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ABSTRACT. -~ New experimental values of the ratio 6(4He (njr ﬂ+ p) 3H)/(0(4{}1[43(1:1:’+ ﬂ+ n) 3He y o+
T@Q}?}vo p)3 HE are given at E}rab=110 and 160 MeV, This ratio as well as the total and diffe-
rential cross sections of pion-induced knock-out reactions on 4He are discussed in terms of simple
theoretical models,

1. - INTRODUCTION,

The study of the (@, 7 N) reactions in the region of = 4 33~ resonance has a long history.
Experimentally best known are the excitation functions for the reactions 12C(rvi, 7 N) " Cyound>
new measurements of which{!) invoked a considerable theoretical activity(zl 3), It is well establi-
shed, that the ratio

O'(IZC(.N; a n) 11C) 1)
R .= . " : 1
C + + +
0(IZC(JT, 7T on) 11C) +0(,12C(ﬂ, a° p) 11(f)

depends rather strongly on the energy, reaching the value Rp«£1. 5 near the 433- resonance. po-
sition, whereas a value near 3 is expected on the basis of the plane wave impulse approximation

(PWIA). This apparent conflict indicates a remarkable role of the initial and/or final state inter-
action in pion-induced knock-out reactions on carbon, Using a sermniclassical model, the authors

of refs. (2, 3) succeeded to show that,first of all, the final state interaction of the outgoing nucleon
is responsible for the deviations of the ratio Bn from the PWIA value,

Recently, new experimental data have been published(4) on differential and total cross sections
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of the reactions 4He(n 7 p) H, He(w & n) He and He(sw 7 p) He at Ena =110 and 160 MeV.
In this paper, it will be shown that, even in the case of such a light nucleus as ~He, PWIA provides
poor description of the knock-out reactions. Both the shape of the experimental cross sections of
(w, & N) reactions and the ratio

4. + + 3
o( He(m,n p) He) (2)
R = 2
+ + 4 + 3
He 0(4He( 7T, I n)BHe)+ o( Hel(m, ﬁo p) He)

turn out to be quite different than those predicted by PWIA,

We discuss a simple theoretical model which incorporates the three-nucleon-exchange mecha-
nism in the plane wave impulse approximation, in addition to the nucleon one. By other words, we
use an antisymmetrical (in nucleon variables) final state wave function in evaluating the different-
ial and total cross sections of the knock-out reactions. The model, similar in spirit to that of refs.
(11,12), enables us to explain qualitatively the main features of the knock-out reactions on 4He.

la
The paper is organized as follows, In Sect. 2, the experimental values of the ratio Ry, at Ex b

= 110 and 160 MeV are given. The experimental procedure and the method of obtaining Ry, are der
scribed in some details. Sect. 3 is devoted to the discussion of the theoretical basis of the exchange
model, that have been used in the present analysis, Comparison of the experimental and theoretical
~esults, as well as the discussion of various aspects of the PWIA calculations, are given in Sect, 4.
The main conclusions are summarized in Sect. 3.

9. - EXPERIMENTAL PROCEDURE AND THE RATIO Ryye

Since the present experimental results for the ratio of pion-induced nucleon knock-out cross
sections are the first one concerning few nucleon systems, we will describe the experimental pro-
cedure in some details.

We have already presented in two previous papers(4) the results of the @™ inelastic interac-
tion and absorption on 4He, at 110 and 160 MeV, in the angular range 10° + 1809, The elastic scat=
tering component of the data has been presented at the Los Angeles Conferencel(3) and the elastic
cross sections are in agreement with the results of the Dubna-Torino Collaborationw’ 7

The experimental apparatus consisted in a diffusion cloud chamber filled with helium at 15 atm
and placed in a magnetic field, The apparatus and the experimental technique have been extensively
described elsewhere'®), In the experiment has been used the LEALE positive pion beam of the La-
boratori Nazionali di Frascati'”?/, whose energy had a large spread around the mean value of 140
MeV. The experimental results have therefore been grouped in the two energy intervals 110 t12
MeV and 160 T 18 MeV, Determination of the contamination of the pion beam with other particles
was accomplished by means of differential and integral range-energy measurements, The (eT+ u*’)
contamination was found to be about 12%.

