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OUTLINE

• Fifty years of (e, e′p): from Frascati to Jefferson Lab1

• Jean Mougey’s legacy to the community of Electro-Nuclear
Physics

1Nuclear Physics News 26, 15 (2016)
1 / 25



THE NUCLEAR SHELL MODEL

• To a remarkably large extent, atomic nuclei can be described as non
relativistic systems consisting of point-like particles, whose dynamics
are dictated by a phenomenological Hamiltonian

H =
∑
i

p2
i

2m
+
∑
j>i

vij +
∑
k>j>i

Vijk

• Nuclear systematics offers ample evidence supporting the further
assumption, underlying the nuclear shell model, that the potentials
appearing in the Hamiltonian can be eliminated in favour of a mean
field

H → HMF =
∑
i

[
p2
i

2m
+ Ui

]
[
p2
i

2m
+ Ui

]
φαi = εαiφαi , α ≡ {n, `, j}

• In 1963, E. Wigner, M. Goeppert Mayer and J.H.D. Jensen have been
awarded the Nobel Prize in Physics for proposing and developing the
nuclear shell model
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THE NUCLEAR GROUND STATE

• According to the shell model, in the nuclear groud state protons and
neutrons occupy the A lowest energy eigenstates of the mean field
Hamiltonian

HMFΨ0 = E0Ψ0 , Ψ0 =
1

A!
det{φα} , E0 =

∑
α∈{F}

εα

• Ground state of 16O: Z = N = 8

(1S1/2)2 , (1P3/2)4 , (1P1/2)2

Bottom line: the shell model is not the whole story !
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Wroclaw, November 23rd, 2007 – p.4/37
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NUCLEON KNOCKOUT REACTIONS

• Nucleon knockout reactions, in which the outgoing nucleon and the
scattered beam particle are detected in coincidence, have been readily
recognized as a powerful tool for investigating the validity of the shell
model

Nuclear Physws 18 (1960) 46---64, ( ~  North-Holland Pubhsh,ng Co, Amsterdam 
Not to be reproduced by photoprmt or microfilm without wrttten permtssion from the publisher 

Q U A S I - E L A S T I C  S C A T T E R I N G  OF 153 MeV P R O T O N S  BY 
p - S T A T E  P R O T O N S  IN C t2 

I. Exper imenta l  
T J G O O D I N G  and H G P U G H  

A ERE,  Harwell, Dzdcot, Berks 

Received 31 March 1960 

A b s t r a c t :  For  the  reaction Ci2(p, 2p)B 11 at  153 MeV, the  energies of the two pro tons  emit ted m 
each event  are measured  wi th  plastic scintillators, and added The summed-energy  spec t rum 
shows a well-defined peak corresponding to an energy loss of 16 MeV in the reaction, and 
events  in this peak are in terpreted as those an which a p ro ton  is knocked ou t  of the p-shell in 
carbon For  coplanar  p-s ta te  events, angular  correlations and energy spectra  are measured 
wi th  one counter  fixed a t  15 °, 20 °, 30 °, 40 °, 60 ° and 80 ° relative to the Incident beam and the 
angle of the o ther  varied between 15 ° and 80 ° on the  o ther  side of the beam The angular  
correlations are sharp ly  peaked, while for the peak the  separat ion angle between the two 
outgoing p ro tons  depends markedly  on the angle at  which one p ro ton  is detected, vary ing  
from 35 ° when the fixed counter  is set at  15 ° to 110 ° when it is at  80 ° The results  are consis tent  
wi th  the mechanism of quasi-elastic p - - p  scat ter ing when the m o m e n t u m  dis t r ibut ion of the 
s t ruck p ro tons  is taken into account  

A rough value is obtained for the total  cross-section for p-s ta te  events  I t  is abou t  one-sLxth 
of the expected value in the absence of absorpt ion,  thus  showing the impor tance  of this 
process By compar ison of the exper imenta l  results wi th  dis tor ted-wave calculations it should be 
possible to determine the m o m e n t u m  dis t r ibut ion of the p-s ta te  pro tons  and the m a g m t u d e  of 
the distort ion effects themselves 

1. Introduct ion 
Many experimental  studies of (p, 2p) reactions have been made. The rater- 

action is believed to proceed at high energies through the mechanism of quasi- 
elastic scattering in which the incident proton strikes a single proton in the 
target nucleus and both scattered and recoil protons are emitted. The name 
'quasi-elastic scattering' arises because the interaction between the two protons 
is similar to elastic proton-proton scattering while the reaction as a whole is 
melastlc since a proton AS ejected from the target nucleus 

