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Abstract—As nuclear physicists increasingly design large ale
experiments with hundreds or thousands of detectochannels,
there are growing needs for high density readout ettronics with
good timing and energy resolution that at the saméme offer
lower cost per channel compared to existing commeiad
solutions. Recent improvements in the design of caonercial
analog to digital converters (ADCs) have resultedni a variety of
multi-channel ADCs that are natural choice for degyning such
high density readout modules. However, multi-channe ADCs
typically are designed for medical imaging/ultrasond
applications and therefore are not rated for their spectroscopic
characteristics. In this work, we evaluated the gama-ray
spectroscopic performance of several multi-channelADCs,
including their energy resolution, nonlinearity, ard timing
resolution. Some of these ADCs demonstrated exceilteenergy
resolution, 2.66% FWHM at 662 keV with a LaBr; or 1.78 keV
FWHM at 1332.5 keV with a high purity germanium (HPGe)
detector, and sub-nanosecond timing resolution with.aBr;. We
present results from these measurements to illustta their
suitability for gamma-ray spectroscopy.

Index Terms—Multi-channel

resolution, Timing resolution
M research facilities are being carried out in th&.land
abroad to allow nuclear scientists to deliver digant
discoveries and advancements in the decades to.cOne
notable example is the Facility for Rare Isotopears
(FRIB), which is being designed and constructed tha
Michigan State University and will provide intenseams of
rare isotopes that allow scientists to better ustded the
physics of nuclei, nuclear astrophysics, and furetaai
interactions [1]. In order to support operationsaailities like

ADC, Nonlinearity, Energy

I. INTRODUCTION

FRIB, development of new generations of detectons a

readout electronics is critically needed.

As nuclear physics readout electronics increasigglyrom
analog to digital, digital readout electronics instenting
radiation detectors have experienced significariadements
in the last decade. This on one hand can be attdhio steady
improvements in commercial digital processing congs
such as analog-to-digital converters (ADCs), digitaanalog
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converters (DACs), field-programmable-gate-arrdyBGAS),
and digital-signal-processors (DSPs); on the ottaard, this
can also be attributed to increasing needs for ovga time,
position, and energy resolution in nuclear physigseriments,
which have spurred the rapid development of comialeodf-
the-shelf (COTS) high speed, high resolution digits or
spectrometers. Absent from conventional analogtreleics,
the capability to record fast decaying pulses frn@adiation
detectors in digital readout electronics has profiy
benefited nuclear physics researchers since thay can
perform detailed pulse processing for applicatisush as
gamma-ray tracking and decay-event selection
reconstruction.

Nuclear physicists are increasingly designing lasgele
radiation detectors to either increase detectiditieficy or
improve accuracy of position measurement. Howegsting
COTS readout electronics are prohibitively expemd$or large
scale radiation detectors. Therefore, there araviggpneeds
for high density, low cost readout electronics. &paaving
and low power multi-channel ADCs are then natuhalice for
designing such high density readout modules. Wittiee4 or
8 channels integrated on a single chip, these Ab&s a

AJOR upgrades and new construction projects at nucleaide range of bits (10 to 16) and sampling rate® t@l 250

MSPS), and generally consume very low power (asdsw50
mW per channel). Further, ADCs with built-in valiedgain
amplifier (VGA) and anti-aliasing filter (AAF) ar@eal for
applications demanding low power and high level
integration. However, as they are typically destyner
medical imaging/ultrasound applications, multi-ah@nADCs
do not rate for their spectroscopic characteristitstheir
datasheets. In this work, we present results framrewaluation
of several multi-channel ADCs for their
spectroscopic performance.

Il. HARDWARE DEVELOPMENT

After carefully reviewing datasheet specificatiafsmulti-
channel ADCs that are currently available from savADC
vendors, we chose three different types of multiretel ADCs
for our evaluation: AD9222 (Analog Devices), and 26425
(Texas Instruments), and AFE5801 (Texas Instrumenble
| lists their datasheet specifications. The AFE5&@C has
built-in VGA and AAF, and that is probably the reasvhy no
integral nonlinearity (INL) or differential nonliagity (DNL)
is specified in its datasheet. For the purpose arhparing