In this paper the three " inelastic interactions:

+ 4 + 3

7% 4+ He =—— & +n+ He (1)
. + g

a4 1He — +p + gH‘ (II)
+ 4 ‘ 3

T + He — 24 ° + P + He (III)

are investigated in detail.

The reactions (I) and (III) appear as two-prongs events, The reaction (II) manifests itgelf as
a three-prongs star. A double scanning of some of the films has been performed in order to mea-
sure the scanning efficiency. As far as concerns two-prongs events, the efficiency turned out to-be
about 97% and for three-prongs events was about unity. ‘

The reactions have been assigned to the above inelastic channels according to the ionization
of the tracks and verifying, on the ground of kinematical considerations, the assignement of the



recontructed events, The accuracy on the measurerment of the scattering angle turned out to-be
better than 1°, The accuracy on the measurement of the curvature radius depends upon the value.
of the radius itself and upon lenght and spatial direction of the track. In our case, the resulting
accliracy on the energy was abouf 3% for tracks longer than 20 cm and about 5% for tracks 10 to
20 cm long., The accuracy on the measurement of range turned out to be better than 1mm,

The separation between the events of the inelastic channel (I) and the events of the elastic
channel .

T+ He ——> @& + He (1v)

has been achieved by calculating, with the kinematics of the elastic reaction, the scattering angle
and the energy of the recoiled «-particle, on the basis of the measured values for the incoming
pion energy and the scattered pion angle. The events have been assigned to the inelastic channel

(I) whenever the. angle and the range of the heavy particle were different from the calculated elas—

tic values by more than ¥ 5% and + 5 mm, respectively.

Moreover, ionization criteria have been used to discriminate reaction (I) from the reaction

+ 4 3
n 4+ He —— p+ He (V)
and reaction (I) against reaction (III),
However, it is not possible to select, with our apparatus, reaction (III) from reaction (V).

The identification of reaction (II) has been made particularly easy by the .characteristic  ioni-
zation of the.outgoing prongs., Three-prongs reactions of the type
+ 4 .+
T + He — a +d-+d (V1)
might be confused with reactions (II), However, on account of the small binding enhergy of the deu-
teron, we can assume the probality of occurrence of these last reactions to be negligible,

The total cross section for single reactions has been evaluated by counting the events and the
total sm-meson track lenght within a rectangular fiducial region, where the conditions for detect-.
ing particles were most favourable, The total cross sections have been computed with the aid of
the following formulall0

G = Nv/Ln
tot

e (1= s (3)
where N is the number of occurrences of a given reaction in the pr'eﬁxed region; L is the total track
lenght of the incoming pions; nyy, is the number of the nucle:/cm in the sensitive volume of the
chamber (calculated at the effective pressure of 15 atm and at the middle plane of the sensitive volu-
me temperature of -55° C); g is the total (e *t +4T) contamination of the pion beam; s is the scanning
efficiency; v is a coefficient which takes into account scanning losses for particular angles of the
prongs (- =1 in our experiment).

The total cross sections relative to the three considered inelastic processes, at the two energies
of the experiment, are reported in Table I,

TABLE I - Experimental total inelastic cross sections and Ryje ratios.

T : :
S . 3 , R
n ’%p *u %an She %% ‘e |
(MeV) (mh) (mb) {inb)
116 F12 84,6 T 7.3 388 8.0 22,3 %3, 7. nato2
. NEE . )
160 T 18 102.3% 7.6 52,7 % 5.0 486153 1.o¥o.1




The error quoted are statistical only., Inthe same table, are also reported the corresponding Rye
ratios, defined by equation(2), In the table, we denoted, for instance,
I PN N
4 = T, .
Gﬂfng 6! He(w,wp) H| (4)

In computing total cross sections, a lower tail at 10 degrees has been considered for all reac-
tions, However, as far as concerns the RHP ratio for quasi-elastic knock-out reactions, it can be
shown that its value is quite insensitive to the choice of the lower limit of integration, both in the
plane wave impulse approximation and in the PWIA plus the three-nucleon-exchange mechanism
corrections,

3, - THE MODEL OF THE KNOCK-OUT REACTION

As can be seen from Table I, simple PWIA fails to reproduce the experimental values of the
ratio Rye. Moreover, the following ratios hold for the cross sections:

6. g PO, g 0o 3 =9:1:2, (3)
Tp H on He & p He

if the Pgq dominance is assumed in PWIA, Therefore, the total cross section of the reaction (I1)
is predicted to be one half of grop 36’ whereas the experiment tells us that G:vo  3pe< an+n ke’

in the resonance region. It is evident that some step beyond PWIA must be made, in order to sol-
ve the mentioned discrepancies.