Chamberlam and Segr6 1) originally studied the reaction as a test of this 
mechanism They bombarded lithium with 340 MeV protons and looked for two 
protons emitted in comcldence With one counter fixed the maximum coinci- 
dence rate appeared when the other counter was at an angle approximately 
equal to that  expected from p - - p  scattering inside the nucleus Their results 
were qualitatively in agreement with those expected if the nucleus were a 
Fermi gas of particles in a square well 

Later  Cladis et al 2) and Wilcox and Moyer 3) at 340 MeV, and Azhglrey 
46 

52 T J GOODING AND H G PUGH 

The window of the single-channel pulse-height analyzer was set to select 
summed pulses corresponding to p-state events The output from the analyzer 
could be used to gate either mult]channel analyzer, and by self-gating the 
summed spectrum the setting of the window (shown in fig. 4) was checked. 
The summed spectrum was normally displayed ungated while the spectrum from 
one of the counters was chsplayed on the gated analyzer which was calibrated 
by scattering at various angles from hydrogen. 

Measurements were made at a variety of angles for the two counters. With 
one counter fixed the angle of the other counter was varied between 15 ° and 80 ° 
relative to the proton beam This was repeated for several angles of the fixed 
counter. Combinations such as (30 ° , 40 ° ) and (40% 30 ° ) must give the same 
information and where such measurements were duplicated the results always 
agreed within the statistical error In order to estimate the total cross-section 
for the reactlon some measurements were made with one counter raised out of 
the plane defined by the incident beam and the other proton. 

4. The Binding Energy Spectrum 

The energy balance for the (p, 2p) reaction is given by eq (1). The binding 
energy E B may be split into two parts 

EB = (2) 

where Q is the energy required for the reaction if the residual nucleus is left in 
its ground state, while E* is the excitation energy of the residual nucleus. 

T ~ is 
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Fig 4 A typical  spec t rum of ( E I +  Ea) for carbon,  measured a t  (40 °, 30 °) The coun tmg  statmtlcs 
for the points  are displayed while the  absolute error on the  cross-sect,on is 4-20 % The ar rows 
md~cate the  p o m t s  below which react ions o ther  than  (p, 2p) reactmns m a y  be detected, and the  
bracket  shows selected p-s ta te  events  The spec t rum for free p - - p  scat ter ing Is shown dot ted for 

comparison 

• Early attempts with proton beams were plagued by the strong distortion
of both the incoming and outgoing particles
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FROM PROTON TO ELECTRON BEAMS

• In 1962, it was argued that much cleaner information could be obtained
from electron-nucleus scattering in the kinematical region corrsponding
to momentum transfer |q| � d−1—d being the average ucleon-nucleon
distance in the target nucleus —in which the reaction predominantly
involves individual nucleons

Nuclear Physics 32 (1962) 139--151; @ North-Holland Publishing Co., Amsterdam 
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QUASI-FREE E L E C T R O N - P R O T O N  SCATTERING (I) 
G E R H A R D  JACOB t and TH.  A. J. MARIS *t 

Instituto de Fisica and Faculdade de Filoso]ia, Universidade do Rio Grande do Sul, Pdrto A legre, 
Brasil 

Received 6 Ju ly  1961 

A b s t r a c t :  I t  is shown that ,  f rom angular  and energy correlation measurements  on electron-proton 
pairs  emerging f rom the  scat ter ing of high energy (300-1000 MeV) electrons on nuclei, 
detailed informat ion  on the energy levels and s t ruc tures  of the upper  and lower shells of 
light and medium nuclei could be obtained. A calculation in which the distort ion of the out-  
going pro ton  wave is taken into account  has been performed for C 12. As compared to the 
result  for zero distort ion,  the absolute magni tude  of the correlation cross section is reduced, 
bu t  the shape of its angular  dis t r ibut ion is practical ly unchanged.  Consequent ly the observed 
energy and angular  correlations would immediate ly  give bo th  the binding energy and the  
m o m e n t u m  dis t r ibut ion of the nuclear p ro ton  in the shell model  s ta te  ou t  of which it has  
been ejected. F r o m  an ext rapola t ion  to other  nuclei of the calculated value of the reduc- 
t ion factor for the cross section, i t  is expected t ha t  this s i tuat ion prevails at  least up to nuclei 
with A = 50. Finally some corrections are quali tat ively discussed. 

1. Introduct ion 
Assuming the approximate validity of the shell model of the nucleus, it is 

apparent that  low energy experiments are able to give detailed information 
only on certain aspects of nuclear structure, namely on the properties of the 
least bound proton and neutron shells. To break up the more strongly bound 
shells a relatively high energy is needed; for low energy experiments the core of 
the nucleus much resembles an elementary particle of which only overall 
properties are relevant and can be determined. 

