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Summary. - -  Differential cross-seotion measurements of elastic scat- 
tering of =± on 4He are presented. The experiment was carried out 
with the high-pressure helium self-shunted streamer chamber surrounded 
by ~ hodoseope of scintillation counters. Measurements were fulfilled 
both for positive and negative pions at 68, 98, 135, 145 and 156 MeV, 
for negative pions also at 120, 174 and 208 MeV. The differential and 
total elastic-scattering cross-sections are compared with optical-model 
calculations using the Kisslinger and Laplacian potentials. Some results, 
obtained from an energy-dependent phase shift analysis, are also presented. 

1. - Introduction.  

First  results of our experiment on elastic scattering of pions on 4He, carried 

out at  the Labora tory  of Nuclear Problems of the J I N R ,  have been described 

in ref. (1,2). The experiment was performed using a high-pressure helium self- 

(~) I . V .  FALOMKIN, M. M. KU]~YUKIN, V. I. LYASHENKO, F. NICHITIU, CT. B. PONTE- 
CORVO, G. I°IRAGINO and ¥u.  A. SI~CHE~B~OV: Lett .  ~uovo  Cimento, 3, 461 (1972); 
5, 1121 (1972). 
(2) I .V .  FALOMKIN, M. M. KULYUKIN, V. I. LYASnmN~:O, G. B. PONTEeoI~VO, Y r .  A. 
SHCHERBAKOV, )/[. ALBU, T. BESLIU, A. MIHUL, F. NICttlTIU, :R. GA_RFAGNINI and 
G. PIRAGINO: Nq~OVO Cime~to, 21A, 168 (1974). 
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TABLE I .  -- (7~± ~He) elastic-scattering di]]erential cross-sections at 98, 135, 145, 156 MeV 
acid (7~-, ~He) at 120, 174, 208 MeV. 

98 MeV 

0 . . . .  ('TO+, 4~-~e) (7"¢--, 4~I(3) 

da/dt2 (mb/s r )  s (mb/s r )  da/d~ (mb/s r )  s (mb/s r )  

31.8 12.70 0.99 15.42 0.87 

42.2 8.76 0.65 10.72 0.59 

52.7 4.65 0.41 4.92 0.34 

63.0 2.17 0.27 1.96 0.20 

73.3 0.60 0.14 0.96 0.16 

83.4 0.76 0.17 1.39 0.18 

93.5 2.19 0.27 0.84 0.17 

103.4 2.90 0.32 2.28 0.23 

113.2 3.52 0.35 3.06 0.27 

123.0 3.47 0.34 4.21 0.28 

132.6 4.50 0.39 4.25 0.30 

142.2 5.07 0.43 4.70 0.32 

151.7 4.40 0.39 3.96 0.29 

161.1 4.39 0.40 4.17 0.32 

120 MeV 

0 . . . .  (r:-, 4He) 

da/d£2 (mb/s r )  e (mb/sr )  

29.3 36.36 5.85 

34.6 32.37 4.27 

39.9 24.48 3.18 

45.1 12.42 2.03 

50.4 10.23 1.74 

58.1 4.76 0.81 

76.1 0.88 0.22 

96.3 2.25 0.48 

111.1 3.68 0.62 

123.2 4.77 0.88 

132.9 3.67 0.77 

142.4 4.73 0.90 

151.9 4.61 0.90 

163.6 3.94 0.64 



]~nASTIC SCA~T]~INO O~ U~-MESONS ON 4He ~ C .  

TABL~ I (continq~ed). 