and

of

gamma-ray
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performance of these multi-channel ADCs to thatsinigle
channel ADCs that have proven spectroscopic peeno®,
the AD9432 (single channel, 12-bit, 100 MSPS) used
XIA’s Pixie-16 spectrometer [2] was also tested.datasheet
specifications are included in Table | as well. Hear, no
RMS noise number was directly specified in datashed
AFE5801 and AD9432. The AD9432 and AD9222 have &bo
the same INL and DNL while ADS6425 has about twase
much as those of AD9432 based on their respectitesteets.
Among the chosen multi-channel ADCs for this stuthg
AD9222 has been reported as being used in CAEN8401
digitizers [3] as well as other front end readdettonics [4],
[5], and the AFE5801 is being used in National runsients’
32-channel digitizer 5752 [6]. However, no detailggmma-
ray spectroscopic performance of these ADCs wasteqp.

TABLE |
ADC SPECIFICATIONS

Parameter AD9222 ADS6425  AFE5801 AD9432
Bits 12 12 12 12
Channels 8 4 8 1
Rate (MSPS) 65 125 50 100
Input voltage (Vp-p) 2 2 2 2
VGA No No Yes No
AAF No No Yes No
INL (max, LSB) +1.0 +25 +1.0
INL (typ, LSB) +04 +1.0 +0.5
DNL (max, LSB) +0.65 +2.0/-0.9 +0.75
DNL (typ, LSB) +0.3 +0.5 +0.25
Effective number of bits  11.38 11.4 11.0
Power/channel (mW) 114 325 58 850
Supply voltages (V) 1.8 3.3 1.8,3.3 33,5
RMS noise (LSB) 0.27 0.407

XIA has previously built a multi-channel digital agout
module (MicroCAL) for reading out
microcalorimeter detectors [7].
consists of a main board and a daughter board e board
is a 3U PXI card which accepts digital data strdaom a
daughter board through inter-board connectorslsth &das a

Iarge arrays ofFig. 2.\ Picture of high density prototype board HDDB (tep)d MicroCAL
The MicroCAL modulemain board (bottom).

16384 samples, were first stored in the HDDB FP Gi#drs.
The main board FPGA then read those waveforms antew
to its SDRAM before the host software read theseefaams
from the SDRAM and stored them on hard drives. Eg.
shows a picture of the combination of the MicroCAlain
board and the HDDB.
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Fig. 1. Block diagram of the prototype board HDDB.

Recorded waveforms from the multi-channel ADCs were
processed offline to characterize the timing, epeegolutions
and nonlinearity of these ADCs in order to evaludteir

512MB DDR SDRAM that can be used to store a largguitability for gamma ray spectroscopy.

number of waveforms from the daughter board ADCleriee
they are read out by the host computer through &FEX
interface. We used the MicroCAL main board as taekknd

M.
Energy resolution of these ADCs were measured Usiriy

ENERGY RESOLUTIONMEASUREMENT

communication and waveform storage board while Weigh purity germanium (HPGe) and LaBdetectors. XIA's
designed and built a new daughter board (HDDB) fosulse height computation algorithm [8] was appligfiine to
evaluating two of the three chosen multi-channel C&D the recorded waveforms to compute energies fodetiéctor
AD9222 and ADS6425. Fig. 1 shows a block diagranthef pulses contained in the waveforms (one recordedefvam
HDDB. Only two channels of the AD9222 and ADS642&é1  could have more than one detector pulses) excegit the
been connected to analog inputs from the front IpanRD9432 (Pixie-16) and the AFE5801 obtained theiergy
connectors due to board space limitation. Furttfes, other spectra from online processing using the same itgor
two ADCs on the HDDB, i.e. ADC12EU050 and AD9271implemented in the FGPA and DSP. Energy histogrfiom
were not evaluated in this study due to projecetganstraints. these ADCs were then calibrated using either naleaks
Tests on the AFE5801 ADCs were done using anoffelas  from a mix of radioactive sources (HPGe spectraher661.6
XIA in-house test board. keV peak of'*'Cs (LaBg spectra). The energy resolution
Serial data outputs from these multi-channel AD@Gstle (FWHM) of major energy peaks on each spectrum was t
HDDB were first deserialized and then processedpiaise computed. Pixie-16's energy resolution represdmsstate-of-

detection and waveform capture by an onboard FPXGINX  the-art in achievable resolution due to its onljmecessing
Spartan-6 LX100T). Captured waveforms, each of iiad algorithm and the excellent specifications forAf3C.
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A. HPGe TABLE Il

