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Introduction

At present there exist some experimental data on
#= ?He scattering in the ‘region from 24 up to 153 MeV
(table 1). The latest data on . ‘He scattering have been
obtained using the streamer chamber method at 100 MeV/l/.

Pion helium scattering at low energies is connected
with two aspects: nuclear problems around the Aj3; reso-
nance and extraction of the strong s -nucleus amplitude
for determination of the pion form factor (at energies
lower than 100 MeV). In the case of pion-nuclei scatter-
ing one of the most interesting aspects in this energy
interval is a downward shift in the position of the first
baryon resonance A3z . This shift is about 40 MeV for

_ 12 /2/

n C scattering,

/3/

for = “He scattering’ ~’.

and a similar shift is expected

In this paper a preliminary phase shift analysis,
performed as the first step for both the above aspects

of pion helium scattering, is presented.



Formulation

The » “He state is a pure J =0 and, therefore,we
denote by f (6 ,k) the total scattering amplitude para-

metrized in the usual way:
%
t20,0) =Ls 2+ )6 T, Py(cost)+ £ E(6
k) = 2(A+r1)e g Pp(cos@)+f =(6,k) . (1)
The pure nuclear amplitude is given by:

£ (6,k) = _11‘2 (20+1) Ty B (cosf ) , (2)

where ¥ is the momentum in CMS, ¢ is the scattering angle
in CMS, Pp(cos § ) are ordinary Legendre polynomials, and
[f(o,k ) is the Coulmb amplitude. The partial wave ampli-
tude 7y may be expressed in terms of complex phase shifts
Ag (k) (because in our energy interval there are ine-
lastic channels) or in terms of real phase shifts 8y (k)

and inelasticity coefficients qe(k) :

. ‘ exp(2iAp) - I ngexp (2i8p)-1
ReTe+1jm Tg: 20 = ¥ (3)

Ty (k)

ReT, = % ny sin (28, )

Im Tf

1
7(1—qzcos(258 ) ).

The Columb scattering amplitude is given by
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are the Coulomb phase shifts

+
f=(0,k) =
c 2k -sin

where the )
targ T(0+1 +'in3-) ’

T
£
and for small n, the rf are approximated by
ro = —0.5772 n,=-En_
Ty = (I—E)nc

is the Coulomb strength

E 1is the Euler constant, =n.
parameter:
zZ,2 m m, m 1
S172%7 with m=- —L2  and a = ———
m,+m, 137.036

n =
k
(in our energy interval n = 0.024 3 0.082 << [ ).
The differential cross section is expressed by
+
9o _ 1170, k)| (5)
dQ

and the elastic and total “pure" nuclear cross sections

may be written as
47 2
o = =3 T(A+1)IT T (6)

AT s (20 41) Im T, AT om0,k ) (7)
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As was pointed out by Schiff/4/, in the low energy
region for =7 -nucleus interaction the expression (1) for
the scattering amplitude is not sufficient and another
amplitude - a distortion amplitude f, , which is a mo-
del-dependent one, is necessary. In other words the nu~
clear amplitudes f, (6,k) will be different for =~ “He
and 7t “He scattering. This distortion amplitude is
important for the S wave and hence for a good determina-
tion of the pion form factor. In our preliminary analy-
sis we did not take into account a distortion amplitude,

we considered =z~ ‘He and n*“4He scattering separately.

Experimental Data

The main bulk of experimental data on =¥ “He scat-
tering consists of elastic differential cross sections
together with a few total cross section values (table 1).
For the kinetic energy from 24 to 100 MeV 9 experiments
have been performed by 4 groups of authors for » - elas-
tic scattering on “He with a rough estimation of the
total cross sections at 50, 58 and 65 MeV (Block’s et al.
data). At 110 and 153 MeV there are differential cross
sections only for =~ on ‘He and also the total cross
section data for 153 MeV. At 60 and 105 MeV two other
measurements have been carried out for »~ “He scatter-
ing. The obtained differential cross sections are based
on poor statistics and only estimations of the total

and elastic cross sections are given.



