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Abstract 

A Recoil Filter Detector I RFO) which was del'eloped in the Hahn-:\Ieilner-Institut 

(H:\II), Berlin has been im'estigated to determine the detector efficiencI', This detec­

tor uses the forward emitted electrons from a thin mylar foil and it has been found 

to hal-e lo\\'er efficiency than expected from theoretical considerations, For the test 

measurements a ,.olCf source was used, The fission products from the 2.o2Cf were 

detected in coincidence ,,-ith the prompt -forays and then the spectra \I'ere analyzed, 

In I he first part of this paper the reason for the 101\' efficienc\' of tllf' detector and 

the solution for an impron,ment is presented, In the second part. as an alternative, 

a Hew ,\esigll of a det.ector is proposed. It- llses the back\rard ~mittr'd electrons and 

may he preferred, in some aspects, to the RFO , 



1 Introduction 

If I 

nucleus) gets into close contact wit h an atomic rit:d~tl".·· .\~~st 'of 'tile' known 'ntlelear 

reactions ilrc produced bl' exposing different targ,'fs to a heam of accelerated nuelear 

particles. l"suallya large energ" and momentum exchange takes place and the final 

products of the reaction are tll'O or more nuclear part.icles leal"ing the point. of close 

cOlltact in \"arious direction. 

III general. a nuclear reaction can be expressed by the equation 

a+X--.Y+h ( 1) 

or. III IllOrE' C0l11IHlCt notation. X(a.blY. TIJP notation mealls that particle a 

strike.s nllcleus .\. to produce r and an out.going particle b. Particles a and b may 

he elementar)' particles ineutroflS. protonS!. bnt thcI" can also themselves be nuclei 

(f'.g'. df'lltprOIl~ or alplta-particle:-, I. 

Heaction t 1) is not the most general !luclear reactiOl1. In tilE' general case. an 

arbitrary IluIllber of part.icles may enlerge. Tbi:-: react.ioll is sufficiently general to 

include most. of the known nuclear reactions at lOll" ener.g)". There is one exception 

to this. howel·er. theradiatil"c capture process. 1I"I,ere S and a stay toget.her to form 

a !1Ucif'u:, \\T while a gctlnma-ray is Clllittf'd: 

a+'\~II·+-, 1:2) 

[{('turlJing to reactions of t.l·pe (1). II"(' not.e that formula (1) sl"lnbolizes olJly 



O[iP of till' many po,"ible reactions Il'hich can OCCIll' when a strikes Y The following 

.1rf' sOl11e of t.he possible reactions 

0\ + a 

Xx + ([ 
a+X-c> (:3) 

v + b 

Z +c 

The first two reactions (:3) are distinguished by the fact that the projectile a re-

enlerges after the reaction - elastic and inelast.ic scattering. 

Here, attention is given to the heal'y-ion fusion reaction to form a compound 

nucleus. In in-beanl gan1Jna-ra~' spectroscopy the elnission of gamnla-rays from the 

,'ariolts reaction products is are studied. and from the characteristics of emitted 

,gamma-rays. the properties of IllIcicar le,'cls and the nature of highly excited states 

can be deduced. 

C'Olnponllcl :'\ nelens. The fusion of heal'\' ions with nllciei offers the pos-

sibilit~' to prodll,e higltly excited nuciei. This high excitation ener".,' ends up partly 

in high thermal excitation thus making the study of "hot" compound nuclei feasible. 

TIIf' 3\'ailable energy 11lay, howe\-er. also be con\"crted into rotational energy. The 

high angular momenta invoked in hea"y-ioll re"dions will then lead to the popu­

lation of "ery high-spin states [1). Fusion reactions are thus an ideal tool to study 

t I", uucleus at high spin states. 

In fig. 1 different reactions which can occur with heal'}' ions are illustrated. In 

the first two. cOlllplete fusion of the t\\'o nuciei to forlll a compound S\'stem is highly 

in1pl'obable. alt hough ill the second case. one or lllnre llucleolls may be transferred 
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or !lllclpar inelast.ic scat,terillg 111ay take place. III ! lIe third C(lSC. cOlllplete fusioll is 

most likely. though SOIl1e grazillg orbits can illdllce incomplete fusion. Abo\'e the 

Coulomb barrier the nuciear reaction cross sections are rou~hl\' of the order of Ib 

for compound nucleus formation and about ,5mb for single neutron transfer, Other 

t.ransfer processes usually ha\'e still lo\\'er cross "ections, Therefore, the dominant 

cross section is that for compound nucleus formation for energies not too much aho\'e 

the Conlomb barrier [2. :3. -lj, 
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GRAZ·/lG RE:.CTIO/15 

.!Hl[; C:;:~\POLmO 

,'WCL::US FORMAT;:', 

Figure 1: Schemfltic illustration of different IJeiny-ion reactions, The large and 

slllall circles represent target and projectile. respectiFel.\'. Dashed circles represent 

tile "liI"it," of the tails of the nuclear lI'a\'e runnions, Tile ,;triJigiJt iJrroll's indicate 

particle l,ransEers, ilnd the others indicate photoII transfer ,'-5J, 
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High spin. alit' of the prillcipal fealllres "I' I he IWil\'y-ion induced reactions 

IS the high angular lll0l11E'ntum brought into the COlllPOlllld sy~tell1. This aspect. i::: 

of crucial importance t.o consider. It. is nOIl- well known that there are no le,-els of 

a given angular mOIllentU111 in a nucleus below SOlnf.' 1111lllmUIll ~nel'gy. called the 

.yrast. el1ergy. If a hea\'y ion brings in angular 11101nelltlIm higher than the yrast 

angular momentum for the appropriate excitation ener,,'· of the compound system. 

then a compound nucleus canIlot be formed. Fllrther. there ma" be some critical 

angular momentum for the nucleus. which. if exceeded. "'ill resllit in fission. Such a 

critical angular 1l10Illenturn is quite familiar in cla~~ical physics: aIlY rotating body 

will disintegrate if spun too fast. It may be independent of the excitat.ion energy. 

sO that (,yen if the yrast condition for fanning a compolllld !lucien:' is satisfied. the 

nucleus mayst ill Hy apart. Theoretical estimat.es of sonw of t he,e phenomena haw 

Iwen at,t.enlpted many years ago [G. 7]. 

