


1. INTRODUCTION

Starting from a formalism of effective numbers for the inclusive integral cross see-
tions of {p.n) with formation of gquasiclastic and A-isobar nuclear excitation we obtain,
without free parameters, a satisfactory quantitative deseription of the existing exper-
imental data. The theory gives a factorized form which allows for & uselnl separation
ul the reaction and the strocture of the lght and heavy jeaction partpers. We bhave
now heen sueeessful in using this formalism with only small modilications for ("1 t)
reacons al intermediate energles. We argne from the similarity of the cross sections for
the (pon) and (e ) reactions obtained by removing the form factors of Clle 8) from
the crass sections and bringiug the experimental data for ditferent energies to the same
criergy. 1 is shown that the reaction mechaniso for the processes (pon) and (*H e, 6 s
in prinviple essentiatly the same.

2. PRECIS

luclusive reactions of the type {e.e’). (pp’r (.7 ) (paiy, (CPHe 0 (8L % ).
provide a hasic source of information ou effective NN and N2 interactions, reaction
mechanisms, and on the nuclear structure at intermediate energies. The knowledge of
spin and isospin components of NN and NA interactions is still sumewhat poor in spite
of a substantial amount of works (see for example the review talks in Ref.{1]).

Thus, the theoretical understanding of these reactions is far from satisfactory {2].
Specifically, since large energy and momentum transfer is involved, the traditional meth-
uds have to be re-examined to see if approximations that were made at fow ¢ and w are
still valid. New attention has Lo be given to how one may correctly separate the nuclear
structure effects frorn the mechanisis of the reactions at intermediale energies. The
analysis of the processes is significantly complicated by collective excitations of the type
(AN7Y), i.e. A-isobar plus a nucleon hole {3). The renurmalization of the interaction
NN - NA in nuclei requires further investigations [4]. Furthermore. proper calculations
of the distortions in the entrance and exit channels including the “exchange” term (the
Pauli principle between the projectile nucleons and the bound target nucleons) are not



clear eut |5, 6, 7). And finally, a main subject of investigation and a major parl of this
paper is the connection between the mechanisms of charge-exchange vn a nuclear targer
compared to a [ree proton larget (3],

It s necessary e keep in mind that a characteristic feature of the inclusive treat
ment of cross secddons is the lack of sensitivity to detais of the stracture of the target
nuclei. Following the terminology of Refs. (9, 7] we may refer to this as the "uni-
versality” of inclusive cross sections. The "universality™ in the theoretical calculations
displays itself as an essential independence of the results to the choiee of the basic shell
model functions. For example, wave functions of the Saxon-Woads potential. oscillator
wave functions, quasiclassical or even the Fermni-gas wave lnetions give the same cross
sections within an accuracy of about 5-10%. This “universality™ manifests itsd ) in the
cross sections of the charge-exchange reactions, which contain all information about the
NN = NA-interactions in nuclei and of the reaction mechanism. being smooth functions
of arguments such as the mass nimber A and the enerey of the projectile.

In 8] (sce also [9]) we showed that wuder definite conditions vne can establisl a link
between the cross sections of the (p.u) charge exchange veactions on nuelel and on the
free proton (referred to as an “clementary™ process)

do[A(p,n)ali] _ —\;{1(7[[) tp e+ AV
dQ,, ’ dSY,

(1)

We will reeal) our arguments in Section 3. Here N (/4 ,'—;_\') < % > is the effeetive
number of nucleons participating in the process (pon)y. The quantity < f2 > is a
folding of the target density with the Glanber absorption factor and feads to an etfective
{reduced) number of active nucleons, comparison with data and an extension of the
theory are given in Sections 1 and 3.

A mainaimof  his contribution is also to discuss common prope,Ues of integral cross
sections of inelusive (e ) and (pan) reaction. for 1 G GeViA o the Adisobar
excitation region, ou the basis of the elfective number approxination. Aside fron the
form factor we will, in Section 6, argue that these reactions Tnve the sione underlving
reaction mechanism and that the cross section can he given o lactorized torm in terns
Jiket 1) of the mnelear structure of the participants in the reanlon.

3. RELATION BETWEEN THE INCLUSIVE
A(p,n)aB REACTION AND THE
ELEMENTARY PROCESS
I Refs 8, 10]) it has been argued that the Apon)a 2 reaction can be deseribed in

the framework of distorted waves. In this approach the invigiant cross section is given

by (e=h=1)
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where sums are over the angular momentam projeston quantum mimbers and the final
channels £ In first order Born approximation the matns element of the 1 operator can

Lewritten as (spin covrhnates are supprissed)

2



A
T a = < AN AWy alF o ia)} | Z Vvalry, 7) |

J=1
AN W s (R Fa) ) > (1)