Because of lack of knowledge of the total cross
sections in our preliminary analysis we used only inter-
polated values of the elasticity ratio in a fit procedu-~

re. This ratio is a slowly decreasing function of energy:

x =—<_ .03 for 100 to 330 MeV (see fig.l).
[+2

tot

Results

Prior to the phase shift analysis we made a fit of
the differential cross sections data in terms of cosine
and Legendre polynomial expansions. The information on
the optimum number of partial waves required to fit the
data was obtained using the F statistical test and the
difference between the x? of successively increased
power of cosine. Table shows an example of 97 MeV
scattering data. The 95% point of the F;,7 distribution
is 5.59. Hence, the coefficients of the 6th and 5th for

7~ and the 6th, 5th and 4th power polynomials for nt
are not significant. All the cross sections data were
refitted in polynomial Legendre expansions with 0.1,...
up to 8 terms for a test of small contributions of the
F wave (and D wave for 24 MeV):

Im

)* ¢ do ) -( da . ZoAn(cosa) . (8)

dQ 40 exp dQ ‘coul.  32pn-

I =01,..., 8



In Figure 2 the x?/Npr of this fit for 51 MeV
( =+ and =- ), as well as for 153 MeV ( « ) are shown.
A considerable decrease of the x?/Nppwas obtained from
the fit with the Coulomb interference term 2Re(l; f. )
(eq. 1). The x?/ Npg for the Legendre polynomial fit
with 5 terms and the x? / Npfr obtained from a fit
with eq. (1) are shown in table I . From all these
fits it is possible to conclude that the dominant partial
waves are the S and P for energies lower than 50 MeV,
and the S, P and D waves up to 150 MeV. The small con-
tribution of the F waves for medium energy (relative
to the energy interval considered here)is probably caused
by a large additional distortion amplitude. After many
minimizations and a fit in a "chain way" (the output of
one energy represents the inpit for the next energy) the
most probable solution was found. Since both the colliding
particles have a zero spin the Minami ambiguity will not
appear and the single traditional ambiguity is in the sign,
obtained by simultaneously reversing the signs of the
real phase shifts. However, because of the strong influ-~
ence of the Coulomb amplitude and the possibility of
comparing the n~ e and the n* ‘He phase shift results,
in this low energy region it is easy to remove the sign
ambiguity. In addition, the simple impulse model theory
for » “He scattering/lz/ shows that in the low energy re~
gion (where predictions of this model are in agreement -
with the experimental data) the S wave is repulsive and

the P wave is strongly attractive. In our analysis we



assumed that the repulsive § solution is correct
at low energy.

Because of a rough knowledge of the total cross
section for »~ ‘He and =* *He a fit with the elasticity
ratio x = oo / 04 as an input for energies higher
than 51 MeV was performed. The values of x were taken
from linear intérpolation between the experimental points.

A "chain method" was used for a smooth continuation
of the phase shift results with energy. The mathematical
procedure for minimization is a usual one, i.e. the least
square method with a linearization method was used/ls/
(program FUMILI). The false minima were removed by many
minimizations with different inputs for each energy and
by comparing the obtained total Cross sections with expe -
rimental data.

For 153 MeV the simultaneous fit of the do/ dQ
and the x ratio gives larger values of statistical errors
for the parameters (solution 1) ,however the free fit only
for the do / 40 with solution 1 as an input gives
reasonable errors for the parameters and the total cross
section values with the deviation from measured values
being no more than 3 experimental errors.

In case of solution 1 there is evidence of a strong
correlation between parameters and this explains large
errors. That is why we give both the solutions and hope
that a use of the regularization iterative G auss-Newton
process, which is now in progress/lﬁ/ will make it pos-
sible to obtain true errors for the fit with the «x

ratio.



In figures 3 and 4 the calculated elastic and total
cross sections together with all other available experi-
mental values are shown. The elastic cross sections are
shown for two cases: extracted from phase shift analysis
(eq. 6) - elastic nuclear cross section, and obtained by
integration of eq. 8 - the cross section with Coulomb

contribution.

