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DIGITAL SIGNAL PROCESSING APPLICATION IN NUCLEAR SPECTROSCOPY
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Digital signal processing algorithms for nucleartjogée spectroscopy are described along with ataligiile-up
elimination method applicable to equidistantly s#dp detector signals pre-processed by a chargétisens
preamplifier. The signal processing algorithms jted as recursive one- or multi-step procedureshvban be easily
programmed using modern computer programming lagegiaThe influence of the number of bits of the [Harg
analogue-to-digital converter to the final signalrbise ratio of the spectrometer considered. Aflgors for a digital
shaping-filter amplifier, for a digital pile-up alination scheme and for ballistic deficit correntiovere investigated
using a high purity germanium detector. The pileelimination method was originally developed fasfon fragment
spectroscopy using a Frisch-grid back-to-back toubnisation chamber and was mainly intended fie-pp
elimination in case of high alpha-radioactivity tbe fissile target. The developed pile-up elimioatimethod affects
only the electronic noise generated by the predimpliTherefore, the influence of the pile-up elafion scheme on
the final resolution of the spectrometer investgain terms of the distance between piled-up pulBks efficiency of
developed algorithms compared with other signat@ssing schemes published in literature.

Keywords: x- and gamma-ray spectroscopy, computer dataysisalionization chambers, interpolation; curve
fitting, numerical differentiation and integratiantegral and integrodifferential equations.

I ntroduction of DSP techniques to nuclear particle spectroscopy
The basic element of a nuclear spectrometer iS2EC reported n Refs. [1 - 3], _Where t_he analo_gue
Ulse processing modules with continuous time

detector combined with a charge-sensitiv@. nals were renlaced by direct calculations with
preamplifier. The measurement of the kinetic ener 9 Wel P ? Oy d vatl Wi
ampled signals — discrete values taken from a

of a radiation particle relies on the processinghef ontinuous signal at equidistantly separated points
electric current pulse created by the motion of tHe 9 4 y sep P

free electrons/holes released during the ionizatfon Hardware and softwar e used in measurements
the detector material. The step like pulse at the petector pulses were digitized using a

output of a charge-sensitive preamplifier (CSPA) i$ps3054B digital storage oscilloscope  from
the result of an integration of the detector cutrentaktronix Inc. as shown in Fig. 1. The TDS3054B
The height of the pulse is proportional to the ltotgyowed signal digitization with accuracy of 8 bit
charge produced during the deceleration of thg, 4 \ith frequency of up to B10° samples/s. Four
charged particle. This pulse height can be measurgd, eforms of 10000 samples each can be
as the difference between the baseline (before @, jraneously recorded in local memory of the
particle hits the detector) and the peaking valygiloscope, controlled by a remote PC via Etherne
(after total charge collection was done) of thespul ¢qnnection. Data exchange between the oscilloscope
after filtering out the useless high frequencyny the PC was facilitated by the TekVISA [6]
components with the help of a shaping-filteg,yare fibrary easily accessible from the Tekixon
amplifier (SFA). This principle is implemented inhc * company web site. Both the data acquisition
commer'C|aIIy avallable nucle_ar elect(onlc module§ng the data analysis software were developed using
performing signal ~processing which —can  Dbgjicrosoft Visual C++ for Windows XP. Let us
represented as a sequence of mathemalicglsiger, for example, a high-purity germanium
p.rocedures applied to the waveform of a Cont"_‘UOl{ﬁPGe) detector irradiated by %Co calibration
signal. The output pulse of the SFA can have e#hel,rce. Detector pulses after being processed by a
Gaussian or flat top pulse shape that can be wseda;pp (with -3dB bandwidth of ~15 MHz) were
the input to a peak-sensing analog-to-digitgfigitized by the oscilloscope with 250 MHz and 8 bi
converter (ADC) for a pulse height analysis. From &g |evels) accuracy. Let us consider Fig. 1 where
mathematical point of view one can consider thg. piock diagram of the CSPA is presented to
signal evolution from the detector to the ADC as gemonstrate the transformation of the detector
sequence of transformations that can be descripeddyy 5| | ett being the time interval passed from the
precisely  defined ~mathematical — expressiongat of the measurement when the particle hits the
Recently, using waveform digitizer (WFD) thegeector and(t) is the instant value of the electric
mathematical transformations implemented iR rent flowing through the detector at timie