After tilt? fortnation of a compound lIucleus fi:-;:-;ioll (Jf:eIl dominates O\'e1' e\'ap~ 

oration for Ilt"(n'~' nuclei and \'pry high spin [8], TIlt' prtJducrioll cross :,ection for 

e\"aporatioll residues 111ay then be rather small. In tlle:-::t> cases it is necessary to 

distinguish -:-ray~ frOI11 fusion evaporat.ion react iOlls 1)\" an ancillary detector from 

ti,e ot.l,cr strong and sometimes dominating processes. This can he accomplished 

by detectin" e"aporation residues that recoil Ollt of the target in coincidence with 

t.he '')~rays. Recoil1nass separators achicw? l,his awl ill cldditioll t hey determine the 

illass number A and sometimes the charge Z of the produced nuclei [V). 



Hecoil Filter Detector TIIP lOll" dficiellcl' "I' t It<' existing recoil mass sepa, 

I'ators. their large size and higll cost Inakes t Ill-' search for allot.ller way necessary . .-\ 

considerable impro\'ement of the interpretation "I' -"spectra can be achie\'ed when 

el'aporation residues are detected in coincidence with -I'rays, e\'en wit hout exact 

Z and .-\ inforrnation. This coincidence IlleaSUrf?lnent. suppresses ... .'-rays frol11 com~ 

peting fission or particle,transfer processes. Coulomb excitation or reactions with 

target contanlinants. and therefore "cleans" I-spectra and inlprO\"es the peak to 

background ratio [10]. In addition. the determination of the velocity \'ector of the 

e\'aporation residues allows Doppler- shift corrections and therefore imprO\'es the 

resolution of the ~:-ray energies. 

Snch a detector has been desig:ned and hnill jointh' h\' IF,] l\rakO\\' and H:'IlI 

Berlin [II]. alld has been useel "'ith the OSIBIS illTil." [1:2. 1:3] at the 'YICI\SI" 

accelerator. The comparison of the spectrulll fonnd Ilsine: the HFD with the one 

u]Jtained with 0111 it. clearly il1dicate-:.;; filat tllert' is a n~ry good ~llppression of the 

i)(lckgrOll11d f1'0111 accompanying reactiolJ~ I h~o :?"J. 

The OSIRIS array has a compact BGO I bismuth ~ermanate) multielement cen' 

tral spbere for ~:-multiplicit.y nleasurenlellt~o Tl1P inoerage at.omic IHIIllber of this 

material is high and it is considerably denser (7.n !1/CIJ)3) than other detector ma· 

tprials. So. its application is ach'antageottS in those cases where tlte space is limited 

(for example in -!;;- arrays) [H]. In addition. tllP OSIRIS array has 12 Ge detectors 

with Compton suppression shields for high resolution and good detection efficiency 

for ~(f-coincidl'HCe spect.roscopy. 
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Figurf' 2: Ill-bealfl rneaStll'enlents of "',"'/ coincidence::: 111 the reaction :.:!fJ..{r + 15GGd 

at 1/.5 ,\IeF. (aJ without RFD. (bJ with the RFD. Different reaction channels are 

imlicatecl [lU). 

,_\ schematic diagram of the OSIRIS setup \\'ith the H('coil filter Detector(RfD) 

is sho\\,11 in fig. :3. The HFD consists of t\\'o rill",s of !; ilnd l~ illdi\'idual detector 

Ai.~bt separation of tlte ht.:'a\·~· c\'aporatioll residues pt"ndlll.'pd wi"! 1I0/. too hea\'y-ion 

beams from other reilctioll products is possible. The '!,,'cifie time structure of the 

recoil-gated Y: llleasuren1Puts is described in ref. [rlj . 

. \5 an example. the time of Rig;ht distribution "I' dilferent rCilctioll products is 

gi\'clI in fig .. [ for the reaction bet\\'een a beam of :3':.\1' I E/{,.:=I':) ~Ie\') and 15TGd 

as a t.arget (1,)]. Since 1l10st of the recoiling Iluclei pll1('r~e in a lIarrow cone in the 

fonrard directioll. t.he 18 detector element.s are (HT<l11~t':'d ill t he forward direction 

(i 
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figure :3: Schemntic diagram of the OSIRIS setujI II-ith RFD (see text) 

j,e(ween 2_," and 11.1 u [IOj. The central part 1i",low 2_,u 1 is left open and the 

f:irect beanl passes throllgh the open area and is :.;topped b~' a Far;Hlo~' ClIp. In each 

F-: FD-elenlellt. Iluclei ilinillg all nlUlllil1izcd mylar foil prndllcP II s('colldar.\" electrons 

-::hich are e1ect.rostaticall,'- accelerated up to 211 k .. \' "nd focHsed onto il plilstic 

,'<,int.iliator in which the," prodnce il signal of f'1'<'I'g','- ill'proximatt>iy equal to nx20 

keV, Electron yields of n"=' lOO/ion ilre expected for slow and ltea,'y e'-ilporation 

residues [15]. Signals froIll scattered beanl particles are suppressed by selecting only 

fiFD :,ignals ill a t.inlf.' willdow appropriat.e for P\",lporatioll residues n:\lati\"e to the 

pulsed bf'anl (fig. ·1). In a secolld stage a y,{~nFD coillcidence i!" required. The 

rime of flight of the hea,'y evaporation residnes I':itl, respect to tl,e radio frequency 

of tl,e cyclotron is measured and the responding deIPclor element is identified that 



is known. TllPrefore. "sing these parameters (tile time of flight. the distance and 

the recoil angle) the \'elocity \'ector of the residues can be determined to correct the 

energies due to the Doppler shift of the -,-rays. This results in a good accuracy In 

detE'nnining the j-energ:y. 
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Figure ·1: Tillle o[ fii.g1It distribution of differcnt reauioII lJI'o(lucts [or a beam o[ 

3',,'\1' with £"",=1,3 .\Iel' and 15cGd target. (1). heaIH particles. (2)· 160 reaction 

product. (:3). fission product, (4)· Coulomb excitiItion ami (.j). c\'aporation resdidues 

[n}. 