Discussion

Figures 5,6 and 7 show the results for the real part f
of the phase shifts 8y and the inelasticity parame- '
ters 7 ( S,P and D wave). The § wave has a re-
pulsive behaviour with an approximately linear dependen-
ce of 8p upon energy. The inelastic channels are open
in the § wave for the whole energy interval and a dip ing

7, 1is observed between 110 and 153 MeV. The Argand - ;
diagram (Fig. 8a) for the § wave shows a part of the re-jﬁ
sonance circle (in the anti-clockwise direction) dlsplac-?

ed to the left. This is a typical behaviour for an inela34‘

tic resonance in the presence of the repulsive non-reso-
nant back-ground scattering/l3 . In this case the real
part of the phase shift does not go through any particu-
lar value, and 7, has a minimum (observed for 110-

153 MeV) but this may no longer coincide with the positioni
of the resonance. The Argand diagram gives no evidence

of the "size resonance" effect for “He in §; predict-

ed at T_ = 120 MeV / Al/3 - 75 Mev /17/. It may be connected

10




with large absorption and/or the fact that the nucleus
is too light in this case.

For the determination of the resonance and the back-~
ground scattering parameters in the S wave, more accura-
te experimental data for this energy interval are require
The P wave (Fig. 6) shows a typical behaviour for an in-
. elastic resonance with ep < é— I',,; in the presence of
a small background. The phase shift &; passes through
zero at the resonance, and the inelasticity parameter 7,
has a small value in this region. The resonance circle
in the Agrand diagrams passes below the centre of the
unitary circle (Fig. 8b).

The D wave (Fig. 7) has the same behaviour as the

P wave but with smaller values of 5, . Therefore, it
is interesting to note that the resonant aspects in » ‘He
scattering appear at 140 MeV, i.e. at lower kinetic ener-~
gy than in 2N scattering. These aspects are present in
all waves. In Figure 9 the extrapolated real amplitude
at a zero angle Ref, (6° ) vs kinetic energy toge-
ther with the dispersion predictions for = ‘He scat-

/14/

(curves a and b ), and the new dispersion

/9/

tering
predictions for = % scattering (curve ¢ ) are
presented. The curve d in this figure is an eye guid-
ing line between the last two points. It is interesting
to note that the line d is more or less paraliel to the
new dispersion prediction for » ' scattering, and the
similarity of the two curves may be a question of a scal-

ing factor. The similarity between the dependences of



the total cross sections upon the energy for the = -nu-
cleus (with the number of nucleons 4 > 4 ) and the » -nu-
cleon scattering is well known. The shape of these depen-
dences may be empirically described by a scaling factor
4°%8 /14/. Figure 10 presents the plot of the ratio

Refy (69)
Im fN(OO)

vs kinetic energy. In the region of 50 MeV there is
some evidence for a slight bump which may be connected
with the inelastic thresholds. In Figures 9, 11, and 12
it is possible to observe some systematical discrepancies
between Block’s data (50, 58 and 60 MeV) and Crowe’s da-
ta (51, 60, 68 and 75 MeV). Therefore, for the future
analysis it is necessary to take into account the syste-~
matical errors for each experiment. These inconsistencies
of the experiments in the region of the 60 MeV do not
affect the general behaviour of the phase shifts or the
bump at 50 MeV. It is necessary to perform new experiments
not only at 150 MeV but also in the energy region of 50
to 80 Mev.

Cconclusions

A preliminary phase shift analysis for wdHeelastic~
scattering has been carried out in the energy region from
24 to 153 MeV. More experimental data are needed to eli-
minate some inconsistencies between the data obtained by

different authors in the energy region 50 ~ 80 MeV. How -

12



ever,already now we can say that the energy behaviour of
8y and 7, shows resonant aspects in the region of
140 MeV. All these aspects are reflection of the Aj; re-
sonance from »N¥ scattering for the presence of a strong
repulsive background scattering. The phases 8, and 3,
pass through 0° which is typical for elasticity ratios
X < 05 (in our case). The shift of the A33 position
for “He is of the same order as in » !2C scattering.
It is noteworthy that the presence of the resonance in
‘He is seen in all the waves, and in this case it would
be interesting to find the exact resonant position for
each wave. However, precise values of such positions may
do
d

and ¢

be determined on the basis of more data on tot

obtained in the region from 100 to 200 MeV. Dispersion
relation predictions for the real part of the forward am-
plitude do not agree with experimental data. The amplitu-
de goes through zero at a lower energy.