In (2) and in the following we use a nutations wheer 1) = (1;;1 ) is the energy
of the incoming proton with impuls Poand mass nex, By = (P;;’ + M2 5 the energy
of the target-uneleus A, sava is the square of the invariant nass ol the system p+ A,
Mroy.zy = (@0 —y - 2} = gz is the kinematic or triangular function {11]. The quan-
tities . Pq, Py and Py oare the four momenta of the projectile-protun, target-nucleus,
registered neutron and norregistered final fragments (for example, (=B3+2A), respec-
tively. Fornala (3) is given in the CM of p+ AL It contains the wave function W,y ay, of
the target-nucfeus A with the spin J, and projection M, and other quantum nambers
a.inoverlap with the wave function W,y of the unobserved system Furthermore,
\;’ji v ') are the distorted waves of the incident and exit chaunels, Uyy is the tran-
sition operator for NN VA and A the antisynnnetrizer. The factor 202/, 4 17 in
formda (2) is due to averaging/summing over the projections of projectile and targe
NS

Iu Refs. [5, 6, 7} it was shown that the usual method of evaluation of distorted waves
u
cause this method ignores the contributions of processes due 1o mcoherent rescattering
of protons (nentrons) on nucleons in the target nucleus (residual nuclens £+ A). This
elleet can be taken into account using the distorted waves in Glauber approximation

(AL ) in the framework of the optical model underestimates the cross sections be-

o
A
! W ) = (2w e plady ) H[I ~ (b - [:J Wiz, = ) ald) (1)
J=1
A~ L
vk ) = (2m) e eplik, - F) H[l RNV BT I NN A R (5)
=1
where l‘(l;yj i> the profile fauction.
. 1 . ,
Uiy = —— | YAl {6)
2wk

Here 6 is the impact parameter, ¢ is the transferred momentum, Ayy(q) the nucleon-
nucleon scattering arnplitude, x (&) the spin function of a nucleon with the spin & and
projection m, while 8(z) is the step function

g(z):{l ifz>0

0 otherwise,

Using the completeness of the states of the nonregistered fragments the inclusive
crass section of the reaction A(p,n)a B can be written as (5, 7]

4T a(p.n)a B _ SiaA (A chr”,_.”aﬁ([s,,Q‘)
Zrat [ aglog gy Lrtrmatenn i), M
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where (D3 is the momentum disiribution [ the nndeons in o lens AL particoipal
g 1 the charge-exeliange reaction.

Fhe total momentum distribation function [ ()7 can be expressed thiongh the
partial distributions of protons (@1(Q)[* aud neatrons {91}

(DU = (@] -';[);‘?«)M"- i~

where L is the isatopic weight factor for the ereation of a A% isobar on the neutron.
The effectise number of protons (neutrons) participating in the process A(pon)a B3 s
defined by the tntegrated impuls distributions.

T = /u‘(}{(bj\‘.((jjj"'. {4y

with distorted waves folded o gsee eqo (83) below ) tu the plane wave approximatiom
the cllecine numbers are equal to _\-";‘( PWy 2N e ' Noowhere ZEN) s the
nibcr of the protons (neutions ) i nuclens N

Phe preseiee of the momentun of an intrannclean acenn (2 anong e aren
nents of the eross seetior of charge-exchange on a mectean e the miclear medinm
do, A I (;)J"nlﬂl,, poitits to the possible necessiny tomdhde the effects of going
oll s shells Howevers i the investigated redion ot energiesc £ 0 GeVo the

inthzence of the ofl-mass shell ellects can be neglecred as the momentnm ol the in

cident mueleon Poand the translerred momentum  ohey the coneitions | P 4 1y

and g T o where 4 ds the Fermi monientung The point s that the strenath of
the interaction depends on the momentum ol the indident proton l';, abon that ol
an intrann e neeleon @ by CP2 Y o that the total carrection for the Fermi
motion ol the nucleons and for thenr binding does not excead 3570 i addition. the
ofl mass <hell effears inllaenee the N-dependence of the imegial inchnsive cross section
b Vpoana s, that we are interested iy rather weakde, These coasiderati ns allow us
to use the following approsimation

4/47;" ,_,__\'4[/;“(2} da ' \"(/;w(j' (J’l x/ﬁ‘ .- ,»_..“i/;_.)

7 44 S /Q,N o V a0, RO i

A= weintended to shows i this approximation (7 becomes e torized as Tollows

da AWa b \,_AIn, ”
iy o 4,

syt

o1l

where the ity N pwe now dropsubs fsupery sonipts N oA Bas the shinple expression,

- P | , :
/1/(2[‘!’:(((2)1“ DA 2_\')/(/r"'/l(r',l_!"ilﬁ.v:j BV ‘l Ny [ (12)

Heve < f7 s the elfective factor of absorption. @07} is the ane nuclean density with
the nermalization [ dfpt/y = 1 awd f400 2] the Glauber lactor of absorption

1t of oot o -1 1

-0 - -~ -~ R
[“tho=p i - Ti—vf‘-\»r'll(b.:)J(l 7”\1-\—”“ foth i L L [ b2
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.}‘ .4‘ ) s o
P ( '\‘ )u A .u,_.»,);"*‘v(”—"l—‘ R

tof ef
( i‘ )u» ?\‘-‘/quh.->;-"“'w.3’;“-"/;(b.:))"u (14)

Heve a5 (ol ) is the total cooss section ol proton meutron)-eleon scattering and
.7)'"\ foricy the corresponding elastic scattering cross section. The thickness functions
1y are given by the standard forms