In derivation of our very simple model, a fully antisymmetrized wave function of the final sta-
ie was used and the effects connected with Pauli principle were studied. As in PWIA, the distor-
tion of the incoming and outgoing waves was completely neglected. We used the approximate ex-
pressions for the pion-nucleus reaction matrix T

3.2 =
Tl - = 4<¢ ;
{elrlid em o® - B)= a<slt (B>, (6)
Introducing the relative coordinates > N
> 2 3 > 1".4 + r3 + r‘2 o
=r .r S A -
§7r 7 & 3 ]
- — —y — > -
r + ) ~ + + +
? i} 4 I‘B - -g ) 14 1"3 1"2 .L"l - (7)
52 2 9 4 7] " T
s M( 7 +?3 +?.2+?1)+m ?O
f m + 4M ’

we can write
£ ry WY ELE) (8)
= e e 5 l e P 1° Sy Y .

- - — =¥ = o
Being canonically conjugated with coordinates Re, £, and §3, the quantities P,, @ and z denoted
the total momentum, the relative momentum of pion and system of all the nucleons and the
relative momentum of outgoing nucleon and He (or 3H), respectively, in the final
state. The functions ¢ 1 and TP(S) are the nuclear wave functions of outgoing nucleon and 3He {or
3H), respectively. Further, the antisymmetrization operator A can be expressed in terms of tran
sposition operators P(ij) of the nucleon pair (ij) as

A =1-P(12) - P(13) - P (14). (9)



Pion and nucleons mas ises are denoted as m and M, respectively. In an analogical fashion, the
initial state will be expressed by

u’ﬁL

> —> -
R 1 '4 ‘
i=e e §' §2, g3 (10)

where Y 4 is the nuclear wave function of the initial state system of four nucleons (4He). The
spin and isospin variables are not written explicitely, if not stated otherwise. The terms obtained
using egs. (8) and (10) in evaluating the matrix element < f IT|i> can be splitted into two parts

<f|T|1>==_Td+Te ‘ (11)
the first of which is identical to that obtained with usual PWIA, The term T describes a process
in which pion is scattered by a nucleon that-remains bound in 3He (or 3H) and another nucleon is
emitted, Eq, (11) can be visualized by the graphs of Fig. 1.

FIG. 1 - Direct a) and exchange b) processes in pion-induced

knock-~-out reactions on *He,

Using the relation

CF PR, E, 0 |t (BT FLPLFI>= 0(F - F)0(F,-F,) 6 (F

] 1] 1 '-_)
179 3% M gy 23 1T R0 g y Ty X
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- O = Ve 2N T Bl 20y )
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E = o 1
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it is easy to evaluate the nucleon-exchange part Td..Qf., the amplitude

. ! 3
P (2 vt -T -J F(2+2 (@ - 13
K@ ont! [t (B )]t -T -5 S F (@ -Q) (13)
N ‘ BHEI R
In derlvmg eq. (13) it has been assumed tacitly that the nuclear wave functions ¥ (€., &) and
§' :), '3) are product¥ of a sgymmetrical in nucleon coordinates part and of an aintisym-

Jmetrlcal spifi-isospin componernt, The coordinate wave functions were constructed startmg from
the one-particle harmonic~oscillator functions

1 e tf2(r/ag)? Cor :
plr ) = 537 ¢ . ‘ (14)
(wa_)
The values (a)4 o F = 1,234 fm and (ay)3 o = 1,38 fm can be deduced( 3) from electron

