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ABSTRACT

Distortion effects ot the spectral function extracted from (e,e/p) experimetits, because of
the multiple seattering of the proton with the residual nucleus, have been evaluated by means of
a Monte-Carlo codé, The ealeulation was carried out for the 180(e,e/p)!’N reaction, undet the
kinematical conditions of an experiment performed in Saclay.

The results obtained indicate that about 50% of the knock-out protons undergo a secotid
scattering. The missing energy spectrum is largely distorted, while the momentim distribttions
are slightly modified. The Koltun's stim tule is better satisfied taking ifito accoutit the multiple

scatteritigg ¢ontributions.



i — INTRODUCTION

One of the open problems in the study of quasi free (¢,e'p) reactions concerns the fittal
state ifteractions between the outgoing proton and the residual nucleus. These interactions are
usually taken into account by distorting the outgoing proton’s wave function by means of at
optical nuclear potential. Protons which have interacted with the imaginary part of the potentisl
are considered lost from the reaction channel under consideration. On the other hand, a proton
coming from another channel and whose momentum is changed diring the interaction with the
residtial nucleus, may resch the detector. These protons, if misinterpreted as produced by a pure
quasi-free reaction, give rise to false values of missing energy and recoil momenta.

In this paper we repott the results of a caleulation performed by means of a Monte-Catlo
code (“MULDIF"), which completely simulates an (e,e'p) reaction in a given nucleus, taking
ifto account multiple cotlomb and nuclear scattering effects which the outgoing proton undergoes
in crossing through the residual nucleus. Sections 2 and 3 deal with the general featiires of the

(e,e'p) reaction and the Koltun energy-weighted sum rile (1), Section 4 describes the general
flow of the caleulations and discuss the Monte-Carlo sampling techniques. smﬁm 5 reports on the
results of a caleulation carried ot for the 180(e, e/p)!5N process. In section 6 the results obtaired
are used to correct the proton’s missing energy spectrim and the energy weighted Koltun's sum

rule.

9 — GENERAL FEATURES OF THE (e, ¢/p) REACTION

In the oversimplified Plane Wave Impulse Approximation (PWIA) pictiire of the A (e, elp) B
reaction the two sides of the reaction diagram are completely separated (Fig. 1 (a)); then the
¢ross-section can be written as

o
dEL a0t dE] a0

= K |My|* 5(E;p1) (1)

where K 1s a kifiematical factor, | M.,|? Is, apart from kinematical and off the mass shell correctionis,
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Fig, | - One-photon-exchange diagram for the Ale,2'p)B reaction in PWIA (a) and in
DWIA (b).

the elastic electron-proton scattering amplitude, and S(E,py) is the so-called speetral function of
the initial mucleus. This function represents the compound probability of finding in the initial
nucleus A a proton with momentum p and separation energy Eg = E -+ Tp; E is the missing
energy of the reaction: £ == M - (£% — p3)1/2 — M4, M and M4 are the proton’s and the initial
nucleus’ rest masses, Ep and Tp are the residual nucleus’ total and kinetic energies, and pp the
relevant momentum,

The most serious complications to this oversimpified description come from the proton-nucleus
interaction (Fig. 1 (b)), which destroys the simple relation between the recoil momentum atd the
initial nucleon momentum ahd the factorization of the cross-section.

It is conceptually useful to split the interaction between the proton and the residual nucleis
B into two different types:

(a) the “elastic channel”, where the proton undergoes small angles, essentially elastic scattering.
The flx of particles in this channel is greatly reduced as compared to PWIA results; typically
by a factor a 3,for protons of 100-200 MeV erergies and A ~ 40. To correct the data
for this distortion, the best that presently can be done amotints to Distorted Wave Impulse
Approximation (DWIA) calculations. Here, the plane wave is replaced by a distorted wave
calculated in a complex optical potential as determined from (p — B) elastic scattering data.
Hereby one assumes that the optical potential is independent of whether the B nucleus is

highly excited or in its ground state, an approximation that still need to be tested @),