N

e /2
Toih )y - ,\/ dEp(|b* + £21Y4), ART

T_hoz)y= A / dEp([bf + £4)14). (15}

Formuli (137 represents the decomposition of thie absurption factor over the number of
quasiclastic collisions A, (A, ) of ejeetile-protons fontgoing neutrons) with the nucleons
of nuclens A {B) Tt allows ns to represent the ellective mumbers in the physically

transparent form

1 \
- ) | N A )
AN v;,\)./.h-,m DD DRI LA (16)

[T

‘r

A R G G
A A 3 .\)'/ drptr) 2‘ L T5 e {1u)

Y, ouhoou

where the Tatter will be relerred 1o s partial eflective imimbers. Fach of the partial
<utns deserthes the contribution 1o tie total cross section from delinite groups of final
states of the system 84 AL For example.
PAN Y i the seleus B the rec tion: the Ny corte=ponds 1o the process where the

7\71,., vorresponds 1o senerating the state

imewdent protan exeites at the heginning o state (Tp-[h)in nuelens A\ and only alter the
charee exchange process the state (AN ') s generated. Generally i v, + vy = 0 this
means that in the reaction A(p a0 one generates the excited state Gp-ih)+(AN 1),

Assuining charge synonetry allows us to stinplily expression (1) somewhat siuee it
implies equality of the clementary cross sections a,a = o,v = gva. ad consequently
instead of two functions T it is pussible to introduce one fuuction vuly

Py =1 4b.zy4 1 (boz) = - / dEp{tr + V4. ()

to the case of large mass numbers -4 1 owe obtain the wellsknown eikonal approxima.
tion ’
2 wt ' ' M -
fo (J'/):o—{ﬁ[\\» —ﬂ\‘\)/((t)]. [N
tn obtaming (17) from (13) we have nsed the smooth encrgy dependence of the cross
sections g (1) and o, 8 (75). becanse, steictly speaking o) = g, (10,) ondy at
1, =1,

If the nuclens is pegistered in the ground state as was Tor example done in [12), than
in the absorption factors (13) and (17) we have formallv to put oV = U la that case,
fornuda (17) corresponds to the eikonal approximation for the ehistic seattering i the
aptical model. 5



By duserting (17) in (12) we can write the effective abaorption factor < 4 2 i the
ctkotal approximation in the following form

< [’ ,‘, /411,/,/(/,; i ey

where o = gyl for the exclusive and g = oy - oty o ineliave teac tons. respecctively
Ihe integral (18) can be estimated by the saddle point method
2 TRV VIR
< [ > = {20 ) /[ At [T b ) (19}
where by 1s root of the equation
Tibe) = a7t ROF
At the energies 1x > 0.6 Gel' the values of @ fie in the atereal 7 220- 10 mbarn
Loty 2 mbarn, @8y 2 10-20 mbarn ). D this case by = 1400 T) = 1 loa), where
Ha is the nuclear radius, « is the dilfuseness of the uuclear sueface. An approximate
expression for < f4 > may now be written as
[RESREN w

< }"'>z~;r\(~~r . 120

From (21) we obtain immediately that < f* = 0 27 and consequently. that the
Adepeadence N ogoes as
Aok 122)

where o x 1/3 Tor (ponya aud (Mo H s reactions {see 1ie.2),

Table | The A-and 0-dependencies ol experimental Cross sections da A )y 131749,

fbysr) = o) (in lab. system) and effective suobess X7 a0 £ < L GeV L e

T .
values N are the results of calenations ar ¢, = 1) .

Target N' o(4%) o{T.5°) o(11.3°) NP1
T Yoo 127 310 W07 1on

1) w6l 52 BB R 294 2

e 205 12330 905 - 2,90

“Pe oo o250 17T L2 R 1.15

P A A F 11/ T T B P ¢ T3 NN

o207 1593 1T 7 3.7

Vet 26 1623 122 N1 350

() 315 2206 1594 Lin 37

AV T B B O PR 117 O 179 378

ANy 165 25013 103 1254 596

"My L6h 2930 1TY0 2.9 5.70)

"My 165 207 ) 1288 67

L VA 5 1911 133.7 5,99

ey 590 2082 f62. ] 776

M 5860 3400 245.) N Ub

C'u B.TY9 1002 2979 209.9 9.37

Moy 813 5547 1299

gy 806 5332 12.49 . .

Wy 902 6115 4518 303.3 14.32 11.67 14.66
Ph Y27 5384 4816 324.5 13.78 15.53 15.68
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Ihe series (16) converges sufficiently fast, about 90% of the final value N is given

Dy the partial swin Ay {25]. This result justifies using the completeness approximation
to obtain (7) and gives creditability to expressions (21,22). For the calculations of
the values N we used experimental cross sections offyy and oy from {13]. [n [25] we
conclude that in the considered region of energies the Th-dependence of the effective
numbers is smouth wlich substantiate the approximation o, x (1, = gun(7h) employed

ahbove.

