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I. Introduction 

The use of nuclear fission as a reaction filter for the 

dynamics of low-to-intermediate enerqy nucleus-nucleus 

collision study has been widely exploited over the pa st decade . 

[l].The nuclear fission as in inelastic reaction t a q has been 

also used in the total absorption cross section measurement 

experiments carried out by real (2, 3] and virtual (4] photons 

on uranium isotopes. The delayed fission as a taq has been 

proposed [5] and used also in the heavy (Bi, U) hypernuclear 

lifetime measurement experiments with antiproton (6, 7], 

electron [8] and photon beams (9]. 

Several properties of the fission reaction contribute to 

its usefulness as a reaction filter. 

The larqe Coulomb field between the fraqments at scission 

produces hiqhly energetic fragments (- 80-100 MeV/fraqment) 

that can be eas i ly differentiated from other reaction produc t s . 

For liquid drop fission (i.e. the fission at E•x ~ 20 MeV exci­

tation energies) the average total kinetic energy released in 

fission is qiven by a simple Coulomb expression 

<Ek> = 0.119 Z2/A
2
/3+7.3 MeV, 

.where Z and A refer to the fissioning nucleus. Furthermore , t he 

released averaqe fission kinetic energy is ne~rly independent 
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on the excitation energy of the fissioning nucleus; i.e. the 

most of the heat of the system at scission is c onverted direct-

1 y into excitation of the fragments. 

The mass division is binary and approximately symmetric. 

Further, the binary character of fission insures that the 

fragments must separate axially, with equal momenta in the 

center-of-mass system. 

Any deviation of the average fragment separation angle 

(8AB) from 180° must therefore be . associated with the dynamics 

of the formation process and can be used as an additional 

criterium to select reactions in which we are interested in. 

The basic concept behind the fission fragment angular correla­

tion technique [10, 11) is that any deviation from co-linearity 

exhibited by the separating fragments must on the average 

resulted by the recoil momentum carried by the fissioning 

nucleus. Thus, measurement of the fragment-fragment folding 

angle, eAB' translates into a determination of the fissioning 

nucleus recoil momentum. In Fig. 1 a schematic diagram of a re­

presenta tive fission-fragment folding-angle technique is shown. 

The symbols V, Vi, vi represent the velocities of the fission­

ing system, fragment i in the laboratory system and fragment i 

in the center-of-mass system, respectively. 

The fission fragment angles in the lab. frame ~i are 

related to the fragment angle in the center-of - mass 

by the following [10, 11): 

tan ~ 1 
tan '1'

2 

Sin 8cm/(X 1 +Cos O c~) 

=Sin Oc~/(X2~ Cos 0 0 ~), 

e 
CD 

ystem 

I', 

where X~=(V/Vi)2 . 

For h i gh ene r gy fission, symmetric divi sion is the most 

probable mode . Because of moment um c onservation the fragment 

ve l ocities are equa l, t herefo r e maxi mum c oincidence value x2 

must be determin ed. 

The fission f r agment angular correlation technique was 

employed for the recoil momentum determination in the CERN 

heavy hypernuclei lifet i me measurement experiments [6, 7). 

For preactinide nuclei (Zs82 ) the fission probability 

strongly depends on the excitation energy Eex' when Eex SlOO 

MeV. For example, the photof.ission cross section of the Bismuth 

nucleus at photon energy E
1

=135 MeV is - 10 6 times larger than 

that at E
1

=20 MeV [12) . In the Fig. 2 the 

calculated fission probabilities as a function of the 

excitation energy . for Z= 81-84 nuclei are presented. The 

calculation performed in the framework of the statistical model 

[13) following Martins et al. [14). Here, for the comparison 

the experimental values of fissilities for Bi, received in 

photofission experiments [15) are shown. For each photon energy 

the excitation energy of nucleus was defined by Monte-Carlo 

cascade program [16). 

