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The interaction between 153-MeV 7~ mesons and He! nuclei was investigated with a high
pressure diffusion cloud chamber operating in a magnetic field. The total 7" He interaction
cross section, the elastic scattering cross section, and the cross sections for a number of
inelastic processes were determined from measurements of the total 7~-meson track length
in the chamber. The angular distribution of m~"He elastic scattering is of a diffractive nature
with a distinct minimum (80°) and a secondary maximum (100°). Optical model calculations
under the assumption of a square-well complex potential V = VR + iV] show that best agree-
ment with the experimental data can be obtained for parameter values VR = — (18 + 7) MeV and

Vi=-(63+6) MeV, ry=1.5Xx 10~13 cm. These values are in good agreement with those
computed by Frank, Gammel, and Watson (4] from the relation between the optical potential
and the forward scattering amplitude for free 7p scattering. The angular distribution for
quasi-elastic scattering of 7~ mesons on bound nucleons is compared with the calculations
of Watson and Zemach.[3%] The probability of multiple scattering of pions in the nucleus
and the charge-exchange scattering cross section are estimated.

1. INTRODUCTION

THE basic processes occurring in the interac-
tions of pions of several hundred MeV energy with
complex nuclei are coherent elastic scattering on
the nucleus as a whole, inelastic scattering, and
absorption of the pions. Elastic scattering is usu-
ally analyzed on the basis of the optical model, (1]
whereby we describe the complex process of inter-
action of the incident pion with the nucleon by intro-
ducing into the wave equation some equivalent com-
plex potential V = VR + iV] depending only on the
range of interaction. The imaginary part of the po-
tential takes into account the attenuation of the par-
ticle flux caused by inelastic processes. From the
solution of this wave equation we can obtain the
angular distribution for elastic scattering and the
total cross section for all inelastic processes. In-
elastic scattering of pions by nuclei is considered
to be the result of scattering by independent nucle-
ons inside the nucleus in a potential well VR which
have a certain energy distribution and do not inter-

act with one another (Serber-Goldberger model I:2]).

Finally, the absorption of pions by nuclei is satis-
factorily explained by absorption on pairs of dif-
ferent nucleons inside the nucleus.

Intensive investigations of pion scattering by
free protons carried out during the last few years
have permitted the calculation of the real and imag-

inary parts of the optical potential (4] (or the cor-
responding coefficients of refraction and absorp-
tion in nuclear matter [5]) on the basis of data on
elementary 7N interactions. Detailed calculations
by Frank, Gammel, and Watson (FGW) [4] have
shown that the energy dependence of the potentials
VR and Vj in the energy region up to 300 MeV is
due to the strong pion-nucleon resonance interac-
tion inthe T = 3/2, d= ?72 state at energies of about
190 MeV. The experimental determination of VR
and V] at energies close to the resonance is there-
fore of importance from the viewpoint of obtaining
confirmation of the basic concepts of the FGW
model.

In the energy interval up to 300 MeV, the inter-
action of pions with nuclei has been investigated in
a number of experiments with the aid of emulsion,
[6-10] ¢1oud chambers, [11-13] and bubble chambers.
[14-16] Thege experiments outlined the basic fea-
tures of the processes occurring in the interaction
of pions with complex nuclei, but the conclusions
concerning elastic scattering are primarily of a
semiqualitative character, owing to the relatively
poor statistical accuracy and difficulties of identi-
fication. Considerably greater accuracy in the
measurements of elastic scattering can be obtained
by electronic methods. (17191 In the experiments
of Baker et al[1%] it was shown that at pion ener-
gies of about 80 MeV very good agreement with
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experiment can be obtained on the basis of a modi-
fied Kisslinger model L20] taking into account the
gradient of the nuclear density at the nuclear
boundary. Measurements of the angular distribu-
tion for elastic scattering of 150-MeV pions on C,
Al, Cu, and Pb nuclei with the use of Cerenkov
counters to separate the particles according to
their energy and with an amplitude analyzer were
made by Fujii. f2] However, owing to the insuffi-
cient energy and angular resolution of the arrange-
ment in this experiment, no characteristic diffrac-
tion pattern was obtained in the region of angles
greater than 40—60°, and the analysis of the angu-
lar distribution was therefore carried out only for
angles smaller than 40°. The value of Vj deter-
mined by Fujii was close to the calculated value,
but the depth of the potential well VR proved to

be greater than that which follows from the FGW
calculations.

The interaction of pions with helium nuclei was
first observed in a diffusion chamber by Fowler et
al.[22] They recorded about 100 interactions at
three energies: 53 (7*), 68 (7~ ), and 105 (7~ )
MeV. Kozodaev et al (23] also investigated elastic
and inelastic mHe interactions in a diffusion cham-
ber with 273-MeV 7* mesons and 330-Mev 7~ mes-
ons (550 events at both energies). The cross sec-
tion for the elastic scattering of 7~ mesons in this
experiment in the angular region 5—15° (c.m.s.)
turned out to be considerably smaller than the cor-
responding cross section for 7* mesons. This ef-
fect was interpreted by the authors as due to inter-
ference between Coulomb and nuclear scattering.
Recently, Brautti et al[24] obtained the total 7~ He
cross section and the angular distribution of m"He
elastic scattering at 0.97, 1.67, 2.26 BeV with the
aid of a helium bubble chamber.