135 MeV 

0 .. . .  (r: +, aHe) (r:-, aHe) 

d a / d ~  (mb/s r )  s (mb/s r )  

251 

d a / d ~  (mb/s r )  ~ (mb/sr )  

29.4 43.17 3.93 50.23 5.65 
34.7 31.98 2.66 35.84 3.57 
40.0 23.76 2.01 24.82 2.59 

45.3 16.76 t .50  14.66 1.74 
50.5 7.15 0.91 7.69 1.71 
55.7 4.55 0.71 5.77 0.97 

60.9 2.87 0.57 2.65 0.65 
68.7 1.19 0.26 1.37 0.32 

78.9 0.94 0.23 1.05 0.28 
89.0 1.10 0.25 1.40 0.34 

99.0 1.60 0.30 1.66 0.38 
108.8 3.13 0.42 1.78 0.37 

118.6 2.34 0.37 2.72 0.48 
128.2 2.77 0.41 1.96 0.42 
137.8 1.92 0.33 1.72 0.39 

147.2 2.13 0.36 0.94 0.28 
156.6 1.52 0.30 1.06 0.31 
166.0 1.88 0.44 1.47 0.46 

145 MeV 

0 .. . .  (7: +, 4Ite) (7:-, ~He) 

da/dD (mb/s r )  e (mb/s r )  da/d~2 (mb/s r )  e ( m b / s r )  

29.5 48.54 4.76 38.46 3.23 
34.8 39.41 3.53 28.55 2.25 
40.1 25.46 2.51 22.11 1.76 
45.4 17.73 1.93 13.24 1.24 

50.6 4.24 0.89 5.68 0.80 
55.8 2.95 0.56 
58.4 2.13 0.44 
63.6 2.62 0.36 

71.3 0.98 0.24 

76.4 1.68 0.25 
86.6 1.21 0.27 

89.1 2.34 0.36 
99.1 2.75 0.51 2.26 0.35 

109.0 1.80 0.41 2.01 0.33 
118.7 2.17 0.45 

121.1 1.62 0.24 

130.7 2.18 0.36 

135.5 1.57 0.23 

144.9 1.35 0.28 

149.7 0.98 0.18 
161.4 1.26 0.29 

163.7 0.87 0.21 
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TABL]~ I (continued). 

156 MeV 

0 .. . .  (~+, 4He) (r:-, 4He) 

da/dg2 (mb/s r )  e (mb/sr )  da/dD (mb/s r )  e (mb/s r )  

29.5 52.91 4.07 

34.9 42.70 2.84 32.33 2.75 

40.2 26.86 2.03 27.14 2.21 

45.5 15.60 1.44 14.29 1.41 

50.7 7.70 0.98 8.40 1.02 

56.0 5.58 0.82 5.49 0.77 

66.3 2.19 0.29 1.95 0.25 

81.7 1.09 0.21 1.19 0.19 

96.7 1.48 0.23 1.90 0.24 

111.5 1.94 0.28 1.63 0.22 

126.0 1.52 0.24 0.89 0.16 

140.3 1.19 0.21 0.68 0.14 

156.7 0.75 0.15 0.39 0.10 

174 MeV 208 MeV 

0 .. . .  (=-, 4He) 0 . . . .  (7:-, *He) 

da/d~Q (mb/s r )  s (mb/s r )  da/dD (mb/s r )  e (mb/sr )  

29.6 41.26 5.16 20.9 30,50 2.95 

35.0 28.62 3.22 35.2 24.93 2.13 

40.3 20.29 2.33 40.6 18.91 1.63 

48.3 9.80 0.99 45.9 9.15 1.00 

56.2 3.04 0.74 51.2 3.58 0.57 

61.4 1.79 0.56 56.5 1.83 0.40 

74.2 0.60 0.17 64.4 0.44 0.14 

92.0 0.70 0.22 79.8 0.21 0.07 

106.8 0.75 0.22 94.9 0.46 0.15 

123.8 0.36 0.14 109.7 0.25 0.08 

140.5 0.40 0.16 126.6 0.22 0.09 

159.1 0.22 0.11 140.7 0.27 0 . I0  

159.3 0.16 0.06 
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shunted streamer chamber  surrounded by  a scintillation counter  hodoscope (1) 
covering the angular  interval  (25°+165°). 