The strong dependence of the fission probabilities on the 

excitation energy can be used as a tag for differentiating the 

reactions with high and low values of excitiation energy . 
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2. Investigation of Heavy Hypernuclei by Fission 

Fraqment Detection 

The main source of background in the hypernuclear research 

experiments is the quasi-free production of A and E hyperons 

(see, for example [17]). In principle, the more complete 

registration of each individual event makes it possible to 

discriminate feasible sources of background. In the KEK 

experiments with stopped kaons [18] and in the (Il,K) associated 

p roduction reaction [19] the background has been suppressed in 

t he case of active plastic scintillator target by "tagging" in 

t horough analysis. As it is pointed out by Yamazaki [20], in 

connection with the DAPHNE hypernuclear program [21], the 

method of the A detection is very powerful to suppress 

background from quasi-free A and E production (see also [22]). 

The thin target imp.l emented in TPC as an active target for 

E-hypernuclei formation experiment at KAON has proposed by 

Paul [23]. 

We propose to carry out investigations on heavy hypernuclei 

using nuclear fission after the decaying of bound hyperons as a 

t ag for the study of assocciated ejectiies. Indeed, in the case 

of heavy hypernuclei, the nonmesonic decays A+N-+N+N, E+N-+N+N 

wi 11 predominate and more than 160 MeV energy is 1 iberated. 

Then one may expect that the residual nuclei can be excited to 

energies substantionaly exceeding the fission barriers. The 

expected fission probability of Bi nuclei, for example, after 

nonmesonic decay of A hyperon ranges from 0.05 to 0.25 [7]. 
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As to background quasi-elastic production of A, E hyperons, 

usually it is believed that in the · "quasi-free" processes the 

hyperon is in the free space, but some part of the quasi-free 

hyperons does not fly away, as the rescattering of A and E. 

brings them back to the "bound" hypernuclei. This multistep 

process has been considered as possible way of the h~avy 

hypernuclei formation in the (y, K+) reactions [24] as well as 

with stopped antiprotons [25]. The efficiency of this multistep 

process was estimated to be 10-20\ 

Therefore about 80-90\ of the quasi-free process claiming 

that not only the pion or kaon, but also the . hyperon is in 

free space. In this case the possible excitation energies of 

residual nucleus are much smaller ($20 KeV). As a result the 

probability of nuclear fission is very low (see Fig. 2). 

Thereupon the simultaneous detection of the fission fragments 

with formation particles results in elimination of the back ­

ground reactions fo r at least 80-90\ of events. 

By the similar rea son this techni que can be used i n the E 

[ 26, 2 9 ], a nd :::.-\[ 2 9] Cou l omb assisted hybr i d bound states, or 

in double and H i};.pernuclei s earch e xperiments in (K-, K+) re-

actions [ 30]. 

The A hypernuclei may be studied even without measuring the 

formation particles, if one has a suitable way to identify the 

hypernuclei. One of the ways is to detect fission fragments 

from the "delayed" processes [5] by means of the recoil dis­

tance technique [31]. The detec tion of fission fragments in 

delayed processes in coincidence with the decay particles 
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al 1 ows to perform "d!!l ayed particle spectroscopy", detecting 

e.g .. 1-quanta from J-cascade of hypernuclei. In experiments 

with stopped K- or kaons in flight on preactinide nuclei when 

(K, IT) reaction is the single inelastic one, the use of the 

fission as a tag is enough to identify the hypernuclei produc-

tion, because in the case of elastic or quasi-elastic process-

es, the fission probability is low. 

3.Fission as a Filter for the Study of Deeply 

Bound Picnic Atoms, Picnic, n-Mesonic and 

Antiprotonic Nuclei 

The traditional method to measure energies and widths of 

'~ionic atom states, by looking at the X-rays from the electro­

magnetic decay has severe limitations as Z increases. The pro-

perties of lS states are not known for Z larger than about 14, 

of 2P states for Z larger than about 35, etc (for instance, 

for Z~l4 the 2P absorption width is about 2-3 orders of magni­

tude larger than the electromagnetic one due to the X-

~ransition 2P-1S and therefore this X-transition is very 

difficult to observe). For heavy nuclei, like Pb, the informa­

tion is available on ·the 3d and 4f levels. If the separation 

between levels of more deeply bound states is smaller than the 

width of these states the experimental observation of these 

individual states would be highly problematic. However, all 

~tandard pionic atom potentials predict widths which are appre­

ciably smaller than the separation between levels [32-33). Thia · 

8 

makes a clear case for their experimental observation in some 

nuclear reactions if an adequate reaction is used. 