Different experiments [12. n. IGj \\'ere done lISln.'!, the RFD. and in all ex perI' 

ment, only about half of the efficiency expect.ed from t.heoretical calculations [15] 

\\'as achic\·"d. Despite t he fact that t he detection eHiciency \\'as found to be only 



wanted background alld impro\'es the ellergy resolutioll I see fig. '21 if Doppler shift 

correction is carried out. 

The purpose of this \I'ork \I'as to find Ollt. "h,' the efficiellc~' of the detector 

(RfD) is 1101 as expected from theoretical colisideraliolls, In addit.ion. if possible. 

one should gel a solution for improl'ement. Tl,e experiment.s presented are aimed 

at looking for the reason of loll' RFD efficiency alld the results are presented in the 

following sect ions to explain hoI\' one can increase the efficiency. 

In the second part of this paper, it is dealt wit.h a design of a detector which has 

the same purpose as the R FD but a different deteclioll principle. That is. instead 

of usi II e; I he forward emitted electrons (as it is done \I'i I h the R f D). t he electrons 

comill~ out in the backward directioll will be used h\· the 1lell'Iy desiglled detector. 

SOlllP pxperimental results will be shol\'l1 support ing the lIel\' detector design, 

I) 



2 Tests with the Recoil Filter Detector 

The Rpcoil Filter Det.ector (RFDI consists of 18 elements of which one is used 

in the test, experiment. The schematic diagram of the ero" section of the RFD 

element is shown on fig. 5. The electron trajectories are calculated usin,g the program 

SIl\[[O:,\ [II]. The element has cylindrical symmetry consisting of s(,lwal electrodes 

of different size and shape. The first electroele is connected to a negatil'e high voltage 

distribnted alllong the other electrodes b~' a I'oltilgc dil'ider. 

> > > > > .:::. -" -" -" -" 
0 00 'C! N -" r::< (" - - ..... 

~ , .... , , , ,I 

I I I I \j't." ~ >- ~ 
"'< a 

I III I 

Figure 5: Tlie Recoil·Filter Defector·e/clnent 'I,ed in tlie experiment with the tra' 

.iectories o{ electrons {or tlie acceleralin,! m/tage o{ -2l1 kF. 

The principle of detection of heal'" ions is as folloll's : 

A parlicnlar nuciens hitting I he thin alnlllinized ,11I'lar foil mOllllt,," on the first 

electrode liberates electrons. and they are emitted in illl direct.ions [13]. The forward 
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emittpd t'!p(~lroll:-; art=' (-t('('(=>!el'atf'd hy tile electric lipid prf""l'llt illside tile eien1clIt. III 

addition, tiJf'Y arc focu~ed since the dement has lhi~ particular .~l'oll1etrical arrange-

men! ilnd the appropriate di\'ision of the high wltage .. -\ fast plastic scintillator is 

placed in t he focal plane of the detector. Each elect ron bunch produces a signal 

in the photomultiplier I P\I) tuhe. The output signal from the P\I is fed to the 

appropriate electronics. 

In the experiment. a californium ('.i·'Cf) source is used (see fig. 61. The source 

produces hea\"y nuclei which are to be detected in the Ir"y described ahO\·e. This 

allows to simulate the in-heam nuclear reaction and to detect the fission products 

instead of the e\'aporation residues from the hei\\'y-ioll reaction. 

The californium isotop" ·2'\2('f decays in tIm modes [10]. olle is alpha decay 

('lG.9/r) "nd tllP other is spontaneous fission r:l.l'i; I. The main aim of the test 

experimellt is to measure the heavy fission products_ III principle. one can select 

tlte 1Jf'(\\'y ti:,~i011 prodUCT:' out. of the large am01lllt Ill' (l's by 111eaSHnng then1 in 

coincidence with t.he prompt ,-ra,·s. Howe\·er. the alph" particles are important as 

well. Since they ha\'e an energy of about G~Ie\·. without any major effect on their 

kinetic energ" they will pass through the thin mylar foil (thickness I).S/lm ) and 

directly fall on the scintillator. The plastic scintillator. on the other hand, is thick 

enough so that it can stop and detect. t.hese ellergetic alplta particles. 

The a-part icles are detected independent of the \'olt age di"ider and t he particular 

geometry of tliP electrodes of the netector clement .. This "lIows to cilPck if the other 

II 
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Fignre (i: Schematic ,-iell' of tIle experiu,,"ut;,1 set "l' f()/, tlip lest lueilSllrewellt ",here 

the i11TiHlgelnent shon'll by the dotted lilies is I/s~d in tile CoillcidelJce rneaSlll'Clnent.s 

c:qwril1lental conditions (the scintillati,'n_ the 1I1Iiltipli'-iltioli in tlw P\l and the 

electronics) are in a good position to run the experimcnt _ This makes observation 

of the o-particles ,-ital for the intended experiment. 

2.1 Measurement of a-particles and Fission products 

TIle lnain elelTIents of the electronics <HP sliOwn ill fig. 7 

TI,e electrons produced in the thin mylar foil by the fission products and o's 

falling on the scintillator prodllee light ,,"hiel, i, collected by tIle photocathode of 
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Figure I: Scheme of the electronics to measure o-fJill'tides alJd [j~siulJ products. 

the P~l tube. TIIP signals from the photollluitiplier are fed 10 iln amplifier by 

passing throngh the bilse. The output signal obtained from the amplifier has a 

ncgati"e amplitude but the stretcher used in the experiment accepts only positi"e 

signals. Hence. a cable i",'erter is included. The stretcher is used to widen the 

~iglLab becal1~e thE' ADC IlPf.'ds IOllg sigllals. These allalog signals are digitized by 

the .'.DC i_-\nillog to Digital Co",-crt"r) conn"ckcl to il compnter to .'1'01''' the data 

ilnd to use it for further analysis. 

