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TOWARDS DIGITAL 
-RAY AND PARTICLESPECTROSCOPY �W. Skulski, M. Momayezi, B. Hubbard-Nelson, P. GrudbergJ. Harris, and W. WarburtonX-ray Instrumentation Asso
iates2513 Charleston Road #207, Mountain View, CA 94043, USAwww.xia.
om(Re
eived November 16, 1999)Digital spe
tros
opy is an experimental te
hnique for dire
tly pro
ess-ing of dete
tor signals without analog signal shaping. Digital spe
trometers
apture the detailed shape of preampli�er signals with high speed ADCs,and then pro
ess 
aptured waveforms in real time with �eld-programmablegate arrays and digital signal pro
essors, that perform digitally all essentialdata pro
essing fun
tions, in
luding pre
ise energy measurement and eventtiming, ballisti
 de�
it 
orre
tion, pulse shape analysis, and time stampingthe output data for o�ine analysis. Appli
ations of this novel te
hnologyin
lude position sensitive 
-ray spe
tros
opy with arrays of Ge dete
torsand high-speed parti
le emission spe
tros
opy. In both appli
ations dig-ital spe
trometers pro
ess signals from semi
ondu
tor dete
tors in orderto measure the intera
tion energy, time, and lo
ation within the dete
torvolume. Ex
ellent energy resolution and essentially zero dead time 
an beeasily obtained with XIA digital spe
trometer devi
es, even when time sep-aration between 
onse
utive events in a de
ay 
hain is shorter than 1�s.These and other appli
ations of digital spe
tros
opy are at the frontier ofexperimental nu
lear 
hemistry and nu
lear physi
s.PACS numbers: 07.05.Hd, 07.50.Qx, 07.85.N
, 07.77.Ka1. Introdu
tionResear
hers in the �eld of Nu
lear Physi
s have traditionally been mainlyinterested in obtaining the best possible energy and timing information witha given dete
tor. While it is known [1℄ that more information 
an be obtainedfrom the pre
ise shapes of the dete
tor signal pulses, the required analysis� Invited talk presented by W. Skulski at the NATO Advan
ed Resear
h Workshop,Krzy»e, Poland, 2-4 September 1999. (47)
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ommonly 
onsidered to be an advan
ed experimental te
hnique due tothe 
omplexity of the required analog 
ir
uitry. The advent of digital dataa
quisition with fast analog to digital 
onverters (�ash ADC's) and digital�ltering, however, has re
ently [2℄ 
hanged this situation by pla
ing pulseshape analysis within rea
h of an experimental nu
lear physi
ist.The new te
hnology 
an be used advantagously in a number of appli
a-tions. In multiele
trode 
-ray dete
tors, pulse shape information 
an be usedto �nd the photon 
onversion point with a pre
ision mu
h better than the sizeof individual ele
trodes. In phoswi
h dete
tors, the relative 
ontributions ofvarious time 
omponents of the light output pulse 
an be determined, yield-ing a parti
le identi�
ation signal (i.e., neutron versus 
 dis
rimination, orthe 
harge and mass of the in
ident parti
le). In gas [1℄ and sili
on [3℄ dete
-tors, information on the ionization density pro�le 
an be used to determinethe 
harge and mass of the ionizing parti
le. The list of su
h appli
ationsgoes on and on, 
learly pointing to the bene�ts that pulse shape analysis
ould bring if used routinely in nu
lear physi
s experiments.In this paper we will �rst explain in general terms how energy and timinginformation is obtained from the digitized preampli�er output signal, andhow analysing the shape of the digitized ADC tra
e 
an yield additionalinformation, su
h as making a ballisti
 de�
it 
orre
tion to the measuredenergy values. We will then des
ribe the 
on
rete digital spe
tros
opi
 pulsepro
essor DGF-4C manufa
tured by XIA. Two novel appli
ations of thispro
essor will be dis
ussed: the position-sensitive 
-ray spe
tros
opy and fastparti
le emission spe
tros
opy. We will then dis
uss a few data a
quisitionissues su
h as time stamping and event building. Finally, we will 
on
ludeby dis
ussing some of the features of the digital pro
essing ele
troni
s that
an spe
i�
ally bene�t experimental nu
lear physi
ists.2. Digital pulse pro
essingEa
h analog stage in a 
onventional signal pro
essing 
hain introdu
esirreversible signal deterioration that 
annot be removed by further pro
essingstages. On the other hand, on
e digitized, signal information is preservedduring transmission and storage as digital data. The prin
iple of digitalspe
tros
opy 
an thus be summarized as follows: digitize as soon as possiblein order to preserve �delity. The earliest lo
ation in the pro
essing 
hainwhere the signals 
an be digitized is immediately after the preampli�er. Untilre
ently, the resulting volume of digital data was di�
ult to handle, thusseverely limiting pra
ti
al appli
ations of the early digitization s
heme. Forexample, a 40 MHz sampling rate at 12 bit pre
ision yields 60 MB/s of rawdata per single dete
tor 
hannel. Su
h huge data rates are di�
ult merely totransmit over pra
ti
ally available data links, let alone pro
ess. A remedy to
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opy 49the problem of high data rate glut was patented by X-ray InstrumentationAsso
iates in about 1993 in the form of Real Time Pro
essing Units (RTPUs)whose role was to redu
e the raw data stream to manageable level by digitally�ltering the raw ADC data. The RTPUs were �rst introdu
ed in a Digital X-Ray Pro
essor (DXP) geared towards high 
ount rate X-ray appli
ations [5℄.Re
ently a Digital Gamma Finder (DGF) [2, 5℄, whose main appli
ationsare high-pre
ision 
-ray and parti
le spe
tros
opy, has brought the power ofdigital spe
tros
opy to the Nu
lear Physi
s 
ommunity.2.1. Obtaining energy and timing information from digital dataIn all XIA digital pulse pro
essors, RTPUs 
ontinously extra
t �runningenergy values� � from the ADC sample stream Xi by a trapezoidal �nite-impulse response (FIR) �lter [6℄ having a peaking time L and gap G 1. Theenergy value E for a given event is determined by the peak value of the �lterresponse � at the time L + 12G after the event, 
f. �gure 1. The di�eren
ebetween two sums over L samples redu
es the noise of a single sample bya fa
tor pL=2, while the separation G redu
es the sensitivity to signal risetime variations. � = i=2L+GXi=L+G Xi � i=LXi=0 Xi : (1)
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Fig. 1. Trapezoidal �nite-impulse response (FIR) energy �lter with peaking timeL and gap G. The energy value is sampled at the peak of the �lter response, thato