The list of suggestions to produce directly these states 

without going through a cascade as in the X-ray technique, is 

long: pion transfer reactions (n, p) [33, 34, 35), {n, d) 

[36),(P, 2He), (P, 3He) [34-36), (IT-, n+) [37), {E-, A) [38), 

pionic decay of A-hypernuclei [39), resonant production by pho-

tons [40), resonant compton scattering [41), 

ping of pions in the flight [42). 

radiative trap-

A search for deeply bound pionic states by means of 
208Pb(n, p) reaction, undertaken at TRIUMF using the CHARGEX 

facility shows no significant signal in 10 MeV window of the 

predicted binding energy for 208Pb011-. The result gave an upper 

limit on the cross section of 0.3 rnh/sr [43). In initial plane 

wave calculation predicted a cross section on the order of 1 

rnh/sr for the 208Pb(n, p) reaction leading to the ls state in 

pionic 20 8Pb. The discrepancy with plane wave calculation was 

later explained by the large effect of distortion and the 

large momentum mismutch in the (n, p) pion transfer reaction 

[35). 

Practically in all above mentioned reactions the ratio 

effect/background is - 10\ in the best cases. To increase this 

ratio one must use additional tags. 

In this paper the nuclear fission that takes place after 

the bound n--meson absorption by the nucleus is suggested as an 

additional criterion for separation of deeply bound states. 

About 135 MeV energy is liberated as a result of bound pion 
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l) f nuc leons are mainly invol ved in the 

becaue e of the requirement of the conserva­

nd momentum. It follows that the liberated 

V) ia shared between the nucleons. Depending on 

l he absorption and the direction of the recoil 
recoiled nucleons 

without either can escape 
or undergo collisions with and other nucleons 

th -r ~hy initiate the internuclear cascades bringing to particle. 

vapor a ti on and fission. The mechanism of the absorption and 

the decay of the nucleus has already been considered 

theoretically (44-48] and experimentally (49-53] in the case of 
stopped n-' when the pion absorption 

takes 
peripheral region of the nucleus (mainly from 4f orbit) in the 
case of heavy nuclei. 

place in the 

probability 
The direct measurement of the fission. 

has been performed for the stopped n- absorption 

reaction of 2o
9
Bi by Shinohara · et al. (53]. The fission prob­

ability, Pf, was determined as Pf=(3,0l±0 , 34)·10-3 with the aid 

of the picnic X- ray measurement . With an assumption that the 
equilibrated nucleus is 208Pb, 

the excitation energies of the 
system are derived to be located in a region of rather 

energy range compared· with the initial excitation energy of 140 

~V (see Fig. 2). It is interesting to compare this result with 

low 

the value of Bi nuclei fission 
probability by 100-140 MeV 

photons (12 , 15] . Photons of these energies as well as stopped 

pi ons, are absorbed by nucleon pairs , but unlike the l atter, 

the absorption takes place in each part of nucleus valume. 
Owing to this the excitation energies of the equi librated 

IO 

system are located in a region close to the initial photon 

energy and the · fiHi.on probabil i tr ~s .. O .1. Th~refore, the 

ezpected fission probability of deeply bound pionic atoms, when 

pion absorption occurs from 8 or P orbi ta, wil 1 ran9e from 

3·10-3 to .0.1. Br analogy with hypernuclei, one can ezpect that 

in case of back9round reactions the fission probability is 

lower tban the ezpected values in case of pion absorption from 

8 or P orbit•. However, in the formation reactions of deeply 

bound pionic states, unlike the hypernuclei production react­

·ions, only a part of back9round is conditioned by quasielastic 

production mechania ... Another part caused by inelastic proce­

sses, absent in the hypernuclei case, but also bringin9 the 

nuclei to ezcitation and fission. 

Therefore, each reaction used to produce the deeplJ bound 

pionic state must be ezamined individually. 

