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ERFORMANCE OF AH QN-DMAND 3KAI-t EXCITATION SYSTEM FOR

?I1 as G. rlalrnqvist, Erik Karlsson and K. Roland Akselsson,

Dept. of Nuclear Physics, Lurid I n s t i t u t e of Technology,

Sölvegatan 14, S-223 52 LUtiD, Sweden

A system for e l e c t r o s t a t i c on-demand beam exc i t a t i on in PIXE a n a l y s i s has been

buil t and carefully tes ted. Significantly increased count rate capability

without any need for corrections for electronic dead time and with less target

deterioration makes the system superior to a traditional systern with electronic

pile-up rejection. By adding a fast external electronic pulse pile-up reject ion

system, a pile-up interv 1 of about 250 ns is obtained. The detailed cehaviour

of the particle beam during deflection and experience from using the system in

routine analysis are reported.

i . irrrRCDU

Par t ic le Induced X-ray Emission, PIXE, was introduced in 197O1. The method is

today used in many laboratories and has been applied to a variety of analyt ical

prcolems2.

For PIXE-analysis, electrostatic accelerators or cyclotrons are normally used to

produce charged par t ic les with energy in the interval from 1 to 5 MeV/u. When

these particles impinge on a target they create 'inner shell vacancies in the

target atoms, '//hen such a vacancy is refilled the excess energy may be emitted

as a character is t ic X-ray. The X-rays are normally detected by an energy

dispersive £i(Li)-detector with high energy resolution.

~l

Morrnal beam intetiSitiec in PIXE analysis are in the Interval from 1 to 200 nA.

To reduce the analysing-time, high beam intensi ty is normally used. The

electronics used for detector pulse processing will, however, l imit the number

of pulses processed per unit time. Too high count rate can cause severe

dis tor t ion of the pulse-height spectrum. Peak cent ro id s h i f t s and peak

broadening will occur in the spectrum as will pulse pile-up effects. Evaluation

of X-ray spectra Is normally made by computer codes which are sensi t ive to

spectrum distortions. In addition, the particle beam intensity Is restricted by

target deterioration, due tc :il.;3l:atiop. of ^r;e::/y as the charged particles slow

down In the matrix. Some samples, e.g. biological tissues, are particularly

sensitive to high beam intensities.
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2. PILH-uP REDUCTION IN ENERGY DISPERSIVE X-RAY ANALYSIS

2 .1 . X-ray pulse processing

After detec t ion of an X-ray in the Si (Li) crystal , a pulse proportional to the

X-ray energy i s del ivered from the preampl i f ier to the main a m p l i f i e r . A

conventional X-ray main amplifier uses pulse shaping tine constants of between 2

and 10 us , giving pulse processing times in the i n t e r v a l of 20 to 100 ys . The

probabi l i ty for pulse pile-up effects due to the overlapping of X-ray pulses i s

proportional to the pulse processing time. In a f i c t i t i ous X-ray energy spectrum

with one s ing le X-ray l i n e , pulse pile-up will appear as a continuum star t ing

just above the full energy peak and ending in a peak at double the energy of the

X-ray peak (compare f ig .3a) . The continuum is due to pulse overlapping when two

pulses arrive with a relat ively large time difference but s t i l l close enough to

be added p a r t l y In the ampl i f i e r . Such a continuum acts as an increased

background for other possible peaks In the energy In te rva l in ques t ion , thus

s i g n i f i c a n t l y increas ing the lower l imi t of detect ion. The discrete pile-up

p-.. cs, emanating from pulses very close in time, will interfere with X-ray peaks

their immediate v i c i n i t i e s . Pulse pile-up can be suppressed by the

'. r: 'oduction of an electronic pile-up rejector3.

,1- ray main amplifiers are more or less sensitive to high count rates wnich can

; .use X-ray peak broadening and peak centroid shifts due to incomplete base line

.'estoration. The X-ray spectrum will be distorted by such effects as well as by

the pulse pile-up effects. Even very slight changes in the spectrum may

introduce gross error-, in the quantitative evaluation. The latter is normally

made by automatic or semi-automatic computer codes which fit the X-ray spectra.