‘scattering exper 1ments on 4He and 3He nuclel reqpectlvely Assumlng this, the overlap funct-

ion has the form : a2
F(R) (22007 (ga [ 2)92 2320 X % . (15)
a’+b :
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It is well know that the amplitude T4 has a factorized form, without making any additional assump-
tions (fixed scatterer approximation ), unlike the situation which occurs, e.g., in the elastic

scattering calculations by deriving the optical potential. In fact, the motion of target nucleons has
been taken into account, as indicated by eqgs. (7-12) and reflected by terms proportional to /%/M in

the expressions
= F 184 43233
97 77 {Q M LZ 7 Q-9

i u 1 2 o (16)
2 Vg L7 - + gt
L
Here, the pion-nucleon and pion-nucieus reduged masses g and .# are defined as
/ 4 VI
= mM M :...-%.:._.l;n._._ . (17)
m+N 4LI+m

Finally, the isospin (spin) projections of the incoming and outgoing pion, nucleon and three-nuclzon
system are denoted as tz’ t;, v (6} and T,(J,), respectively.

The derivation of the amplitude T is somewhat more complicated, since the factorization of

the former type does not occur automatically. Using egs. (8) - (12), we have, after some manipu-~
lations,

-y =3 _52 +gé — J
- R-Q . .= 2 132222.(@ - Q) .
T - 6 Bje-lgg (z+ =7 ) Jdk  (§p-89) o 3 WX(S)(_Z;I, gz)x
(277) 5 (18)
- = > . ), = 2, R T 3=
x a1 (B3R HEL T, T8 R T

i=1

—> 'y
If we neglect, now, the dependence of the matrix element { q‘ltrr T} g > on the momentum k in a-nu
cleus c¢. m. system, the amplitude T, is obtained in the factorized form

_ . 1/2J v-n 1/2 T X~
: mx-E , 3 j
LY EN (-1 T c' % c 8 X
e xEyn 1071 1 1 11 Py lx-1]
° yp=u = op =0 xET gl —Tor Y1
,ulu'lrlt'l Jhaty 2 "1 2 2 1 2 *2
(19)
38 3 4
- g ~, ot 2T )
x (gl o) | (BT Gauy 70 Glz + = @ - QY
where N n N p 5 - w{= v -
= L +__"._/l._-[‘*_.—- "_"*J, (Y o l+--'-f-__.|: +{ l.,‘-]
3,77 {Q S| 7-5 (@ L R 2 LA T 2HQ' Q)¢ 0
12 2 '
= —=—{q_*q"").
IHe 4u (qe 9 )
in the nuclear model adopted, we have
2 22 1 (ap)? 2
= D G
— 2 3 S 3 <
R D(2=)" wa P /243 e 3 a?tp? (21)

a +b

5 Let us comment briefly the factorization procedure used in eq. (18). Instead of integrating over
d3k, the matrix element /\‘ by ,‘| S was evaluated for the fixed effective momenta of the scattered
nucleon in the in the initial and final state

.23 3. 2 5 % 133 ‘
1<i—3(Q-Q)F 3 kf—3 -—?;(Q—Q). (22)

.3 3 ; . .
The momentum of outgoing ~He or H was denoted as 97) . The choice of the effective rnomenta



(22) is optimal in that sense, that the expression (19) is correct up to terms linear in ﬂ/M(x) It
is important to note that the .# /M terms are different in the expressions (13) and (19).. Due to thig
fact, the cross section of the reaction (III) will be influenced strongly by the ,#/ M terms; since a large
cancellation occurs between Tq and Te in this case.

~It is convenient.to express the scattering matrix t;rvN as follows

= A {3 i .-.)'_‘-
fax B0+ Pypf® -1 8T [P e1) + Ps/zg(ﬂ ’ - (23)

where ]?1/2 and Pg/9 are projection operators, 'projecting onto the 'states characterized by the full
pion-nucleon isospin T=1/2 and 3/2, respectively., We denoted the vector normal to the scattering

plane as¥ ., After summation over spin projections, we obtain the folloing expressions for the squa
red scattering matrix of the reactions (I), (II) and (III) -

2.2 - (7t (3 2
ITII =3 Z[(fd(3)w—2fd(1)) F+(7 £3)+2f (1) G] +

¢l‘(gd(3)+2gd(1))vdF - (ge(3)+2ge(1)) v, G]
o 2_2f{" | 2 = g e (24)
,TH[ - gif’fd(s) F+(5¢(3) +4fe(1))G] +[3gd(3)’aF“3ge(3“’eG]
T P E 3 - F -t 3) -1 (1) 6] B ] (g.(3)-g.(1)7, -
‘II’J 9§[ a” " tq - g (3) - £ (1) :! [(gd( "8t