At present the fission probabilities for ezclusive reac­

tiQns are absent . 

Theoretical calculations can be provided with · the framework 

of Intranuclear Cascade (INC) Monte-Carlo models that allow to 

describe the development of the cascade ·with reliable . accuracy 

due to the energetic probe absorption and the subsequent 

deezci ta ti on by evaporation-fission processes •. 

Ezcitation energJ distribution for neutron interactions 

with ·nuclei of 20 9Bi at 420 Nev energies we have obtained with 

the use of the INC of Ref. (54]. The obtained ezcitation energy 

distribution N(E ) is shown in Pig. 3. The peak in 140 Nev ... . 

energy region obviously is connected with pion .production and 
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their further. absorption. This result ia 1110re clearly shown in 

Fig. ·4, where the mean excitation energy <II:.,.> is shown as a 

function of produced proton momentum. The -an value of the 

excitation en·ergy in the region iamediately below the pion 

production threshold, where the bound pionic states are 

expected, is 47 MeV. Therefore, the fission probability of the 

formed compound nu~lei (ZS82} is S6·10-5 (see Pig. 2). Out of 

6· 104 events only i n three ones the angles of the protons 

produced appear in the angle interval ±2° , that corresponds the 

geometry of the experiment [43]. Por these 3 events the mean 

excitation energy is - 37 MeV. 

Thus, using only the act of fission in the experiment 

209Bi(n, p} 20 9Bi811- to search deeply bound pionic •late• the 

background may be reduced for more than 50 times. 

However, this is not the limit. The matter is that in case 

of background inelastic reactions not only excitation energy 

passes to the nuclei, but also the recoil .amenta correlated 

with it [55]. In caa• of deeply bound pionic atom formation the 

recoil nucleus obtains some momenta conditioned by the produc-

tion reaction kinematics. 

Therefore, the determination of the recoil 1110111eDtum by the 

measurement of the fragment separation angle can be used as an 

additional criterium to select the reaction in which we are 

interested in. The strong effect of background suppression may 

be reached by the emploiment of this technique in recoilless 
, ---. reactions with preactinide nuclei. .Indeed, with the uae of the 

INC it is possible to show that in the case of background re- · 

I2 

acti ons small va l ues of moment um transfer are correlated with 

t he small values of ed energi es . This may be seen in Fig . 

4 of Ref. [56]., where t ne calculated mean excitation energy 

<E •• > of compound nuc l e i fo rmed after the interaction of mono­

chromatic. photons of 500 900 and 1000 MeV energies with 197Au 

nuclei, as a func ti on its total momentum ~ are shown. For 

the ~ ~ 100 MeV/c t he <f" •35 MeV. Therefore, the fission pro-·x 

babi l i ty · for backg · ow reactions with low value of recoil 

momentum will be very low ( f or ZS82; <E >=35; Pfs10-6). · 
•• 

By t~is reason the recoilless reactions like (n,d), (p,2He), 

(d, 3He ~ [34-36] in p r eactinide nuclei are very suitable for the 

deeply bound pioni c s t ates search purposes. 

Practical l y al l above mentioned reactions and their 

isot opi c invari ants 

s-rch. 

can be used for the pionic nuclei [ 57) 

Such a technique can be employed even with more s uccess in 

the case of recoilless (IC, P) [58), (n+, P) [59) and (P , P) 

[60] reactions for the deep l y bound double pionic atoms, q - me­

soni c and antipr otonic nuclei research . For thes~ reac t ions th 

mean va lue of 

ions, q-meE:on 

eply boune! p 

oii:pected v 

0.1. lls t 

ckground 

b 

i tat~ .:.n ene after the absorption of two 

roton .. is higher than in the ,ase of 

only one pion is abso~bed and 

probability r Bi nuc 

tie< ~or t 

1 C)ly nd 

[3 



experiments. 

It is interesting to note that, in endothermic:: recoilless 

reactions, when the pri-r1 pa.rtic::le 11101MDtua exceeds the 

"magic::" value (at whic::h the rec::oil momentua ia sero) the nuc::lei 

receive rec::oil -tua directed bac::k to pri-r1 particle 

momentum. Thia fact -1 be used for the· further suppress of 

background reactions. 