A s""etrum of alpha-particles and fission products is shown in fig. 8. It is ob-

tailled with all accelerating yoltage of -l7JkV. i\leaslIrt--'lllcnt.s \\'pre done by varying 

the accelerating "ollag" to see the shift of the electrowpeak .. '.s expected, when 

tlw ah:::olute \"due of the accelerating \'oltage is illCrf'a~cd. t.he peak IllO\"eS to higher 

channels as shown in fig. 9. On the other hand. the (I-peak remains at the same 

positiolJ for differellt. (lccelerating \·O!t.ilgps, hecilllsP t lwil' dej,prt iOIl mechanisIll is 



illdepelldellt of tljP high \'oltage applied to t he electrode, uf tlte n fD-e/elllent. 
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2.2 Coincidence Measurements 

In c\'ery fissioll proce:.:;::, of l·'J"2(,f about S prOtl1pt -i~rays are produced [ISJ. whereas. 

the a-decay is not accoillpanied by energetic j-rays. The I1l<1ill idea of this exper-

iment is to detect the heiln' iOlls ereilted ill the fission process in coincidence with 

the prompt ,-rays and reject the a-particles. 

mplitler I I I -
Dday ~ -I CFD 

J 150ns 

1 
F rom NaI Time 

Amplitude H ADC2-1 
Cl10vertcr 

From RFD (rAC) 
elemenl 

1 
I AmplifiC~ r 1 r Delay I 

em I r I I 0$ 

r Strclcher ~ \- ADCI COMPUTEr 

Figure IU: Scheme of the electronics for ,-fission product coincidence rneaSllre-

InelJts. 

In sectioll 1.1 the ;-:;etup \\'as arranged to get illforluati')11 ollly about the pulse 

height distribution of the particles .. ~\s it is seen in fig. ~ there is a lilrge count rate 

at small channel numbers. Hence. in addition to !\Je pulse height. information about 

their distribution in time is needed to understand the ,ktili], of t.he spectrum. For 

this purpose the gamma-ril}'s and fission products hal'e to be measured in coincidence 



(sec agailL fig. 6). 

The details of the electronics arrangement are iill'ell III fig. 10. The RFD signal 

after the amplifier is divided into two signal,. one for amplitude information to 

the ADCI passing through the stretcher and the other one to a constant fraction 

discriminator (CF D) for timing purposes . 

. >, l\'al detector near by the test chamber i, used to detect the prompt 'I-rays 

from the fission proces§. The signals. after aIlll'lificatioll, are supplied to another 

CFD and delayed by 1.50 ns. 

Both the signals from the RFD and \'al are fed to a Time to Amplitude Converter 

(T"\C) used as coincidence unit (start signal from the R FD and stop signal from the 

',-detector). The T,-\C' is connected to ,-\DC::? lI'ilich is used to digitize the timing 

signals. The t\\'o r\DC's are connected to a computer where t.llP data are stored. A 

t,wo-dimensional plot of the measurement with 'he accelerating voltage of -'20k\' 

is shown on fig. I!. The horizontal axis contain' the information about the pulse 

height (.-\DCl) and the I'ertical axis 1.>'D(':21 rel,reselils the t.ime rUlining from top 

to bottom. 

The fission products are expected to be okel'l'ed in the scatter plot as sharp 

III time with a reasonably narrow pulse-height distributioll. Events distributed 

uniformly in time and with loll' pulse-hei,ght are expected as noise signals. 

As it is seen in the fig. 11, besides the noise contribution. event.s are observed 

III tl\'O time windows. The fission products are collected in the first. time windo\\' 

IG 
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the liorizontal illJd n:'rt.ical axes represelltillg PllJ.~·t':' ht'iglJf n.nd tirlJP of Hight. l'e5peC-

(. iF"/.'· (see text ). 

near .-\0C'2 channel :\0. 1:30 . The origin of e,'e11T, stored in the Sl>cond time gap is 

unclear yet.. \Ye note also that part. of the fission e,'ents are shifted to lower energies. 

Ob\'iollsly. s0111e fission products create signals ,,,ith smaller pulse-height indicating 

,0Ille energy loss. The projection of t.he t.wo-dimensional plot. onto the horizontal 

energy axis (,\0('1) is shown in fig. 12(a) and can be compared with the result 

found without coincidence (fig. 12(b)). The s]w':tra are obt.ained hy adjusting the 
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acceleratillg yoltage to -l·)k\' .. -\s it caIl be seen ill fi~. l:!!a}. tht" alpha~part.icles 

and large amount of noise en'nts are cleared off. Tile ar<'a under t he peak is taken 

and compared for the two cases (in coincidence and Irithout coincidence). The 

result shows that H9( of the el'ents registered in the electron peak remain in the 

coincidence nleasurement. 
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Figure 12: Spectra (ollnd ",ith accelerating voltage -1.jk \' (a) \I'it hout coincidence 

(b) "I-fission product coincidence . 

. \lthough the low-energetic background is c1ecJ'('ilsed, there is a considerable 

amount of coincidence el'ents at IDI\' channels, Therefore, additional test measure-

ments were done to check the electronics. The threshold energy of the gamma-rays 

was changed and for two different threshold energies t.he following' t \\'0 ratio 1s were 
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taken and compared: 

a I the ratio of counts ill the first time gap with small pulse-height to large pulse­

height 

b) the ratio of counts in the second time window to the connts of the fission 

products with high pulse-height, 

These ratios are the same with different ,{-t,hresholds leading to the conclusion 

that the observed noise is not caused by the electronics, 

Therefore one has to look for other reason why el'ents are registered at the true 

time (the first time windo\\') but with small pulse height. Onc can suspect from 

fig, 0, where the trajectories of electrons inside the detector element are shown, that 

it is because of the particles hit.t,iug the edge of the foil producing poorly focused 

electrons, Therefore, it was necessary to check if the fi"ion products hitting the 

centl'ill part and those hitting the edge of the foil create tlw ",nlt' pulse height. 