A - 2
(g (3)-g (1N 7 G':l }

Arguments of the functions F and G, being the same as.those in eqs. (13 )and (19), were not written
e ) P R ,
explicitly, The notations v,7q; x q /' q, qi' and .

e _ "‘"j ¥ N R . e ‘
fi(d) :<qi,fi(3,Ei)l q, ) ete. | | (25)

where used in eqs, (24) for i=d or e,

Before the cross sections of the reactions (I), (II).and (III) were calculated with the aid of eqs.
{24), the amplitudes (25) were decomposed into partial waves. The corresponding pion~nucleon pha~
se-ghifts were calculated-accordingtothe prescriptions of ref, (16), Throughout the calculdtions, the
the relativigtic transformation of t matrix from 7 -N centre-of-mass system to lab system " was
performed and the relativistic expression for ?i’ Zfi and. Ei" for i = dor e, were used.

4. - DISCUSSION AND CONCLUSIONS

From the inspection of formulae (24), it can be concludedthat thethree-nucleon-excliange terms
(which arise if an antisymmetrized final state wave function is used) will interfere destructively with
the PWIA amplitude, in the case of reaction (III), and constructively otherwise, This statement is va-
1id, of course, in the region of the A4sg-rescnance, where the amplitude f,(1)(i=d, e) may be neglec-
ted, in first approximations. Spin-flip part of the matrix t o gives very small contribution to the
cross sections of all the reactions considered, because of the large cancellation between g and'g. in
egs. (24), It is instructive to compare in detail the predictions of our model with the existing experi-
mental data,

(%) Zl\/[oije detailed derivation of the effective momenta: can be found in refs, (14, 15), where the
first order optical potential was construected. Notice that the effective momenta for the elastic
and kiiock-out . processes turn. out to be different.



4,1, -TOTAL CROSS SECTIONS AND THE RATIO Rige

Since the distorsion of the incoming and outgoing waves was not taken into account, it is not
surprising that the calculated total cross sections are substantially bigger than the experimental
ones. As far as concerns the reactions (I) and (II), our model overstimates the total cross sect-
ions, typically 3-5 times; whereas, the measured and calculated cross sections of the reaction
(II1) differ by a factor 2. One usually assumes 2, 3), that the distorsion of the pionic waves repre
sents a nearly constant factor. For this reason, it.is more meaningful to compare calculated and
measured ratios of the type of eq, (5), than the total cross sections alone. Such a comparison is

performed in Table IL

TABLE II - Measured and calculated partial ratios between
total cross sections in knock-out processes on “He,

Elab(MeV) 0, 3 S U 103 Remarks
T p H % n He 7p He
9 : 4,13 ;2,387 exper, values
110 9 ;122 : 2,32 PWIA
9 . 10,32 0,72 PWIA Pauli terms
9 : 4.64 : 4,28 exper, ‘values
160 9 : 1,09 : 2, 04 PWIA
9 i 8,49 : 0,65 PWIA Pauli terms

The experimental values in Table II were deduced from Table I. The PWIA ratios were obtai
ned neglecting the amplitude Tg in eq. (11), and the remaining rows of T'able II contain the results
of the complete calculation, As was stated previously, PWIA fails to reproduce the experimental -
ly observed inequality 9+ 3He > o 0 3He’ It can be seen from Table II that the inclusion of Pauli

principle term Tg leads to the increasing of 0 +n 3He and to the decreasing of Unop 36 By this

way, the aforementioned inequality will be fulfilled, However, the contribution to the total amplitu-
id i - ong, t T - o : . This di -

de provided by Te is too strong-so strong, that even 9 3He'2' atp By holds. This discrepan

=
cy may be caused by an unrealistic description of the overlap function G(X,Y), or by the oversim-
plified model adopted for the final state interaction, or by both reasons. ’
It is interesting to note that the contributions provided.by Tg to O SHe and to anop 3He

will cancel to-a large extent in the expression (1) for Rye. For that reason, the calculated values
nof Rye lie rather close to the experimental ones (see Fig, 2) - much closer than the PWIA values.
He

o
3

-

Experimental points: this work. The dashed line
describes the PWIA result. The full line is obtai-
ned if the three-nucleon-exchange mechanism is
' " taken into account.
100 200 300 Ep (Mev)




We can conclude that the often measured and calculated ratio R is not very sensitive to fhe details
of the final state interaction, considerably less sensitive than the ratios given in Table II.