4. COMPARISON WITH DATA FOR
REACTION A(p,n)sB

e now turn to an analysis of the experimental data on the reaction A(p,n)a 3 in
the terminology of effective numbers and with reference to eq.(11). Table 1 contains the
0, dependence (three angles) of effective numbers 87 extracted according to formula
{117 on the basis of experimental cross sections [1] for a number of nuclei and for the
clementary process at 1), = 1 GeV. from the table it is seen that within the experi-
mental errors the effective number approximation describes the angular dependence of
cruss sections of charge-exchange. The abserved anomalies, the value N°F=4.95 for
the tnclens Mg (8, = 7.5°) and also ¥N7T=13.78 for P (8, = 1°), most likely reflect
statisticad hoist af the corresponding experimental data more than a presence of dy-
natnical or structural factors in the reaction mechanistn, An analogous situation was
deseribed in Refs.[5, 7] in the analysis of the inclusive process (p.pd) (The experimen-
tad nmummber of the deuterons in Ph, N7 = 19 £ 2.5, measured at 1y = 1 GeV, was
excluded hecause it deviated fram the systematics). We conelude that T”P(ﬂ,;). within
experimental uncertainties, dves not depeud on 8, Thus, the angular dependence of
cross sections da|Alp. n)a Bl/di, testifies in favour of the approximation of effective
numbers, Physically, this means that the process takes place ou the nuclear periphery,
i.e. i the region where the density of nucleons is small, and consequently, all NN and

AN interactions in the nuclel are close to free imeractions.

Table 2. The A-dependence of cross sections do{A(p,1n)aBB)/dSh, = o(Ua) [mb/s1)
and cifective numbers for reaction A(p,n)af3 at 1, = 0.3 GeV [15. 16] at 0 = 0°. The

T .
vialues N° are the results of our calculations.

Tagelt A 4 o(0°) N N AN=NT-N K=E1 <pg>
1 i 1 33.0F 3.0 1.0 1.0 0 1.00 -
Al 27 13 2714 Fx20 8.2 6.0 2.2 1.36 0.34
7" 47.9 22 372127 11.3 79 3.4 1.43 0.26
Cu 63.5 29 4250F3.2 129 89 4.0 1.45 0.22
w 1839 74 6955 F 5.6 21.1 123 3.8 1.71 0.11
Pt 2072 82 6954 F 5.5 2.1 126 8.5 1.70 0.10
U 238 92 767.9F 6.3 233 13.0 10.3 1.80 0.09

While the angular behaviour seems to be accounted for by the factorized form (11},
. . VAl . . .
the magnitude of the extracted effective numbers N *® deviates from what is obtained
7



theoretically, AN by the approach described above, Tn Tables 2 and 3 we list the resnhis
of data processing performed in (13 16] (at 1, = 0.8 GeVoat & - 07y and in [T {at
7= 1 GeVat ¢ = 4°)., From the tables itis seen that N systematically exceerds

by about a factor 1.5, which clearly points to the insufliciency of the approximation of
effective numbers for the description of integral cross scection of the reaction A(p. i f5.

Table 3. The same as in table 2 but for T,=1 Gevat 0, 4 {11}

P . caat
Jarget ol N
H 2.7 ¥ 4. .00
D 32,1 F 5. . ERY .15
L 123.8 F 3. 2. 2 135 0.50
43¢ 177.1 7 5. . 2 It 0.1
] 165.3 F 5. 3. 2 [t} 012
"y 15398 ¥ 1.7 3 2, . 3 0.39
N 1623 F 1.8 3.8 3.0 N Po2s 0.7
) e F N0 2 32 24 1.6l 1.:30
W 266 F 1240 5.8 3 2.7 J.86 .25
“Mg o A3 FITS 60 )T 1.3 oY (.29
BAg M36FIT00 5T LT 1.0 123 0.28
Mg W36 FITG 62 LT 1.5 133 0.28
FAL 2558 F TS G LS 1.2 124 0.27
W B3LHF 232 T8 59 1.9 1.3 (.22
Mg 30 F 22 R 5 2.2 | 3N 0.21
Ca 002 F 162 90 6.8 2.6 RN (A
Hesu ARLT F 280 130 s 1.4 b 0.1
WSy 5382 1 26 1250 XU [ oy 0.1l
WU IS 32608 g v 5.3 159 (.08
Pho ass 3288 138 9 1.5 I 1Y 008

The emploviment of “optical™ absorption factors instead of Glauber’™s gives even a
. . . - P . . . g v d
lurther deterioration of the deseription. To tnis case the tatio A0 N /N beeomes

about 2.

5. EXTENSION OF THE THEORY

This situation may he qualitatively understood i we consider the A-dependenee
e ¥

of the quaniity AN = N
on the whole, acvording to the Jaw A" where o=106-0.8. ) we assnme (remen)-

! . . o ¢
= NI follows from Tables 2 and 3 that AN grows,

ber o previous conclusion) that the effeet of going ofl mass-shell 1 the cross seetion
ATy e art (Ij,_ (j_)/rl“u is not very large, we mav consider expression (11) to be valid
for description of that part of the cross seetion of the yeaction A{p.n)af3 where a real-
istic AT or a Atisobar s generated (see diagran 1 Figada), By delinition, diagram
I contains only the direct charge-exchiange process.but in the presence of the nuclear
mediunLimplying some renormalization of the 2-Lhody interaction. However, within the
developed formalism. the eross seetion of diagram | includes both the divect and ex
change (Pauli principle) terms, The latter é(‘llll cotresponds phvsically to excitation of