analog electronic modules can be implementedyq,ming a particle entering the detector=ai the

software-wise using digital signal processing (DSRy|jowing relation between the detector current and
algorithms. Some examples of the implementatiqpq preamplifier output voltagé(t) is valid:
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00 short enough anki(z )~ const. Thanks to digitisation
V(t)= [ I(r)h(t-7)dr. (1) the solution of Eq. (1) with respect k) becomes
0 possible allowing a direct evaluation of the degect

_ current and the total charge. Inversion of Eq. (1)
The measured outpi(t) can be used directly for yjg|gs:

the determination of the total charge created ley th o
particle assuming that the current pulse dumai® I (t) ZIV(T)H(I—T)dT. 2)
0
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I

Fig. 1. Experimental setup.

Description of the differentiation
and shaping algorithms

Eq. (1), providing the relation between the S 004 :
preamplifier output signal and the detector currer 7; h o e on (1)
stimulated by the ionising particle, can be used as S \ - RC - integration

. . . . . ' - R D B RC” - integration
starting point for the determination particle'seiio 2 (R RC - integration
energy. In practice, the functioh(t—-r) can be & 0] \‘ = RC' - integration
represented analytically as: g S

1
h(t—-7)=—exp(-¢t-7)/a) fort>rz,
a 0,00
andh(t-7) =0, fort< . (3) Time, n:
Fig. 2. Passage of a step like pulse
The parametero is the decay time of the trough the CR-RCfilter.

preamplifier and is in the range of 50 - 1,08 A &- o o

function like current pulse applied to a charggade properly [5, 7]. An original functidft) for
sensitive preamplifier input produces according tée detector current can be found from Eq. (1) gisin
Eq. (1) a step-like output signal with fast risendi the foIIo_wi_ng recursive expression representing a
and exponential decay tinoe(see left part of Fig. 2). differentiation:

The height of the pulse is proportional to the ltota _

charge composing the current pulse, hence to the i =Av, Vv, _;, k=012..N (4)
kinetic energy of the ionising particle. In the gzat

measurement the output signal of the pr_eamplifiWhereik = i(t), v = v(t) are values taken at the
was digitized and stored for further off-line DSRsampling pointst,, ic = 0, and A =exp(l/a) is

analysis. According to Shannon's theorem, sampl8sined by the used preamplifier. Integrating this

and_ continuous  representations of the _S|gnal Brrent signal over time according to expression:
equivalent to each other if the signal sampling was
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t rate and resolution. One can verify the validitytrod
Q(t) = [iF)dd (5) following transformation:
0
© dw(t-r
leads to the total charge flown through the detecto vINw(o)- IVIn(T)#dT =
as the peak value of the step pul3g) . 0
In the optimal analog signal processing procedure o
[8] the signal Q(t) first passed the C-R (circuit =vINy-ving dw(t-7),, (10)
consisting of a serially linked capacitance — C and 0 dr
resistance — R) differentiator with the transfer
function as follows: Using the substitution V" =V'""(kA), V> =
y o o . OW(KA -1
Df (1) = d(7) —%exp(—%) (6) =V>(kA) andV,™ =J-V' g )%dr one
0

can get the following relations from Eg. (16):
d(t) is Dirac's delta-function and A is a shaping ¢ ¢ a- (16)

constant. Usually differentiation is followed by 3 Int _.,Int In ,Out_«, Int «,In
successive R-C integrations with the foIIowinng+1_Vk ><A“ka ’ Vk _Vk _Vk - (11)
transfer function

Applying N subsequent integrations using

Int(r) =iexp(—1). 7) relationv,; =V,™ x A+V,", where at each next step
A A the output signal from the previous step is treated
the input signal for the next step is identical to
assing of the signal through a CR-RE filter.
ig. 2 illustrates how a step like pulse is transied
.when passed through the CR-R@lter. As an

