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Abstract: Spectra of hydrogen and helium ions emitted after stopped antiproton annihilation in nuclei 
have been measured with a Si-detector telescope. Targets of 12C, 4°Ca, 63Cu, 92M0, 98M0 and 238U 
were used. The 3He and 4He energy spectra can be fitted with the exponential function e E/r. The 
parameter T is essentially independent of the target mass number A. A simple pickup model 
reproduces the 4He/3He ratios as a function of Z and N (target proton and neutron number). The 
proton spectra from the 238U target indicate that some protons are also emitted by the fission 
fragments. 

ANTIPROTON-NUCLEUS ANNIHILATION ~2C, 4°Ca, 63Cu, 92M0, 98M0, 238U, stopped 
E ~; measured 3 He, 4He spectra; deduced spectrum shape, yields; Si particle telescope, enriched 

targets. 

1. Introduct ion 

The in teract ion o f  s low ant ipro tons  with nuclei  is present ly the only way to 

invest igate the interact ion o f  ant imat ter  with mat ter  at low energies. S topped  ant ipro-  

tons form an t ip ro ton ic  atoms,  emit  X-rays dur ing their  cascade to low ant ipro tonic  

orbits, and annihi la te  with a pro ton  or neutron.  The  annihi la t ion  preferent ia l ly  takes 

place at a radius at which  the nuclear  densi ty has about  10% o f  the central  density 1). 

Due  to the large absorp t ion  cross sect ion s topped  ant ipro tons  are unl ikely to 

penet ra te  into the nucleus.  The  annih i la t ion  sets free an enormous  amoun t  o f  energy 

(1880 MeV) in the v o l u m e  o f  only one or  two nucleons  2). It has, therefore ,  been  
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speculated that exotic states of  nuclear matter such as glueballs, quark-gluon plasma, 
or shock waves might be created 3-9). In contrast to other processes involving similar 
amounts of  energy, e.g. fast pion, proton or ion reactions, the stopped antiproton 

annihilation process is characterized by the low linear and angular momenta  of the 
system, and a homogeneous angular distribution of the annihilation products. The 

purpose of the present investigation is to study the more ordinary processes induced 
by the nuclear absorption of  antiprotons so that the special processes can be identified 
once the theory of the process has reached a level that will make specific predictions 

possible. 
The annihilation of slow antiprotons with protons or neutrons yields in more 

than 95% of all events only various combinations of  7r +, ~ -  and 7r ° which are 
produced either directly or by decay of mesonic resonances (7, P, to) 1o). The resulting 

pion multiplicities range from 2 to 8 with an average value of 5. The pions have 
energies up to nearly 1 GeV with an average of 230 MeV. During the annihilation 
on the nuclear surface some pions escape and some enter the nucleus and start an 
intranuclear cascade. Since the energy of the pions lies in the region of the A- 
resonance, they have a short range in the nucleus and transfer large amounts of  

energy. In direct processes pions can be absorbed or scattered, A-resonances or 
additional pions can be produced, and protons, neutrons, deuterons, tritons, He- 
particles or other light nuclei can be knocked out. In these processes the nucleus 
can be heated up to several hundred MeV [ref. ~)] and can evaporate additional 
particles. In a few percent of  the annihilations kaons and hypernuclei are pro- 
duced 11). Recent measurements by our group of the distribution of residual nuclei 
after annihilation show that heavier nuclei lose between 1 and 50 nucleons t2). 

Several theoretical groups have employed computer  codes ~.5.~3) to calculate the 
intranuclear cascade, the particle emission, and the distribution of residual nuclei. 

The Low Energy Antiproton Ring (LEAR) at CERN,  Geneva, is an ideal facility 
to study antiproton-nucleus interactions. As part of  a more comprehensive study 
of antiprotonic atoms and antiproton-nucleus annihilation, we report the measure- 
ment of  the light-ion spectra with a Si-detector telescope particularly suited for 3He 
and 4He particles. 12C, 4°Ca, 63Cu, 92M0, 98M0 and 238U targets were used. Hydrogen- 

ion spectra measured with a Ge-detector telescope will be published separately. 
The shapes of  the spectra and the absolute and relative yields of  various emitted 

particles are expected to shed light on the antiproton annihilation at the nuclear 
surface, on the consequences of the localized deposition of large amounts of  energy, 
and on the intranuclear cascade process. This should permit one to test the assump- 

tions underlying the various cascade calculations. 