A 40% coaxial HPGe detector was used to measure HIPCE Enproy 2evor T onkey, PVHMY

0 (
. . A Ener AD9222 ADS6425 AFE5801

energy resolution of the multi-channel ADCs with Itiple (kevg;y Cho Chi Cho Chi cho chy 08432
sources{Co, “Na, *'Cs,Co, "**Cd, "**Ba, and &”Th lens). 122 092 0902 098 108 115 116 084
The input count rate was ~3000 cps. Fig. 3 showsetiergy 661.6 134 136 136 143 155 155 1.28
spectra from two channels of AD9222, ADS6425, AFEES ;gig ;-;g %-ig %-2‘7‘ ;23 %-22 %-22 %;2
and one channel of Pixie-16, i.e. AD9432, respettivThe ' ' ' ' ' ' ' '
number of counts in each spectrum is as follows922» - B. LaBrs

~3.2x16; ADS6425 - ~2.

1x10 AFE5801 - ~5.6x1D

AD9432 - ~6x16. Counts variations resulted primarily from
the processing modes, i.e. offline (AD9222 and ABES in
which raw waveform data had to be stored on connpilitks
first or online (AFE5801 and AD9432) in which pudseere
processed directly. Nevertheless, counts from brattles were
sufficient for quantifying the energy resolution.

As shown in Table II, excellent HPGe energy resotutvas
achieved by the 8-channel 65 MSPS AD9222. In fést,

energy resolution was very

close to that of théestéthe-art

Pixie-16 ADC, i.e. the single channel, 12-bit, 1MBPS
AD9432. The energy resolution of the 4 channel MSPS
ADS6425 was slightly worse than that of the AD92Zhis
was not surprising given the slightly worse datashe
specifications for the ADS6425 in terms of nonlirigaand
RMS noise. Compared to the other three ADCs, thE5801
had slightly worse energy resolution even thougtthsu
resolution was still sufficiently good for generplrpose

gamma-ray spectroscopy.
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Fig. 3. Energy spearfrom a 40% coaxial HPGe detector and mul

radiation source.
Another observation that

can be made about thedd- mu

channel ADCs is that there is little variation imeegy
resolution between two channels of the same ADCatTh
demonstrated not only the uniformity of these AOMLs also
their minimal crosstalk between channels.

A 1"x1" cylindrical LaBg crystal coupled to a"2PMT
(Photonis XP2020) radiated witl’Cs was also used to
measure the energy resolution of these ADCs. Finotvs the
energy spectra from two channels of AD9222, ADS6425
AFE5801 and one channel of Pixie-16, respectiv@gth
AD9222 and ADS6425 achieved excellent energy réisolu
2.66% FWHM for ADS6425 or an average of 2.84% foo t
channels of AD9222, compared to 3.05% for the Plde
ADC AD9432.

Even at its lowest gain setting, the Pixie-16 dtdid the
highest gain set for its ADC among all four tesfddCs. In
order to ensure LaBPMT pulses coming into the Pixie-16
were within its ADC voltage range, we had to ategruthem
with multiple 50 terminators. We suspected that might have
contributed to the slightly worse LaBenergy resolution for
AD9432. The AFE5801’s resolution was also slightlyrse at
~3.3%. Difference in the location of the Comptorgedvas
observed between the AD9432 & AFE5801 spectra &ed t
AD9222 & ADS6425 spectra, but that was caused key th
location of**'Cs (inside the PMT box in one case and outside
the box in the other) and should not affect thergne
resolution measurement.