urs at the time L+ 12G after the event.1 The FIR peaking time L is related to the familiar �shaping time� ts as ts = 12L.
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ause the 
al
ulation (1) must be repeated by RTPUs ea
h 
lo
k 
y-
le, i.e., every 25 ns in the 
ase of the XIA's DGF-4C signal pro
essor, theRTPUs are implemented using the �eld-programmable gate array (FPGA)te
hnology 
apable of performing 
al
ulations at this speed. In addition toenergy 
al
ulations, RTPUs also perform event triggering and pileup inspe
-tion, 
f. [5℄ for details.Time of arrival of ea
h pulse is extra
ted by the on-board digital sig-nal pro
essor (DSP) with the digital 
onstant fra
tion (CFD) method byinterpolating between the ADC samples, yielding FWHM � 4 ns for pulsersignals, mu
h below the ADC sampling period (25 ns). Timing resolutionwith large 
oaxial Ge dete
tors is usually limited by the dete
tors themselvesto about three times that value.2.2. Ballisti
 de�
it 
orre
tionThe energy resolution of 
-ray dete
tors 
an be dominated by ballisti
de�
it e�e
ts, parti
ularly when short pro
essing times are needed to permithigh rate operation [1, 7℄. Even though ballisti
 de�
it is diminished by thetrapezoidal energy �lter (1), it nevertheless adversely e�e
ts energy resolu-tion when resistive feedba
k preampli�ers are used to pro
ess signals withlarge rise time variations, as is the 
ase with 
oaxial Ge dete
tors [8℄. XIAre
ently patented a ballisti
 de�
it 
orre
tion algorithm whi
h uses pulseshape analysis to a
hieve good energy resolution. The ballisti
 de�
it 
al-
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Fig. 2. A