In the present article, we present the results of
a study of 7~ -meson interactions with helium nu-
clei at 153 MeV carried out with the aid of a high
pressure diffusion chamber in a magnetic field.
The basic aim of this work was to obtain informa-
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Reactions (1) and (2) appear in the pictures as two-
prong stars, (3) and (4) appear as three-prong
stars and (5)—(8) appear as one-prong stars. In
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tion on the angular distribution of 7~ He elastic
scattering to an accuracy sufficient for a reliable
determination of the optical model parameters and
their comparison with the FGW calculations. The
choice of such a light nucleus as He! for the target
nucleus is useful, since, according to FGW, the
depth of the potential well should be the same for
heavy and light nuclei. In this work, we also ob-
tained the total cross sections and some other
characteristics of a number of processes occur-
ring in inelastic 7~ He interactions.

2. EXPERIMENTAL ARRANGEMENT

The diffusion chamber and the experimental
layout has been described in detail previously. [25]

In our experiment, the magnetic field in the
fiducial region of the chamber had the following
characteristics: 1) the field intensity at the center
of the effective region was 12000 Oe, 2) the maxi-
mum decrease in the field along the radius in the
central plane of the fiducial region was 3%, 3) the
maximum inhomogeneity at the height of the
sensitive volume was +4%.

The mean meson energy in the chamber was de-
termined by measurements of the radius of curva-
ture of meson tracks on specially selected pictures
and turned out to be 153 MeV. With allowance for
the experimental accuracy of the radius measure-
ments (~3%), we obtain the value of 9 MeV for
the half-width of the pion energy distribution in
the chamber, The total contamination due to u~
mesons and electrons in the beam was (16 + 2)%.[2%]

The chamber was filled with ordinary commer-
cial helium to a pressure Pggf = 17.6 atm. Ina
series of exposures, we obtained about 30 000 ster-
eophotographs. Some data obtained during the anal-
ysis of these photographs were published earlier,[26]

3. REDUCTION OF EXPERIMENTAL DATA

In the interaction of 7~ mesons with He! nuclei,
the following reactions are possible:

)
)
@)
)
(5)
(6)
(7)
8)

inelastic scattering without charge exchange

inelastic scattering with charge exchange

pion absorption

reactions (4), (6), and (8), the nucleons in the
parentheses can occur both in the free state and
bound in the form of a deuteron.
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The scanning yielded 1802 cases of n”He inter-
actions (660 one-prong, 848 two-prong, and 294
three-prong stars) satisfying certain selection
criteria. It was assumed that all these cases in-
volved interactions of pions with helium, since the
background from the interaction of pions with com-
plex nuclei of impurities (methyl alcohol) and hy-
drogen was no greater than 1%. This estimate was
made from data obtained during operation of the
chamber with hydrogen and a 7~ -meson beam of
similar energy. [25]

To determine the scanning efficiency, we car-
ried out a careful second scan of part of the pic-
tures. If it is assumed that the efficiency for the
double scanning was unity, then the efficiencies
for recording one-, two-, and three-prong stars
were sy = 0.75 £ 0.02, s, = 0.88 + 0.02, and s;
= 0.90 + 0.02, respectively.

The interactions were analyzed by the repro-
jection method. For two- and three-prong stars,
the coordinates of the point of interaction, the co-
ordinates of points at the middle of the incident
pion track and of each prong of the star, the polar
angle 6 and the azimuthal angle ¢ of each prong
of the star (¢ = 0 corresponds to the case in
which the prong lies in the same horizontal plane
as the incident pion) were measured directly on
the reprojector. The accuracy of the measure-
ments was 0.7° for 6 and about 3° for ¢. The
radii of curvature of the incident-pion and second-
ary-particle tracks were measured with the aid
of a special template. The measurement accuracy
of the radii depends on the curvature, length, and
direction of the track in space. The mean accu-
racy of measurement of the radii in our case was
3—4% for a projected track length of 20—25 c¢m on
the horizontal plane and 5—7% for a length of 7—8
cm. In calculating the particle momentum from
the measured radius of curvature, we introduced
corrections for the inhomogeneity of the magnetic
field and the contraction of the bubbles (~5%). In
those cases in which the secondary heavy particles
stopped in the chamber, we measured their ranges
and added corrections to take into account the fi-
nite width of the track (for ranges < 10 mm ), the
bubble contraction, and the change in gas density
at the height of the fiducial region of the chamber.
According to estimates, the error of the energy
determination was = 15% for ranges greater than
5 mm.

The identification of reactions (1)—(8) was
made as follows. We first selected cases of 7 He
elastic scattering from among all two-prong stars.
A two-prong star was considered to be an elastic
scattering if it satisfied the relation
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| @ — Pre | — 180°| < 5° and |8ne — 652°°| < 2°,  (9)

where @, ¢He, and 6y are the measured angles,
and 0ff,C is the calculated He! scattering angle
determined from the measured angle 6, with the
aid of the usual kinematical relations for elastic
scattering. When the heavy particle of a two-prong
star stops in the chamber, an additional selection
criterion for reaction (1) is the correspondence be-
tween the measured and calculated ranges. As a
result, it was found that of 848 two-prong stars

521 represented elastic scattering [reaction (1)],
while 304 were cases of reaction (2). In the re-
maining 23 cases, no reliable separation between
reactions (1) and (2) could be made.

