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The elastic scattering of antiprotons on light nuclei provides 

valuable information for investigation of the antiproton-nucleus 

interaction, for example,· for determining the parameters of the 

antiproton-nuc~eus potential. Since a reliable description of the 

elastic scattering is a necessary condition for any adequate model of 

pA -scattering, any new information on the differential elastic 

scattering cross sections serve as a test for the various models of 

pA -interaction. Besides this, the data on elastic scattering on the 

lightest nuclei can be used for determining the parameters of the 

elementary amplitude of antiproton interaction with neutrons which, 

owing to the absence of good antineutron beams, are not well known. 

At present data are .available on the elastic scattering of 

antiprotons on deuterium (1, 2], on 12c, 40ca and 208Pb at 300 and 600 

MeV/c [3,4], and on 160 and 180 at 600 _ MeV/c [SJ as .well. We have 

measured the differential cross section of elastic scattering of 

antiprotons on 4He nuclei at 607.7 MeV/c (Tk. = 179.6 MeV). No data on in , 
p 4He elastic scattering at intermediate energies are exist. Earlier we 

have published the data on the cross sections for antiproton 

annihilation and inelastic breakup of 4He [6,7]. 

1. THE EXPERIMENTAL APPARATUS;_SCANNING AND MEASUREMENT OF EVENTS 

Measurements were performed in the LEAR antiproton beam at CERN 

using a streamer chamber placed in a magnetic field. The LEAR 

antiproton beam is characterized by high intensity (10 5-106 p/sec), 

small momentum spread (Ap/p ~ 10-3 ) and total absence of any 

contamination of pions and kaons whatsoever. The beam is ~ 1 cm in 

diameter. 

The experimental setup is shown in Fig .1. The apparatus was 

triggered by coincidence signals from the counters C2 and C4 and 

anticoincidence signals from the counters of the "live" collimator Cl 

and C3 and from the counter CS situated after the chamber.·Therefore, 

a trigger occurred, when an antiproton entered the chamber , but did 

not hit counter cs at the exit window. 

The (90x70x18) cm3 streamer chamber, operated in the 

self-shunting mode [B], was filled. with helium at atmospheric 

pressure. The chamber was. placed in a magnetic field of 0.8 T. A 

detailed description of the experimental apparatus can be found in 

ref. (9). 
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Layout of the experimental apparatus. EM - electromagnet; 

SC - streamer chamber; HVPG - high voltage pulse generator; 
travelling platform; ES TP - pulse generator; TP -

electrostatic screening; wc1_2 - wire chambers; Cl-6 

scintillation counters; M~_ 5 - thin walls.-

The sensitive volume of the 
streamer chamber was photographed 

using two cameras with parallel optical axes 
photograph represented a picture of only a single antiproton 

280 mm apart. Each 

interaction event with helium. 
_Approximately 105 pictures were scanned in search of elastic 

scattering events. In all "' 3500 two-prong events were found, which 

were treated as candidates to· elastic scattering ev~nts. For reliable 

recording of events a fiducial region 54 cm long was chosen along the 

beam direction. Besides this, to avoid difficulties in distinguishing 

between recoil a-particle tracks directed along the electric field in 

the chamber and spurious tracks of discharges, we have discarded all 

events with angles between the vertical direction and the plane 

determin~d by recoil nucleus and beam directions l~I s 30° 
The scanning effic'iency was determined from the result of a 

double scanning of 774 two-prong events. It turned out to be 96%. 
Measurements were performed using a PUOS [ 10] measuring device 

with a coordinate registration precision of 2.5 µrn. 92% of the events 

2 

i 
1. 

! 

I 

• I 

detected in the scanning were successfully measured. 

Geometrical reconstruction of the measured events was performed . 

with the aid of program written within the HYDRA system [11]. The 

geometrical reconstruction procedure was successfully applied to 89% 

of the events. 

The precision with which kinematical characteristics of events 

depended on four input parameters, with the aid of which the 

measurement errors were calculated. These parameters were the 

following measurement errors: of coordinates of the vertex 

projection, ov ; of the last point on the track of a stopping 

particle, os ; of an arbitrary point on a track projection, op; and 

of the length of the reconstructed track of a stopping particle, oi.,. 
These quantities were obtained from the results of multiple 

measurements of a set of events under the condition that the 

calculated errors be equal to the ones determined from repeated 

measurement~. The following input parameters were obtained: ov = 0.05 

cm, os = 0.17 cm, op= 0.14 cm, oL = 0.70 cm. 