2. Experimental procedure 

The experiment has been performed at an antiproton beam of  LEAR. The average 
beam intensity was 50 000 ~/s ,  at a momentum of 202 + 1 MeV/c. The experimental 
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a r r angemen t  is shown in fig. 1. The an t ip ro tons  were ident i f ied  with a sc in t i l la t ion 

de tec to r  t e lescope  cons is t ing  o f  an an t i coun te r  S 1 (11 cm d iamete r ,  10 m m  thickness ,  

with a 2 cm d iame te r  hole)  and  a coun te r  $2 (2 cm d iamete r ,  1 mm thickness) .  

Between these two de tec tors  were two po lye thy lene  wedges ,  ad jus ted  so that  the 

an t ip ro tons  would  s top  in the  target .  The d i ame te r  o f  the s t oppe d  beam was measu red  

with a p o l a r o i d  film and  f o u n d  to be abou t  18 mm. A separa te  measu remen t  with 

c o p p e r  disks as absorbers  in front  of  an add i t i ona l  an t i coun te r  $3 showed  that  28%,  

74% and  94% of  the an t ip ro tons  are s t opped  within circles o f  8, 18 and  28 mm 

diamete r ,  respect ively.  

In o rde r  to measure  the s topp ing  d i s t r ibu t ion  in beam di rec t ion  the counter  $3 

was m o u n t e d  in the target  pos i t ion  and  run in an t i - co inc idence  with S1 • $2. The 

$1 • $2 • $3 count  rate,  m e a s u r e d  as a funct ion  o f  the m o d e r a t o r  th ickness ,  had  a 

gauss ian  d i s t r ibu t ion  with a F W H M  of  20 m g / c m  2 o f  po lye thy lene .  The s topp ing  

d i s t r ibu t ion  was also de t e rmined  with the ~ X-ray  intensi t ies  from the 63Cu target  

m e a s u r e d  as a funct ion o f  the m o d e r a t o r  setting. Fo r  each ind iv idua l  target  the 

m o d e r a t o r  was set in such a way that  the cen t ro id  o f  the s topp ing  d i s t r ibu t ion  was 

•• 
- TeLescope 

- beQm - I, - ' \  Torgef_ 

, \ 

S1 $2 
Moderotor 

~ Si-TeLesc 
1 0  c m  

Fig. 1. Experimental arrangement at LEAR/CERN with the ~ telescope, the target, the Si-telescope for 
He ions and a Ge-telescope (to be discussed in a forthcoming publication). 
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approximate ly  in the center  of the target. This was checked with the ~ X-ray 

intensit ies from the target. With this in format ion  the fraction of the ant iprotons  

s topped in the target was calculated.  As a further check the fraction of 15 passing 

through the target was also measured  directly with the ~ X-ray intensi ty of a Cu 

sheet placed beh ind  each target for a short t ime (except in the 63Cu and  98M0 target 

cases). 

The six targets used in the present  exper iment  are listed in table 1 together with 

their sizes and  some details necessary for the intensi ty calibration.  The targets were 

selected to cover a broad  range of atomic masses and  to study possible isotope 

effects in Mo. The intensi ty cal ibrat ion factor F ( coun t s /~  per 106 measured  counts)  

was calculated from the total 13 telescope counts  N~, the calculated percentage a 

of ~ s topped in the target and  the efficiency (e ~ 1) and  the solid angle to of the 

particle telescope: 

F =  l / ( N f , ,  a .  to) 

with to - -de tec tor  area /4zr(d is tance  target-detector)  2. 