The identification of three-prong stars is more
complex, since among this group, apart from reac-
tion (3) with three charged particles as the reaction
products, there is still reaction (4) with the final
products

x4 d4pon, 74 d + d.

w4+ p+p+n+tn,

To separate reaction (3), we made a kinematical
analysis of all cases; this analysis involved mo-
mentum and energy balances for different assump-
tions as to the nature of the secondary particles

(p, d, or T). In some cases, we used as additional
criteria for identification the measurements of the
radii of curvature of the secondary particles, the
ranges, or track lengths for particles not stopping
in the chamber. The kinematical calculations for
all three-prong stars were made on a Ural elec-
tronic computer. The general features of the iden-
tification procedure were similar to those described
by Kozodaev et al. (23] It was found that 87 of the
294 three-prong stars could be assigned to reac-
tion* (3), and the remaining stars to reaction (4).

In view of the complexity and uncertainties, no
identification of reactions (5)—(8), occurring among
the group of one-prong stars, was made. Some in-
formation about the probability of inelastic scatter-
ing with charge exchange [reactions (5)—(6)] can
be obtained from the fact that two events were ob-
served in which the secondary particles are a fast
electron and a fast positron with a small angle be-
tween them, i.e., a Dalitz pair, and one heavy posi-
tive particle. Taking the probability of the 70 — e

*A number of cases of the reaction n— + He* » r—+d +d,
which could not be kinematically separated from reaction (3),
might be present among this group, However, taking into ac-
count the small binding energy of the deuteron, we can assume
that the probability of a reaction with the emission of two
deuterons is very small. This is also supported by the results
of Kozodaev et al,[?*] who did not identify a single reaction of
this type.
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+e* +vy decay[?"] equal to 0.0117, we find that ap-
proximately one-fourth of the one-prong stars in-
volve inelastic scattering with charge exchange.

4. TOTAL CROSS SECTIONS

The 7~"He total cross section and the cross
sections for the individual reactions were deter-
mined by counting the number of events and the
total 7" -meson track length in a rectangular re-
gion in the central part of the chamber in which
the conditions for recording particles [25] were the
best. The total cross sections were calculated
from the formula

6= Mr[Lneg (1 —q)s, (10)

where M is the number of cases of a given reac-
tion in the selected region, L = (5.87 + 0.09) x 108
cm is the total 7 -meson track length in this re-
gion; nggp = (5.20 £ 0.10) x 10%% is the number of
He! nuclei per cm?® in a sensitive volume with an
effective pressure of 17.6 atm and temperature
25°C; q = 0.16 + 0.02 is the y”-meson and elec-
tron contamination in the beam; r is a coefficient
taking into account the scanning loss for events in
which charged particles are emitted at angles ¢
close to 90° and 270°; ry; = 1.25 + 0.04 for reaction
(1), ry=1.16 + 0.04 for reaction (2), while rz_g=1
for the remaining reactions; s is the scanning ef-
ficiency.
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Table I shows the number of events M for the
various reactions and the total cross sections cal-
culated from formula (10). For the cross sections,
the table shows the absolute rms error, which con-
tains the statistical errors in M, and the uncer-
tainty in the value of all quantities used for the
calculation of the cross sections from formula
(10). The parentheses contain the number of events
whose identification was not entirely certain. They
were not taken into account in the calculation of the
cross sections, but the uncertainty introduced by
them was taken into account in the errors of the
cross sections.

Table II gives a summary of the experimental
data on the mHe cross sections in the energy in-
terval 60—2260 MeV. As seen from this table, the
energy dependence of the mHe total cross section
and of almost all partial cross sections is funda-
mentally similar to the character of the energy
dependence of the cross sections for elementary
TN interactions. This dependence appears again
in the case of the 7nd total cross section and, to a
lesser degree, in the case of the cross sections of
heavier nuclei. [28:14] However, the value of ot
obtained in our experiment is considerably below
the value resulting from the curve of the energy
dependence of the mHe total cross section calcu-
lated by Brautti et al[?4] from the simple formula

u .
6t ° = 2(6n-p -+ Grtp),

Table I. Cross sections for various reactions in 7~ He interactions

at 153 MeV
Reaction " @ @ ’ ® ‘ e—® | h—-@ ‘ @—®
M 150(2)* 104(2) 1 60 ‘ 155(1) 495 l 345
o, mb  |95.048.4% |53,446.1/11.3+2.3(26.0+3.5|80.67.2| 26616 | 171412

*Number of events for scattering angles 0> 15° (c.m.s.)
**We have introduced corrections for scattering in the angular interval 0—15° (c.m.s.)
and for Coulomb scattering and interference between Coulomb and nuclear scattering for

angles greater than 10° (see Sec. 5).