In Fig. 2 the momentum distribution is shown for the beam 

antiprotons. The average momentum in this distribution is. 604.4 ± 4.9 

M~V/c. This value is in good agreement with the nominal beam momentum 

(607.7 ± 1.4) MeV/c. 

Fig.2. 

Measured momentum distribution 

of beam antiprotons. 
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2.IDENTIFICATION OF ELASTIC SCATTERING EVENTS 

Among the two-prong events with a single negatively charged 

particle, that were cho.sen for selecting elastic scattering events, 

there are also.present background events of annihilationless breakup 
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reactions such as 

4 - 3 p +He--+ p + n + He (2.1) 

and of annihilation reactions on a neutron with the production of a 

single rr-:(K-)- meson and several neutral pions (kaons) such as the • 

following: 

- 4 - 3 o p + He--+ rr + He+ m rr (2. 2) 

p + 4He --+ K- + K0 + 3He + m rr0
, (2.3) 

where m = 0,1, ... 

For identification of elasti~_scattering events we compared the 

characteristics of the secondary particles (momentum, scattering 

angle, range ~tc.) for each event with the corre~ponding quantities 

calculated assuming elastic scattering kinematics! Th~ following 

criteria were adopted: 

1) Angular correlations. The correspondence between the angle of the 

recoil nucleus and the expected value. 

2) Coplanarity. Since elastic scattering events are coplanar, the 
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Fig.3. Distribution of events 

over normalized difference 

(eexp- 8 th) I cr(e) between 

measured, 8exp' and calculated, 

8 th' values of the angle of the 

recoil nucleus. 8 th . was 

calculated from the measured 

anti proton scattering angle, 

assuming elastic scattering 

kinematics. cr(e) is the 

experimental measurement error. 

computed coplanarity angle must be zero. The coplanarity angle is 

defined as the angle between the incident antiproton track and the 

plane in which lie the recoil nucleus and the secondary negative 

particle tracks. 

3) Correspondence between the measured pat~ of the recoil nucleus and 

its calculated value. This criterion was applied for recoil nuclei 

stopping in the chamber. When the recoil nucleus did not stop in the 
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chamber, its measured momentum was compared with its expected value. 

4) Correspondence between the measured momentum of the scattered 

antiproton and its computed .value. 
' 

An event was all the criteria were 
satisfied within 

considered elastic, if 

three standard measureme~t deviatio~s. The · most 
restrictive criterion turned out to be the first one, i.e. taking int,o 

account recoil nucleus angular correlations,. it was satisfied by 

89.8% of all the measured events. (For comparison, the second 

criterion alone was satisf_ied by 91. 9%, the. third by 94. 2% and the 

fourth by 96. 3% of all e\rents) . In Fig. 3 the distribution of 

difference /le = (eexp - eth) / cr(e) is shown,where eexp and 

are the measured and calculated recoil angles, respectively; and 

is the measurement error. 

the 

8 th 
cr(e) 

As a result, 84.1 % of the two-prong events satisfying all four 

criteria·were identified as elastic scattering events (1607 events). 

For estimation of the · background from inelastic scattering the 

simulation of the reactions (2.1)-(2.3) was performed . It turned out 

that only 0.5% of the background reaction events satisfied the adopted 

criteria. We note that for identification of elastic scattering the 

background conditions were quite favorable, since at our energy the 

cross section of reaction ( 2. ,1) amounts to 4- •. 2 ± 1.3. mb [ 7] and of 

reactions (2.2) and (2.3) to 9.3 ± 1.4 mb [6], which is nearly by an 

order of magnitude lower, than the elastic scattering cross section 

( see below). Besides this, the elastic scattering events are mainly_ 

concentrated at small scattering angles (ecm < 20° ), which is 

certainly not true for the inelastic events [7]. 