urate ballisti
 de�
it 
orre
tion 
al
ulated by the on-board DSP allowsfor ex
ellent energy resolution for shaping time as short as ts = 1�s. Energyvalues 
al
ulated with formula (1) (open points) show an inferior energy resolution
aused by the rise time variations, that are 
orre
ted for when the ballisti
 de�
it
orre
tion is applied to the data (full points).
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ulations are performed by the DSP, that pro
esses raw �lter results (1)supplied by the RTPUs. Figure 2 shows the improvement in spe
tros
opi
energy resolution obtained by this method for a parti
ular 
oaxial Ge dete
-tor for peaking times as short as 2�s, i.e., an equivalent RC shaping timets as short as ts = 1�s. Ex
ellent results provided by the new 
orre
tionalgorithm allow the throughput of the digital spe
tros
opy system to be sig-ni�
antly improved relative to its analog equivalent. In some appli
ations,su
h as obtaining parti
le ID dire
tly from planar Si dete
tors [3℄, ballisti
de�
it 
orre
tion is ne
essary in order to a

omodate the large pulse shapevariations 
hara
teristi
 of that method [4℄.2.3. Pulse shape analysisThe ballisti
 de�
it 
orre
tion was a spe
ial 
ase of pulse shape analysis,where the waveform of the preamp pulse was used to derive spe
i�
 
orre
-tions to the measured energy value. In the general 
ase, information su
h asposition in the dete
tor [2℄ or mass and 
harge of the dete
ted parti
le [3℄ isen
oded in the entire shape of the pulse. In order to a

ess this information,the 
onsequtive ADC samples are stored in a fast �rst-in, �rst-out memory(FIFO) and subsequently pro
essed by the on-board DSP. The DSP 
ode 
anbe extended by users with appli
ation-spe
i�
 algorithms to extra
t pulseshape information of spe
i�
 interest. User algorithms 
an be implementedin a high-level language su
h as C, or in DSP assembly language if pro
essingspeed is important.2.4. The Digital Gamma Finder DGF-4CSeveral types of digital signal pro
essors are manufa
tured by XIA forvarious appli
ations. The four-
hannel CAMAC module DGF-4C [2, 5℄ wasdesigned for nu
lear physi
s experiments involving large-volume Ge dete
torswith resistive-feedba
k preampli�ers, but it is �exible enough to be used inmany other appli
ations as well. The module 
onsists of four independenta
quisition 
hannels driven by a 40 MHz 
lo
k, serving as a 
ommon timereferen
e. Ea
h 
hannel features a high-�delity ampli�er with 
omputer-
ontrolled gain and o�set, whose fun
tion is to mat
h an amplitude and DCo�set between a module input and an internal �ash ADC. The ampli�erperforms no signal shaping, other than the ne
essary �minimal �ltering�of high-frequen
y signal 
omponents above the Nyquist frequen
y of theADC. The ADC is followed by an RTPU that performs digital �ltering (1)and pileup inspe
tion, where both L and G are programmable from 25 nsto 49.6 �s. All four 
hannels are served by a single DSP, responsible for
al
ulating ballisti
 de�
it 
orre
tions and other user-programmable pulse



52 W. Skulski et al.shape analysis, as well as for internal bookkeeping fun
tions. The DSP alsoperforms output data formatting and bu�ering.Every event that is a