The central  beam energy values were determined with an accuracy of 
(2+3)  MeV and the energy spread was of ( 4 + 8 ) % .  The percentage of pions 
in the beam varied from 60 % up to 95 % depending on the pion energy and 
on the piolt charge sign. The beam contaminat ion was measnred with a total  
energy loss Cerenkov counter  with an accuracy be t te r  than  3 %. In  the present 
work improved data  with higher statistics are given at  the old energies (L~), 

and new measurements  of differential cross-sections at  120, 135, 145, 156, 174 

and 208 MeV are presented. 

2 .  - R e s u l t s .  

In  Table I the differential elastic-scattering cross-sections arc presented as 
functions of the angles in the centre-of-mass system. The quoted errors are 
statistical only. At 174 and 208 MeV the measurements  were carried out only 
with =- because at  these energies there  were not  available ~:+ beams of suffi- 
cient intensity,  The da ta  we obtained at  68 MeV with negative and positive 
pions are not  included in the Table I because they  were presented in ref. (~). 

TABLE I I .  

T~ (~-, ~He) (~+, ~He) 
(MeV) 

a¢1 Number aol Number 
(mb) of events (inb) of events 

68 3 6 : ~ 3  779 3 5 ± 3  606 

98 62 -~6  2354 6 0 ± 6  1447 

120 9 9 4 - 6  464 

135 114J_7 636 1064-7  999 

145 1 0 2 ± 6  1012 110 ± 8 648 

156 94 ~ 7 797 117 ~ 8 971 

174 90-t-7 396 

208 8 0 4 - 8  584 

Table I I  shows (~±, 4Ite) elastic-scattering total  cross-sections for different 
energies and also the to ta l  number  of measured (in the experimental  angular 
interval) events for each energy. The values of the cross-sections were evaluated 
by  integrat ing best-fit curves fitted to the experimental  values of the differential 
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cross-sections (a). The to ta l  cross-section values arc given f rom 0 ° to 180 ° 
and  the  quoted errors are not  only stat is t ical  bu t  the  possible unce r t a in ty  

due to the  in tegra t ion procedure  was t aken  into account.  

3. - D i scuss ion  o f  the resul ts .  

The exper imenta l  angl]lar distr ibutions were compared  with  opt ical-model  

calculations as in ref. (~.5). I n  these calculations the impulse and  also the co- 
herent  scat ter ing approx imat ions  were used and the  Fe rmi  mot ion  of the nu-  

cleons in the  nucleus and the  recoil of the  nucleus itself were t aken  into account .  
Two potent ia ls  were used, the Kisslingcr potent ia l  

(1) ( r ] V x ~ )  = 2J/[Vc(r)~(r) + ( A -  1) .  

• [-- 
A 2 M  (We(r)~(r) 

and the Laplac ian  po ten t ia l  

(2) <r[Vr~> : 2diVe(r)yJ(r)+ 

+ (A--~) (B+pAo~ ~o(r)+ ~ ~ C(W~(r)) ~f(r). 

Here  B --~ - -  (dzt/p,c~)(,//2/ff~) b and C = - -  (dzi/p~c~)(d[2/#~) e. 
I n  these expressions PAc~ is the pion m o m e n t u m  of the  pion-~tte system. 

The coefficients b and  c were deduced f rom the analysis of AU-E~BAC]~ et al. (e) 
using the phase  shifts given in ref. (7). ~# and  # are the reduced masses of 

the  pion-nucleus and  pion-nucleon sys tem respectively.  The to ta l  collision 
energy E in the  pion-nucleus c.m. sys tem was 

E=(pAcM~ +m~) ~+(pAoM2 + A ~ M ~ )  ½, 

where m is the  pion mass,  M is the  mass  of the nucleon and A is the number  of 
nucleons in the  nucleus. 