Table II. Summary of cross sections for mHe interactions in
the energy interval 60—2260 MeV

Refer- |Ener.| Par- o4, mb ce» mb | oy, Mb g, mb 6”‘:6"1" u::;' :gg'
ence gy | ticle 1hH—@® @—=@ | @—=® | 5—@®) |®EG)—®)| O—E6y
[2] 60 |nt, =~ 89+18 |37+12 52 15418 | 37+12 22 15
%] 105 | =~ 207+24 | T4+14 133 S1+12 | 82412 62 20
present
work 153 | =~ 266+16 |95+8.4| 171£12 |90.7+6.6(80.6+7.2| ~20 | ~61
2] 273 | =t 220420 |75+9 145% 8449 5548
[28] 330 | wn— 150415 |47+5 103* 66+6 33+4
(24] 970 | = | 167.44+5.4
[24] 1670 | = | 140.7+8.1
[24] 2260 | =~ | 104,7+1.5

*The cross sections were calculated as the difference between 0t and 0 and can
contdin a contribution from reactions other than those in groups (2) —(8).
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Table III. 7~ He elastic scattering differential
cross sections

6 (com.s)| an ! aa mb/sr 6°(com.s.) | AN Z% mb/sr

20 82 44.64+6.2 100 17 2,234-0,55
30 124 38.8+4.0 110 14 1.844-0,49
40 97 23,24+2.6 120 12 1.60+0.46
50 75 13.7+1.7 130 7 1,21+0.46
60 39 5,60+0.91 140 3 0.724+0,43
70 8 0,98+0.34 150 2 0.69+0,50
80 4 | 0,47+0,23 167,5 6 1,72+0,76
90 t4 1.85+0.49

in which the total cross sections for elementary
TN collisions were averaged over the velocity
distribution functions for bound nucleons:

P(B)dp = 3.41 exp[— 36.4B21dP.

6. ANGULAR DISTRIBUTION FOR mHe ELASTIC
SCATTERING

1. Experimental data. All cases of elastic scat-
tering, recalculated for the c.m.s., were divided
into 15 angular intervals of width 10° (scattering
events with 155° < § < 180° were combined into
one interval). Cases of scattering with 6 < 15°
were not taken into account in the angular distri-
bution, owing to the low scanning efficiency for
these angles. The first and second columns of
Table III show the angles 6 corresponding to the
midpoint of the angular interval and the number of
cases of scattering AN in each interval. To take
into account the scanning losses for events whose
plane of scattering was close to the vertical, we
constructed the distribution of the azimuthal angle
¢ for the events in the various angular intervals
Af. The efficiency found from these distributions
in the interval A6 = 50—130° corresponds to 92%
and drops to 63% in the interval A6 = 15—25°,

The differential cross sections do/dQ (third
column of Table III) were obtained from the angu-
lar distribution AN/AQ normalized* to the total
cross section oe¢ (see Table I) with allowance
for the dependence of the scanning loss on the
angle ¢ for a given A#. No corrections for the
angular resolution were introduced, since they
were no greater than a few per cent. The errors
in the cross sections indicated in the table are due
mainly to the statistical error and the uncertainty
of the corrections introduced.

2. Optical model calculations. Since the obtained
angular distribution for elastic scattering reveals
a clear diffraction pattern with a distinct first min-

*The total cross sections oe were not corrected here for
Coulomb scattering and for elastic scattering in the angular
interval 0—15°,

imum (~ 80°) and a second maximum (~ 100°)
characteristic for scattering by a square-well po-
tential, we calculated the angular distribution for
the optical model by means of an exact solution of
the wave equation with the use of a complex square-
well potential V = VR +iVy for the region inside
the nucleus r <Ry = roAl/3 and a Coulomb poten-
tial Vo = —2e?/r for the region outside the nucleus
r > R;. The Klein-Gordon equation for a pion of
total energy E '

ey EVE Wy =0 (11)
has a solution of the form

uy(

¥ (r, 0 =2 p, (cos o).
l

(12)
The radial wave function uj(r) for the outer re-
gion (r = Ry, V= VR +iV]) satisfies the equation

d*uyldr® - [R'2 — 1 (I + 1)/r*] u; = 0, (13)
where k’ is the wave number inside the nucleus:
R® = k5 + (Vk —Vi — 2EVR) | h%?

+ i VRV — 2EV,)/ h%® = a + ib, (14)

k' = (a?® + b?)" [cos(% arctg %)4- i sin(% arctg %)] , (15)*

and k; is the wave number of a free pion with a
total energy E:

ky = (E? — p2c*)/h2ce, (16)

The nonsingular solution of the radial equation (13)
at the point r = 0 is expressed in terms of the
spherical Bessel function of a complex argument
jp(k’r):

ur (f) =A (k’r) ,’[ (k'r), (17)
connected by the relation
j1 (R'r) = (/R r) T 1y, (R'T) (18)

with the ordinary Bessel function of half-integral
order. Since there are no tables of Bessel func-

*arctg = tan™",
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tions of complex arguments, we found the solution
of (17) by using the recursion relations [29]

x2— 24 le,_l (%)

YW= w (19)
with the zero-order term
__sin2y—ish2z
00 =G% —coszy (20)*
for the function
& (0) = = 1In Lxj; (9)], (21)

which, as is readily seen, is the logarithmic deriv-
ative of the radial wave function uj(r). In formulas
(19)—(21), the argument of the function £; is x
=Kk'r =y +iz.

The radial wave equation for the region outside
the nucleus (r > Ry, V= V¢ = -2e2/r) has the

form
d2ug ldr® + [ky — 2nckyJr — 1 (1 + 1)/Pluf =0.  (22)

In Eq. (22), the quadratic term V% was not taken

A =

2[F} (1, koRo) — F;(n,, koRo) g;]
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into account because of its smallness; n, repre-
sents the Coulomb parameter:ng = — 2e%/hv

= -2a/B (@ =Y3;). For 153-MeV pions, we have
B =0.863 and n, = —0.0169. The solution of Eq.
(22) is a linear combination of the nonsingular so-
lution F7 and the solution G; which has a singu-
larity at the point r = 0: [30]

uj = F; + |Gy 4 iF;) € sin 8. (23)

The functions Fj = Fi(nc, kor) and G7 = Gy(ng, kor)
represent the nonsingular and singular confluent
hypergeometric functions.