The use of fission foldin9~angle technique for the stud1 of 

intera·ctions of 7-quanta with uraniua nuc::lei in the resonance 

energ1 region, where the fission probabili·t1 is ... 100' (21, all-

owa one to aelec::t coherent processes and c::arr1 out investiga­

investigation of the A-resonance production .. ohania.. in 

nuclear environment (61, 62]. Th• uraniua target -1 be used 

also in the other cases, that will perllit us to incr•••• the 

absolute rate of the reactions ezaained. Yet, in . this caae the 

background reactions ma1 be suppressed onl1 kin ... ticall1, b1 

the recoil _.ntua' choice .. aaured with the help of fiaaion 

fra91119nt folding-angle technique. 

4.Activ• Piaail• Targets Baaed on Low Pr .. sur• 

Kultiwir• Proportional Challber• 

We pr->pose to detect the fission fravment• and ... sure 

their directions b1 -an• of low-pressure IMlltiwir• 

proportional cbiulbera (LPlllfPC) (63] or multi-step cballbera 

(LPMSC)[64]. The low..;pruaur• operati,on .. chani- of detectors. 

like MNPCa and MSCS is characterised b1 a fast avalanche growth 

I~ 

and high gain, resulting in ezellent timing (65, .66] and 

imaging· characteristics. Tnical time ru~lution of 

1 arger, poai ti on senai ti ve detectors are of the · order of f­

hundred PS. A position r .. olution of alMnat f- hundred,.., when · 
• aeaauring charg .. induced on cathode wir- or strips, connected 

to c-.rcial tapped dela1 linu can be obtained. 

Due to high valuu of the reduc.cl electric field~ positive 

ions produced during the avalanche pr~ are collected within 

about 1 ,.. , more than an order of --1 t:ude faster than at 

nol"lllll gas pressure. Thia fast· colllectiaa ti.. considerably 

reduces apace charge effects,• typical to aYaianche follllltiGD, 

thus allowing a high rate operati0n t• ·~ order of 105c/a .... 2. . . 
Th••• detectors are very alight.I~ .... itiv• to background 

·radiation, especial1 that of relati.ta~ic .-rticl-. 

Two kinda of fissile targets are .....-tecl. In the first 

case, the thin ( ... 1 Wllfl/C.2) target loca~ at low grasi1141 &091• 

with respect to the incident be- ta iDcr ... • tlw effective 

length of. the ta.rget up to -10 WJ/ca2 , a'IU'rCllllDded by LlmPCa or 

LPllSCs which detect the fission h....-au ~ -ur• their 

directions without touching the in.ci. .t beaa (Pig. 5). _. Thi• 

kind of active tas:-v•t can be used ~ inteDSe ~- Delayed 

fission can be invutigated b1 iaeana ol tbis ezperilllllltal set-

up as well selecting geometr1 to "recoil 

distance technique" (31]. • 

In the second case an active a~te4 target con.iatinv o·f 

.thin ( .. 1119/ca2) fissile targets directiy coupled to tbe LHmPCa 

or LPllSCa are proposed (Pig . 6) • The ac:tive target with the 
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total length of few hundred mg/cm2 can be constructed by this 

way. The seqmentation allows better determination of the . 
vertex, and this appears to be helpful in improving the 

ener9etic resolution in spectroscopic measurements. The fission 

fra91Mt11ts or recoil nucleus traversing target foils yield large 

number of secondary electrons, in proportion for their energy 

loss in foil [ 6'7]. These 'electrons can be measured in LPMSCs 

providin9 a tool for paralax free imaging of fission fragments, 

which is pri- importance for fission fragment folding-angle 

techniciue eaploi111ent purposes. 

The good position resolution of LPMSCs {200 µm) allows one 

to ca~ry out the delayed fission detection by means of the 

modified [68] recoi l-distance technique . 