The particle telescope consisted of three Si surface barr ier  detectors moun t e d  at 

distances of 7 mm from each other in an a l u m i n i u m  holder  that was flushed 

con t inuous ly  with dry ni trogen.  The three detectors had active areas of 400 mm 2 

TABLE 1 

Targets used in the experiment 

Isotope 12C 4°Ca 63Cu 92M0 98M0 238U 

enrichment (%) 98.9 96.9 -98% 98.3 97.2 >/99.3 
area (mm x mm) 50×50 22x30 21 x29 25×30 25×30 20x40 
thickness (mg/cm 2) 23 50 41 100 100 30 

(effective thickness 
x/2 larger) 

FWHM of stopping 25 (4) 31 (5) 41 (7) 45 (8) 46 (7) 82 (26) 
distribution in the 
target (mg/cm ~) 

calculated percentage 74 (5) 75 (3) 66 (5) 79 (2) 77 (2) 35 (11) 
a of stopped 

measured percentage 74 (5) 75 (4) a) 72 (12) a) 31 (6) 
of stopped 

number of f~ telescope 383.3 295.8 259.6 154.3 179.5 265.0 
(ST. $2) events (in 106p) 

distance target-particle 270 (3) 270 (3) 270 (3) 205 (3) 205 (3) 205 (3) 
telescope (mm) 
(to detector 2) 

intensity calibration 8.1 (6) 10.3 (6) 13.4 (11) 10.8 (5) 9.6 (5) 14.2 (45) 
factor F (counts/O 
per 106 measured 
counts) 

a) The measurement with a Cu sheet placed behind the target was not made for 63Cu and 98Mo. 
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and  th icknesses  of  0.2, 1.0 and  1.0 mm co r r e spond ing  to 47, 233 and  233 m g / c m  e, 

respect ively .  In  o rde r  to be  able  to ident i fy  a par t ic le  by  the te lescope  the par t ic le  

had  to s top in e i ther  the  second  or  the th i rd  detec tor ,  i.e. it had  to have an energy 

E~aX(m, z ) <  E <~ E ~ × ( m ,  z), where  EmaX(m, z) is the m a x i m u m  energy a par t ic le  

o f  mass  m and  charge z can have and  still s top  in de tec to r  i. Table  2 lists the values 

Emax(m, z) which were ca lcu la t ed  f rom p ro ton  ranges 14) in Si sca led with the Bethe 

fo rmula  for  the o ther  par t ic les .  Detec tors  2 and  3 were ca l ib ra ted  with the C o m p t o n  

edge o f  the  662 keV y- l ine  o f  ~37Cs decay,  de tec to r  1 with the m a x i m u m  energy 

depos i t ed  by p ro tons  (4.8 MeV). The ent ire  te lescope  was tes ted with 54 MeV 

a - p a r t i c l e s  f rom the cyc lo t ron  at the Ins t i tu t  ffir S t rahlen-  und  Kernphys ik  o f  the 

Univers i ty  o f  Bonn; the  f rac t ion o f  a -pa r t i c l e s  not  regis tered with the p r o p e r  energy 

signal  (e.g. due  to reac t ions)  was 2.4%. The pe rcen tage  o f  a -pa r t i c l e s  sca t tered  out  

was es t imated  accord ing  to ref. 15) to be abou t  0.2%. 

TABLE 2 

Maximum energies E~ "x, E~ ~'x and E~ ax of particles stopped in 
detectors 1, 2 and 3, respectively; these energies correspond to the 
range in 47,280 and 513 mg/cm 2 Si, respectively (energies in MeV) 

Particle E~ ax E~ l'x E~ "x 

p 4.8 12.2 19.1 
d 6.3 16.3 25.7 
t 7.4 19.4 30.6 

3He 17.1 43.0 67.4 
4He 19.2 48.6 76.2 
6He 22.5 64.3 90.8 
5 Li 33.9 94.4 132.8 
6Li 36.5 102.1 143.8 
7Li 38.9 109.7 153.8 

Part ic le  te lescope  s ignals  in co inc idence  with the ~ t e lescope  were ana lyzed  by  

A D C ' s  (Ortec  AD811) .  The da ta  was col lec ted  with a P D P  11/34 in list mode.  The 

average count  rate was 100/s and  the dead  t ime losses o f  the whole  system were < 5 % .  

The Ge  te lescope  in fig. 1 was used for s imul t aneous  de tec t ion  o f  H ions. 