Fig.1l a Fig.l b
[Yie L (o) This process in the shorthand notation wilt bhe denoted by (p. u)_&‘\ with em-
pliasize on reality- principal observabifity- of a produced A-isobar whose de-excitation
takes place through decay into a pion and a nucleon. (B)This process may be referred
to ax mesenless N isobar de excitation {17, 25)0 We will denate it by (pon)y ™. 1hins
cphasizing that a virtual A-lsobar is lnvolved throngh charge-exchange on one of the
mtrante lear nucleons.
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Fig.? Muass dependence of the effective mumber N for (pua) (black stars, dashed
line cortespondent approximation A = LAY jand (o g (white stars, solid Tine
cotrespondent approximation N = U3LAY ™M ) reactions. respectively,



the Neisobar in the incident particle and plays an impertant soles A shinilar connnent
can be made for diagram 2 (see Fig bh) discussed below. Taken this into accoum the
Ghiserved cross section should be written as the sum

Ao st _ A0 50000 4 ST (23

df,, ) i), a9,
The first term corresponds 1o the approximation of effective nuhers {11): the
second term is connected with the process ol exchaunge of victnal mesons. in which a
virtual A-isobar also s present (sce diagram 2), bringing in effects from 3-body and

higher order [orces.
The cross section corresponding (o diagram 2 can be written as

rl et et e 5SS A 3 '1[ o
BTN / o / ' / ot PG G e L

Sy, IE
oo e m/ J)
| Gy} [‘p\(q} s /(j s (21)
Here tp(/s, Cj, C;)”) is the kinematic factor, G(Ea) s Green's funcuion deseribing

the propagation of the M-isobar with energy £5 in the intermediate state, £ the impuls
of the fast nucleon created as result of the seeond act of the charge-exchange. (@ and
(;’ are the momenta (Fermi motion) of nucleons in the target-nuclens imvolved in the
first and second act of charge-exchange, respectively. To olitain expression (21) we have
carried out averaging over the spin projection of the N and used the approximativn of
completeness. As in the case of the single-step charge-exchange. the |nu|||nht\ ] Iz (>
P allows one to ignore the Q dependence of cross section 1la,,+,,~“+yo(/“(2 178,

Thus, the cross section of the process (p,a)X™ is also Tactorized,

2
42 Apinya (10y+p—~n+_\++ (1

N- 25
o, 02 . “““ (29)
where
AN = /d/)/u’(} /doo( PG l"m"*"””f,:*“”())
It
| GLEs) o)) (26)

To neglect  the off-mass-shell eflects in Tormula (26) s inadmissible because the meo-
menta | B | and Pr are commensurable guantitics. The region ol integration in (24)
and (26) is determined by the width of the A-peak and the Fermi momentum, by the
properties of  Green’s function and momentum distribution [<I>',f,((:)']]2. As final result
we have found a modified factorized lorm for (23),

d0 pn o a1 9Tppmn PG .
UAd(S )aB - [N + AN] Tp+p (-;-3**( 2) ,/r::, (27)
N+ AN = 5, AP+ 5 A (27a)

Expression (27) indicates that the angular spectia of neutrons from the charge-
exchange channel (p,n)¥" coincide in formlvovith analogous spectra of neutrons from the



usrge exchanee chiael (g 2N This resalt alloss as to understand the experimental
dati from Refs [ and it also points to thie impossibility s principle to sepatate the
contribution of the channel A -+ 7.V to the charge-exchange cross section from the
contribution of the channel AN - V.V on the basis of merely angular spectra of
neutrons.

I'he Teading A-dependence of the contribntion from diagramn 2 follows divectly from
the Zstep character of the process. Diveet caleutation in the plane wave approxina-
tion shows that the functions @ 1j (; (:)") and | Gy [P depend fitde o AL while
[l ();] A5 as discussed previously, Thus, AN x A4S = 425 whick is in full
agreenient \\Hh the experimental data {11, 15, 16] (see also expression (27a) and Vig.3]).
In Fig1 we present the energy spectrum of neutrons do{C{p, n)al/dQ,dTy at T,=1
GeV o compared with theory (we used the plane wave approximation for the fast nucleon
created ax result of the second act of charge-exchange). The theoretical spectra were
calenlated for 0, = 1°. As follows from our analysis, the chammel deseribed by diagram
2 fiproves the fit to the data in the A-region in agreenient with the conclusions of Ref.
18] devated to (e.¢')a.

In Fig.5 we present separate contributions from the chiannels {(pon and (p,n
extracted from experimental data [14). The comparison substantiates that for low
mass puinbers A diagram 1 (Fig.la) dominates. while diagram 2 (Fig.1b) plays an
Iicreasing role with increasing mass number, as is qualitatively expected. For large

)-r'V )N’\

8—
. AN approximgtion
AN | ooooo aN=N" N
of
i
-
i

50
A
fig.3 Mass number (A) dependence of the effective number AN (solid line). The
dots are the differences between experimental data [14] and calculated by the formula

an.
11

da
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FFig.4 The energy spectrum of nentrons from the reaction “Clpogy ai =1 GeV,

oQ

The experimental data [14] at 0, = 4% are denoted by stars. The solid curve is the
contribution of diagram I: the dotted. diagram 20 and solid line with centered symbols
is their sum. The theoretical spectra were caleulated at 0, = 19 Fhe eflfects of channels

coupling was not taken into acconnt.