(b) the “inelastic channel” in which 70% of the flux goes: the proton “disappears” by loosing
enough energy not to get otit of the nucleus or it “reappears” at much lower energy. For this
process we are presently lacking a quantitative description. In general, this reaction channel,
which receives miich of the flux that disappears through the imaginary part of the optical
potential, is Hoped to lead to a smooth and small background in the dquasi-free scattering
region. Indeed, due to very large phase-space avaliable, this stength can be expected to spread
out over an energy atid momentum region much larger than the quasi-free one. Considering
that this chantiel contains the dominant part of the fiux, such “catastrophic” interactions do
pose a major problem, particularly if one is interested in deep-hole states or in the application

of energy-weighted sum rules.
In the usual DWIA treatemefit, it 18 assumed that the distorting potential doés not change
the outgoiiig moienita too much, so that the cross-section keeps a tactorized form:

. . deo, P
dELdndE]dn)

= K |] ep‘g SD(E)p‘{.va) . ()

The "distorted” spectral function 5D deperids upon both p{ and pp. Tt has been shown by
Bofi and collaborators (®) that the validity of this factorized DWIA expression is restricted to

particular kinematical conditions.

3 — KOLTUN ENERGY-WEIGHTED SUM RULE

Having (hopefully) measured the entire (E,p;) region where the spectral function differs
significantly from zeto, ofie cah apply the Koltun's (1) energy-weighted sum rule. It relates the
total bindihg energy per nucleon E4/A, known from nuclear masses, to the average missing and
kinetic energies (F) and (T') of all ntcleons:

gﬁ___l('MBmM
A3

M= M i (g ) ,
M — () Q
where My is the residual nicleus rest mass.

For the case of (e, e'p) experiments, since only protonis are removed, equation (3) needs to be



modified as follows:

Bz 1 (MBA;;?'M 1/ S'(E p1)dEdpy — -—/E S(E Pi)dEdm) ) 8h

where # == [ S(E,p1)dEdp;. That is E4/A has to be corrected for the cotlomb and symmetty
energies, and (T) and (E) are expressed in term of the undistorted spectral function.

In Table 1 we report the values obtained for (T}, (£} and A, the difference betweett the
two sides of equation (37), using experimental data from Saclay (45), Otne bees that, with the
exception of 4°Cs, the sum rule is by far not fulfilled: A is significatively different from zero and
always negative. It has been checked this result is alinost free of the ambigities coming from
the analysis of the data (absolute value uncertainty, difficulties in disentangling the different shells
ambiguities in the DWIA treatement). By evaluating the sum rule ditectly from the utcorrected
meastred spectral function (PWIA treatement) deviation valies An. were obtained; nearly equal
to A ones, showing that the discrepancy is not likely to be attribuited to uncertatuties in the
distortion correctioh.

TABLE | - Deviation A from the Koltun's sum rule observed when considering the proton mean

kinetic (T) and removal (E) energies from (e,e'p) experiments on given nuclei. E_/Z is the total

binding energy per proton. A c are the deviations caleulated without distor tiof corrections oh

the experimental spectral funic fion (PWIA): E #7 gives the energy/mommentum range Upper
boundaty (the lower one beirg 0 MeV and MEGTeSvEr which the riean ene rgies have been de=

termined.
Nuclets | Epaz/Pmaz | Ez/Z {E) (1) A Ape Ref.
(MeV /ML) | (MeV) [(MeV) | (MeV)|  (MeV) |(MeV)

'Be | 60/300 |—890 | 201 || 160|—14405|—17 | ©®
12¢ 60/280 | —6.93 | 234 || 16.9|—29+£07| —25 (4)
180 | 60/300 —7.09 | 25.2 144 | =174+ 05| —1.3 (8)
/G 60/20 | —T.02 | 24.0 170 | —314+ 06| —3.3 4)
400y 70/250" |—6.73 | 27.8 166 | —0.94 05| —1.1 )
58N} 1 70/240* |—T7.11 = 25.0 188 | —806£07| 36 | (4)

As the derivation of the sum rule (eq.(3")) has been made under the assumptiot of the absence
of 3- or more-body forces in the hamiltonian, some authors (8,7,8) have attributed the ton-zero and

negative value of A to the existerice of repulsive 3-body forces contribution.



However, the breackdown of the stm rule may have a much more trivial explanation, that
is the limited energy/momentum range sed to determine (E) and (7T) from experiment. In fact,
the application of the stm rule to the 1803(¢, e!p) data () over a wider energy range (0 < £ <
100 MeéV instead of 0 < E < 80 MeV), shows that 12% of the measured strength is in the
region between 60 and 100 MeV. This region, if interpreted as a part of the spectral function
contributes for 3.25 MeV to the sum rules, which makes it overfilled (A = -+1.93), as shown in
Table 2. Obviously it must be estimated how much of the strength located in this region may come
from the multiple collisions background, which has to be stubtracted. In the absence of a reliable
caleulation of this background it is difficult to draw any definite conclusion on this matter. In fact
the “standard” distortion correction is not at all adequate, becatse - as we remarked - some of the
protons removed from the spectral function, via the imaginaty part of the optical potential, can

still give their contribution with a “wrong” binding energy and recoil momenturm.