3. Evaluation 

Table  2 shows that  the  energy w indow of  the  t e l escope  is ra ther  na r row in the 

case o f  h y d r o g e n  ions. We have,  therefore ,  concen t r a t ed  in this p a p e r  on 3He and 

4He spectra .  More  comple t e  hyd rogen  energy spec t ra  were measu red  with the Ge  

de tec to r  system. The par t ic les  were ident i f ied  with the s t anda rd  A E - E  method .  The 

A E - E  plots  o f  the ~2C and  238U targets  (fig. 2) i l lus t ra te  the qual i ty  o f  our  data .  

The p a r a m e t e r  B ident if ies  the  par t ic le :  

B = ((E,  + E2) b - E~) /d ,  
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if the particle stops in detector  2, and 

B = ( ( E ,  + E 2 +  E3) h - E ~ ) / ( d ,  + d2) 

if the particle stops in detector  3. 
E~ and di are the energy deposi t ion in and thickness o f  detector i, respectively; 

the exponent  b was determined f rom our  data to have the value b = 1.72 for hydrogen 
ions and b = 1.76 for helium ions. Appropr ia te  ranges for B were obtained experi- 

mentally so that most events could be identified. Fig. 2 shows that the background  

was negligible and that most  events did have an unambiguous  signature. 6He and 

even some aHe and Li ions are visible. Some Li events fall on a horizontal  line in 

fig. 2 due to saturation in the amplifier o f  detector 1. 

The measured energy o f  a particle E = E t +  E2+ E3 does not equal the pr imary 
energy Ep with which that particle was produced ,  because some energy is lost in 

the target and in the material between the target and the first Si detector. Since it 

is not  known where in the target an individual particle was produced,  it is not 

possible to correct for these losses AE event by event. It is, however,  possible to 

apply a global correction to the measured spectra and to derive the pr imary energy 

spectra. For  each individual particle with a measured energy E an approximate  
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Fig. 2. AE-E-plot of the measured ~2C and 23SU spectra. The left side shows particles stopped in detector 
2 ( E 3  = 0 ) .  
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probability distribution of  the origin in the target can be determined. This probability 

distribution is given by the ~ stopping distribution in the target weighted with the 
spectral shape (essentially an exponential function w ( E ) =  e E/r as shown later). 
This weight is necessary because particles that start out with a primary energy 
Ep = E + AE and traverse the target are less frequent than particles that start out 

with an energy Ep = E and do not traverse the target, due to the decreasing energy 
spectrum. 

For the computer  calculation of this global correction the target was divided into 
30 layers k with the stopping distribution gk and ~gk = 1. The weighted stopping 
distribution is g~ = W(Ek)gk/~k, , (W(Ek,)gk,) with Ek = E + zlEk, where AE k is the 
energy loss of  a particle with measured energy E coming from layer k; dEk is 
calculated from energy loss tables ~4). 

The measured spectrum is divided into 1 MeV energy bins n with mean energy 
En and intensity I (E , ) .  The primary spectrum is also divided in 1 MeV bins p with 
Ep and I(Ep). The correction procedure transfers the measured intensities I (E , )  of 
bin n via the target layers k into the primary intensity I(Ep) of the energy bin p: 

I( E r) = ~ ~ g'kI( E,)~(p, n, k) , 
n k 

where g(p, n, k) = 1 if Ep is the energy bin lying next to (En + AEk,,) and 8(p, n, k) = 0 
otherwise. Energy straggling was neglected. 

The spectral shape w(E)  is determined in an iterative procedure; it causes, 
however, only a small correction. The value of gk is given by assuming a gaussian 
stopping distribution with the widths of table 1. Fig. 3 shows the 4He spectrum of 
63Cu before and after correction; a significant shift to higher energies is observed. 

The corrected 3He and 4He spectra are displayed in figs. 4 and 5, respectively. 

The spectra were fitted in the energy range from 35 MeV to 70 MeV with the simple 
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Fig. 3. Measured and corrected 4He spectrum of the 63Cu target. 
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exponential function 

N ( E ) =  C e -E/r .  

The low energy cut-off of  the spectra is caused by the thickness of  the target and 
detector 1. The fitted exponential functions show in most cases good agreement 
with the experimental spectra. The fitted parameters T and the averages To over 
the six targets are given in table 3. 