" tearafi ded fo i the i It)é‘?(ampleapulse height distribution fof°&o source
integrations are needed 1o Improve the Signal-ifye g req using described above setup presented in

noise ratio resulting in an almost Gaussian shapg 3 with the resolution was found to be 2.15 keV
pulse. Historically, signal processing using E@. (= '

and (7) was derived by optimisation of the SNR ]
using signal filtering after differentiation [8].h€ 800 -

After differentiation, the step like function is
transformed into an exponential decay function wit
the peak value proportional to the total chargeieval

117323

133249

following equation provides the mathematical
description of the transformations (6) and (7): 500 ]
t In ‘g ]
dv 3 ]
ves = [FBwie-ryr = § w0l o]
o dr 1
! _ 200-.
=V (W)~ V" oWy, (8) ]
0 dr ]
0 ] T T YH h T L‘r‘ T
For example, it can be easily verified that the o0 %00 1000 1200 1400
_ av'"(t) . o . Energy, keV
convolution of dt with the weighting function: Fig. 3. Energy spectrum 8fCo calibration source.
1 T Investigation of pile-up elimination scheme
W(r) = Zexp(—x) 9)

In practice complete pulse isolation can not be
realised and as a result some pulses were distorted
by pile-ups. According to the used data acquisition
scheme, the pulse triggering the acquisition
proportional to the particle's Kkinetic energyhardw"’lre was Iocqted at a _fixed position .qf the

waveform called trigger position. If an additional

Changing the weighting functiofMf) one can l;i)ulse was detected at the distance less than +h fro

obtain different signal shape and signal processmqgger’ then the acquired waveform undergo pile-up

schemes optimized for particular experiment, and=2=.""" . . I
may be chosen as a compromise between countl%bmmatlon procedure illustrated in Fig. 4. Tdrea

is equivalent to the transformations given by K.
and (7). The peak value ®(t), corresponding to
the total measured charge of the ionizing particle,
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Fig. 4. lllustration of the pile-up elimination she.

Energy resolution for different SFA measured using the pulse generator and the source

Filter Res. measured with high precision pulse ggne, keV Resolution of (1173.2 keV) line, keV
CR-RC 1.40 2.15 ("ballistic deficit" corrected)
Trapezoidal 1.40 2.20("ballistic deficit" correc}ed
Ref. [9] 2.00 2.90 ("ballistic deficit" not corret)

occupied by the detected pile-up pulse in the
waveform (right hand part of Fig. 4) was forced to
zero and then the target pulse height was calallate
using pulse processing with the CR-R€haping. > sl
Obviously, the resolution of the spectrometer afte#
implementing pile-up elimination scheme should beCJ
compared with the spectrometer resolution, wherE g |
pile-up flagged waveforms are completely excludeo‘%
from the analysis. In present work pile-up pulsesr
were simulated by forcing of the average signal 4-
width time interval to zero and the resolution was
compared with the resolution measured with

104

Gaussian Fit

undisturbed waveforms. The distance between the 2 10 ' 0 ' 10
analyzed pulse and the simulated pile-up was fixed Distance us
to a certain value and the entire acquired data set Fig. 5. Resolution as a function

was analysed to determine the resolution for the of the distance between pile-ups.

1.173 MeV line of thé®Co source. The procedure

was repeated with different distances between tigentrolled by the software and, therefore

pulse and the simulated pile-up and the dependergx¢perimentalist can make a choice between the

of the resolution on the distance was measured ag@unting rate and the resolution in measurement.