Experiments were done by coI'cring thc edge (au anlluls of inlier diameter 50mm 

and outer diameter 60 mIll I and central part. (diameter of 50 mm) of the mylar foil 

using. a niobium (93 l\b) foil of :32 mg/cm"' thickness, This way \l'e wanted to see 

if the edge of the RFD-foil is as effective as the center in collecting the electrons, 

The spectra shown in fig,( 1:3) are obtained by sortin,~ out the en'nts within a time 

inten'al according to the channel numbers 120 and lGO of AD('2 (see fig, 11) and 

projecting them onto the horizontal axis (AD('l), The (,I'ents in fig, 1:3, (a), (bl 

andl C I lI'ere collected with the cenler cOI'cred, tilt' edge cOI'ered and without any 

CO\"f'[. respectively. 
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Fig\ll'e l:l: Projection of the el'ents obselTed in the firO't !I';"dOlI' Iritl, (a) the central 

part of the mylar foil cOI'creel (b) the edge cOI'creel id,,1 (e; !I'it/wII' nIly covel', 

As it can be seen almost all the e\'ents regi;tered at the true arri\'al time of the 

fission products with small pulse height disappear when the edge of the mylar foil 

is cOI'ered (fig, 13(b)), That means they were created on the edge, The spectrum 

in fig, 1:3(a) is analyzpd and only :34o/c of the e\'ent, were with high pulse-height. 

Therefore, 66% of the fission products falling 011 the edge of t he foil are registered 

with small pulse-height and get mixed Ill' wit h the noi;e, In the real in-beam 

experiments the noise eyents are cut and therefore, G6S~ of the nuclei hitting the 
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edgp ilrp lost. If Ollf' call il.\·oid this loss. the!! t.llI' f:'\-Cllt ['CIte llll:reas('s and the 

detector f'Hiciency illcreases corrf'spolldingl~·. 

In fig. ,l. it can be seen that the electrons from tIlt' edge !l\' out of the area 

cO\'ered by the plastic scint.illator. A solution wa, S01l2hl for this problem and 

it was fOllnd that instead of mount.ing the thin foil on I he outer edge of the first 

electrode. it was placed inside at about 4mm from the outer edge. ("sing the program 

SII\IIO:\ [171. the trajectories of elect rOils for this foil position were calculated and 

they are presented in fig. 1.t. The electrons are now well focused on the scintillator. 

so one can expect all impro\'ement of the detector efficiency. 

I I I I 
I~ 

Figure 1·1: Tlte trajectories of the elect rOllS \\'it/, tlte t hill foil plilced at ·IUlI1l from 

tlte onter edge of tlte first electrode. 

111 all test measurements. the events in the second time windO\\' seem to be 

unarrected when the edge or the central part is co\·ered. To exhaust all possibilities 

dat.a \\'ere taken by cO\'ering the whole area of tile HFD foil. [",'n in this case the 
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Thel"t=:,fot'l', one has to clleck if the COUllt rate regi:-;It'rt-'d ill IIIP :")c('olid I,inlf' wiIlc!O\\-

depend:, all t.he accelerating \-oltage. For differellt accelel'ilt ing voltages. measlIre-

ments were done lInder two conditions, name"', cOI'erine; the \\'hole area of the mvlar . '- . 

foil using a niobium(9:J:\'bJ foil and keeping it unco\'erec!, As a rcsult the event rate 

at the -ame accelerating \'oltage is found to be almost the same (shown in fig, 10';), 

[n both cases the number of counts increases witll \'o)ta",,,, This shows that the 

beha\'iour of the delayed e\'ents is similar to the true ('\'\'nt.' coming frol11 the fission 

products, 
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figur(' [,'5: Total colmt rille o{ the dela,Fed ('\'ents as a {ullction o{ accelerating \'oltage 

\\'itb alld \\'itlJOut cOFering the Ill,dar {oil h,F a llio/;illlll {oil, 

The quest.ion "where are these particles COIning 1'1'0111-:-' was givell attention. One 
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'-:OlliTt" cOlllc! bp t he wall of t he test chamber. .\ mCaSlIl'Clllellt was dOllt' by illserting 

a diaphragm I hall' of diameter :30mm) Iwtwct'n the 1.ilef SOtilTe and mylar foil. Data 

were t.aken for tIm positions of the diaphragm. ~Ol11m and 9mm from the source, 

respectil'ely, In the first case the wall close to the R.FD-element cannot be reached 

by the source pal'ticles, 

100 200 300 400 500 600 
ADCI (channel number) 

Figure Hi: Scatter plot ohtained b,l' inserting a diaphragm between the sOlIrce and 

RFD [oil. 

The scatter plot shown in fig, 16 is obtained with the first arrangement. The 

unknowlI el'ents arri\'illg later than the fission product.s disappeared, But. when 

the diaphragm is positioned at 9mm from the source, enabling fission fragments to 

irradiate the wall, those delayed events appeared again, Therefore, one can conclude 

that t.he fission pr(><lu(ts interact with the wall and some kind of posit.il'<' charges 

may he produced \yhich will he accelerated towards the R FD-e1elllent. These charges 
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IW,,' hit on" of tllP HfD-el"ctrories and production of electrons may folio\\'. Then, 

the electrons will I", focused all the plastic scintillator. 

Hence. these delaved "I'ents are relatf'd only to the particular arrangement of 

ollr test setup and t,jwy do not create any problem for the in-beam experiments. As 

the main result of the test experiments. one can conclude that the source of the low 

HFO efficiency (belo\\' the theoretical estimation) is caused by the position of the 

thin mylar foil. The electrons produced on the edge of the foil are not focused on 

the scintillator. The solution of this problem is to chang;e the position to a distance 

of .. 111m from the outer edge of the first electrode of the HFO-elelllent. The electrons 

from the whole area of the mylar foil are no"- collected ( shown in fig;. 14). Using 

this ne\\' geometry. in in-beam experiments. nuclei hitting the edge will not be lost 

and t.herefore all increase in efficiency. 