3He and 4He yields (per 100 stopped antiprotons) in given energy windows and 
the 4He/3He ratios in different energy or momentum windows are listed in table 4. 
Since the energy window of  the telescope for hydrogen ions was very small and 
since the yields of the 6He, 8He and Li components  were very low, an exponential 
function could not be fitted in these cases and only total measured yields are given 
in table 5. Consequently, only a qualitative interpretation of this data is meaningful. 
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TABLE 3 

Fitted values of  the parameter T of  the 3He and 4He spectra (in MeV) 

12 C 4°Ca 63Cu 92Mo 98Mo 238U Average 

3He 19.8 (12) 24.2 (13) 22.2 (10) 25.2 (17) 21.8 (6) 20.1 (12) 21.9 
4He 15.6 (9) 16.8 (9) 15.4 (8) 16.2 (9) 17.1 (7) 14.2 (4) 15.3 
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4. Discussion of the spectrum shapes 

The parameter  T (table 3) does not represent a nuclear temperature,  since most 
of  the particles are apparently emitted before the nucleus has reached thermal 
equilibrium. However, T is related to the average energy of the emitted particles. 
Table 3 shows that T is essentially independent of  the target mass number  A with 
average values of To = 21.9 MeV for 3He and To = 15.3 MeV for 4He. The conversion 
of the average values from energy to momentum gives P0 = 351 MeV/c  for 3He and 
Po = 338 MeV/c  for 4He. It is thus possible to describe the 3He and 4He spectra with 

the same approximate equation 

N ( E )  = No e-P-~/P~' where Po = 345 MeV/c .  

No is of  course different for 3He and 4He. The value of Po is very similar to the 
known average momentum p~ = 350 MeV/c of pions emitted in the annihilation of 

with isolated protons 1). 
Experiments with energetic protons and pions on a variety of  nuclei have shown 

similar results. The spectra of p, d, t ,  3He and 4He particles resulting from the 
bombardment  of  Mg, Ni and Ag with 235 MeV pions showed J6) that the shapes 

are independent of the target mass and gave values of  T of - 2 0  MeV for 3He and 
- 1 7  MeV for 4He. The proton spectra from the bombardment  of  C, AI, Ti, Cu, Cd 
and Pb targets with negative pions of 1.5-6.2 GeV/c  and protons of  9 GeV/c  [ref. ~7)] 
were fitted with the function e -Br2 where B was found to be independent of  the 
target nucleus A and of the nature and energy of the bombarding particles. A recent 
study 18) of  3He and 4He spectra from 70 and 160 MeV 7r* on Ag gave values of  T 

of 25 and 13 MeV for 3He and 4He, respectively. 
This similarity of  particle spectra emitted after ~ annihilation in nuclei and after 

bombardment  with energetic pions and protons point to general and simple laws 

for the interaction of fast particles with nuclear matter. 
The 3He and 4He spectra from the 238U target (figs. 4 and 5) indicate that there 

is a significant enhancement near 25 and 30 MeV, respectively. This is probably due 

to stronger evaporation of helium ions in very heavy nuclei. 

5. Interpretation of yields and the pickup model 

The 3He yields increase by a factor of  about 1.5 from C to U and the 4He yields 
by about a factor of 5. This difference is reflected by the increasing 4He/3He ratio 
with A. The 3He and 4He yields are larger for 238U than for the other targets. Recent 
experiments at LEAR which investigated ~-238U reactions 19-21) showed that in nearly 

all cases fission takes place. The large 3He and 4He yields indicate that the fission 
process does not too much reduce or influence the particle emission process. The 
smaller proton yield of  the 238U target between 6 and 18 MeV is caused by the 
Coulomb barrier near 15 MeV. The calculation of the intranuclear cascade 22) 
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including particle emission has to verify these assumptions which would mean that 

the fission process provides a time scale. 
In order to understand the yield ratios, especially the 4He/3He ratio, as functions 

of  Z and N, a simple pickup model is proposed which uses for the calculation of 
the 4He/3He ratio only Z and N and one free pickup parameter.  The model which 
was briefly described in ref. 23) assumes that the formation of heavier emitted particles 