TABLE 2 - Results for the energy sum rule for 16, Symbols have the same meaning as

in Table 1.
Sepatration energy | Fraction of (T (E) A Ape
range strength '
0/60 88 14.4 252 , —L1.70 (—1.30)
0/100 100 14.3 314 1.93

4 — DESCRIPTION OF THE PROGRAM

The program “MULDIF” is a FORTRAN 77 code which completely simulates an (e, e'p)
reaction in a given nucleus, taking into account the interactions which the scattered proton

underegoes in crossing the residual nucleus. Here we describe the general flow of the calculation

and discuss the Monte-Carlo sampling techniques.

The goal of the calctilation is to produce a distorted spectral function as output from 4n

undistorted one given as input. The main features of the program are the following:



(i)

(ii)

(i)

(iv)

spectral functions for protons and neutrons were assumed to be identical. The missing
energy dependence was ¢hosen as to reproduce the position of the peaks in the experitental
distributions. The shape of the peaks was fitted with a superposition of Lorentz ¢urves (),
The behaviour of momentym distributions was fitted with gaussian ctirves whose central values
and widths agree with the experimental values of the different shells. This spectral function
fulfills the sum rules;

the energy of the incident electron was kept equal to the value used in the experiment (5) we

were interested in correcting the data;

the nucleon partuer of the reaction (whether a proton ot a neutron) was chosen accotrding to
the relative o, and 0., total cross-sections, The formulae used wete those given by Motgey
(10) for the free o,y ctoss-section in which the electric and magnetic form factors are those

given by Janssens el al. (1) for a free nucleott.

the physical point where the (g,e/N) reaction takes place was sampled according to the
nuclesr prototi density. Also the separation energy and the momentum moduliis of the initial
nucleon were sampled according t6 the spectral function. The initial direction of motiot for

the nueleon was uniformly extracted in the 47 solid angle;

(v) the angles of the scattered electron were extracted, inside the experitnental acceptance,

(v

(vii)

according to the free (¢, N) cross-section;
the occurrence of a nuclear scattering was sampled accorditig to the mean free path X for &
nucleon in nticlear matter:

AT = OpPp+ Onpn

where 0, and ¢, are the total (p — p) and (p — n) cross-sections at relevant ehetgles and
pp atid p, are the proton and neutron densities. Pion production was ignored. The cotlomb
contribution to the (p — p) cross section was neglected and (7 — n) cross-section and angtlar
distribution were taken equal to the (p— p) ones. The occurrence of further nuclear scatterings
was neglected;

once the reaction point was determined, a choice was made to whether the partner of the
second scattering was & proton or a neutron, followitg 4 procedure sitilar to that of step (iil).
By analogy, the separation energy and the momentum modalus of the second nucleon before
the scattering process were sampled according to the speetral function ab that time;



(vil) the directions of the two fiticleotis, providing there was & nuclear scattering, were sampled
according to the angtilar dependence of the free elastic process. The differential cross-section
for the (p — p) scattering was assumed to be isotropic. in the center-of-mass system for proton
energies up to 500 MeV. The (p — n) process was represented by the fbi‘!,owing sefiiempirical
fits to the Hess data (18):

do
| a0

-d_O; - AO _+ A4M4|: , (___1 < J; .0 3 0 < _Ej < 300 JV.[CVﬁ)
| dL2 (n——p)

‘ﬁ\
a0l

( ,)=Ao'+Aafﬁ‘ ; ( 0<p<l , b< K <500 MeV)
=P 7

) = Ao Agp® (—1< u<0 ,300< E <500 MeV)
7i—D,

where £ is the incident nucleon energy and g is the cosine of the scattering angle in the
cetiter-of=mass system. The values of As, Ay and Ag are given at relevant energies in Table 3;

TABLE 3 - Parameters of the angular distribution of (p-n) scattering in
the center-of-mass system (see text for the meaning of symbols)