3. EVALUATION OF THE DIFFERENTIAL CROSS SECTIONS 

Antiprotons scattered at small angles could hit the 

anticoincidence counter CS (see Fig.1),resulting in the event not 

being recorded. The dependence of the registration efficiency cCS upon 

the p scattering angle is presented in Fig.4. This efficiency depends 

not only on the scattering angle but also on the position of the 

interaction vertex inside the fiducial volume. so; for evaluation of 

cCS we performed simulation of elastic events distributed throughout 

the entire fiducial volume 54 cm long. The loss of events due to 

scattered antiprotons hitting the anticoincidence counter cs was taken 

into account by introduction of a weight wi· = 1/ cc5 (i) for each event 

of scattering angle ei . For calculation of the cross section events 

were utilized with scattering angles corresponding to an efficiency 

ccs not lower than 80%. 
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Fig.4. Dependence of 

registration efficiency, due 

to the presence of counter cs, 

on the elastic · scattering 

angle of the p: The curves 

correspond to registration 

efficiencies calculated for 

two different diameters of 

counter cs: 8 cm ( solid line) 

and i3 cm (dashed line). 77% 

of the experimental data were 

obtained with an 8 cm cs 

counter. 
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Differential cross sections were calculated by the formula 

dcr -
dQ -

er • E w. 
0 i l. 

c · C • IHl 
·' 

(3.1) 

where cr
0

= (Nin·p·L)-l (Nin~23·106 is the 
4
number of. antiprotons that 

traversed the target, p is the amount of He nuclei per unit volume, 

L = 54.6 cm is the mean length qf the path travelled by p through the 

• fiducial volume ), c is the overall efficiency of scanning, 

measurements and geometrical reconstruction of events (c=0.79), C = 

2/3 is a coefficient taking into account the cut in the recoil nucleus 

direction (see section 1), Wi are the weights of events in the angular 

interval ~Q. 
The obtained differential cross sections are presented in 

Table. 
For determination of 

section the differential 

following expression: 

the total p4He elastic scattering cross 

cross ·section was approximated by the 

dcr/dQ = I Fcoul(e) + Fnucl(e) 12 
( 3. 2) 

where the nuclear amplitude Fnucl(e) was taken in the form: 

. Fnucl(e) = crtotk(i+p)•exp(-B t/2)·(1-t/t0 )/4n. 
( 3. 3) 
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Here k is the c.m. momentum of p, t = 2 k 2 (1 - cos e) is the 

square momentum transfer, crtot is the total p4He scattering cross 

sectiop, p=Re Fnucl(0)/Im Fnucl(0), Bis the slope parameter in dcr/dO, 

t
0 

is a complex parameter ,corresponding· to the zero of the 

scattering amplitude,and Re t
0 

is determined by the position of the 

minimum in dcr/dQ, while Im t
0 

is related to the value of dcr/dQ at the 

minimum. 

Table. Differential cross sections of elastic p4He scattering (in 

the centre-of-mass system). In the column ecms indicated is 

the weighted mean value of the ems scattering angle in the 

respective angular bin 

8 cms Angular d<r/dQ 8 cms Angular dcr/dQ 

{deg) bin (mbf.sr) (deg) bin (mb/sr) 

9.0 ( 8.,10.) 369.115 ± 32.373 32.7 (32. ,35.) 6.177 ± 1.498 

10.9 (10 .• ~2.) 345.906 ± 25.095 36.2 (35. ,38.) 1.330 ± 0.665 

13.0 (12. ,14.) 260.394 ± 19.302 39.3 (38.,41.) 0.620 ± 0.439 

15.0 (14. ,16.) 221.025 ± 16.250 42.7 (41.,44-) 1.448 ± 0.647 

16.9 (16. ,18.) 163.111 ± 13.018 42.7 (41.,44.) 1. 448 ± 0.647 

19.0 (18.,20.) 117.354 ± 10.373 45.0 (44. ,47.) 2.221 ± 0.785 

20.9 (20.,22.) 83.291 ± 8.329 49.1 (47.,52.) 1.092 ± 0.413 

23.0 (22.,24.) 62.183 ± 6.867 54.0 (52.,57.) 1.020 ± 0.385 

25.1 (24.,26.) 48.736 ± 5.825 59.6 (57. ,62.) 0.410 ± 0.237 

27.0 (26. ,28.) 39.610 ± 5.071 63.6 (62.,67.) 1.053 ± 0.372 

29.0 (28.,30,) 15.177 ± 3.035 68.5 (67.,77.) 0.127 ± 0.090 

30.7 (30. ,32.) 12.106 ± 2.642 86.2 ( 77. , 97. ) 0.059 ± 0.042 

107.8 (97.,117.) 0.062 ± 0.044 

The coulomb amplitude Fcoul(e) was evaluated 

the finite dimensions of· the 4He nucleus and 

applying the method described in ref.(12]: 