The authors are grateful to V.P. Dzhelepov for sup-
porting this work, L.I. Lapidus, P.S. Isaev and O.V. Dum-

brais for interesting discussions.
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Table 1.

T Experimental r’:gg e ;::t‘t‘o‘nl cl;q;‘a‘ L |Ref
Mev Methad r | x plsection [
24 | Counter x x 8 5
50 |bubble chamber | x x 9 x 6
51 | counter x x % 7
58 | bubble chamber | x x 9 x 6
80 { covnter x x | 15 7
60 |diffvsion ehamber x 8
65 |bubble chamber | x x 9 x 6
68 |covnter x x | 15 7
75 | covnter x x | 15 7
97 |streamer chamber | x x #% 1
| 105 |diffusion chamber x 8
110 |spectrometer x 9
153 |digfusion chamber| x 23 1
273 |diffuston chamber 16 #
330 ldlﬁuaton chamber !
Table II.
- = - = =2 = = 005 2
97 Mev|n=0 | n=1 | n=2 | n=3 | N=4 | N=5 nslfb‘wawQ
F 25229 | 13.38 | 4050 | 76.4 | 599 | 388 | 004 [559w17|7 |7
XZ-xii[s0200 | 269 | 8140 |5300 [12.00 | 78 | 007 7 |x
F 90.58 | 584 9.36 2034 | 120 0.06 015 |559040]7 |X*
2 2 .
Xy~ X5.e|13300 | 857 | 1370 [2980 [ 175 008 | 0.22 7 |m*
Table II.
Tmevl24 |50 |51 |58 |60 |65 |68 |75 |97 | 110 [7153
T Leg. Pol
x/z 1.07 1.09 | 260 | 0.28 | 427 | .20 | .71 402 | 243 | 2.38 | 0.54 eig”"‘f"o’z
P
Nor[075 | 126 | 189 | 012 | 360 | 082 | 135 | 210 | 232 | 230 [ 053 [mcserst
i ' Pol
x} 1.72 1.22 | 317 | 063 {14.33 | 206 | 440 | 306 | 1.17 - - "ég{:‘“‘ﬂ
Phase Shi
Nor|ogr | 116 | 224 |05 |670 (202 | 280|270 {110 | - - ;),m(,,,;;ﬂ
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Fig. 3. Elastic cross section vs kinetic energy.
2 77 from Phase Shift Analysis; ::: from Legendre
Polynomial expansion (S , P and D wave); $ experi-
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Fig. 5. Real phase shift and inelasticity parameter

vs kinetic energy* for the S wave ( &, and 1, ).
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Fig. 7. D ~wave ( © and 7, ) .
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Fig. 9. Re fy (0%) wvs kinetic energy. The curve

(a) is the dispersion prediction with the following in-
put:/147 Iy, Im 1 (0) - (0.084+0.064 k% m2) m) for 0<w < m,+I0MeV.
II), A smooth polynomjal fit through the imaginary parts
for © < 1300 MeV. III) ¢ (o ) =(0.071 +2.95 MeV/w)*for higher
energies. IV) Subtraction constant Re ! (m,)=(4lB2iaaﬁ)mj
The curve (b) shows the dispersion prediction for a ¢ (w)
increased by 3 standard deviations in the resonant reg-
ion. The curve (¢) shows the new dispersion prediction

for »— 1 elastic scattering/g/. The curve (d) is

the guiding line between the last two points (without
errors). For energies lower than 110 MeV, the error bars
show the difference between r~ and =»' results.
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