Energy Resolution (FWHM)
AD9432: 3.05%
/

AD9222: ChO0 2.82%; Ch1 2.86%
L~

AFE5801: Ch0 3.30%; Ch1 3.39%
l—

/ }086425: Ch0 2.66%; Ch1 2.66%

Counts/bin

0 200 400 600 800

Energy (keV)
Fig. 4. Energy spectra from &x1" cylindrical LaBg crystal coupled to
2" PMT irradiated witr**’Cs

1000 1200

IV. NONLINEARITY MEASUREMENT

Measurements of multi-channel ADCs’ nonlinearityreve
performed using the same 40% coaxial HPGe detewitbr
reference radiation sources as a source of pulgbsdefined
height. This test characterizes the effect of irgkg
nonlinearity in the spectrometer operation. The suesment
was done as follows.
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Using the same HPGe energy spectra that were wseddtue to its relatively easy-to-define “bowl” like agte of its
characterize the energy resolution of each ADCfdhe peaks residuals versus energy curve.
corresponding to the four energies in Table Il wérst TABLE Ill
identified in each spectrum. Gaussian fits wereseqbently INTEGRAL NONLINEARITY AS REPRESENTED BY RESIDUAL FROM LINEARIT
performed on each peak and the four peak pOSItIIU)rTﬂW OF HPGE MEASURED ENERGIES VERSUS NOMINAL ENERGIE(SKEV)
spectrum bin units were used to linearly scale ¢iméire  Nonlinearity AD9222 ADS6425 AFES80L  \po432

. . g . ChO Chl Ch0 Chl ChO  Chl

spectrum to keV units. Finally a peak finding roetiwas S o
applied to the newly scaled spectrum to find thergyn peaks  geviations °-°® 017 007 010 083 08 010
that were associated with known energies of ramliadources  Maximum
used during the data acquisition. Plotting the muess  deviation

+0.21 +0.27 +0.20 +0.26 +2.45 +2.45 +0.25

energies versus nominal energies gives plots showig. 5. '\gg\],'iztlijgg 018 -0.39 -0.09 -018 -091 -0.83 -0.27
Linear fits were then performed on every set of sneed

energies versus nominal energies, and their reisfcha the One way to characterize the DNL of an ADC is the
linear fit was plotted and shown in Fig. 6. histogram test method. It involves collecting ay@anumber of

digitized samples from a well-defined input signeith a
known probability density function. A slow lineamamp
(relative to the ADC sampling time intervals), winislightly
exceeds both ends of the range of the ADC, is & gboice as
R the input signal to the ADC. The number of occuce=n of
AFES801 Ch each ADC code bin is tallied from the collected pls. If the
ADC has no DNL errors, all codes should have equal
AoSE425 G probability of occurrence (with the exception of tADC end-
ADS6425 Ch1 point all "0"s and all "1"s codes). Deviations frahe equal
probability are quantified as the DNL errors of thBC. For
this measurement, we used a high precision waveform

AD9432

AD9222 Ch0

1000 o ADS222 Chi generator (Agilent 33522A) to generate linear ramyth
% AT e e frequency of 10 Hz, amplitude of 2Vpp, and 100% s\atry.
Energy According to Literature (keV) Fig. 6 shows the measured ADC DNL using this higtogtest
F|g 5. Measured energy versus nominal energ;h‘bADCS methOd, and Table IV SummaI‘IZES the DNL dIStI’ItmEICDf
each ADC.
04 L L L LIELELEL LB} LI} LELELIL ! LI} LI TIIrr TIiItTr1J]1
2g . Bm 8 I | I ' ' " ADoazz | ' '
®
o,o_w pr 8 B | ® AD9432 0.2
.0.2 - % o 0.0
. PRRPRTERTIN NSNS SRS RSN NSNS S SRR
; 0.4 ’ 0.2
& 2-~ i 0.4
e - - AFE5801 Ch0 =U.
E 11)— M Py ¢ L S ArEsaot ond
0.10 —— AFE5801 cho
%'1"----'-----w-'----'----'--' —— AFE5801 ch1
& a- -~ 0.05 - L ‘ ‘ it
@ 0.2 - . 0.00 L ‘ e gl
S 0] e W, 5 9 amEN 2 o0n i et
'g‘:_""'"""""""""""_ ;0‘10 —— ADS6425 ch0
02 ° o o i a ADS6425 ch1
20 03 oSS o % S o [ oo
bsahs- ~ 9 [
P S P B S R -
0 500 1000 1500 2000 2500
Energy (keV)