(8) I. V. FALOMKIN, )/[. ~/[. KULYUKIN, V. I. LYASH~NKO, A. Mm~L, F. NICHITIU, 
G. PIR•GINO, G. ]3. PONTECORVO and Yu. A. S~C~]~RBAKOV: preprin~ J INR,  E1-6534, 
Dubna (1972). 
(4) R. MAc~: Nq~cl. Phys., 205A, 56 (1973). 
(5) R. MAc~: Phys. Lett., 40 B, 46 (1972). 
(6) ]~. H. AU]~RBACI~, D. M. FLI~MING and M. M. STE]~Nn-EIM: Phys. Rev., 162, 1683 
(1967). 
(7) S. ALY/EI~mD and C. LOVELAC]~: N'q~cl. Phys., 40 :B, 157 (1972). 
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In  the expressions (1) and (2) Vc(r ) is the Coulomb potential ,  and e(r) is 
the densi ty distr ibution of nuclear mat ter ,  which was supposed to be 

(3) 0 ( r ) - -  (a2~)~ exp - - ~  . 

The parameter  a was determined using the charge radius R, m = 1.71 fro, as 
experimental ly  deduced by  FRES~ et al. (8), and the pro ton  radius r,  = 0.8 fm. 
The parameter  a is connected in the following way to the values rp and R, m : 

2 2 
a~ = ~ ( R , . o -  r~). 

The pion-dHe scattering phase shifts were obtained by  (< matching )> the 
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Fig. 1. - (7:±, *He) elastic-scattering differential eross-seotions at 68 and 98 MeV. The 
curves are obtained from optical-model calculations using the Kisslinger (full line) 
and ~he Laplaeian (dashed line) potentials, a) (7:-, 4He) 68 MeV, b) (~+, 4He) 68 MeV, 
c) (r~-, aHe) 98 MeV, d) (~+, 4He) 98 MeV. 

(8) R . F .  FR]~SH, J. S. Mc CAI~T]~Y, R. E. REND and M. R. YI~IAN: Phys. Eev., 160, 
874 (1967). 
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solutions of the Schredinger equation, solved with potentials  (1) and (2), and 
the  Coulomb wave functions outside nuclear-force region. A detailed descrip- 
t ion of this procedure is given in ref. (~) where first experimental  da ta  were 

analysed. 
Figures 1, 2 and 3 present  the exper imental  values of the differential cross- 

sections for different energies, and also the results obtained from optical-model 
calculations with the Kisslinger and Laplacian potentials.  The results obtained 
using the Kisslinger potent ia l  seem to be in be t te r  agreement with experi- 
menta l  data  (although in the region of small angles the theoret ical  values are 

considerably higher than  the experimental  ones obtained using the two po- 
tentials considered), in par t icular  in the region of the first minimum. At 

c) 

10 ~ 

10' 

10: 

30 60 go ,20 ,so ' '3i ' '6'o' 'io' 
On, c . m .  

Fig. 2. - (=% 4He) elastic-scattering differential cross-section at t20, 135, 145, 156 MeV 
(full points). (7:+, 4He) at 135, 145, 156 MeV (open circles). The curves are obtained 
from optical-model calculations using Kisslinger (curve K ) a n d  Laplaeian (am're L 
potentials). The full lines are for =--mesons and the dashed lines are for =+- 
mesons, a) (n-,4He) 120MeV, b) (~±,~He) 135 MeV, c) (~i, 4He ) 145 MeV, 
d) (~±, 4He) 156 MeV. 

(9) L. ALEI(SANDROV, T. ANGELESCU, I. V. FALOMKIN, F. NICmTIV and Yu. A. 
SHCHERBAKOV: preprint JINR, P1-8328, Dubna (1974). 
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:Fig. 3. - (r:-, aHe) elastic-scattering differential cross-sections at a) 174 and b) 208 MeV. 
The era'yes are obtained from optical-model calculations using Kisslinger (full line) 
and Laplacian (dashed line) potentials. 

large angles the statistics is not  sufficient to discriminate between the two 
potentials we used. 

Figure 4 shows the energy behaviour  of the (::% 4He) elastic-scatteriag total  
cross-sections. In  the same Figure the results of calculations with the Lapla- 
ci~n and Kisslinger potentials  are also presented for the (7:-, ~He). 