The complex phase shifts §; were found by
equating the logarithmic derivatives of the outer
(23) and inner (17) solutions at the nuclear bound-
ary r = Ry:

(45 (ng, aRO))'

B oo im
i (n, aRe) & & (FRo) = gr- (24)

We thus obtain the equation for the phase shifts 6;:

(25)

Knowledge of the phase shifts §; permits the calcu-
lation of the differential and total elastic scattering
cross sections and the total cross section for all
inelastic processes according to the well-known
formulas

o (0)=|f (0)+F (B2

= sy, exp| —ine tn[ 4 (1 —cos B)] + i2n,}

+ 2172 @ + 1) & (¢ — 1) Py (cos 6) ‘ : (26)
0, = qhy T V(2L 4 1) | & — 1P, @7
l
o =kt N (2L 4 1) (1 —| &™]2), 28)
l

where
1 (0) = fA(0) + ifi(0), f(6) = f.(8) + if:(6)

are the Coulomb and nuclear scattering amplitudes;
= arg T (1 +! +1ing).

The differential cross section (26) was calcu-
lated numerically on a BESM electronic computer
every 2.5° in the angular interval 5—180°. For
four values of the radius: ry = 1.5, ry =h/uc
=1.414, ry= 1.2, and ry=1.0 (in units of 10713
cm), we calculated about 240 values of o(8) for

*sh = sinh, ch = cosh.

[F; (ng, koRo) —iGy(n,, koRo)] g — F (n, koRo) + iGy (n, koRo)

various values of VR and Vi lying in the intervals
5 MeV = | VR| =50 MeV and 20 Mev =< | V1| < 90
MeV. Since in our case k¢Ry = 2.89 for rj = 1.5,
the calculation was carried out for values of 1
equal to 0, 1, 2, and 3. To check the influence of
the phase shift 6,, part of the calculations was
also made with 6, taken into account.

The Coulomb wave functions F; and G; and
their derivatives Fj and Gj occurring in Eq. (25)
were calculated with the aid of tables (311 by ex-
trapolation of the functions of positive values of
ne for which the values were tabulated to ng
= —0.0169. In those cases in which the functions
were tabulated to ng = 0, the error in the extrap-
olation was less than 1%. In the extrapolation
from the values ng = 0.1585, the error did not
exceed 2—3%.

Along with the cross sections (26)—(28), we
also calculated in each variant the mean free path
A for pions in nuclear matter:

h=1RYa +6*—al™

1

= [2 (a® + b%)" sin (% arc tg %)]- , (29)

connected with a complex refractive index of nu-
clear matter v by the relation
v = k'[ky = vo + i (2kM)7?, 30)

and the angular dependence of the cross section
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due to the Coulomb interaction:

o (6) = (7)1 + [ff (B)1 + 2F7 (6) f, (6) + 22 (6) fu(®).
(31)

3. Comparison with experimental results. In
order to find the quantities VR, Vi, and r\ best
describing the experimental angular distribution
for elastic scattering ¢®*Pt(9) and the total in-
elastic cross section o?th, we calculated for
each variant the parameter x>

(Gg:alc — chpt)z
z

( Ac?xpgz , (32)

XZ _ m=15[ Gcalc(em) _cexpt(em) 2

Ac®*P(g ) } +

m=1

where Ac denotes the experimental errors in the
cross sections. The change in the value of x? in
the plane (VR, Vi) for ry=1.5 is shown in Fig. 1.

-V, MeV

50
/—_\\
wh 50

J0r \
a0y iz#%o 179
SN

FIG. 1. Distribution of x* in the plane (Vgs Vp for
I, = 1.5h

As seen from the figure, the x? distribution in
this case has a distinct minimum x? ~ 30 in the
region VR = — (15—20) MeV and V= —(60—65)
MeV. The minimum value x4,j, is 29.6 for VR =

~15 MeV, V{=-65MeV (0S21¢ = 97.2 x 10727 cm?,

a<i3a1c =177 x 102" ecm?, A =1.28 x 10~ cm). For

ry = 1.414, the minimum in the x* distribution is
much broader, but less marked, and xin ~ 50.
For ry=1.2 and ry= 1.0, x4in attains the values
150—300. Hence, we can conclude from the analy-
sis of the x? distribution that the values of the pa-
rameters for which we obtain the best agreement
with experiment is ry = 1.5, VR =-18 + 7 MeV,
V =-63+6 MeV.T

Figures 2, 3, and 4 illustrate the character of
the change in the angular distribution for a varia-
tion of the parameters ry,, VR, and V. As seen
from these figures, the calculated curve with the
parameters ry = 1.5, VR = —20 MeV, and Vi

*It should be noted that the value of r, characterizes the
radius of the potential well rather than the radius of the nu-
cleus and can be somewhat greater than the latter.

tThe errors in the potentials shown here do not take into
account the clear correlation between Vp and V[,
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= —60 MeV (2 =29.9, 0S21¢ = 94.1 x 10727 cm?,
ofalc =178 x 10~%" ¢cm?) practically does not dif-
fer from the curve with x¥,in = 29.6 and correctly
gives the character of the experimental angular
distribution. In the angular region up to the first
diffraction minimum (8 < 80°), we observe very
good agreement between the calculated and experi-
mental distributions, and only in the region of the
second maximum does the difference somewhat
exceed two standard deviations. If in the calcula-
tions we consider only the region of the first dif-
fraction maximum (the first 7 experimental points
of the angular distribution), then for r; = 1.5, we
observe a minimum in x* (x%,;, = 6) for close
values of the potentials VR = —25 + 8 MeV and
Vi=-50+ 10 MeV.