is a consecutive process and that lighter ions either escape from the nucleus or pick 
up protons or neutrons to become heavier ions. The pick up probabilities are assumed 
to be proportional to Z or N, to the dimension of the nucleus (ocA 1/3) and to the 

pickup parameters ri. This consecutive pickup scheme is shown in fig. 6 together 
with the corresponding pickup probabilities. It is assumed that proton and neutron 
pickup rates are similar. The effective pickup rates are always the result of a 

competit ion between pickup and stripping. The differential proton or neutron pickup 
probabilities are ( Z / A ) r i  d R  or ( N / A ) q  dR,  respectively, where dR represents a 
distance of travel in the nucleus. These probabilities have to be integrated over the 
size of  the nucleus. The average integration length is proportional to A t/-~ and the 
proportionality factor can be included in ri. Since a deuteron can pick up a proton 
or neutron, the total pickup probability is { ( Z / A ) r 2 ÷ ( N / A ) r 2 }  d R  = r 2 d R  and the 
factors Z / A  and N / A  have to be added after the integration, while 3He and t have 
only one pickup channel each. 

Z N -;13 Z .113 N A~I3 
-- Ar2A T "A i"3 A T ~r~ A 

T T y 3He "--..~ ¢ ~ ~  
d ~v~" e (230 MeV)~..~ ..... ~-J~ ~ 

n f 
Z Al/3 I 

6He 

Fig. 6. Pickup model for the formation of heavier particles. The arrows mean either escape (vertical 
arrows) or strikes by a pion or pickup of a proton or neutron. Differential pickup probabilities are also 

given. 

The 4He/3He ratio is calculated with the following probabilities: 3He formation 
without additional n pickup: ( Z / A )  (1--e-r2A'/3)e-~N/A)r-'A'/3; 4He formation via 
3He: ( Z / A ) ( 1  - e-r2A'/3)(1 - e  ~N/a)r3a'/~); 4He formation via t: ( N / A ) ( 1  - e  -r2A'/~) x 
( 1 - e  ~Z/A)r~A'/~); this yields: 

R (4He/3He) - (1 - e -(N/A)r3AI/3) "~- ( N / Z ) ( 1  -- e-(Z/A)r3AI/3) 
- e ( N/A)r3AI/3 

The 4He/3He ratio for the energy interval from 35 to 70 MeV as a function of A 

is displayed in fig. 7. The pickup parameter  was fitted to be r3 = 0.24. The agreement 
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Fig. 7. Expe r imen ta l  and  ca lcu la t ed  4He/3He  rat ios  for energies  f rom 35 to 70 MeV as a funct ion  of  A. 

between experiment and model is very good except for 238U where the calculated 

value is too large. The reason for this discrepancy might be that the Coulomb barrier 

was not taken into account which results in tritons prefering to escape rather than 
to pick up a proton. Calculating the pickup parameters with the 4He/3He ratios for 

the energy bins 35-40, 41-50, 51-60 and 61-70 MeV, one finds the values for r 3 to 
be to 0.28, 0.24, 0.20 and 0.18, respectively. This behaviour indicates that the pickup 
probability decreases with the energy. The pickup parameter  r3 was also calculated 
with 4He/3He ratios for the momentum bins 512-572 and 572-631 MeV/c, resulting 
in r3=0.31 and r 3 =0.30, respectively. It is expected that the 4He/3He ratio is 
independent of  the momentum,  since the 3He and 4He spectra have the same shape 
proportional to e -p2/p~. 