epted by the module is time-stamped with aninternal referen
e 
lo
k of 25 ns granularity before being pla
ed in the outputbu�er. If the noise of the input signal permits for good timing, the digital
onstant-fra
tion 
al
ulation is performed by interpolation between ADCsamples to improve timing pre
ision, down to about FWHM � 4 ns, asdis
ussed earlier.The DGF-4C modules feature several auxillary input and output 
on-ne
tors su
h as trigger and multipli
ity input and output, as well as eventvalidation and 
lo
k syn
hronization, designed to 
onne
t several modulestogether into a large 
omposite data a
qusition system. The detailed de-s
ription of the DGF-4C module is available at the XIA web site [5℄.3. Position-sensitive 
-ray spe
tros
opyThe primary aim of position-sensitive 
-ray spe
tros
opy, to be used withnewly proposed high-e�
ien
y 
-ray dete
tor arrays [9℄, is to re
onstru
t fullphotopeak energies of all 
-quanta from measured positions and energies ofCompton-s
attered 
-rays. In other appli
ations, su
h as medi
al imaging,it is also essential to re
onstru
t all three 
oordinates of a photon intera
tionwithin the dete
tor volume. The 
omplexity of the re
onstru
tion problemdepends on the dete
tor geometry. Coaxial Ge dete
tors with segmentedouter ele
trodes will require solving a 
omplex 3D problem to �nd the po-sitions of the 
-ray intera
tions [9℄. Preliminary measurements [2℄ of thesignal waveforms from a prototype 
oaxial segmented Ge dete
tor indi
atefeasibility of the approa
h.On the other hand, a double-sided striped planar Ge dete
tor allowsthe 3D re
onstru
tion problem to be de
omposed into three independent1D problems [10℄, thanks to a 
ombination of three e�e
ts: (A) ea
h 
-rayprodu
es a point-like 
harge deposition with no plasma delay. Charge 
loudsthus move almost like point 
harges within the dete
tor volume. (B) The�small pixel e�e
t� makes a point-like 
harge 
loud visible only when it is
lose to a dete
tor ele
trode. (C) A dete
tor thi
kness of � 1 
m translatesto � 100 ns time di�eren
e between front and ba
k signals that is easy tomeasure with the DGF-4C.Under these 
onditions, a striped planar Ge dete
tor is e�e
tively turnedinto a �solid state drift 
hamber�, whose data is easy to measure and tointerpret. Figure 3 shows the measured [10℄ time di�eren
es between thepulses 
olle
ted by the front and ba
k strips of the 1 
m-thi
k dete
tor,
ompared with the known distribution of intera
tion depths of the 122 keV 
-rays. An ex
ellent agreement is observed in this �gure between the measuredand expe
ted distributions.
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Fig. 4. Compton s
attering event, as measured with the DGF-4C in a planar Gedete
tor. The full energy of an in
ident 
-ray (122 keV) was partitioned betweeninitial Compton-s
attering 
lose to the dete
tor surfa
e (16 keV) and absorption ofthe s
attered 
-ray deeper in the dete
tor (106 keV). The bottom ADC tra
e witha transient ex
ursion from zero voltage was 
aused by the indu
ed transient 
hargein the neighboring strip ele
trode.Position resolution in a Ge strip dete
tor also enables one to disentangleCompton s
attering events within the dete
tor volume, making it possible totra
e 
omplex Compton 
as
ades of 
-rays through a sta
k of Ge dete
tors.Figure 4 shows a set of waveforms from a Compton-s
attering event, wherean in
ident 122 keV 
-ray was �rst Compton-s
attered 
lose to the dete
torsurfa
e depositing 16 keV, and then was absorbed deeper in the dete
tordepositing the remaining 106 keV. The positions of both events in the depth
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tion (perpendi
ular to the dete
tor fa
e) 
ould be 
al
ulated from thetime di�eren
e between the pulses. Small pulses indu
ed in the neighboringstrips 
an in prin
iple be used to improve the in-plane position resolution toa fra
tion of the strip pit
h. This work [10℄, while still preliminary, 
learlydemonstrates the potential of the approa
h.4. Pulse shape analysis and parti
le identi�
ationDeriving parti
le identi�
ation from re
orded pulse shapes is a verypromising appli
ation of digital pulse pro
essors su
h as the DGF-4C. It iswell known [1℄ that, in response to di�erent ionizing radiation, s
intillatorssu
h as CsI(Tl) emit di�erent light 
omponents whose de
ay time (mi
rose
-onds) is ideally suited to analysis with digital ele
troni
s. It is relatively lessknown that semi
ondu
tor dete
tors exibit similar time variations of theirresponse on a somewhat shorter time s
ale (tens of nanose
onds) [3℄, alsowell mat
hed to digital pulse pro
essor sampling rate. The rise time varia-tions are made more pronoun
ed and shifted to longer times (hundreds ofnanose
onds) when a planar Si dete
tor is irradiated from its ba
k side [4℄,thus making su
h Si dete
tors ideally suited for digital pulse pro
essing. Itis worth pointing out that digital pulse pro
essors su
h as the DGF-4C 
anobtain not only the time and energy from the input signals, but 
an also
al
ulate the ballisti
 de�
it 
orre
tion, that was shown [4℄ to be ne
essaryin the 
ase of ba
k-irradiated Si dete
tors.5. Fast parti
le emission spe
tros
opyA traditional analog method to measure radioa
tive de
ay by protonemission leads to a dead time of � 7�s, primarily due to overloading theanalog ele
troni
s by the large pulse 
aused by implanting the emitting ioninto the sili
on dete
tor [11℄. This dead time severely limits one's abilityto investigate proton emitters in the �s time range. In order to over
omethe limitation, DGF-4C modules were used [12℄ to take advantage of theirlarge dynami
 range, and ability to re
ord and pro
ess pulses with almostno dead time. Figure 5 shows an example of su
h a sequen
e of pulses, i.e., aweak � 0:5 MeV proton emission pulse o