Calculations which include the phase shift 6,
show that its contribution to the total elastic scat-
tering cross section does not exceed 1% and its
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FIG. 2. Change in the angular distribution of #~He
elastic scattering o(6) (formula 26) for a variation of
the interaction range: a) r, = 1.5, b) r, = 1.414, c)
r, =12, d) , = 1.0 (Vg = -20 MeV, V| = -60 MeV).
Curves a’, b’, ¢’ and d” represent the angular dependence
of the cross section due to the Coulomb interaction o<(6)
(formula 31) for the same values of the parameters 1,,
VR' and VI'
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FIG. 3. Change in the angular distribution of #—~He
elastic scattering for a variation of the real part of the

potential: a) Vg'= —40 MeV, b) Vi =-30 MeV, ¢) Vg = =20
MeV, d) Vp = —10 MeV, and €) Vg = +20 MeV (1, = 1.5,

V[ = =60 MeV). Curves &) b/, ¢, d’, and e represent the an-
gular dependence of 0€(6) for the same values of the param~
eters,

influence on the angular distribution in the region
of large angles does not lead to better agreement
with experiment.

It can be shown that better agreement in the
region of the second maximum can be obtained if
the model with a square-well potential is modified
by the addition of a potential term proportional to
the gradient of the nuclear density at the boundary
of the nucleus (Kisslinger model (293 and the modi-
fied Kisslinger model [1*]) or with the use of a po-
tential with a diffuse boundary (for example, the
Woods-Saxon potential [323). In both cases, it is
necessary to introduce additional parameters de-
scribing the conditions at the nuclear boundary.
Although Kisslinger’s model is not directly applic-
able at an energy of about 150 MeV, (19,201 we made
a formal attempt to estimate the effect that the ad-
dition of a term in the potential proportional to
VpVy would have on the angular distribution. This
term leads to a new condition for matching the

L 6/6), mb/sr
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FIG. 4. Change in the angular djstribution of 7~He elas-
tic scattering for a variation of the imaginary part of the po-
tential: a) Vi = -70 MeV, b) V| = —-60 MeV, c) Vi = =50 MeV,
and d) V| = —40 MeV (1, = 1.5, Vg = =20 MeV). Curves a’, b,
¢’, and d” represent the angular dependence of ¢¢(8) for the
same values of the parameters,

logarithmic derivatives at the nuclear boundary,[20]
which, in our case, has the form
1—w

[4f (g kR y o
ul(ng, koRo)  hoRo + C & (R'Ry) = g1

33)

where w is a parameter [w = 1; for w =1, condi-
tion (33) goes over to (24)].

For w =0.75 and w = 0.5, we calculated about
100 angular distributions with various values of r,
VR, and V. The best agreement with experiment
was obtained for w = 0.75, ry = 1.5, VR = —20 MeV,
and Vi=-170 MeV (x%in = 27). Figure 5 shows
the change in the angular distribution for a varia-
tion of the parameter w with r; = 1.5, VR =-20
MeV, and Vi= —60 MeV. For other values of r,
and w = 0.5, agreement with experiment was very
poor. Thus, independently of the introduction of
an additional parameter, we were unable to obtain
much better agreement with experiment.

A potential of the Woods-Saxon type or any
other form with a diffuse boundary was not used
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FIG. 5. Change in the angular distribution of #—He elas-
tic scattering for a variation of the parameter w: a) w =1,
b) w =0.75, and ¢) w = 0.5 (r, = 1.5, Vg = =20 MeV, V{ = -60
MeV). Curves a’, b, and ¢’ represent the angular dependence
o¢(0) for the same values of the parameters,

in the present experiment in view of the great dif-
ficulty of such calculations. It should be noted,
however, that an increase in the diffuseness pa-
rameter of the Woods-Saxon potential leads to a
decrease in the cross section at larger angles in
comparison with the square-well potential [32,19]
and, hence, scarcely any improvement in the
agreement in our case.

The distributions of ¢€(0) shown in Figs. 2—4
indicate that the Coulomb scattering and the inter-
ference effects are important only for angles 6
< 15°. Although the angular interval 6 < 15° was
not included in this experiment, comparison of the
values of x* =29.9 for VR = —20 MeV, and x?
= 64.3 for VR = +20 MeV (curves c¢ and e of
Fig. 3) confirms the negative sign of the real part
of the potential at energies below resonance. The
distribution of ¢€(6) for ry =1.5, VR = —20 MeV,
and Vi = —60 MeV was used to obtain corrections
to the total elastic scattering cross section oe in
order to take into account Coulomb scattering in
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the angular interval 15—180° (Table I). Similarly,
integration of the dependence o(8) = (6) — 0©(6)
in the angular region 0—15° gives a correction to
oge which takes into account elastic scattering in
this angular interval.