In eoncluding this subsection, we make some comments on the most puzzling feature of the e-
nergy dependence of the ratio Ryq, as results from Fig. 2. The calculated ratio Rye, as well as
the measured'*’ ratio R¢,. are increasing functions of energy, for Ena,b,é 220 MeV, On the other
hand, the experimental Ry, values are decreasing in the same energy interval. We have no real
explanation for this fact. We shall limit ourselves to the following remarks. The energy dependen-
ces of RHe and R need not to be necessarily similar., There are at least two factors, which might
cause different behaviours of Rpjg and R

(a) The isospin-dependent part of the optical potential, which describes the distortion of the out-
going pion, is much stronger for the 4He reaction than the 12¢ case.

(b) The knock-out reactions on the 4He leads to the ground state of 3He (or 3H), whereas the ex-
isting expressions on lag(a® , wN) ¢ reactions (all performed by activation techniques) can
net distinguish between the various particle stable states of the residual nucleus.

A more complete experimental determination of the energy dependence of Ry would be of
great importance,

4,2, - DIFFERENTIAL CROSS SECTIONS

In Figg., 3 and 4, the:measured differential cross sections of the reactions (I} and (II), versus
the scattered pion angle, at E}vab = 110 MeV and 160 MeV, are compared with present calculations.
Moreover, in Fig, 3, the same comparison is performed with the experimental angular distribution
of the emitted protons in reaction (III), at Ey%ab = 110 MeV, Finally, in Fig, 4 calculated differen-
tial cross sections for the single charge exchange reaction (III), versus the n® emission angle, at
E,lvab = 160 MeV, are also reported, Calculated cross sections of the reactions (I) and (II) have been
scaled by the factor

ST 0, (exp) / 4ot {theor), (26)
while the results obtainedfor the reaction (III) are shownwithout any scaling, PWIA results are shown
by dashed lines (the term T¢ was neglected in eq, (11)), If the three-nucleon-exchange term is taken
into account, the solid lines is obtained, In somie cases, the differential cross sections obtained by
neglecting the terms of order .#/M in egs. (24) are also displayed, These dotted curves, indicating
the role of the Fermi motion, are scaled by the same constant factor ¢. The following conglusions
can be drawn from Fig. 3 and 4.

(a) The three-nucleon-exchange model describes the shape of differential cross sections of the reac-
tions (I) and (II) much better than PWIA does, Unlike PWIA, our model predicts correctly the
position of the dip in the cross section, as well as it explains the existence of the secondary max
imum, Let us remind that the three-nucleon-exchange mechanism provides a similar build up in
the backward angular region for the elastic p-4He scattering at medium energies 18), However,
the agreement between our calculations and the experimental results is only qualitative,

(b) Not only ¢ but also the cross sections of the other reactions are influenced by the Fer-

op 3He'
- P
‘mi motion terms (linear in .# /M), to a surprisingly large extent, Similarly to the elastic scatter-
ing(lg),, these terms increase the cross sections of reactions (I) and (II) in the region of large scat
tering angles:. B '

5, - SUMMARY

The plane wave impulse approximation -with or without-the three-nucleon-exchange mechanism -
fails to reproduce the experimental values of the ratios between the total cross sections of the reac-
tions (a7, 'p), (wt, Am) and (a™, wOp) on 4He, Our results indicate that the initial and/or final sta-
te interaction plays a remarkable role in the pion-induced knock-out reactions on.such a light nu-

cleus as *He. The three-nucleon-exchange mechanism gives an important contribution to the back-
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ward scattering in the (5%, #'p) and (&, ' n) reactions, This contribution explains the main fea~
ture of the measured differential cross sections at large scattering angles, As far as concerns the
puzzling situation of the energy dependence of Ry, ratio, more complete experimental determi-
nations of Ry, are urgently needed,

The ‘authors would like t6 thank Prof. Yu.A, Shcherbakov for interesting discussions and help-

ful suggestions,
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