3 Detector Using Backward Emitted Electrons 

3.1 Introduction 

When a proton. an alpha-particle or another heal'y ion ;no\+", througl\"mat,ter. it 

ionizes or excites the atoms to which it comes sufficient II' close. This change of 

the atomic state are caused by the Coulomb force. which can transfer kinetic en-

ergy/momentum to an electron as the particle mOl-es swiftly by)!. 2:2]. The energy 

transferred to the electroli represents a loss of kinetic energy of the bombarding par-

t icle. which will slow down and el'entually stop. This c"n result in the emission of 

electrons. especially from the surface of the material irradiated. This phenomenon 

was first obeen-ed under electron beam impact and is referred to as secondary elec-

Iron emission (SEE). SEE prol'ides information on tllP processes occurring during 

the passage of charged particles through matter and on the escape mechanism of 

electrons from solids .. -\ good understanding of SEE is of gener,,1 importance for the 

den,lopment of heill'y-ion detectors. 

SEE is obsel'\'ed in the forward and backmll'fI direction prOl'ided that the target 

is sufficiently thin. The foil is called thin in this context. if ::'E, <t:: E p , where Ep is 

the energy of the projectile and ::'Ep is the energy it loses while penet.rating the foil 

[19. :1:3J. 

Usually. the total electron yield -IT is dell ned as the Ilumber of electrons per im-

pinging primary particle emitted in the \\'hole solid angle. The back,,-ard secondary 

electron yipld ("B) call be defined as the numlwr of electrons emitted in the back-



\rard dirf'dioll per primary particles and the san1(' is I !'tIC' for the forward secolldary 

"'ect ron I'i"'d ( -, F i. 

In almost all studies of SEE followin.g ion penetration into thin foils for a gil'en 

projectile I·elocity. -,F is always higher than '/B for all projectile! target combina-

tions. i.e SEE in the forward direction dominates [IS. 2:1. :!~]. From this point of 

VJeI\". it is understandable to use the Recoil Filter Detectorl RFD) collecting the 

electrons emitted in forward direction. 

Howel·er. there are disach'antages when using RFD. The production of thin foils 

is in general a rather difficult task avoidable if one uses the electrons emitted in the 

backward direction. For practical reasons the foils cannot be made thinner than 

about :ioA. To fulfill the condition j.Ep <if:: Ep the ion I'e!ocitl' must be of the order 

of ".' = £D/.11" > :30hV/II, SIOII' particles may not be detected eH'n under the most 
,~ . . 

fal'orable conditions (exlremel.I' thin target foil), II,is is berause electron emission 

in I,he for\\'ard direction is from the exit surface and till' 10\\' t'nergl' 10ns may not 

reach t.he exit surface. 

For the new detector principle. the electrons in tlte backward dirtCction are from 

the f'ntrance surface. and the ions do 110t hal'e to pass through the foil. The other 

shortcoming in using RfD is tlte dead space betweell the dp1ector elements, only 

2(3 of tlte total area(oetwee11 the angles 2,,0 and 12,1") is aetil'e (Sf'e ref.[lO. l~]), 

Therefore. the development of a detector del'ice using the backward emitted 

eiectl'OllS is desirable to measure lo\\,-ellergetic lluclei produced in in-beam heal'y-

iOll reactions. 



3.2 The Designing Process 

The designing is dow' lInder the assumption that there is a beam of particles colliding 

\\'ith a target located at ~a distance of about iOcm from the point II'here the electron 

emitting material should be placed. The detector is intended to measure recoiling 

nuclei emerging in a narroll' cone bet\\'een :j" and I.';" ill the beam direction. As in 

the RFD case the. celltral part (belo\\' :lul must be left open. letting the direct beam 

particles pass through. 

The aim is to design a detector for heavy particles whose geometry looks like as 

gi\'en ill fig.( Ii). 

T , 
I 
D, 

~~-------50cm ------

o o (3) 

Wo---20cm ~'i 

Figure I,: Sketch of the new1.v planned heal'.\'- particle detector which uses the 

backWArd emitted electrons. 
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The s"rfilc~ indicated h,' (11 is an el"cl rode which williif' Illilintained at negatin' 

high \"Oltilge of aboul -:!ok\·. Particles comin!!, out of the larget belween :30 and 1.,)0 

strike the Slll'filCe (1) and electrons "'ill be emitted. Because of the negative potential 

supplied to (i). the electrons will be accelerated to the other surface denoted by (2) 

(zero potential). Surface 1:2) will be con'red ,,·ith a scintillat.or subdil'ided into 

small parts. The structure allows to identit\· the place where the electrons are 

created on the electron emitting electrode 111. This determines the recoil angle and 

the distance from the tar~et .and b,' measuring the lime of Right of the hea,'), ions. 

Doppler correction can be carried out. The electrodes (:3) kept at different potentials 

will be placed in between I he two surfaces to shapt> tllP trajec!,ories of the electrons. 

The best guidPline for the electron optics is to a""me tl\"o concentric spheres sup-

plied wit h a corresponding potential difference .. ~Il elect ron created on t.he surface 

of the illnt'r sphere willlw accelerated radiall,' outward by the potential difference. 

So. tilt' idea is 10 pllt an electron emitting m"teri,,1 al III<' I,,)silion of tile inner sphere 

and a scintillator al the position of the aliter sphere. For such an arrangement the 

potential between the t,\"O spheres is .gon'rned by the "'1 uat ion 

(4 ) 

where .~ and B are constants and r is the radial distance. 

\\"hen the bOllndar,' conditions are applied i.e when Ihe illner sphere is set to 

-20k\' and the ollter is taken to be grounded. the following relations are obtained 

.1 
- + B = -20 ,', (.')) 