The 6He, SHe and Li yields (table 5) show more or less pronounced increase with 

A. Of  course, these yields are very low in the case of  the ~2C target. 

6. Evidence for proton emission by fission fragments of U 

The corrected proton spectra between 6 and 18 MeV from the 9SMo and 238U 
targets are shown in fig. 8. The spectrum from 98Mo indicates that the sensitivity of 

the telescope is zero below 5 MeV and reaches its full value at 8 MeV. The corre- 
sponding spectrum from the 23~U target looks quite different. The spectrum increases 
slowly between 5 and 15 MeV where it reaches its maximum intensity. The Coulomb 
barriers of  238U and 22°Ra (i.e. after some particle emission) are 15.3 and 14.9 MeV, 
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respectively, as indicated in fig. 8. The energy loss in the target causes an energy 

resolution of a few MeV, but no protons are expected to be detected below 10 MeV. 
The protons observed between 5 and 10 MeV give, therefore, some evidence that 
protons are also evaporated from fission fragments which have Coulomb barriers 
between 9 and l0 MeV. Calculations i) indicate that residual nuclei after prompt 
particle emission can have excitation energies of  several hundred MeV. When these 
hot nuclei undergo fission, the hot fission fragments can evaporate neutrons as well 
as protons. Since about 40% of the protons in the spectrum of 238U in fig. 8 have 

an energy <12 MeV and the total number of  protons is 77 (24) per 100 ~ (table 5), 
we find that on the average at least 17 (5)% of the fission fragments evaporate a 

proton. Another explanation of the low-energy protons could be the emission during 

the fission process. 

15000 

T IO000 

N 

5000 

98Mo 

p spectra 
6000' 

l, OOC 

2000 

F 

I ~ /  I I I 
5 10 15 20 O0 " 

E [HEY] ,, 

238 U 

" I I 
5 10 15 

E [MeV] 

I 

2O 

Fig. 8. Corrected p spectra from OSMo and 238U targets measured with the Si telescope which identifies 
protons between 5 and 19 MeV. The protons of the 238U target below about 10 MeV are probably emitted 

by fission fragments. 

7. Conclusion 

The measurement of  charged particles emitted following the annihilation of 
stopped antiprotons in ~2C, 4°Ca, 63Cu, 92M0, 98M0 and 23SU targets has given 

detailed information on the shape and the yield of  the 3He and 4He spectra. The 
shape of the spectra is independent of A, in agreement with similar results from 
fast proton and pion reactions. The 3He and 4He spectra can be reproduced with 
the same Po = 345 MeV/c  in the formula N ( E )  = No e p2/p~. The dependence of the 
4He/3He ratio on Z and N was calculated with a simple pickup model; good 
agreement was obtained (with the exception of 23Su). 6He, 8He and Li ions have 
been observed with average yields between 4 - 1 0  -5 and 2.  10 -3 per antiproton 

annihilation. Proton evaporation from fission fragments after antiproton annihilation 
in 238U is indicated by the low-energy cut-off of  the proton spectrum. 
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W e  w i s h  to  t h a n k  K. D i e t r i c h  fo r  v a l u a b l e  d i s c u s s i o n s ,  H.  H a g n ,  D.  M a i e r  a n d  

H. Weil3 f o r  t e c h n i c a l  s u p p o r t ,  P. S t o e c k e l  f o r  g r a p h i c a l  h e l p ,  P. M a i e r - K o m o r  fo r  

t h e  p r e p a r a t i o n  o f  s o m e  o f  t h e  t a rge t s ,  t h e  K a r l s r u h e  g r o u p  (PS  176) f o r  t h e  4°Ca 

t a rge t ,  B. D r o p e s k y  f o r  t h e  63Cu t a rge t ,  T. M a y e r - K u c k u k ,  H.  M o m m s e n  a n d  t h e  

I n s t i t u t  f i i r  S t r a h l e n -  u n d  K e r n p h y s i k  o f  t h e  U n i v e r s i t y  o f  B o n n  fo r  t e s t  m e a s u r e -  

m e n t s ,  A.  N i l s s o n  f o r  c o l l a b o r a t i o n ,  a n d  t h e  L E A R  c r e w  fo r  v e r y  g o o d  e x p e r i m e n t a l  

c o n d i t i o n s .  T h i s  w o r k  w as  s u p p o r t e d  b y  t h e  B u n d e s m i n i s t e r i u m  fi ir  F o r s c h u n g  a n d  

T e c h n o l o g i e ,  B o n n ,  b y  t h e  U.S.  D e p a r t m e n t  o f  E n e r g y  a n d  b y  t h e  U.S .  N a t i o n a l  

S c i e n c e  F o u n d a t i o n .  
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