The values obta iaed with the Kisslinger potent ia l  are in be t te r  agreement  
with experiment,  al though at  energies lower than  100 MeV they  are great ly 
higher than  exper imental  data.  In  the ease of the (7:-, 4He) elastic scattering 
the  to ta l  cross-section presents a maximum value at  about  150 MeV. 

1 7  - I I  Nuovo  Cimento A .  
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Fig. 4. - Total cross-sections for (~±, ~He) elastic scattering as a function of the pion 
kinetic energy: • (~-, 4He); o (s+, 4He). The curves are obtained from optical-model 
calculations with Kisslinger (full line) and Laplaci&n (dashed line) potentials. 

The small angle discrepancies between calculated and measured results 
observed at  energies lower than  100 MeV can be probably  ascribed to the fact  
tha t  the coherent  scattering approximat ion is no longer valid in this energy 
region. 

The influence of the  in termediate  nuclear exci tat ion on the elastic scattering 
(or equivalently,  corrections to the coherent  scat ter ing approximation) can be 
roughly est imated utilizing the modified Kisslinger potent ia l  as suggested in 
ref. (x0). At  low energies this modification leads to a noticeable decrease of 
the  differential cross-sections at small angles. As it  will be discussed below, 
the energy dependent  ~-4tte phase-shift  analysis provides an additional quali- 
ta t ive  indication upon the exci ted intermediate  states contr ibut ion to the 
elastic scattering. Using all existing data  on the  differential and to ta l  elastic 

cross-sections an energy-dependent  phase shift analysis (s) has been performed. 
The following parametr iza t ion (see ref. (n)) for the phase shifts was used: 

1 
M z+l c t g A ~ =  : + bz1'+ c~T2 +.. . ,  

where T is the kinetic energy in the labora tory  system, a~ b~, c~ are complex 

Qo) M. ERzCSON and T. E. O. E~ICSO~: A~n. o] .Phys., 36, 323 (1966). 
(11) R. A. ARNDT, D. D. LOnG and L. D. Rol']~: Nucl..Phys., 209 A, 429, 447 (1973). 
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va lues  a n d  A, is t he  co r respond ing  par t ia l  phase.  The coefficient a, is t he  scat-  

t e r ing  length.  

I n  fig. 5 A r g a n d  d iagrams  for  three  10artial waves  (1----2, 1, 0) are shown.  

These  d i ag rams  are  deduced  using exper imen ta l  d a t a  and  also the  phase  shifts 

ca lcu la ted  on  base of the  opt ica l  mode l  wi th  the  Lap lac ian  and  Kissl inger  po ten-  
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Fig. 5. -- Argand plots for three partial waves for 1 ~ 0, 1, 2. The plots arc obtained 
from an energy-dependent phase shift analysis of ~he elastic scattering of pions on 4He 
(dashed line). The K and L curves are obtained from optical-model calculations with 
Kisslinger and Laplacian potentials respectively. The table shows the correspond- 
ence between the points and the pion energy. 

n Tn(MeV) n T~(MoV) 

0 10 6 140 

1 50 7 150 

2 70 8 170 

3 90 9 200 

4 100 10 220 

5 120 
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rials. I a  the case of the S-wave the Kisslinger po ten t i a l  is in be t t e r  agreement  
wi th  exper imenta l  data~ bu t  in the case of P and  D waves it  is more  difficult 

to discriminate between the  two potent ials .  

" i ' I I i i I J 
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j l  
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0.3 

. J  
J i 

I "  j "  .,.t 

-0.1 

1 I I f f I I 

-80 -60 -Z,O -20 0 20 h0 60 
T~(MeV) 

Fig. 6. - Imaginary part of the (~ forward ,> amplitude lor elastio scattering of pions 
on ~He as a function of the piou energy (in the physical and nonphysioal regions): 
full line, from an energy-dependent phase shift analysis (9); dot-dashed line, from 
ref. (~z); dashed line, from ref. (13). The experimental point at T = 0 is obtained 
from experiments with mesoatoms (1~). 