4. Discussion. On the basis of general quantum
mechanical principles, the optical potential V(¢)
can be expressed in terms of the forward scatter-
ing amplitude for free pion-nucleon scattering
fo(e) (averaged over all protons and neutrons of
the nucleus):

V(e) = — (2nh0A/R) pf, (¢), (34)

where p is the nucleon density in the nucleus, k
and v are the pion wave number and velocity, A
is the number of nucleons in the nucleus, € is the
energy at which the pions are scattered inside the
nucleus.

Recent experimental studies of the scattering
of pions by free nucleons permit the calculation
of fy(e) and, consequently, also the optical poten-
tial V(e). In fact, Re fy(€) can be calculated
from the known phase shifts or from the disper-
sion relations [3] for pion-nucleon scattering,
while Im fy(€) can be calculated from the 7N
total cross section with the use of the optical
theorem: Im fy(€) = ko /4m. A basic assump-
tion of such an approach is the neglect of the
multi-particle forces inside the nucleus. Frank,
Gammel, and Watson, (4] in the calculation of
V(e), took into account the influence of the Pauli
principle, which decreases the total cross section
onN in the computation of Im f4(€), and intro-
duced into the imaginary part of the potential an
additional term taking into account the absorption
of pions by pairs of nucleons. (3] Figure 6 shows
the FGW calculated curves for the real and imagi-
nary parts of the potential as a function of the pion
energy inside the nucleus (dashed curves). The
solid curves represent the same dependence re-
calculated for a pion l.s. kinetic energy €, in ac-
cordance with the relation €3 = € + VR(€). The
points in Fig. 6 denote the experimental results
of: 1) Shapiro 2] for C!%(7~, 48 MeV), 2) Byfield
et al(11] for C!2(n~, 62 MeV), 3) Williams et al [1%]
for Cu(m%, 78 MeV), 4) Pevsner et al[19] for
Al (7%, 80 MeV), 5) Allen et al(1%] for emulsion
(7, 88 MeV), 6) Kessler and Lederman (113 for
C!2 and Pb (7”7, 125 MeV), 7) Fujii (11 for c12
(7=, 150 MeV), 9) Nikol’skii et all®J for emulsion
(7=, 160 MeV), and 10) Dzhelepov et all!3] for
C!2(n~, 230 MeV). The black circles (8) at 153
MeV represent the data of the present experiment
for He!. As seen from the figure, they are in very
good agreement with the FGW calculated curves.
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(

VR and Vy of the optical potential calculated by FGWET (the

. + S
dashed curves are functions of the #~-meson energy inside the

nucleus, the solid curves are functions of the pion l.s. energy).

The points represent the experimental data of a number of
authors (see text).

Correspondingly, we obtain for the mean free path
in nuclear matter the value (1.28—1.40) x 10713 cm,
which is in agreement with the value A/(ii/uc) ~ 1
calculated by FGW.

Agreement between the experimental and theo-
retical values of VR and Vp for He! indicates the
suitability of the optical model viewpoint even for
such a light nucleus as He!. On the other hand, it
confirms the correctness of the basic assumptions
of the FGW model, in particular, the assumptions
that the multi-particle forces play a small role in
the interaction between pions and bound nucleons
and that the depth of the potential well is independ-
ent of the nuclear dimensions. Also important is
the confirmation of the considerable effect of the
strong pion-nucleon interaction close to the reso-
nance energy (maximum of Vj and the passage of
VR through zero at the resonance energy) on the
elastic scattering of pions by nuclei. Good agree-
ment between the experimental and theoretical
values of the potential also indicates that the ef-
fects considered by FGW such as the influence of
the momentum distribution of the nucleons in the
nucleus, the spatial correlations of the nucleons
inside the nucleus, the uncertainty of the pion en-
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ergy between two successive collisions with nucle-
ons inside the nucleus apparently do not play an
important role in scattering.

6. INELASTIC INTERACTIONS OF »~ MESONS
WITH HELIUM NUCLEI

Among the inelastic processes (2)—(8), of great-
est interest are reactions (2) and (3), which can be
interpreted as quasi-elastic scattering of 7~ mes-
ons on a bound neutron (2) and a bound proton (3).
This interest is due to the possibility of compar-
ing the quasi-elastic scattering of pions on nucle-
ons inside the nucleus and elastic scattering on
free protons in order to see whether their proper-
ties are identical or different.

The total cross sections for reactions (2) and
(3) are shown in Table I. Their comparison indi-
cates that, as in the case of pion energies of the
order 300 MeV, [23] the relative probabilities for
the scattering of 153-MeV 7~ mesons on bound nu-
cleons is less than for free protons at m*-meson
energies of 150—170 MeV: (34]

52/53 - 4‘7, Gn+p/d,—.—p = 8,2 —_— 8.4.

The angular distributions o,(6) and o3(6) for
reactions (2) and (3) and the angular distribution
of all inelastic scatterings of 7~ mesons oy, go(6)
[reactions (2)—(4)] are shown in Table IV. The
errors shown there take into account mainly the
statistical error and a small uncertainty in the
correction for the scanning losses due to unfavor-
able angles ¢ [for g,(6)].