mass munber {2 100) the two contributions are of comparable magnitude. For an
additional discnssion Tor O3 e 1), see in Rel. [19].

el [24) (L7 1 ey charge-exchange reactions at 4 = 9.1 GeVye were fuvestigated.
The comparison of the dilferent topologies gives ns an hmportant information about
react su mechanisms. From table | one can see that the topalogy (0,0) has an
enhiancenent i comparison with (1.0) and (U.1) 1opolugies { Tollowing Rel[24]) we in
troduce notations: (0.0) - topology (Up. Uz~ ) (0. 1) - 1opolosy (Op. Lz ) L (1.0) - topol-
ogy (Jp. 077 ) ete). Less than 25% of the (0,0)-events Tor the Y g rarget ar 9 GeY /e
correspond to the quasiclastic chiarge-exchange reaction ( Rel210). This fact can be
considered as a direct indication to the important contribntion of the twosstep incoher
ent reaction mechanism ( mesonless A-lsobar de-excitation 23] ) and onestep cohierent
=Y production to the (0,0)-channel. There are no alternative reaction mechanisms for
events with (0, 0)-topology kinematically permitied. “Ihe experimental diserimination
of these mechanisims for the (0. 0)-channel was not carsied ot iy [21].
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Fig.d Partial cantributions o™ and a0 frone the processes tponyS and (poegy
pietured in diagram |and 2 of Fio b a5 is thein same Phe fullb dots are experime nlcnl
dida from Ref[14]. The partial comributions o' and o™ were obtained by a * it
using the formula do/dQ, = da®™/d8Y, 4 dot™ 00, = 5 0 + kA7 0w =500 ®y =500,
a= .38, where the first (second] terin corresponds to diagram 1 (21 Iricngles are the

orctival caleulations correspondent elfective nutnher approxumation (1),

Table 1. Data on the topolugy of eventsiies the gnantity of the neeative (NO) and pos
itive (V) particles produced in the chiarge-exchange reaction (4.1 c) on AT g targe
at 9 GeV/e The value of the final e momentmn are given in brackets (Ge\ /o).

AY 7‘\I:/(/ )
0 RITXIRE
| AN (N7
| 142 (NS00
0 212 (8,803
0 A2 (.G39)

The formalism deseribed ahove Bas also beensapplied to compute the cross section
ol the reaction A(p.n)B i the guasiclastic region for nuclear excitation, e ina high
momentum region of the neutron spectrum in which an incident proton either knocks
out a nentron or suflers a charge-exchange on target-nucleons without excitation of the
A dsobar,
13
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Lable 50 The A-depamlence of effective munbers N0 and Voo o the reaction
AtpanB i the quasiclastic vegion for 7, =1 GeNoac i, 1 {1

From Table 5 it is seen (for details see {8]) that also in this region of excitation of a
nucleus. the proposed approach describes the integral cross section of reaction A{paifB3

with reasonable accuracy.

6. COMPARATIVE ANALYSIS OF (p,n) AND
(*He,t) REACTIONS ON NUCLEI

The experimental information on the inclusive cross sections of the (pon) reactions
on nuclet for the quasielastic and the M-isobar excitation region is far from sufficient,
The most comprehensive tabulation is that of Rel {1} which presents experimental
data on ueutron production in [ GeVoproton interactions with different nuelei at angles
1°.7.5% and 11.3°. Neutron spectra at ¢ = 0° from p-p and p-d collisions at 7,=647 and
500 MeV incident energies were measured in Ref.[15], and systematics of 0 = 0° neutron
production by 800 MeV protons on targets with 27< A <238 have been reported
el [16]. Neutron spectra at ¢ = 0° from p-p collisions have also been measured for
1,=617. 771 and 805 MeV {20]. We have employed these vesults above.

A systematic experimental study of A-isobar excitations in nucle started with ex-
periments of the inclusive type (*H ¢, t) in Dubni {17} at beam energies Ty, from 800
MeV/A up to 5.23 GeV/A and in Saclay [21] at encrgies 5000 667 and 767 GeV/A| near
the threshold of the A-lsobar production. In these experiment one measured difleren-
tial cross sections of the charge exchange reactions on {ree proton targets and nuclear
targets as functions of the energy Q= ( £y, — Fyy hansterred to the target at an augle.

We have calenlated the quantity

_ Clpepp) diaf AP e ) 1) (28)