plotted in Fig. 5 for the CR-Rilter. The statistical accuracy of the output signal
It should be noted that resolution degradation imeasurement improved in proportion to the square

the case of using described pile-up eliminatiorpot of the number of samples of output signal

scheme depends on the distance between pulses iavdlved in calculation, which is proportional tlee

at the minimum distance (when pulses still can beidth of the weighting functionw(t). With the

treated as separate ones) it is ~3 times lowerftran sampling frequency of 250 MHz and with the width

isolated pulse. Such degradation however, lman of the weighting function of ~1(s that was used in
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data analysis with  RC-CR- SFA in the reported gamma-spectroscopy. From the sampled waveform
work ~2500 samples of input function was utilise@df a detector signal amplified by a charge-sensitiv
for calculation of one sample of the output funetiopreamplifier the detector current signal was first
gives the improvement of SNR by factor of 50. Theeconstructed and was used for pile-up elimination
authors of Ref. [3] called this improvement as "biand true ballistic deficit correction of the detect
gain factor" comparing the WFD based spectrometeharge. The pile-up elimination method was found
with conventional peak sense ADC based analdg be very effective for fission fragment
spectrometer. Following that approach one can firgpectroscopy, although not demonstrated in the
that spectrometer used in this work had the sampeesent paper. The basics of the signal sampling
SNR as 11.84 bit conventional peak sense ADC. theory were briefly reviewed to demonstrate the
method of calculation wusing sampled signal
representation in the analysis procedure where the
Signal processing algorithms developed in thigignal values are to be reconstructed between sampl
work were provided as recursive computationgdoints. Influence of the number of bits of the
procedures that can be effectively used faampling analogue-to-digital converter and the
computation. Comparison of developed algorithmaeighting function of the SFA to the final signa-t
with that described in literature showed almosg40 noise ratio of the spectrometer considered and
improvement of the resolution in high resolutiorexpressed as "bit gain factor” introduced in Ref. [

Conclusions
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AJI'OPUTMHA HPIQPOBPi OBPOBKH CHUI'HAJIIB
IPU CHHEKTPOCKOIIII SIAEPHUX YACTHUHOK

O. B. 3eiinasioBa, III. C. 3eiinanos, ®-K. Xamom, C. Odepcrear

PosrsanyTo anroputMu 1udpoBoi 0OpOOKHM CHUTHAJIB IPH CIIEKTPOCKOIIT SAEPHUX YACTHHOK 1 METOJ BHIIYyUYEHHS
HakJIaJaHb IMITyJIbCIB, JHCKPETHU30BaHUX 3 (ikcoBaHOIO HacToTolo. Ili amroputmu copMynbOBaHO Yy BUTJIISAL
PEKYPCHUBHUX TPOLEAYP, 3pYUHHX IS IPOrpaMyBaHHS Ha CyYacHHX alrOPUTMIYHHMX MOBax. JloCHimKeHO BIUIMB YHCIa
OiT aMIUIITYAHO-IIH(POBOrO MEPETBOPIOBAYA HA BEJIMYMHY BiJHOINEHHS cUrHan/myMm. Po3poGieHo Ta JOCIiIKEHO
aNropuT™Mu nU(POBOTO CHEKTPOMETPUYHOTO MmiacumoBada 3 Tpaneneinansaum ta CR-RG, dopmyBanHsIM, mpucTpoi
BWJIyYeHHS HaKJaJaHb Ta TMpoleaypa kopekmii “Oamictmunoro nmedimuty”. BumpoOyBaHHS CHEKTPOMETPHUYHUX
XapaKTEePUCTUK MPOBEICHO SKCIIEPHUMEHTAIBHO 3 BUKOPUCTAHHAM AETEKTOpa raMMa-KBaHTIB 3 HaJYUCTOrO I'epPMaHilo.
Crepiry BKa3aHi aJrOPUTMH PO3pPOOJISUIMCS JUIS CIEKTPOCKOMIi OCKOJIKIB MOJUTYy siiep, ajle HaiOUIbIl IOBHE
JIOCHI/DKEHHST X XapaKTepHCTHK CTal0 MOXJIMBHM NPH 3aCTOCYBaHHI JETEKTOpa BUCOKOI PO3JIUILHOI 3JaTHOCTI.
JlociipkeHo BIUIMB METO/Y BHIIyYEHHS HaKJIaJaHb Ha PO3JUIBHY 3JIaTHICTH CIIEKTPOMETpa 3aJI€XKHO BiJ BiACTaHi Mix
JIOCTIKYBaHUMH IMITYJIbCAMU.