taking into account 

of the antiproton 

Fcoul(e) = Fpoint- FBorn·(l - fp(t)·fHe(t)), (3.4) 

where the Coulomb scattering amplitude 

Fpoint' is 

on a pointlike particle, 

Fpoint FBorn" exp(-(2i C ( + ( ln( (1-cose )/2))). (3.5) 
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Here C is the Euler constant, C = 0.5772 , C is the Coulomb parameter: 

~ . ~ . oc { S - {rn2 + M2) ) 

C = ( 3. 6) 

[S - (m + M)2]1/2. [S _· (m - M)2]1/2 

oc = 1/137 

are the p 
I S is the total energy of the p4He sys.tern, and rn and M 

and 4He masses, respectively, 

FBorn - 2·C·k / t. ( 3. 7) 

The helium and the antiproton form factors were taken in the Gaussian 

form 

fp(t) = exp (- r 2 -t/6) 

fHe(t) = exp (- R2 •t/6), 

where r = 0.8 fm, R = 1.67 fm 

( 3. 8) 

To determine the parameters of the amplitude Fnucl(e), we 

proceeded in two steps. First, we considered all parameters in (3.3) 

for Fnucl(e) to be free parameters and determined them by fitting the 

differential cross section in the whole angular range of our 

measurements. The quality of the fit is put in evidence in Fig.5 , it' 
2 . 

turns out that x /NDF = 1.18 . However, the parameters utot' p, and B 

are correlated. To reduce the correlation effects we try to fix 

applying additional experimental some of the parameters by 

information. Thus, using Fnucl(e) 

the total elastic cross section: 

from the best fit, we can determine 

uel = 

From 

section: 

utot 

J 1Fnucl(B)l
2 

dQ = (120.9 ± 2.5) mb. 

(3.9) -one may obtain the total -4 p He 

UR+ Uel = (360.1 ± 5.6) rnb 

( 3. 9) 

interaction cross 

(3.10) 

Here UR is the cross section of all inelastic p4He reactions measured 

in our previous work, UR= 239.2 ± 5.0 rnb [6]. 

For better determination of the p and B parameters that depend on 

the F nucl behavior in the forward direction we fixed in ( 3 . 3) the 

value of utot fro~ (3.10) and fitted du/dQ only for a small 

scattering angles region (es 22°) by (3.2) , but without the factor 

(1-t/t
0

). The following results were obtained: 

-2 B = 58.7 ± 1.4 (GeV/c) , 

p = 0.22 ± 0.05 
(3 .11) 
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Fig.5. Fig.6. 

Fig. 5. Differential elastic p4
He cross section at 607. 7 MeV /c. The 

line corresponds to a fit by the formula ·(3.2). 

Fig.6. The inelasticity parameter~ versus angular momentum 1. curve 1 

- ~ obtained with the amplitude (3.3) without the factor (1. -

t/t ) ; curve 2 corresponds to a fit with the amplitude ( 3. 3 )· 0 

(Im t 0 < 0); curve 3 - the same as curve 2, but with Im t
0

> o ; 
curves 4 - for rr-

4
He scattering with two zeros in the amplitude, 

the corridor contains all 4 solutions; -curve 5 - for p 4He 

scattering with 4 zeros in the amplitude (all Im t. >0 and 
' ' l. 

e <120°). Arrows indicate the lmax ~ k (R __ + R ), where RH max 
4 

'He p e 
and R are the charge radii of He and of the scattered p 
particle, respectively. 

4. DISCUSSION OF THE OBTAINED DATA 

Knowledge of the parameters of the amplitude F 
1 

( e) in ( 3. 3) 
nuc 

allows to perform partial wave projection and to determine the 
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scattering phases o1 and the inelasticity parameters ~1 : 

fl _ k 21 + 1 J F (e) p (cose) d(cose) - nucl 1 r 
2 

(4.1) 

where f 1 = (~1exp(2io1 )-1)/2i are the spin-averaged partial amplitudes 

and P1 (cose) are Legendre polynomials. 