Fig. 6. Residuals from linear fit. - 23:222 §:°

Table Ill summarizes the linear fit residuals ot tfour 02 Ty I \ UL ‘ 4 | ‘ -»;,W
ADCs. In terms of RMS of the deviations, both AD864nd OO 1T H" i ‘\ \ 'f“” WL | I\ b
AD9432 were at or below 0.1 keV. While channel 0 of 02 A T A T LN R
AD9222 showed excellent RMS of deviations at 0.8¥ kits 0 1000 2000 3000 4000
channel 1 had slightly elevated residuals, as ldédrange of ADC Code Bin

deviations between maximum and minimum values. The Fig- 7. Measured ADC DNL using the histogram testhod.
AFES5801 had the worst integral nonlinearity amohng four When comparing the measured DNL values to the datds
ADCs, and that might be attributable to its builtVGA.  specifications of three of the four tested ADCs E&SBO1’s
However, it would be relatively easy to correct théegral datasheet does not specify its DNL or INL), theytahad
nonlinearity of the AFE5801 even in online procegsinode quite well to the datasheet values. For instartee measured
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maximum and minimum DNL of the AD9222 is +0.37 LSBgamma-rays, their amplitude differences reflecteddifferent

and -0.33 LSB, respectively, whereas its datashgetes
typical DNL at+0.3 LSB and maximum DNL at0.65 LSB.
In the case of the AD9432, the datasheet spedtyfgsal DNL
at £0.25 LSB and maximum DNL at0.75 LSB. The
measured DNL is certainly within such specificatiomhe
measured AFE5801 DNL is relatively low comparedttie
other ADCs. However, there is a distinctive “bowKe shape
for the AFE5801 DNL curve, and the errors are dilteore
towards negatives than positives.

TABLE IV

DIFFERENTIAL NONLINEARITY MEASURED USING THE HISTOGRAM TEST
METHOD (12-8IT ADC LSB)
Nonlinearity _ AD9222 ADS6425 AFE5801 50400
ChO Chl Ch0 Chl Cho Chi

RMSof 410 011 018 016 002 002 008
deviations
Maximum 437 1936 +0.64 +059 011 009 +0.30
deviation
Minimum = 55 430 053 -050 -0.110.11 -0.48
deviation

V. TIMING RESOLUTIONMEASUREMENT
We measured the timing precision of these ADCsgusio

same sets of LaBrcrystal and PMT that were used in the Cs&

energy resolution measurement. Two channels of é&yf
(in the case of AD9432 two ADCs were used) firgbtaeed
simultaneously waveforms from La#PMT detectors

irradiated by eithef*’Cs or?’Na. Time jitters between these

two channels were then measured by analyzing tivefaans
offline using an algorithm that computed the tinifedence
between their rising edges. For each edge, theritigo
determined the point where the pulse crossed atamns
fraction threshold by linear interpolation of theot closest
samples to sub-sample precision.

—— AD9222
—e— ADSB425
—— AFE5801
—m— AD9432

2000 F
1500 F
1000

500 F

PR T S TR W T N T T T 1
50 100
Time (ns)
Fig. 8. Sample 661.6 ke¥?’Cs traces captured by the ADCs from"& 1l
cylindrical LaBg crystal coupled to a"2PMT.

0 150 200

gains as well as the external signal attenuatitwasg tvere
applied to the input signals to these ADCs. Whats wa
interesting to notice on these ADC traces was tmaber of
points on their respective rising edge. Due to diféerent
sampling rates of these ADCs, there were 4 datatpoin the
rising edge of the pulses from AD9432 (100 MSPS) an
ADS6425 (125 MSPS), but only 2 data points for AR®Z65
MSPS) and AFE5801 (50 MSPS).

A. SingleLaBrs;/ PMT output split into two branches

The first method that we used to measure the timing
precision of the ADCs is illustrated in Fig. 9. Tbetput of a
single LaBg/PMT detector, irradiated by &'Cs source, was
split into two branches, which were then fed imo tthannels
of the same ADC, or in the case of Pixie-16, twifedént
ADCs. The two branches had about the same caldéhlehhe
input signal to the ADCs was terminated with(b@esistors
either internally or externally.

Cho
500
" " HDDB or
1" LaBrs 2" PMT :L— Pixie-16
HV
50Q
Chl

Fig. 9. Experimental setup for measuring timing resolutiming a singl
LaBry/PMT detector and &'Cs source. The output of the LaBtMT was
split into two branches and then fed into two AOtcnels.