AT pd()dQ)

where F(8) = exp(=27.736 | t ]) is the square of magnetic transition formfactor for
ety and the factor Clp,pg) = olpp — pust ), Jotp — purt) |, (see Fig.6)
is introduced to compensate the energy dependence of the cross sections and to bring
the experimental data at different energies to the same one, which is chosen to be 800
MeV/A. Here o(pp — pur®) |, (a(pp — pra®) |, ) is the cross section of the elemen-
tary process at impuls ps(p,), and d2a A{*[le, t)[3/pdQdSY the invariant cross section of
charge-exchange reactions on nuclei. Fig.7 shows the corresponding experimental cross
sections for (p,n) and (*He,t) reactions on a proton-target, reduced to the momentum
1.47 GeV/e/A, as explained before. Taking into account the experimiental uncertainties
14
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Fig.t Momentim dependence of the total cross sections ol the reaction pp— pnx . Data
are taken frovn the compifation {27, 28] Full line represents the VerWest and Arndt
patametrization (297 (up to Jal momentum 3 GeV,/e) and approximation given in 131,
The single arrow indicates the pivn production threshiold; the double arrow in-
dicates the A production threshobd, The dashed wrows indicate the momenta per
micleon i Dubna experiments {17] for the (*He 8y charge exchange reaction with A

excitalions.,

of the cross sections there is remarkable agreement between the different reactions for
a numiber of beam energies, not only in the shape of the A-peak. but also i absolute
values. Some deviation is , however, present at high Q= 500 MeV, which s, partly
Jue to the interaction in the final state between the detected neutrons and protons from
the reaction pp — pnr¥ at £,=800 MeV. In that case for Q=300 MeV the neutron is
at rest in the CM and the proton momentum is about 30 MeV /c. This characteristic
kinernatic region mioves to higher Q wilh increasing beam energies and at 1 GeV it
escapes [tom the region of interest for us {see Fig.8).

It is interesting to stress the general properties of the discussed results. Let us com-
pare the encrgy dependence of the total cross sections for pp — 1A and deuteron
knock-out reactions [see Fig 9). The deuteron knock-out reaction at high (ransfer

15

-



)
(]
o
o
1
4
1
d

T LEmStr Sttt B s

0.80 GeV/A ]
1.52 GeV/A 1
2.78 GeV/A ]
1.00 GeV

T=
T=
T=
T= 1
T=0.80 GeV ]

N
(@]
o

]
]

PSP AU |

0 . | 500 o 900
Q (MeV)

Fig. 7 "Reduced™ cross sections of the inclusive plpan ) and pf " 1) charge exchange

de. 'p/d0,’dQ (mb/(Gev?/c)/sr

—~O
O s

reactions, when the effects of the formfactor and the coeray dependence of the “clemen-
tary” reaction cross section are retnoved as explained i the texi. The dashed line marks
the A-peak position i the p{part data, The gt o ditaare taken frosn Ref [17).
plpa) daticare from Refs, [ 14,20, 23], Theorctcad cnrves were obtained with GSET
set of vertex parameters (see detaifs in (26]). Solid line 7,205 GeV o dashed Jine -
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{sce [26]). Effects of enerpy resulution are taken into account.
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Fig 4 Comparative analysis of the enerey dependence of the toral cross sections for
e teactions ppe o« poa {triangles ) ppo= 0 3T cireles ) and diflerential cross seetion
ol the tuclusive deateron knack-out reaction Hpo p/d VW w © = 0 staes 3AN cross

seetions are nonmalized {or unity at maxinin.

7. SUMMARY

Wi hve onthined basic features of a theory which acconnts rather well for {pans data
at Dol GeN on i wide range of inddei:
11 The A-dependence of the peak for the quasiclastic haree exchanee process QU]

l/l ." . /j !
AT ()

which argues in favor of @ onc-step reaction mechianism and indicates that the periph-
crical region gives the main contribution to the cross sedtion due to a strong volume
absorption. The maximmm is shifted 1o Jower Q values rompared withy elastic seattering
uf protons on wonetron (that is on o deuteran. experimental data for the free pbn <o

17
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e poscattering are not available, only data for the mversercaction e p s pin exist ).
This shift s trivially associated with the hindimg erceragy of the kpock ont neations in
the target nucleus. The width of the guasiclastic peak is alimost completels associated
with the Fermmotion of the tager nacddeons, e aneulae disteibutions of the teaction
Atpoan)yer e practically independent of the target miclens

2i The A dependence of the charge-exchange teacnion Vg s £3 i the A-exeitation
reglon s

S~k by {30)

The first terin is again assoctated with the single step reaction mediaisi while the
second s due to a multi-step (but “direet™) medhanisime The maximum is shifted by
about 30-10 MeV toward the region of high nentron momentun which indicates the
presence of some reaction mechanisin which compensates the hinding effects ol nneleons
in the nuclel. The width of A in nuclel is about 1.5 thmes larger than the width of the
decay of the free A-isobar. 1t incrcases strongly with increasing A and caunat he
explained fully by the Fermi-motion of nncleons.

Our main conclusion is that buth the inclusive cross sections of the reactions (pa)
o a number of targets and (*/c ) on Care found 1o be proportional to the cross

section of the corresponding processes on a free proton:

d*a|A(a, b)aB3) L dfa(p 4 p 4 AT
—_— = N I 3
pdQd T Pl (33)

where {a.b) is (p,n) or (3He,t). This is a theoretical result, supported by availoble
dati. The increased complexity of the projectile (ejectile) is contained in the extia
factor '{t). This suggests that all NN and AN interactions in the nucleus are close to
free interactions. The shift of the A-peak in C relative 1o the free nucleon target is the
sanie in both reactions and is equal 1o about 30-10 MV independent of the type and
energy of the projectile {sce discussion in Rell [25, 30]). It means that the reaction
mechanism for the (p.n) aud (*He,t) is in principle ahmost the saine, the process takes
place un the nuclear periphery and all NN and AN interactions in the nucleus are close
tu free interactions.