Since computer codes are normally quite sensitive to changes in energy

resolution and peak centroid position values, such spectral distortion causes

the failure of automatic spectrum evaluation procedures and, since no PIXE

laboratory running on a routine bacij can avoid toe use of computer evaluation

of X-ray spectra, there is an obvious need for suppressing them.

c.3. Electronic pile-up rejector

The electronic pulse pile-up rejector (PPR) includes a fast amplifier parallel

"AJ the slow, high-resolution spectroscopy amplifier. The PPR senses if two

consecutive events from the preamplifier overlap In time, normally with a pulse

p-;..ir resolution of 0.5 to 1 ya. If two events overlap, both are rejected by

inhibiting the main amplifier output, thus almost completely eliminating the



pile-up continuum. To enable a quantitative analysis , the electronic deadtime

thus introduced has to be corrected for.

The discriminator of the PPR is set at a threshold l eve l , snail enough to

include the pile-up emanating from X-rays of the lowest energy of interest .

Noise, however, should not t r i g g e r the PPR since t h i s would in t roduce

unnecessary electronic dead-time.

The time interval in which pulse pile-up due to the f i n i t e time resolution of

the electronics cannot be detected is called the pile-up intervall . Any two

pulses which arrive within this interval are not rejected by the PPR and occur

as one peak at an energy approximately equal to sum of the two X-ray energies

referring to the two pulses. Knowing the number of pile-up events per unit time,

T can be derived from Poisson s ta t is t ics 3 giving the expression :

Njj=( T i i + T j i ) ' N i "Nj > i*J (A)J where M̂  is the number of events with energy

E^ per unit l ive time, N - - the number of pile-up events emanating from the

combination of E^- and E-- events per unit l ive time and x. . the pile-up

interval between pulses from X-rays of energy E^and E-. Por double energy peaks

(Eĵ = E^ + E- ) this expression becomes:
N i i = T i i ° N * ( B ) ' T h e r o r r n u l a e s h o w t n a t t h e number of pile-up events will
increase as the square of the count rate. Por very high count rates there will
also be a significant probability for tr iple pile-up (compare fig.3b).
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Fig 1. Effec t ive count r a t e (counts per unit real time) in the X-ray spectrum
versus zr.e input count rate for> on-Jerrana oĉ -n i r r a d i a t i o n (A) and e l e c t r o n i c
pil':—up rejection (o) respectiveiy. The result:; were obtained during i r rad ia t ion
cf a t-nicr-: c ^ r o r olato.



with an electronic PPR, an Increased input count rate dees not always imply an

Increased output ra te . Instead, a maximum output count rate, determined by the

pulse shaping tins constant, will be reached for a cer tain input count ra te

( f i g . l ) . If the count rate is high enough, the deadtime will eventually reach

100S and no output will occur from the amplifier. Ihe system is paralyzed.

2.3. Pile-up reduction by on-demand beam excitation

A different technique of pulse pile-up reduction makes use of an on-demand

exci ta t ion system"*'5 . When an event i s detected a t the output of the

preamplifier, the exci ta t ion source is shut off. The source is then kept off

during the pulse processing time. When the amplifier is ready to accept and to

process another pulse the excitation source is turned on again. In this way a

ncn-paraly=afcle systea is obtained.

In pa r t i c l e induced X-ray analysis a suitable way to shut off the excitation

source is by the insertion of two parallel e lec t ros ta t ic deflection plates in

the beam transport tube5, between which the charged particles pass on their way

towards the sample. When an X-ray event has been detected, a t r a n s v e r s a l

e l ec t r i ca l field is applied between the plates forcing the charged particles to

deflect and thus removing the particle beam from the sample. Ihe e lec t r ic f ie ld

is switched off once the event has been processed in the amplifier.