8000 :'""I'"'l""I""l“"I""l""I""l'"'I‘"'l"“I'1'?:7'l""l""l""'!
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Fig. 10. Histograms of measured time difference betweemgigidges ¢
LaBrs/PMT pulses using the experimental setup showrign&
Since identical signals were fed into the two ADG@uenels,
this method essentially measured the noise addittonthe
input signal from each ADC channel’s analog sigraldition

different ADCs from the same LafPMT detector. Their
baseline levels were different at the output ofrthespective
ADCs, but were adjusted to be same offline for Idigp
purpose. Since they all corresponded to the sareb @&V

histograms of measured time difference for the fiypes of
ADCs that were tested. Only those waveforms that
corresponded to the 661.6 keV photopeak frontif@s were
used for computing the time difference and histogréng. All

four ADCs showed excellent time precision in this
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experimental setup with time difference FWHM alldve 100
ps. The AD9432 used on the Pixie-16 showed the &1 M

histogramming. Gaussian fits to these histogramsslted in
the following timing values: the 125 MSPS quad cien

of 21 ps among the four. The ADS6425, AD9222 andDS6425 showed a FWHM of 480 ps whereas the FWHM fo
AFE5801 achieved FWHM 49 ps, 62 ps, and 89 pshe 100 MSPS single channel AD9432 used in theeHligi

respectively. In comparison, the single channelbit2-500

was 482 ps. The FWHM for the 8-channel 65 MSPS AT292

MSPS ADC ADS5463 reported in [9] achieved 23 ps AWH was slightly worse at 630 ps. The timing resolutadtributed

using a similar experimental setup.

B. Two LaBr;/ PMT pairsin coincidence

Fig. 11 shows the second method that was used &sure

the timing precision of these ADCs. Coincident signfrom
two LaBr/PMT detectors, both irradiated by the saffiéa

source, were fed into two channels of the same A@¥@j the
case of Pixie-16, two different ADCs. The two braes had
about the same cable length. The input signalécAIDCs was
again terminated with %D resistors either internally or
externally. Coincidence between the two ADC chasmmvehs
required before waveforms from these two ADC chéawere
acquired and stored to disk. Due to project timastmints,
FPGA firmware was not programmed to perform coienick
detection for AFE5801. Therefore no coincidenceadaére

acquired for AFE5801 from two LaBPMT detectors.

1
1"LaBrs | 2"PMT cho
HV 50Q
zzNaG HI?I?B or
Pixie-16
| gsm
n n
1"LaBr; | 2"PMT J,__I_Chl
HV

Fig. 11. Experimental setup for measuring timing resolutidren using tw
LaBryPMT detectors in coincidence mode with?®la source. The tv
outputs of the two LaBPMT detectors were fed into twADC channels
respectively.
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7] 3 i E
€ 3 P 3
3 300F i 3
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200f
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(]
Time difference (ns)
Fig. 12. Histograms of measured time difference betweemgisidges ¢
LaBry/PMT pulses using the experimental setup showrign1®.

Fig. 12 shows the three histograms of measured time
difference for the three types of ADCs. Only theseseforms

that corresponded to the 511 keV photopeak from?iNa
were used for computing the

to each channel is then 1/sqrt(2) of these values339 ps,
340 ps, and 445 ps for the ADS6425, AD9432 and A1292
respectively. In comparison, with a similar expesital setup
the single channel 12-bit, 500 MSPS ADC ADS5463eacid
~250 ps FWHM [9].

VI. CONCLUSION

Multi-channel ADCs AD9222 and ADS6425 demonstrated
excellent energy resolution with a 40% coaxial HRI8tector,
about 1.8 keV FWHM at 1332.5 keV, nearly identitathat
of single channel Pixie-16 ADC AD9432. The AFE5801
achieved 1.96 keV FWHM at 1332.5 keV with the HPGe.
These multi-channel ADCs showed excellent diffagnt
linearity, and by comparison, ADS6425 had the lmsigral
linearity while AFE5801 had the worst integral kmiy.
Excellent timing resolution was measured with alirf ADCs
that were tested with LaBPMT detectors: <100ps in single-
detector mode and <1ns in two-detector coincidencée (the
AFE5801 was not tested in this mode). These reseddily
demonstrate that these multi-channel ADCs are sueled for
gamma-ray spectroscopy.
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