Tncident particle (n-p)| Parameters (mbfsr)
Laboratory Ehergy Ap As | A Ag
(MeV)
0 1592.0 0 0 0
40 12.0 7.0 7.0 0
80 5.2 81 | 83 0
120 3. 6.6 9.0 0
160 23 3.9 7.7 0
200 9.0 | 3.6 6.5 0
240 1.9 3.6 6.2 0
280 1.8 3.6 8.0 0
320 1.7 3.6 0 7.8
360 1.5 3.6 0 7.4
400 1.4 3.6 0 7.0
440 1.3 3.6 0 8.7
480 1.2 3.6 0 6.4
520 11 | 86 |0 6.1




(ix) at steps (iv) and (vi) an uniform density distribution was asstumed:

{x) inside the nucleus, nucleons were treated as free on-shell partieles;

(xi) the kinetic energy of the nucleon outside the mucleus was assumed to be smaller than inside
by the amount of the separation emergy determined at steps (iv); (vi), atd (vil), and the
momentum of the proton outside the nucletis was sdjusted accordingly;

(xii) for each proton ejected from the nucleus apparent valttes of separation energy and recoil

motentiitn were calculated.

§ — RESULTS FROM MULDIF

The calculation was carried out for the 180(e,e/p)!®N process. The VAX 11/780 of the
Frascati Laboratory was used; a total CPU time of about 84 hours was needed to examine 3 482 400
events,

In Fig. 2 we show the distorted missing energy spectra resulting from caleulations having as
input a spectral furction whose energy spectrum consists of a single channel, centered at a giveit
E value. As shown, only ~ 50% of the kunock-out protons keep the original missing energy. Final
state interactions shift almost all remainig protons toward higher E values, otily ~ 1.5% beiiig
displaced to lower energies. This result was found to be independent of the original missing etiergy
value and of the shape of the momentum distribution.

In Fig. 8 and F'ig. 4 we show the restilts of the calculation for the miissing energy spectriin atd
for the momentum distributions, respectively. Solid (dashed) eurves refer to the spectral futetiot
with (without) firal state interactions, the hatched histograni to the “background” dus to nuclear
scattering. In Fig. 4 the energy regions of Fig. 4 (a), 4 (b) and 4 (¢) cotrespond to 1py s (8), 1ps/e
(b,c) hole states, respectively. The main contribution in Fig. 4 (d) comes from the 1515 hole state.

The input spectral function was chosett according to point (i) of the previots Section. Each
ejected nucleon was examined, free from detection, and stored into missing etiergy and initial
momentum bins. It was found that 49.4% of the knock-out finclechs tiiderwent a second fitclear

seattering, while the effect of coulomb séattering resulted to be negligible.
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According to the results shown in Fig. 2, the multiple scattering collision background gradually
increases as £ increases, reaching a maximum around 90 MeV, and then decreases. Moreover it
stays the omly contribution above 95 MeV. The shapes of the momentum distributions (Fig. 4),
are not very much changed (except for the high E region), although final state interactions lead
to a reduction of the integrated cross-section by = factor decreasing with increasing cetibral values
of corresponding missing energy regions. The percentage of second interactions for the different
shells is found to be 48.2%, 48.8% and 51.3% for the 1p; /9, 1pase, and 1siy; states, réspectimely.,

About 209 of the multiple collision background comes from an (e,¢/n) process followed by
a (m,p) scattering.

Having considered the p-shape contributions as single hole states, it is reasonable to compare
the values of the absorption factors
n = Jg)m;: SD‘(E p1)dp:

o S(E, p1)dpy

obtained by our calculation with those derived by Bofft's (14) theoretical evaluations for different

sets of boutid states and optical potentials. The resilts are summarized in Table 4.

TABLE & - Absorption factor values as derived by MULDIF results and by Boffi's calculations for the
given bound-states and optical potentials.

Bound-state Optical Potential P12 ps/2 Ps/2

(10 — 15 MeV) | (15 — 20 MeV) | (20 — 25 MeV)
Elton-Switt-Glassgold-Kellog 0.66 0.71 0.69
Elton-Swift-Jackson 0.50 0.66 0.67
Gogny-Jackson 51 0.65 0.66
MULDIF 0.58 0.53 0.57

6 — APPLICATION TO ANALYSIS OF EXPERIMENTAL DATA

As described in the previous section, “MULDIF” is a program that transfoims s given inpub

spectral function in an output spectral function which is distorted for the effects of multiple



seattering. Therefore, the real problem to be faced by is the following: how can we use the résults
of “MULDIF" for correcting a measured spectral funetion?