If a system for fast leading edge discrimination is used to detect the X-ray

signal from the preamplifier the beam may be turned off within a very short

time. The pulse pile-up interval is determined by the sum of the times for the

leading edge discriminator to detect the pulse, for the signal to reach the beam

deflection c i r cu i t , to deflect the beam and the t r ans i t time for the l a s t

undeflectsd particles to move from the deflection plates to the target.

3- OM-DEMAND BEAM SYSTEM

An or.-domand beam excitation system hac been Implemented in the beam line of the

PIXE-facility at the Lund I n s t i t u t e of Technology6. The electronics of the

system is similar to the one presented in ref.5 which is referred to for details

of electronic design. However, the discharge time of the deflection plates is

shorter in the system discussed here.
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3.1. Technical description

A pair of deflection plates (0.46 m x 0.-04 ra) made of aluminium are mounted in

parallel with a spacing of 8 mm, in one of our standard beam transport tubes

(diam.:0.06 m). TL? distance between the centre of the beam deflection system

and the target is 1.0 a. A beam colliraator (diam.:3 mm) i s placed 0.6 m from the

targe t . When deflected, the bear, hits the collimator and no particles reach the

samDle.

The deflection is controlled by the X-ray signals from the preamplifier (see

fig.2). This is a pulsed optical feedback preamplifier (Kevex 2003) producing

step signals proportional to . the X-ray energies detected, thus forming an

increasing ramp voltage signal. When the DC-level reaches +5V the preamplifier

is reset by an optical signal from a light emitting diode. An emitter follower

stage, necessary to match impedances, differentiates the preamplifier s ignal ,

which is then amplified by a fast timing f i l te r amplifier (ORTEC 474) and fed

into a single channel analyzer (ORTEC 40bA), the output signal of which (LLD

outpu t , +5V, 500 ns wide) t r i gge r s the control e lectronics (TU) of the

deflection system. The control electronics provides a % V positive going pulse

to open a power tube (PL 519) for the grounding of one of the deflector plates.

These plates are normally both maintained at a voltage cf 1-2 kV. The 10% to 90/5

rise time of the electric field between the plates from zero to 1200 V/cm is 35

ns.

Collimator

Beam

U= 1-2 kV

Target

Fig 2. Block diagram of the electronics used for on-demand beam pulsing. PA =
preamplifier, MA = main amplifier, MCA = multi-channel analyser, TFA = timing
f i l t e r amplifier, SCA = single channel analyser, TU = trigger unit and BEAM
si,*riai = logical output from train amplifier during the processing of a pulse.



The rieflectici duration can be set on the control electronics or be controlled

by the 3EAM-signal from the amplifier. This signal shows that the amplifier is

busy processing an event and the deflection is maintained also during the long

busy intervals (0-5-2 us) following a pulsed optical reset in the preamplifier.

3-2. F:le-UD interval

During the detection of an X-ray event, the charge col lect ion time in the

Si(Li)-Jetector is typically around 50 n s 3 . The measured delay of the signal

during i t s transmission from the preamplifier to the power tube is about 300 ns.

For the projectiles normally used in this laboratory (protons, 2.55 MeV), the

t r ans i t time from the plates to the target is about 40 ns. When bombarding a

thick homogeneous Cu-plate with different count rates (1500-5000 cps) the double

energy pile-up peak for the K a - l ine has been measured and from formula (B)

has been calculated to be 400±20 ns (±one standard error of the mean). This is

in fa i r agreement with the measured tine delays. In fig 3 are shown the srectra

frcm bombarding this target with a) no PPR, b) with PPR, c) with on-demand beam

ir rad ia t ion and d) with simultaneous use of PPR and on-demand beam irradiation

respectively (the total effective count rate in each spectrum is about 4500

cps).
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Pig 3« The spectra obtained during equally long bombaroiuenu.; of a thick copper
plate using a 340 vim Mylar X-ray absorcer and a amplifier time constant of 4'us.
ihe effective total count rates are in all cases about 4500 cps (real time). The
broken, lines shown at 100 counts per channel are given to facil i tate comparison
between spectra. The spectra refer to the- following conditions: a) no pilo-;p
re'octicn
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Fig 3 b) electronic pulse pile-up rejection
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Fig 3 c) on-demand bean irradiation
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Fig 5 d) the simultaneous use of on-demand beam irradiation and electronic pile-up
rejection
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Fig 3 e) 3i;nilar to d) with addition of a fast external PPH.