The fit for determining the amplitude was performed for the 

entire angular interval with atot set equal to the 

value given by eq. (3.10) and, also, with and without the factor 

(1-t/t
0
). The same fit was done for the elastic scattering on 4He of 

pions,._[13) and also of protons [14) at comparable energies. 

In Fig. 6 the inelasticity parameter ~1 (from eq. 4,-1) is plotted 

versus angular momentum 1 for antiprotons (curves 1 - 3), pions (the 

corridor denoted by 4) and protons (curve 5). We recall that ,if only 

· the elastic channel is open, ~
1 

= 1. It is clearly seen that rr4He 

scattering exhibits the characteristic maximum in the P-wave, in p 4He 

.elastic scattering none of the partial waves are singled out in such a 
. . ' 

manner. 

From the results presented in Fig. 6 it follows that at our 

energy the P,D and F -waves are dominant,although a large number of 

part.ial waves, practically up to 1=6-7, is required for describing the 

p 4He elastic scattering. As 1 increases from 1=3 to 1=6-7, the 

inelasticity decreases (~1 - 1). Im f 1 turns out to be significantly 

greater than Re f 1 . This is typical of hadron scattering in the 

presence of strong absorption. 

The above can also be verified by the analysis of these p 4He 

elastic scattering data in terms of a simple "fuzzy black disk model", 

i.e. a black disk with a diffuse boundary [15). This particular model 

proved very successful in the phenomenological analysis of antiproton 

elastic scattering on different nuclei [16). The scattering amplitude 

for a black disk is given by 

f(e) = kR2 Jl(x) 

X 
( 4. 2) 

where x = 2kR sin(B/2). 

The effect of surface diffuseness on a black disk is taken into 

account [15) by tlie function: 

D(e) = exp(-A2~2sin2 (e/2)) 

and therefore the scattering cross section is given by 

da/dO = (kR2 ) 2 Jf(x) 

7 exp(-2A2k 2sin2 (e/2)). 
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Fig.7 
Fig.a 

Black disk fit of the differential elastic p
4

He cross 

section. solid curve - best fit with diffuseness 

parameter A = 0. 95 fm. Dashed -line - calculations for a 

black disk with sharp edge (A=O). 
Comparison of differential cross section du /dt for p

4
He 

elastic scattering at T=la0 MeV (circles) with· da/dt for 

p 4He elastic scattering at T=200 MeV (squares) [ 14] and 

with that for rr- 4He at T=174 MeV (triangles) [13). 

Two parameters 

and the diffuseness 

are present in ( 4. 4): R, the black disk radius, 

parameter A. The radius R depends essentially on 

the ~ocation of the minima in the da/dO and A depends on the overall 

slope of the angular distribution. With the aid of a fit of da/dO by 

( 4. 4) we averaged the calculated cross sections over bins of the 

angular distribution. The typical black disk· sharp minima are thus 

smoothed out. The result of the fit is shown in Fig.7, where the solid 

line shows the result of fitting expression (4.4) and the broken· line 

corresponds 

diffuseness 

to calculation by the black disk formula without a 

function. One can see that even the naive black disk 

a not too bad description of the exp~rimental 
of the realistic assumption 

approach provides 
differential cross section. The addition 
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concerning the diffuseness results in quite a good agreement with the 

experimental data, practically the same as in the case of antiproton 

elastic scattering on heavy nuclei [16]. 

The obtained value R = (2.38 ± 0.02) fm is in good agreement with 

the value following from the simple parametrization R = l.5A1 / 3 found 

in ref. [13] for heavier nuclei. The diffuseness parameter A= ( 0.95 

± 0.03) fm turned out to be the same as for other nuclei (A - 1 fm) 

[13]. This is a consequence of the large effective radius of pA 

interaction. 