Kniouosi crosa: nerekropu BUNPOMIHIOBaHHS, raMMa-CHEKTPOCKOIIIS, SAEPHUM po3mal], nporpamMHe 3a0e3nedueHHs,
HIBUAKHUH o1)poByBay, iMITyJIbC, YUCIOBE TU(EPEHIIIOBAHHS Ta IHTETPyBaHHsl, IHTErpajbHi Ta iIHTErpo-audepeHLiini
PIBHSIHHS, THTEPITOJIALIS, 10HI3AIIHHI KaMepH.

AJITOPUTMBI IIA®POBOM OBPABOTKHA CHUTHAJIOB
NP CIHEKTPOMETPHUU SIAEPHBIX YACTHUIL

0. B. 3eiinanona, III. C. 3eiinanos, ®@-K. Xamom, C. Obepcrear

Paccmotpensl anroputmbl 1M(POBOH 0OpaOOTKM CHUTHAJIOB IPU CIEKTPOMETPHH SIAEPHBIX YacTHUIl U METOJ
UCKJIIOYEHHS HAJIOKEHUH MMITYJIbCOB, TUCKPETU30BAHHBIX C (DUKCHPOBAHHOW YacTOTOH. DTH anropuTMbl CHOpPMYIIH-
pOBaHBl B BHJE PEKYPCHBHBIX MPOIEIYP, YAOOHBIX A HPOTPaMMHUPOBAHHSA C HCIONB30BAaHHEM COBPEMEHHBIX
ANTOPUTMUYECKHX S3BIKOB. VcciiemoBaHO BIMSHUE YHCTIa OMT aMIIMTYJHO-IH(POBOTO IIpeodpa3oBaTeis Ha BEIHIUHY
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OTHOIICHHUS CUTHAI/IIYM CIEKTpOMeTpa. Pa3paboTaHbl W WCIBITAHBI aITOPUTMBI IH(PPOBOTO CIIEKTPOMETPHIECKOTO
yewnutens ¢ TpanenuongansaeiM 1 CR-RG, dopmupoBanrneM, yCTpOWCTBA HCKIIIOYCHHS HAIOKCHUN M MPOIEAypa
Koppeknuu  "Oammmcthdeckoro  aedunuTa’.  VCnbBITaHHS — CHIEKTPOMETPUYECKHUX — XapPaKTEPUCTHK  MPOBEIEHBI
9KCIEPUMEHTAIbHO C HCIIOJIb30BaHMEM JIETEKTOpa TraMMa-KBaHTOB M3 CBEPXYHCTOro repMaHusi. M3HavaibHO
yKa3aHHbIE alTOPUTMBI Pa3pabaThIBaJUCh JJIS CHEKTPOCKOIHHM OCKOJIKOB JeNIeHHs sifep, HO Haubojee MOJHOe
HCCJICIOBAaHUE HX XapaKTEPHCTHK OKa3ajoCh BO3MOXHBIM C MPHUMEHEHHEM JETEKTOpa BBICOKOTO pa3pelieHHS.
HccnenoBaHo BIMSHUAE METO/Ia UCKITFOUCHHS HAIOKCHUH Ha Pa3pellICHUE CIIEKTPOMETPa B 3aBUCIMOCTH OT PACCTOSIHUS
MEX]y UCCIICAYEMBIMHU UMITYJIbCAMHU.

Kouesvie cnosa: NEeTEeKTOPBl M3MYYCHUS, raMMa-CIICKTPOCKONHS, SICPHBIA pacmaj, MmporpaMMHOE OOecreueHue,
OBICTPBIN OIU(POBIIUK, UMITYIIBC, YHCIACHHOE Au((epeHINPOBaHHEe U MHTCTPUPOBAHUE, UHTETPAIBHBIC U HHTETPO-
nudepeHIraIbHbIC YPABHCHHS, HHTEPITOJIAIMS, HOHU3AI[UOHHBIC KAMEPHI.
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