In fig- 2 b) , a dras t ic suppression of the continuous pulse pile-up can be
observed with an electronic PPR as compared to f i g .3 a ) . In c) the use of
on-demar.d irradiation is superior to PPR in reducing double pile-up peaks and in
that no t r i p l e pile-up peaks are observed. The simultaneous use of on-demand
irradiation and PPR (fig. 3 d) gives a slightly lower pile-up continuum than in
c ) . If no PPR is used when the beam is deflected during the processing of an
X-ray event and hence no electronic inspection is performed, another event, e.g.
caused by par t ic les being scattered out of the deflected beam into the normal
beam path and thus reaching the sample, can be registered during the off-beam
period thus interfer ing with the event being processed and causing pile-up in
the continuum region. In the analyt ical set-up reported, the commercially
available PPR in the X-ray main amplifier is used together with on-demand beam
irradiation.

I t i s possible to shorten the pile-up interval in on-demand beam irradiation if

commercial modules with smaller signal delays are used for leading edge

discrimination and by reducing the signal delay in the control electronics (TU

in f ig. 2 ) . We estimate that in th is way i t would be poss ib l e with t h i s

on-demand beam system to reach a pile-up interval of about 200 ns.

Por protons with energies in the interval of 1 to 4 MeV and for alpha pa r t i c l e s

from 3 to 9 MeV, the variat ion in the pile-up interval will be less than 10%,

which is insignificant for practical analytical purposes.

In ccranercial PPR:s the manufacturers, d^e to'the need to compromise between

detecting pulse pile-up from low energy X-rays and suppression of e lectronic

noise7, limit the pulse pair resolution to about 500 to 1000 ns. It i s , however,

possible to obtain a pulse pair resolution of less than 300 ns by using

camercial MIM modules.

In fig 4 is shown a block diagram of the electronics which have been used for

external pulse pile-up rejection. A time-to-pulae-height-converter (TPHC, Ortec

467) han been used to measure the time intervals between successive X-ray events

and if two events cccur within a preset time interval (TPHC time interval), a

pulse will be produced and the TPHC is then ready for a new measurement. The

negative signals delivered frun the fast discriminator (FD) upon the detection

of an X-ray event are used to stop and with a delay (10 ns) to start the TPHC. A

+87 standard pulse (SCA in fig 4) with a width of 10 us is produced as scon as a

tins interval has been measured and, after a suitable delay, i t may be used to



Proton beam jv Target

Fig 4. Elock diagram of the electronics used for external pile-up rejection and
when studying the detailed behaviour of the proton beam. A target is irradiated
and the preamplifier signals enter a timing f i l t e r amplifier (TFA) followed by a
fact discriminator (FD). The la t ter triggers the trigger unit (TU) and supplies
a time-to-pulse-height-converter (TPHC) with both start (with a suitable delay)
and stop signals.

inhibit the input of the ADC thereby rejecting the X-ray events which would

otherwise be found as pile-up in the spectrum. If a TPHC interval of 2 ys is

chosen ideally all pulses less than 2 ys from one another will be rejected. In

this v/ay a pile-up interval of about 250 ns is obtained. The ultimate limit of

such an electronic rejection system, able to distinguish between two adjacent

pulses, will be set by the charge collection time in the Sl(Li) crystal (ses

sect. 3-2) and the pulse pair resolution of the e lec t ronics . The r i se time of

the X-ray pulses from the preamplifier has been measured to be about 100 ns.