In Figs. 7 and 8, the angular distributions o,(9),
03(0), and oy, gc(0) are compared with the l.s.
differential cross sections ortp(6), or~p(6), and
on*p(0) + onr~p(8), respectively, for scattering on
a free proton[34] at an energy € = ¢j— VR(€) ~ 170
MeV. Since the total cross sections for reactions
(2)—(4) are one-fourth to one-fifth of the corre-
sponding cross sections for scattering on a free
proton (which can be explained by the influence
of such factors as the momentum distribution of

Table IV. Angular distribution of inelastically
scattered 7~ mesons

6z (9) o3 (), o %) =o; (%),
Vs (Ls.) mb/sr mb/sr e mb/;r;. s
30410 3.58+0.72 1.07+0,36 5.87+0,90
50410 4.58+0,66 1.244+0.31 6.88+0,77
70+10 3.604-0,57 0.7040.21 6.41+0.67
90+10 3,64+0,55 1.134+0,26 6.11+0.64
110+10 5.09+40.68 0.82+0.23 8.95+0.80
130+10 5.2640.79 1.1740,30 9.23+0.,90
150410 0,484-0.24 7.63+1.00 -
155415 4,574+0.86
1704:10 8,56+1.82
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FIG. 7. Angular distributions of #~-mesons from reactions
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same distributions multiplied by the Watson-Zemach factor
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FIG. 8. Angular distribution for inelastically scattered
7~ mesons [reactions (2)—(4)] in the I.s. The dashed curve is
the angular distribution of the quantity on4+p + On-p, the solid
curve is the quantity (Fp/Ff)(0s+p + 07-p) (in arbitrary units).

the nucleons in the nucleus, screening, etc. ), the
angular distributions for scattering on free pro-
tons are shown on an arbitrary scale (dashed
curves ). The solid curves represent the angular
distributions for scattering on free protons mul-
tiplied by the factor of Watson and Zemach £35]
Fp/Ff (also in arbitrary units). This factor takes
into account approximately the change in the kine-
matical relations for scattering of pions on bound
nucleons due to the presence of the nuclear poten-
tial dependent on the pion energy. The angular de-
pendence of the factor Fp/F¢ was calculated for

a potential VR = —18 MeV found in Sec. 5.
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Comparison of the angular distributions of
Figs. 7 and 8 indicates that the angular distribu-
tions of pions from reactions (2)—(4) basically re-
semble the angular distributions for free mN scat-
tering. An essential difference observed only at
small angles is, perhaps, due to the fact that small
momentum transfers to bound nucleons are forbid-
den by the Pauli principle. It should be noted that,
despite the roughness of the approximation used
by Watson and Zemach, their calculations give a
qualitatively correct description of the character
of the change in the angular distribution due to the
influence of the nucleus.

The momentum spectra of 7~ mesons from re-
actions (2) and (3) have been given in an earlier
publication. [26] The mean energies of these spec-
tra favor the one-nucleon character of the inter-
action between 7~ mesons and the nucleus.

The reactions in group (4) can arise as a result
of quasi-elastic scattering of a 7~ meson on a
bound nucleon with a subsequent nucleon cascade
in the nucleus as a result of successive collisions
of the 7~ meson with several nucleons in the nu-
cleus and also in a collective interaction with a
group of nucleons. Using the terminology of Kozo-
daev et al, [23] we shall call reactions (4) multiple
scattering processes. Then the relative probabil-
ity of the multiple scattering of a 153-MeV 7~
meson in a He? nucleus is

Tmurt=04/(0s + 05 + 0,) = 0,29 + 0.06.

The obtained value of yp, ;3¢ coincides with the
probability of multiple scattering in the He* nu-
cleus for a pion energy of about 300 MeV 2] and
is close to the probability of multiple scattering
in He! for 630-MeV protons. 3] This fact indi-
cates the relatively great role of multiple proc-
esses in the He® nucleus and that these processes
are almost independent of the energy and nature
of the particles.

Similarly, reaction (5) can be considered as
quasi-elastic scattering of a 7~ meson on a bound
proton with charge exchange and reactions (6) as
multiple scattering processes with charge exchange
Since reactions (5) and (6) cannot be identified sep-
arately, it is impossible to determine the probabil-
ity of multiple scattering with charge exchange.

An estimate of the cross section for inelastic
scattering with charge exchange 0,5, made on
the basis of the observation of two events in which
the produced 7 meson decayed by the scheme °
— e~ +e" +v gives for oegxe a value of the order
20 x 10727 cm? (see Table II). Another estimate
of this cross section can be made on the basis of



INTERACTION BETWEEN

the relation between the cross sections for scat-
tering of pions on free protons

R=Zs(n" 4+ p—a’+n)
X[Zo (" + p—> " -+ p) +(A — Z)o (n* + p—a + p)]™

under the assumption that in the case of ordinary
scattering and scattering with charge exchange the
influence of the nucleus is the same.[11] For pion
energies € = ¢y— VR(€e) = 170 MeV, we have R

~ 0.2. Then o0gxc = Rojp, gc = 18 mb.

These estimates indicate that in our case the
cross section for inelastic scattering with charge
exchange is approximately 10% of the inelastic
cross section, which is in agreement with the re-
sults of Blinov et al.[14] In view of these data,
the value ogxe = 62 mb obtained by Fowler et
al(22] for the 7 He interaction at 105 MeV is
anomalously large and apparently erroneous.

We take this opportunity to express our deep
gratitude to V. P. Dzhelepov, R. M. Sulyaev, and
Yu. A. Shcherbakov for valuable discussions, to
N. 8. Novikova and L. A. Smirnova for program-
ming and carrying out a number of calculations
on the BESM and Ural computers, to L. I. Krasno-
slobodtseva, T. S. Sazhneva, and Yu. D. Saikina
for aid in the scanning and analysis of the pictures.
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