uring about 1.5 �s after the large-amplitude (� 18 MeV) ion implantation pulse. [The amplitude of the weakpulse was somewhat smaller than expe
ted (� 1 MeV for proton emission)due to partial es
ape from the dete
tor.℄ Further experiments utilizing theDGF-4C ele
troni
s are in progress to investigate proton emitters in �s andeven sub-�s de
ay time ranges.
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Fig. 5. Proton emission (a small � 0:5 MeV pulse) o

ured about 1:5�s after a113Cs ion was implanted into a sili
on dete
tor (a large � 18 MeV pulse). Bothevents were 
learly resolved by the DGF-4C pulse pro
essor.6. Data a
quisition with digital ele
troni
sData a
quisition (DAQ) using digital ele
troni
s di�ers from event-drivenDAQ using analog ele
troni
s and traditional ADC's. The digital ele
troni
modules 
ontinuously sample input signal and extra
t quantities of interest(amplitude and shape parameters) for every dete
ted pulse. Event pro
ess-ing is internally initiated whenever the signal meets 
ertain 
riteria, su
h asthe o

uren
e of a steep rise in the sampled data due to in
ident radiation,
f. �gures 1 and 5. The data pro
essing in a given module 
an also be ex-ternally triggered, thus allowing many modules to be syn
hronised amongthemselves. Every pa
ket of information is time stamped with an internal
lo
k value, formatted, and put into an output bu�er for a delayed readout.The data bu�ers are retrieved by a main DAQ 
omputer over a FastCAMACbus (optionally: FERA bus [13℄), and global event building is performed bythe main DAQ 
omputer based on time stamps provided by every mod-ule. The main 
omputer 
an also retrieve ADC waveforms re
orded by ea
hmodule in order to perform o�ine user-programmed pulse shape analysis.
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ated users 
an program the module's DSP to perform su
h analysisin-situ, as noted earlier.)Be
ause of the relative 
omplexity of the digital ele
troni
s and manynumeri
al parameters pertinent to their operation, the modules are typi
ally
ontrolled using dedi
ated PC-based software with an intuitive graphi
aluser interfa
e.7. Con
lusion: the merits of digital spe
tros
opyDigitizing early and pro
essing digital rather than analog data makes itpossible to implement the whole pro
essing 
hain in a single ele
troni
 unitthat implements all essential data pro
essing fun
tions, in
luding:1. Pre
ise energy measurement.2. Variable �ltering time.3. Timing to within a small fra
tion of the data sampling period.4. Ballisti
 de�
it 
orre
tion.5. In-situ analysis of the ADC tra
es (i.e., pulse shape analysis).6. Time stamping of every datum for o�ine analysis.7. Bu�ering and formatting the output data.Be
ause of high integration, digital ele
troni
s is very 
ost e�e
tive when
ompared to the analog alternative. The ele
troni
s has no me
hani
al mov-ing parts su
h as potentiometers, and thus all the internal module settings
an be easily re
orded in a disk �le. The same hardware unit 
an thereforeserve many diverse appli
ations and is easily 
hanged from one to anotherby 
hanging appropriate parameter values. Example appli
ations in
lude:1. Radioa
tive re
oil de
ay tagging.2. Fast parti
le emission spe
tros
opy.3. Position sensitive gamma spe
tros
opy.4. Simultaneously measuring parti
le energy and ID.5. Pulse shape investigations for dete
tor R&D.
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opy 576. Other appli
ations 
an be developed by the end user by either program-ming the main DAQ 
omputer to analyse 
aptured ADC waveforms,or by programming the internal DSP to perform in-situ pulse shapeanalysis.In 
on
lusion, digital pulse pro
essing is a well developed te
hnology thathas be
ome available to the nu
lear physi
s 
ommunity and will soon 
hangethe way nu
lear physi
s experiments are performed.The authors gratefully a
knowledge help of J. Bat
helder, C. Bingham,R. Grzywa
z, Z. Janas, R. Kroeger, J. M
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