Used together with an on-demand beam system i t is then possible to achieve a

reduction of the in tens i ty of the double energy peaks as compared to pure

on-demand beam irradiation without introducing any significant dead-time ( <l%).

In f i g 3e is shov.n a spectra^ similar to 3d but with the addition of the

electronic pulse pile-up rejection system described.
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Te account for the remaining pile-up peaks, which will s t i l l be s ignif icant at
high count rates, the spectrum evaluation computer code in use has been modified
to facili tate accurate corrections for pile-up peaks .

3.3- Routine applications

The on-demand bean system described is in routine used and works very well

requiring only minor maintenance. The practical count rate i s l imited to about

10 000 cps (with an amplifier* time constant of 6 ys), primarily by the limited

power capacity of the deflection tube. This is a common electron beam deflection

tube used in many commercial colour television sets and thus read?ly available

at a low cost. I t could, however, be replaced by other types of tubes capable of

withstanding much higher power dissipations, e.g. high power transmitting tubes.

.4. Performance of the on-demand beam system

Extensive v.'ork has been carried out to t e s t the behaviour of the deflection

system in deta i l and to check whether i t is re l iable in conjunction with

quant i ta t ive PIXE-analysis. The tests normally described in the l i terature5 '9 ,

imply the comparison of X-ray spectra with electronic pile-up reject ion with

those obtained with an on-demand beam system (f ig .3)- I t i s , however, also

important to study the detailed behaviour of the particle beam during deflection

and return.

3.4.1. Deflection and return of the beam

When an X-ray event is de tec ted , the signal is sensed by the on-demand

electronics. A pulse then opens the power tube to ground one of the deflection

plates and thus deflect the beam. The removal of the beam from the target should

occur as rapidly as possible. Similarily to man,'/ other laboratories, in the Lund

PIXE arrangement we use a diffuser foil (1 mg/cm2 gold foi l ) to obtain a

homogeneous beam at the target6 . The foil sca t te rs the par t ic les in the beam

away from their i n i t i a l d i rec t ions . When deflection takes place, the beam is

moving transversally and the par t ic les will eventually hi t the collimacor

situated just in front of the gold foil . Duo to the scattering in the collimator

edges and the foil , cane particles may hit rhe sample and produce X-rays during

ard after the beam removal. If these X-rays reach the detector, they cause pjlse
pile-up in the electronics.
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To study the detailed performance of the system the TPHC (see fig. 4) has been

used to measure the time interval between two successive X-ray events when the

beam deflection i s act ive . In addition to the +87 pulse (see sect . 3-2) an

analogue signal with an amplitude proportional to the measured time inter/Hi is

produced subsequent to each time measurement. The TPHC is s tar ted by an X-ray

signal after a suitable tine delay and stopped by the successive X-ray signal.

By selecting the delay of the s t a r t signal properly (about 250 us), i t is

possible 13 s t a r t the time measurement just before the deflection of the beam

starts . As the deflection proceeds, the probability for the occurrence of a new

event will decrease. Hence, with repeated beam deflections, the frequency of

stop signals frcm a succesive event is expected to decrease with the time af ter

beam removal. This can be demonstrated by storing the measured time intervals as

a time spectrum in a multichannel analyser.

Figure 5 shows a time spectrum obtained during a 10 min I r rad ia t ion of a

Cu-target with a deflection frequency of about 5 kHz. The TPHC time interval is

set to 0.4 us in the left-hand part of fig.5 and to 80 ys in the right-hand. The

diagram shows the time dependence of the count-rate when the deflect ion takes

place. The 90% to 10% f a l l time is about 25 ns. The right-hand part of the

figure shows the behaviour of the beam when the deflection duration i s set on

the control electronics to 65 us. The beam returns to the target within 64 us

and the beam intensity then recovers with a 10% to 90 % rise time of 2.1 ps. The

longer tirre for beam return is due to the longer time required to return the

grounded plate to i ts ini t ia l potential than to perform a sudden grounding.