(6) 

IYhere 1'1 and 1'2 are the radii of the inner and outer 'phere,. respecti\'ely. The 

solutions for the constants .\ and Bare 

il1l.-\ "nil (7) 

illkl' (S) 

Of course. t.he detector cannot be made of [IYO complete concentric spheres, 

There ha, to be an opening on the outer sphere to let tllP reaction products in and 

hit the iuner one. Since the particles to be detected art" ,:ollling out of the target in 

a nalTO\\' cone. the opening angle is set to be 1,jU For tlw direct beam a hole in the 

il1llf'r splwre n11tst he- Illad{~ ( opening angle :3U). For 1)J'~1cticol 1'f'('Isons the distance 

DI indicated in fig. 1 J is needed to be about ,jO <:n1. IYllich ~i\'t's 

(9) 

If tbe length of the detector 'rill be about 20cm. tllf'll 

1'2 cos 0 - 1'1 cos e = ~OCIlI ( 10) 

On the ot her ha ncl. the - 20k \' -elect rode should Iw at il bOll t iOcm from the 

ta rget . therefore 
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( 11) 

Subtracting (''1u. Ill) from (9) and diyiding by "'1u. (lIJ) gll'es 

tanY = 0.:312 l.t e = 11.:3-1" (1:2) 

Substituting this I'alue 111 e'lus. (91 and (il) one obtains the radii of the tIm 

COIl cent ric spheres 

1'1 = G:!.0:3 em and 

With these I'alues of 1'1 and 1', the constants ..I. and 13 are fou11d to be 

.-l = - ,,0:39.:2 k V cm and B = liO.l k\' 

Therefore. the potential bet\\'een tI,e t\l'O concentric spher,'s as a function of the 

radial dist.ance is gin~1l by 

-.'i0:3Y.:2H· 011 
\- = + GI).ll·\- ( 1:3) 

I' 

I"here l' is the radial distance in cm. 

Relation 1:3 is used to place electrodes 111 bet\l'cen the t\\'o concentric spheres. 

The program SL\llO\ [11] is then used to calculate tilt' elect rOll trajectories and 

Cquipotentiallinps inside the detector. In the beginning. the electrons are obselTed 

flying radially outlyard as shOlm in fig. IS. Some of th,'m mOl'" out through the hole 

because the parameters are fixed b)' ming c'Iu.(13) obtained for concentric spheres. 

Therefore. tliOse electrons which do not reach the outer sphere should be bent to 

hit tllP outer sphere. For this reaSon the -:20kV-electrode is made of conical form 
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Figure IS: Cl'O" section of the two COllcelltric splJere, and electrodes. With the 

potentials indicnled. till" [j'n,iectories of the electron' nre obtailled. The holes in the 

inner Clllri outer sphen-~ . ..; correspolld to tlw opel/iug fwgles 0[:3u aud 1.jU, respectively. 

,,·ith half angle GO" keeping in mind the :30 opening angle to I", t.here. Since the 

smface of ti,e out.er spllPre \\'ill be cOI'ered by a scillt.illat.or. t.echnically it is easier to 

make this part cOllical rat her than spitprical. For better collpction of the electrons. 

the half an.~le of til<' coile should be .j.j". In additioll to these t.\\'o COlles. electrodes 

of different potentials are placed to shape the elect.roll trajectories. This correction 

is necessary especially for electrons from the outer edge of the electron-emitting 

electl'Oeil' . . '\"lIother electrode is placed all the inner edge of tllP -20k\'-electrode to 

bend t.he elect rons from tI,is edge and force them t.o reach t he Ok V -elect I'Ode . 

. -\s it can be seell from fig. 19. some eleci rOils do 1101, reach the scintillator. This 

loss Illust be accepted because if they are bent to some part of the detector. the 

acclIracy of the Doppler-shift correction 1I'0uid incI'itably decrease. 
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Figure HJ: Cross sectional \·jen· uf the design oi Co detector \\"hich nses backn"ard 

emj !ted electrons. 

For the purpose of til<' Doppler-shift. correction" till' ,cintillator must be subdi" 

,"ided into small parts" The Doppler-shift of the - -r,,'·' ,~mitted from recoilin£ nuclei 

ill linear approxilnatioll is gi\'ell by [25] 

(1-11 

where Eo is t he energy of t he gamma-ray . .1. i., ::,e re"oil speed eli,"ided by speed 

of light and I)" is the n·coil angle. 



tile disrallce it iU-I:':; trlln"lcd. tht> t.inw of Hight alld tilt, :->c(lt.tering angle. These 

quantities cannot be measlired exactly. The ullcertainty l·aused by measuring these 

quantities is wanted to be kept below lke\', From eqll,! 1+), the following relation 

can be deri I'ed 

( 13 I 

Here it can be ,pen that the llncertaintl' in &0 is not import ant for a Ge detector 

placed at 0", which gil'es 

( ](i) 

taillt.\' of ahout lke\· Olle obtain~ 

( 1,) 

and 

(lS) 

For the other "xtreme case, if the detector is placed at [lOU, tile IIllcertainty in 0, 

becomes important and with the abon> assllmptions of E. "" J.lfd·, 3, S; O.l1:3 the 

angular uIlcertainty is lirnited to 

:l:l 



(19 ) 

Since t.here is an angular uncertainty of GO - S" due to tilt' size of the germanium 

detectors. even a somewhat larger angular uncertainty of the order of :3° can be 

tolerated. 

The idea IS to subdil'ide the scintillator area into small hexagons whose size 

can be determinedllsing the uncertainties in length lequ.IIS)) al,d angle (equ.(19)) . 

. \ccordingly. it is found that 90 subdil'isions call \w made. In contrast to the RFD 

there is no empty space betll'een the small detector MeaS. 

The division of the scintillator plane helps to do the Doppler-shift correction in 

the following lI'al·. Each small area on the scintillator has its ('pposite on the electron 

emitting electrode. In principle. all electrons emitted from el·er." small part should 

fall on the corresponding area of t.he scintillator. If one knoll's from ,,·hich part of 

the electrode the electrons are emitted. then the recoil angle and the distance it has 

tral'eled is known. But. it may happen that. electrons from different parts of the 

electrode may Q\'erlap on one scintillator dil·ision. This means two different heal-Y 

ions with different recoil angle emit electrons from two different parts but these may 

fall on one scintillator dil'ision and thel' may be treilted as if t hey were emitted from 

one part and by nuclei Irith the same recoil angle. This creates a problem for the 

correction. The only way to al'oid tltis problem is not to detect those Q\'erlappillg 

elect rOils. This call he dotle by defining the parts wherf-' the~f' electrons are COIning 

from as dead. 