We expect that the same couchusion applies to other tvpes of light jou charge-
exchange reactions. I that js true, possibilities open up Tor extraction of informa-
tion about formfactors for more exotic nyuclel such as the radivactive nuclel (V1Y L),
UL ey

More experimental data for charge-exchange reactions induced by diflerent projec-
tiles is desirable, in particular of the exclusive type. Perspective ol perfurming exclusive
studies of charge-exchange reactions are challenging, including spin observables, and
cunstitute the next logical step in understanding the basic mechanism of such reaction.

References

[} Proc. of the Telluride [nt. Conf. on "Spin Obscrvables of Nuclear Probes”, 14-17

March, (1988), in Telluride. Colorado.
{2] F.A. Gareev, S.N. Ershov, N.I. Pyatov and S.A. Fayans, Particles and Nuclei
19(1988)864.
18


http://iliulll.it
file:///I1qcI-

SISO Hong 1 Osterfeld and ‘T Udagawa, Phys et B2ZE(1990) 1

(1] N Migdal, FLE. Saperstein. MO Troitshy and DN Voskresensky, Physies
KReports 192(1990)179.

[5} S.G. Radmensky and Yu L. Ratis, Jad, Fiso 35019531325,
[6) R.D. Smith and S.J. Wallace, Phvs, Rev.C32(1985)165 1.

(7] S.G. Kadmensky and V.1, Furnian, “Alpha raspad i vodstvennye jadernie reakeii™

Moscow, Encrgoatomizdat (1985). 221 p.

[8] F.AL Gareev and YL, Ratis, Communications JINR P2-39-505. Dubua. (1989):
Preprit JINR E2-80-876, Dubua (1989}

9 VG0 Nendatehing YooFo Smirnov and NoF Golovanova, Ndve Nuel Phys,
LHT979)T.

[Tof ¢ Gaarde, Nuel, Phys.o MTGEIOSS) 750

1] B Byekling and K. Kajantie, "Particle kinemanies™ ed. Jobin Wiley and Sons,

{1973).
[12] 'T. Hennino et al., Phys. Rev, Lot J8(19582)997.

[13] 1B.5. Baraschenkov “Scchenja vsaiinodestvia clementaruch chactiz™. Moscow

(1966).
[14] V.N. Baturin et al, JETP Lett, 30(1979)36: Preprint LIJAPHL N 13220 (JO87).
[13] C.WL Bjork et al., Phys. Lett. B63(1976)31.
[16] B.I. Bonner et al., Phys. Rev. CIS(1YTS)HS.

P7)V.Go Ableey et all Pishina ZHITTE.D 1001950850 Jade Fizo 16{1987)51Y:
18 [9NS)2T.

(5] CORChen and TS Leer Phys Rev CBS(TOSS)21S8T.

[19] €. Gaarde, Proc. of the Telluride tut. Conts on "Spin and Isospine in Nuclear
lteractions™, L-HT Maceh (H991), i Tellueide, Colorado.p 205,

[20) G. Glass et al., Phys. Rev. DIS(1977)36.

[21] €. Elegaard et al., Phys, Reve Lett, S0(1980) 1710 Phys. Lett, BISTI983)110:
Pliys. Rev. Lett. 59019371974 D.Contardo ¢ al., Phys, Lete, BEES(1986):3:41.

[22] "I Nagae et al., Phys. Lett. BISITOSTIS)
23] I Rupp et al., Phys, Rev, C28(1983) 16496,

{24} S.A. Avramenko et al. Report of International seniinar on problens of high energy
nuclear physics, Dubua, 7-12 September, 19920 SO Aviamenko et al Preprint

JINRL PL-91-206 , JINR L Dabna, 1991,

18



{'27’,) Yu b Ravis. A Gareev, FoA Strokovska, 150 Vaagen, Proc of the Telluride
Int. Conf. o "Spin and Isospin e Nuclear Interactions™. TETT March, (1991), i

Tetluride. Coloradop. 145,

200 FOAD Gareev, Yo Lo Ratis, PP Korovin, o Stokovsky LS. Naagen, Preprin
JINRL 12.92-6 0 JINR L Dubna. 1992 Preprint JINRD E292.7 0 JINR | Dubna.
1992, Proc. of the Hirschesg Int. Cont. on 7 Gross propertios of unelel and naclear
excitations XX, Hirschegg. Klehmwalsertal, Anstria, Jan 20 25,0 1992) 5220,

[27] V. Flaminiv etaal- CERN-HERA 39-01 (1959). CERN . Geneva,

28] T. Rupp et.al.- CERN-HERA 84-01 (1981),CERN . Geneva.

9] .. VerWest, RAAL Arndt, Phyvs Rev. (1982) C25, 1474,

[30] F.AL Gareev, Yu L. Ratis, Proc. of the Bivschegg Tt Conl.on " Grass properties of
nnclel and nuclear excitations XY, Hirschiegg. Kleinwalsertal, Austria, Jan. 13-

20,(1990),p.232.
131 | E.A.Strokovsky, F.A.Gareev, Yu.L.Ratis, EChAYa (1993) 24, 603.

Received by Publishing Department
on June 24, 1993,

20



