis). The spectrum for all
events is shown in Fig. 12 (top panel), where the resolution is
2.8% and the peak-to-valley ratio is 10:1. Fig. 12 (bottom
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panel) shows the spectrum for events with the ratio of
cathode-to-anode signals between 0.70 and 0.95. (These ratios
are indicated by the white lines in Fig. 11.) The energy
resolution is 2.1% and the peak-to-valley ratio has the
extraordinary value of 50:1, which indicates very uniform
charge collection without spurious effects that might reduce
the amplitude of a small percentage of the 662 keV events.

Anode vs Cathode

C/A (percent)
scatter plot 70 95

Anode signal

|
662 keV
Cathode signal

Fig. 11. Anode versus cathode scatter plot for Cs-137 gamma-rays (662
keV). 40 x 40 x 5 mm® CZT detector with crossed-strip readout. 40 x 40 x 5
mm® Orbotech CZT detector of the CZT Small Animal PET System.

Anode spectra
All events

288<{220.9=811>228 6864

70<CIA<95%

288{221.8=238>228 1511

Anode signal

Fig. 12. Spectra of Cs-137 gamma-rays (662 keV). Anode signals of Fig.
11. Upper panel: all events: 2.8% FWHM, 10:1 peak-to-valley ratio. Lower
panel: events with cathode-to-anode ratio between 0.70 and 0.95. 2.1%
FWHM, 50:1 peak-to-valley ratio.

Si PIN Detector with a JFET Front End

When used with a typical CZT detector optimally
connected to it, the RENA-3 exhibits a noise threshold of
about 8-10 keV, which is sufficient for applications that need
to detect and resolve the 14 keV spectral line of *’Co. To
reduce the noise threshold, a plausible approach would be to
use a low-noise JFET preamplifier between the detector output
and the RENA-3 input. A feasibility study was thus
undertaken to determine the experimental conditions under
which the noise floor can be reduced with the use of a Si
PIN/JFET/RENA-3 arrangement and x-ray spectra acquired
down to SkeV. For this, a JFET preamplifier was designed
based on N-channel JFET devices from Vishay (SST5484).
The preamplifier was used in conjunction with a 7x7mm? Si-
PIN detector supplied by Dr. Cao Xuelei’s group at the
Institute of High Energy Physics, Chinese Academy of
Science. The performance of RENA-3 IC with the external
JFET preamplifier was characterized by recording low-energy
spectra from Fe, **' Am and *’Co sources.

The spectral plots are shown in Fig. 10. For each plot about
50,000 counts were collected. The energy was calibrated by
using the characteristic peaks of the various sources with
linear fit. The spectra show that the 7x7mm? Si-PIN detector
when used with a JFET preamplifier and the RENA-3 can
provide a signal-to-noise ratio large enough to move the noise
threshold down to about SkeV. In the tests the 5.9 keV line
from *°Fe and the 6.4 keV line from *’Co spectra could be
resolved. Amplifier also improved the energy resolution such
that features of the **'Am spectrum near 20 keV became
distinguishable.
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Fig. 13. (Left), top to bottom) Am**', Co’, and Fe** spectra acquired
using the Si PIN/JFET/RENA-3 arrangement described in the test. (Right)
Zoomed-in views of the various spectra below 30keV.
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Linearity Measurements

Simultaneous RENA-3 linearity measurements are
presented in Fig.14. Each panel shows the response of the
indicated RENA-3 channel to charge pulses from the internal
pulser. Four sets of data were taken: highest and lowest gains,
each in positive and negative polarity. Average PHA values
are indicated red and blue squares and diamonds; the lines are
fits, linear for positive polarity, quadratic for negative polarity.
Detailed analysis of the data from which this figure was
prepared show that the RENA-3 is linear in positive polarity to
better than 0.1%. and, in negative polarity to ~1%. Hence, a
small quadratic correction may be desirable for negative
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polarity in some applications. The highest gain is achieved by
selecting the smaller FET feedback capacitor along with the
highest shaper gain and conversely for the lowest gain.
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Fig. 14. Linearity measurement of all 36 channels of the RENA-3
simultaneously. The purple and green symbols represent FWHM's. Note the
differing abscissa scales for lowest and highest gain.

Gain and Offset Measurements

Fig. 15 shows the gains and offsets as a function of
channel, as determined from the data of Fig. 14. Noting the
instructions on the plot, it is seen that the ratio of highest to
lowest gains varies from 6.8 to 8.3, somewhat greater than the
design value of 6. The slightly higher gain for channel 0 and
slightly lower for channel 35 is typical.
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Fig. 15. Plots of gain and offset as a function of RENA channel number.
The symbols and colors have the same meanings as on the previous figure.

Simultaneous Timing of all Channels

Fig. 16 shows simultaneous fine timing of all 36 channels
of REna-3. The terms VU and VV refer to the sampled PHA
of the 1.0 MHz cosine and sine waves respectively. The
circles indicate that the fast trigger and sample-and-hold
circuits are working properly. The irregular patterns for
channels 34 and 35 result from interference of the fine-timing
oscillator with the inputs due to the circuit layout on the
RENA-3 test system.
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Fig. 16. Simultaneous fine timing of all 36 channels of RENA-3.

IV. SUMMARY

We have presented extensive tests carried out in testing
RENA-3 IC by itself using the test pulse input and also with
many different detectors. We also show the versatility of the
RENA-3 integrated circuit, which can be used for many
different applications without modification. The results show
that RENA-3 can be used with a variety of different solid state
detectors and can be optimized for specific applications.
RENA-3 Evaluation System includes a daughter board which
can be customized for different applications and testing. The
RENA-3 Evaluation System test results are showing that it is
meeting specifications.
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