The LPMNPCa can be used i n cas es when the detection of one 

of the fission fragmedts is enough for the background 
. '• 

suppression, e.g. in experiments on heavy hypernuclei or deeply 

bound pionic states with the help of 209Bi{n,p) 209Bien­

r eactions. Such kind of active uranium targets have be 

constructed [69] nnd exploited in photo-fission [3] an 

r o-fission .[ 4 ] ex 

tion of only on 

cnts. In these experiments th 

fissic;>n fragment with the hel 

permi ta t o suppress the el ectromagnet1c 

106 times, and ser>arat<> distinctly the nuclear 

real and virtual 

phot~n and elect 

factor -1\) registrat1n 

fra9111ents and se 

This equipment has workc 

with the 109 phot/s and 

with the 100\ effic1enc 

them among high backgro\ill 

6 

istic particles [70]. 

The expected time resolution of the LPllllPC. or LPMSCs is of 

the order of few hundred pa (PWIOI), which -:r be of pri-

importance for fast trig~er purposes. 

5. Sumnary 

In this paper the use of fission reactions .. a tag for the 

stud:r of heavy hypernuclei and ot!wr es.otic at- and .nuclei 

are suggested. The strong effect of background suppression may 

be r eached by the emploiment of tba ~ission fragment folding­

angl e technique in deeply bound pionic atom., pionic,n-mesonic, 

antiprotonic nuclei search experimesz.ta with. the help of recoil­

less reactions on the preactinide nuclei. 

The use of this technique for t!Mt stud:r of inte~actions of 

1-ciuanta with uranium nuclei allows one to select coherent 

processes and carry out investigation of the A-resonance prod­

uction -cbanism in nuclear ei>.viromMIO.t . 

Two kinda of active fissi 1 e tar99ta based on LPMlfPCs and 

LPMSCs are proposed which can find emploiment in experiments 

at CDAP, PI LAC and ll01'. These active targets have time 

reaolµtion (~) of the order of few hundred pa and can be 

used also · aa a fast trigger and•• a start detector in time of 

flight i.eaaur....nts. 

Acpowl edgaenta. 

It is a pleasure to acknowledge helpful coaveraationa with 

A.Amatuni, R .• Avakian, O.Bayati It • Zg:ran , a.zr-jian, 

I7 · 



R.Barano, lt.Iapirian, V.ltarnaukhov, S.Matinyan, B.Mkrtchian, 

J.Kouge7, Yu.Ranjuk, G.Soljakin, B.Toti, V.Toneev, , 
B.Vartapetian, T.r ... saki. Special thanks to B.Aratelian, 

8.ltD7asian, I.Ravinovich for useful aaaiatance and B.Oultanian 

for reading the llUluscript and critical c01111e11ta. 

Thia wort ... aupported, in part, br -a Soroa Foundat·ion 

Grant awarded br the American Ph7aical . Societr. 

Figure C.ptioaa 

Fig. 1. Vector diagr- of the fiaaion fra999Dt folding-angle 

teebniciue. The •rmbol• are defined in the teat. 

Pig. 2. •aelear fi••ilitr plotted agai_nat eacitation energr for 

Po209, Bi 209, Pb201·, and Tl 20I nuclei. In the caae of Pb and · Tl 

the fiaailitr value• for A=207 and 209 are ahovn. The point• 

refer the eaperimental val ... for Bismuth (from Ref. [15]). 

Fig. 3. hcitation ·enern diatributiona R(B ) of compound .. . 

nuclei for9ed in the · interactions of 420 Mev· neutrons with 

Bi209 nuclei calculated b7 means of an IRC Monte-Carlo code 

(54). Total number of interactions ia 6·104 • 

Pig. 4. The calculated mean eacitation energr <£ •• >. of compound 

nuclei formed after the interaction of 420 _..v neutrons with 

Bi209 nuclei,· aa · a function of the produced proton momentum. 

Pig. 5. Sketch of the active target, which can be uaed in 

inten.e be_.. 
Pig. 6 ~ Sketch of the active multiaection target. A MNPC (A) · 

with . a preilllPlificaticm. (PA) atep ia used for the time . and 

poaition measurements of the secondarr electrons emitted' when 

a nucleus traverses th• target plane. 
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