It is instructive to compare the elastic scattering of 

antiprotons with that of pions. In Fig. 8 shown are the differential 

cross .'sections of antiproton, pion and proton elastic scattering on 
4He ve:rsus the momentum transfer t. One can immediately observe the 

striking similarity between the. pion and antiproton du/dt 

distributions. This, at first sight, unexpected result merely reflects 

the fact that in the region of the t 33 - resonance the inelastic 

cross section of rr4He interaction approaches its maximum 

(approxi~ately 220 mb [17]) which incidentally coincides with u inel 

for p 4He interaction (u. l = 239.2 ± 5.0 mb [6]). The equally.strong ine . 
absorption exhibited in the case of pions and antiprotons, with 

inelastic cross sections that happen to be the same, leads to similar 

differential.elastic scattering cross sections. The above similarity 

should be destroyed, for instance, at low energies where the rrA cross 

section decreases, whereas the pA cross section increases. 

CONCLUSIONS 

We have measured the differential cross section for antiproton 

elastic scattering on 4He at 607.7 MeV/c. The angular dependence. of 

du/dn exhibits the diffraction pattern typical of scattering on a 

strongly absorbing disk. Simply ta~ing into account diffuseness of the 

disk provides good agreement of calculations with the experimental 

data. 

From the measured total elastic cr.oss section u 1 = (120.9 ± 2.5) •e 
mb and the p 4He reaction cross section, uR, measured previously, the 

total p4He interaction cross, section is determined to be utot = (360.l 

± 5.6) mb . From a fit of the forward·scattering data the parameter 

p=Re F 1 (0)/Im F 1 (0) turns out to be p = 0.22 ± 0.05, and the nuc nuc _2 slope parameter is B = 58.7 ± 1.4 (GeV/c) 

Partial wave projection of antiproton- nucleus amplitude reveals 

that the P,D and F -wave~ are dominant, although a large number of 

partial waves, practic.ally up to 1=6-7, is required for describing the 

12 

p 4tte elastic scattering at· our energy. The imaginary parts of the 

partial amplitudes are significantly greater, than the real ones. This 

is characteristic of hadron,, scattering in the presence 

of strong absorption. 
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Ba Tyco Ii IO .A. H AP. 
4 Ynpyroe pacceHHHe aHTHDPOTOHOB Ha He 

El-90-328 

npH 600 MsB/c 
lfaMepeHo AHqiqiepeuu;11aJ1bHoe cetteu11e ynpyroro pacceHHHH 

auT11npoT0HoB Ha 4ue npH HMnynbce 607,7 MsB/c. OnpegeneHo 
nonHoe cetteH11e ynpyroro pacceHHHH Oel = (120,9 ± 2,5) M 
H DOJIHoe cetteHHe B3aHMOAeHCTBHH Otot = (360,I ± 5,6)M6, 
ITapu;HaJibHO-BOJIHOBOH aHaJIH3 noKa3bmaeT, tJ:TO pacceHHHe 
HgeT, B OCHOBHOM, 113 P, DH F COCTOHHHH, YrJIOBaH saBHCH 
MOCTh do/dQ 06Hapy~11BaeT noBegeH11e THnHtJ:Hoe AJIH g11qipaK 
l.l;HH Ha CHJihHO norno~aJO~eM AHCKe, YtteT pa3MblTOCTH KPaH 
qepHoro AHCKa o6ecnettHBaeT xopowee cornac11e pactteToB c 
3KcnepHMeHTaJibHbJMH gaHHbJMH, 

Pa6oTa BhJnonHeHa B J1a6opaTop1111 HgepHbJX npo6neM OIDIH. 

Ilpenpmn 06-1,e,:umeuuoro HHcnnyra .11,o;epHhIX Hccne.o;oeanmi . .Ily6na 1990 

Batusov Yu.A. et al. El-90-328 
Elastic Scattering of Antiprotons 
on 4He at 600 MeV/c 

The differential cross section for antiproton elas­
tic scattering on 4He at 607.7 MeV/c is measured. The 
total elas~ic cross section~el = (120.9 ± 2.5) mb and 
the total p4He interaction cross section atot = (360.I ± 
± 5.6) mb are determined. Partial wave analysis reveals 
that the P, D and F-waves are dominant in the scatter­
ing. The angular dependence of da/dQ exhibits the dif­
fraction pattern typical of scattering on a strongly 
absorbing disk. Simply taking .into account diffuseness 
of the disk provides good agreement of calculations 
with the experimental data. 

The investigation has been performed at the Laborato­
ry of Nuclear Problems, JINR. 
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