Figure  6 shows the  behaviour  of the imaginary  pa r t  of <( forward  >> am-  

pl i tude I m  ](0) obta ined with the energy-dependent  phase  shift  analysis.  As 

one can see, in the  nonphysical  region the behav iour  of the  imaginary  p a r t  

differs f rom t h a t  obta ined in ref. (1,.1~) using forward  dispersion relat ions in 

the  analysis of pion-nucleus scattering.  The imaginary  p a r t  of the  scat ter ing 

length is in good agreement  wi th  the  values ob ta ined  f rom he l ium mesoa tom 

(12) T. E. O. E~Icso~ and M. P. LocHE~: Nucl. Phys., 148 A, 1 (1970). 
(13) C. J. BATTY, G. T. A, SQuI~R and G. K. T u ~ N ~ :  5rucl. Phys., 67 B, 492 (1973). 
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expe r imen t s  (~*). I n  our  case the  sca t te r ing  lengths  t u r n  ou t  to  be 

R e a o = 0 . 1 6 0 ± 0 . 0 1 0  a nd  Imao- -~0 .055=k0 .007(*) .  Moreover ,  t he  I m / ( 0 )  

values  show an  e n h a n c e m e n t  in the  ene rgy  in terval ,  in which  the  low ly ing  ~He 

exc i ted  s ta tes  are loca ted  ( ~ 2 0  MeV). The  / ) -wave  phase-shi f t  exhibi ts  cor- 

r e spond ing  s t ruc tu re  in the  same ene rgy  region (9). The  e n h a n c e m e n t  shown 

in fig. 6 seems to  ind ica te  t h a t  some in fo rma t ion  on nuc lear  exc i ted  s ta tes  

is con ta ined  in the  elastic differential  a nd  to ta l  cross-sections m e a s u r e d  even 

~t p resen t  level of accuracy .  The  t a rge t  nucleus  p lays  p r o b a b l y  less iner t  

role t h a n  t h a t  a s sum e d  in cons t ruc t ing  the  exis t ing opt ica l  potent ia ls .  

The  au thor s  are gra te fu l  to  V. P. DZttELEPOV and  L. J .  LA_PIDUS for  the i r  

con t inuous  e n c o u r a g e m e n t  and  suppor t ,  to  V. ]3. BELIYAIEV~ V. C. IJUKYANOV 

a n d  1~. A. EI~AMZgAE for  the  helpful  discussions. T h e y  are v e r y  g ra te fu l  to  the  
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@ R I A S S U N T 0  

Sono presen~ati i risultati della misura della sezione d'urto differenziale di diffusione 
elastiea (~:±, 4He) a 68, 98, 135, 145, 156 MeV e (~-, 4He) a 120, 174, 208 MeV. I daft 
sperimentali sono eonfrontati con le previsioni del modello ottieo. ~ stata pure fatta 
un'analisi in fase dipendente dell'energia. 

Paeeemme sap~Taenm, Ix ImOnOa Ha a~pax 4He B ~nanaaone aHeprm~ ( 6 8 +  208)MaB. 

PesmMe. - -  HpaBO~aTCa ROBI~Ie ~aRm, ie no ~nqbqbepemmaJmHgtM ce~emtaM ynpyroro 
pacce~m4a 3ap~xeH~LX ImOHOB Ha ~ p a x  re~m-4, noJIyqem~ble B arcnepnMenTax c 
renHeBo~ CTpnMepno~ xaMepoi~ Bl, Icororo naBnenna Ha cmlxpoumc~ioTpoRe YlYIII 
OH~IH. IlpnBO~ZTCa ~ann~Ie no ~baaoBoMy aHannay, 3aBnCaliIeMy Or aaeprmi, 
IlpOBO~HTC~I cpaBHei4He c pacqeTaMH no  OnTlaqecI~o~ MO~eYlI4. 