3.4.2. Beam charge integration

Since the time required to remove the beam from the target is vevj short

compared to the pulse processing time ( <l%), no dead-time corrections have to

be made. However, the deflection system (power tube, plates, etc) will act as a

strong source of electromagnetic radiation in the radiofrequency band. The

current measurement system, including irradiation chamber, coaxial cables and

Faraday cup, forms an antenna, picking up the radiation. The currents which may

be induced (normally below a few nA) can cause significant inaccuracies when low

bean currents (I < lOnA) are used. The rather large irradiation chamber used in

this particular experimental arrangement may be part of the explanation of this

phenomenon. Careful shielding and grounding eliminate or suppress these currents

but the attention of presumptive users of such systems should be drawn to the
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Fig 5- Time spectra from a TPHC with TPHC time interval of 400 ns ( lef t ) and of
80 ys (r ight) obtained during the irradiation of a thick copper plate with a
deflection frequency (cps) of about 5 kHz.

problem, in order to avoid analytical inaccuracies when low beam currents are

used.

The use of a ccllimator to stop the deflected beam requires careful alignment of

the beam, i . e . the beam must pass s t ra ight through the colliraator when no

deflection takes place. If the main part of the beam h i t s one side of the

collimator but part of the beam is s t i l l let through the central hole, i t will

hi t the sample and produce X-rays thus triggering the beam deflect ion. During

the pulse processing, when no particles are expected to reach the sample, part

of the bear, is steered into the collimator hole, thus giving a residual beam

i n t e n s i t y at the sample and causing pulse pile-up and erroneous charge

integration. This situation may be detected by repeated analyses of a well-known

reference standard sample l ° and can be avoided by careful ini t ia l alignment of

the particle beam through the collimator.



Compared to the e lect ronic PPR, an on-demand pile-up reduction system has

several advantages. Since the excitation source is shut off almost immediately

after an event is detected, there is nc need for any dead-time corrections in

quant i ta t ive analysis and the system cannot be paralyzed. Compared to a

conventional PPR, the pile-up peals in the X-ray spectrum will be significantly

reduced for the same effective count rate (cps, real time) as can be seen from

fig.3-

Furthermore, since the output rate of an on-demand systen will be equal to the

input rate (see f ig . l ) , fewer count rate problems will occur. High output count

rates car. be achieved without the occurrence of any signif icant peak centroid

shif ts or peak broadening since the amplifier will be able to perform adequate

base-line restoration for each individual event.

Target d e t e r i o r a t i o n due to heating is dc-pendent on beam intensi ty and

deterioration due to radiation damage proportional to the total integrated beam

charge (accumulated radiation dose). Being without any dead-time losses, the

on-demand pulsed beam excitation system enables the use of lower currents and

less charge for the same amount of information. For samples which are sensitive

to radiation damage or heating, e.g. biological samples or samples containing

vola t i le compounds, the use of on-derriand bean excitation shall prove especially

advantageous.

A detailed study of the deflection process shows that the beam intensity fal ls

off very rapidly as soon as the control signal reaches the electronic tube which

groiinds the one plate and also recovers acceptably quickly when the high voltage

is reapplied to the plate. The total delay of signals from detection of X-ray

events in the detector crystal to turn-on of the triggering unit, which grounds

the plate is about 300 ns in our experimental arrangement but can be further

improved by selectiag electronics with shorter pulse delays.

A fast external pulse pile-up rejector was designed using standard NIM modules

and, with the combined use of the on-demand beam excitation and the external PPR

a pile-up inte-^val of about 250 ns han been obtained.

I t is our experience that minor problems may arise in the use of on iemand beam

electronics since extra currents can be induced in the charge measurement system



r
(especially for large volume chambers). These problems can, however, be overcome
by careful shielding and grounding. To avoid increased pile-up and inaccuracies
in quant i ta t ive determinations, careful alignment of the par t ic le beam is
recommended.
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