The :'Cillt illall)r area on which o\'erlap i::; oLlsf'l'n'd d(-'Iwllds ull ,lIe (,Illission ell­

ergy of elf-'t'!roli~, It is kliowIl that most. of t.he elf'ctl'ons are emitted \yith energy 

less than ill e\' [IS]. for this. the electron-trajectories are calculated (using the 

program SnIIO\ [I iJ) hy I"ar."ing the energ'·. Electrons emitted from one point 

with a cert ain energy and with different emission angle hit al different points of the 

scintillator. The calculation is done for different emission angles I from _900 to 900 

measured from the normal of the surface). TJ1e electrons are distribul<,d in a certain 

range ,dier" the width of this range depends on the energy. The width as obtained 

from the calculation is plotted in fig. 20 as a function of energy .. \s it is seen the 

widt h i::; increasi1lg with PIlergy. alit' call expect frolll a rough calclliation that the 

\\'ielth i, iJroportional to the ,,{uare root of tllP energy. 

The "Jbdi"ision of the scintillator is planned to han' a size of km. and the width 

obtai1lcd for lOe\' elllission energy is about 1..jClll \\'hich is cOIllparable to the size 

of the subdi,·ision. But the widlh is as small as Q.Gcm for 2e\'. This shows that it is 

strongl)' dependent all the Cll1ission energy. ,--\lthougiJ it is known t hilt Illost elect-rons 

arf' emitted IYith energies less than lOe\', t.he detectors "spel for this purpose are not 

efficient enough for energies smaller than IOe\' [9]. Tlwrefore. it. IYould be essential 

to knoll' the energies of the emittecl electrons IYith hi,,,her accuracy. 
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figure 20: Tile \\"idth of the electr",),:' ·,Ltribution itt the ,cintillator posit.ion as a 

functiolJ of their ellJi~sjon ener~y. 

3.3 Test lVleasurements 

ExperiIlleIlts were done in order to :,E'P i:: he idea of t1:-,iItg backward emitted electrons 

lS pr0l11lslng. 

The electronics was the same as ',he one used for coincidence measurements 

using the RfD element (see fig,IIO II. The difference is t he way the element used 

was placed inside the test chamber. ,\c'·orciingly. the position of the source was also 

changed. 

For a test experiment the elemen, used was a I'ery simple one. It consists of 

t\\'o electrodes of which one IS supplied \\'ith negatil'e high I'ollage and the other 

:l(j 
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Figure 21: The experiIIlental set lip for ohsen'ing the hilck\l'llrd emitted electrons, 
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Figure :!:!: Two diIIle/6ional plot (riwe \'erSI/S [JlI/Sf' Iwig/", o/)tainecllrith hack\l'ard 

acceierllting dewent !/sed in place of the RFD dCl/wllt. 
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is gl'Olillded. There is i:I t hill foil of t.hickll('s~ O.':")/flJl iilHI diameter !)f -!em mounted 

on the electrode with high potential. .~ hole UII the other eleC'n"je allows the 

heal'Y fissioll products to pass through and hit dIP foil. Electroll.< pmitted in the 

backward directioll lI'ili be accelerat.ed (without anI' focll,ing I tOll'ar,:s t he scintillator 

coullter. and the signals at'e treated as described in ,eetion ~,!. The experimental 

arratlgelneIlt is shown in the fig. 21. 

TIIP el'ent dist ri bu t ion obt ained is sholl'n in fig. I ~~ "One Cil II ,p.' t hat one group 

of el'ents arri,'p within it ,'ery small time intetTal aroulld chillinel numher ~60, These 

si.gnals ob,'iously are created b,' fission fragments, The randomh' ,ime-distributed 

signals at small pul,e height constitute noise e,'enb. Their IlUmh'T is much larger 

(compared to the true en'lIt,) thall in th,' case of tl", HFO-elenwnt 'see fig, 11l. 

This fact is a conssequcnce of the small yield of back\\'Jrd emitted decaons, 
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4 Conclusions 

The work is dil"ided in two parts, the test experiment done with t.he existing RFD· 

element and the designing-of a detector which uses electrons emitted in t.he backward 

dirEction, 

The first part of tbe work was aimed at. finding the reason for the low efficiency 

of the Recoil Filter Detector and giving a solution to increase the efficiency, It was 

found that the elect rOllS emitted from the edge of the thin mylar foil are not well 

focused on the plastic scintillator, This focusing pl'Opert\- of t.he element was found 

to be sensiti\'e to the position of the mylar foil. The optimum condition was found 

to be mO\'ing it by ~ mm from t.he outer edge of the first eiedrode and the efficiency 

should be larger. becallse the large electron loss is nOli' an)ided, ,.\ real in·beam 

experiment must be Carried out to cbeck this finding, 

In tile second part. design studies of a hean"particle det.ector which uses back· 

ward emitted cieclroll> lI'as made, This detector tllrned oW to be a good alternati\'e, 

and iIi S0Ine rasps, especially for low-energy recoilillg lluc;ei it Illay replace the ex-_ 

isting RFD, The ach'antages O\'er the Recoil Filter Detec'ol' are: 

- It does not use thin foils which are difficult to prepare because the electrons 

are emitted from t he entrance surface of t he foil \\-:,il" 1'01' the R FD they are -

emitted mainly from the exit surface, 

- Back\\'ard ('miS5i(,n of elect rons has the ac"'antage to !\lon, t.lle energy threshold 

of ions to lower energies. 
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Its ilcti\·" det(,f'lor art-'(l (all lw made i;lrgel' thill! for tllf' HFD. Empty :-:;pace 

IH-'Iween tbt" detector e1ement.s doE'~ 1I0t appf'ilr. 

_'.lost electrons emitted back,,'ards han, energies 10l\"er than about lOe\', How­

el'er. the correct 'energy distribution is not well known, Therefore, further 

experiIneIltai tests are necessary to in\'estigate t he focusing properties of the 

nel\" detector crucial for Doppler shift corrections, Only then this trigger de-

tectol' can be lIsed in adnmcecl i1J-ht"anl experiment.!' wit hot hel' detector arrays 

like OSI R IS, 
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