The adopted procedure was the followitig. As the introduction of final state interactions
distorts mainly the missing energy spectrum; we ignored the effects oh momentum dependence.
Moreover we neglected the case when multiple scattering shifts protons to lower missing energy
values.

Having written the input missing energy spectrum Sr(E;) in the form of an histogram:
Si(Ey) = 4r ‘} S(Bs, pipiAn

we have caleulated, for each charnel ¢, the discrete function fi; representing the fraction of Sy E;)
that multiple interactions, according to ‘MULDIF* ¢aleulations, displace to the j-th channel of the
distorted missing energy distribution, Sp(E;).

Obviously:

Z fis = S1(Ey)
J

Then, starting from the meastred energy spectium Spr(Es), we were ablé to dediice the “true”
spectrum S7{ ;) in the following way: the value of the first channel of St was obtainied from the
relation:

Sr(Eq) = 3-—‘2:1 21 Sm(E1) = Sp(Er) + P fij Sm(Er)

where the last summation represents the part of Sp(E1) which, because of the final state interac-
tions, is wrongly attributed to others énergy chunnels of the spectral function. N is the numiber
of energy bins.

in order t6 calculate the content of the second channel, Sp(Esy), it is conveitient to defitie the
funetion:

Sy(Ee) = SmlEy) — Sr(By) = SM(Fz)“‘ o =2 S(Ey)

Then, applying again the previous procedure to the spectal function 5%, we have:

Sp(Ep) = E‘\ fz; 9 he(E2)
VET

The particular form of previous equations suggests the following recurretit formilae:

N .
Sp(Ea) =Y L8N E)
g f'nn



S3E) = S5~ st

J i

SW(Ex) == Sm{Er)

Following the above procedure we deduced the undistorted missing energy spectrum from
the spectrum for the 60(e,e’p)!N reaction toeasured at the Saclay ALS accelerator, using the
two—spectrometers set—up of the HE1 end station (!¥). The kinematics conditions are given in
Table 5. It must be pointed out that the f;; coefficienits have been obtained by using only the
25 335 protons that entered the detector out of the 3 482 400 events computed by “MULDIF”.
Moreover we neglected those events having two protons in the final state, both being detected.
The result is shown in Fig. 5: dashed and full lines refer to measured and undistorted missing
energy spectra, respectively. As seen, the correction procedure increases the intensity of S(E) in

the region E < 40 MeV at the expence of the strength in the high missing energy region.

TABLE 5 - Kinematical conditions for the 16O(e,r’e:';:»)ljl‘l e-xperiment())..

incident electron energy : Fy == 500 MeV

scattered electron energy acceptance : B = 280 — 400 MeV

electron scattering angle : 65} = 59°

electron spectrometer diaphragm : 6 == 4-17.0 mrad; ¢ = -+100.0 mrad

scattered proton energy acceptance : B/ = 94.5 — 109.8 MeV

proton scattering angles : f5y = 32.5° 35.0° 38.0° 40.0° 43.0° 45.5° 48.0° 50.5°
53.0° 55.5° 58.0° 60.8° 63.0° 65.5° 68.0° 73.0° T8.0° 80.5° 83.0° 88.0°

proton spectrometer diaphragm : 6 == +17.33 mrad; ¢ = 4-70.0 mrad

We have calculated the quantities (T3, (F) and Ez/Z for the measured spectral function
and for the “corrected” one. The latter was constructed by using the unhdistorted missing energy
spectrum and the measured momentum distributions. The results are shown in Fig. 8 where, again,
dashed and solid line refer, respectively to values obtained from measured and “corrected” spectral
functions. As shown the “corrected” (E) values are lower, while the (T} ones keep quite unchanged.
Consequiently the Ez/Z value shows a better agreement with the mass formula prediction, although

it still does not reach saturation.
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T — CONCLUSION

To summarize we ¢an draw the following conclusions:

(1) the effect of final state interactions is quite sizeable: about 50% of the knocked-out nucleons
undergo a second nuclear scattering;

(2) the final state interactions distort largely the missing energy spectrum displacing protons
from low to high missing energy regions;

(3) the shapes of the distorted momentum distributions are not very much different from the
undistorted ones except for the one corresponding to the high missing energy region;

(4) the Koltun’s sum rule, although not tulfilled, is better satisfied when corrections for multiple

collision are applied.
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