In recent years high energy (150-440 MeV) investigations of quasi-free 
proton-proton scattering have given information on the structure of the more 
strongly bound nuclear shells. Loosely speaking, in a quasi-free scattering event 
in a nucleus, a high energy particle knocks out a nucleon of the nucleus without 
any additional violent interaction of the incoming or the two emerging particles 
with the nucleus. Experimentally these events are recognizable by  the more or 
less sharp peaks they cause in the spectrum of the summed energies of the two 
emerging particles, corresponding to the binding energies of the shell model 
state of the ejected nucleon. The peaks are superimposed on a background 
caused by  multiple scattering and by  excitations from rearrangements in the 
residual nucleus. A short discussion of these processes and references may be 

* Now on leave at  the Ins t i tu te  for Theoretical Physics, Universi ty of Copenhagen. 
t t  Present  address: Physics Depar tment ,  Universi ty  of Illinois, Urbana.  
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THE (e, e′p) REACTION

• Consider the process e+A→ e′ + p+ (A− 1) in which both the
outgoing electron and the proton, carrying momentum p′, are detected
in coincidence, and the recoiling nucleus can be left in any bound state

e e!

p!

q,!

• In the absence of final state interactions (FSI), the initial energy and
momentum of the knocked out nucleon can be identified with the
measured missing momentum and energy, respectively

pm = p′ − q , Em = ω − Tp′ − TA−1 ≈ ω − Tp′
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(e, e′p) CROSS SECTION AND NUCLEAR SPECTRAL FUNCTION

• In the absence of FSI2

dσA
dEe′dΩe′dEpdΩp

∝ σepP (pm, Em)

• Kállën-Lehman representation of the spectral function

P(pm, Em) = PMF(pm, Em) + Pcorr(pm, Em)

• In the kinematical region corresponding to knock-out from the
shell-model states (Em <∼ 50 MeV and |pm| <∼ 350 MeV)

PMF(pm, Em) =
∑
α∈{F}

Zα |φα(pm)|2 Fα(Em − εα)

• According to the nuclear shell model

Zα → 2jα + 1 , Fα(Em − εα)→ δ(Em − εα)

2Note: the effects of FSI are included as corrections
7 / 25



THE FIRST (e, e′p) MEASUREMENT AT LNF, A.D. 1964

VOLUME 13,NUMBER 10 PHYSICAL RK VIEW LKTTKRS 7 SEPTEMBER 1964

INNER-SHELL PROTON BINDING ENERGIES IN C' AND Al' FROM THE (e, e'P)REACTION
USING 550-MeV ELECTRONS* t

U. Amaldi, Jr. , 6. Campos Venuti, G. Cortellessa, C. Fronterotta, A. Reale, and P. Salvadori
Physics Laboratory, Istituto Superiore di Sanity. , Rome, Italy

P. Hillmanf
Laboratori Nazionali di Frascati, Rome, Italy

(Received 3 August 1964)

Many (P, 2P) experiments have demonstrated
the unique utility of high-energy knockout reac-
tions in determining the binding energies of pro-
tons in inner nuclear shells and their momentum
distributions. ' Because the use of incident pro-
tons involves a long proton path in nuclear mat-
ter, these experiments are severely restricted
by distortion, which becomes rapidly worse with
increasing atomic number. The 1s protons have
not, for instance, been seen above O'. Jacob
and Naris' have suggested that using incident
electrons the distortion is much reduced, since
nuclear matter is practically transparent to elec-
trons. %e present first results of such an exper-
iment performed with the internal beam of the
Frascati synchrotron.
In order to choose the experimental param-
eters, one must balance the following factors:
(1) The difficulty of determining the incident and
scattered electron energies increases with en-
ergy; (2) the cross section decreases rapidly
with increasing energy and scattering angle;
(3) the distortion of protons in nuclear matter in-
creases rapidly below about 100 MeV. %e there-
fore chose incident energies around 550 MeV, a
scattering angle of 51', and scattered electron
and proton energies near 400 and 100 MeV, re-
spectively.
The scattered electrons are focused by two

magnetic quadrupoles, deflected magnetically by
40', and detected in three counters located along
the focal plane to give three simultaneous mag-
netic channels. The electrons are identified in
a total-energy Cherenkov counter. The proton
energies are determined with a large solid angle
(0.16 sr) standard coincidence-anticoincidence
range telescope. The arrangement is shown in
Flg. 1.
Taking into account the energy spread of the

synchrotron beam, the ionization and brems-
strahlung losses in the target, the image and
channel size for the electrons, and the straggling
and range channel for the proton, we calculate a
total energy resolution of 10-MeV full width at

GLASS CERENKOV
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KVDI7~1234C

1

He BAG

I

I',

11 ~ 11cm
4 2 10.10ce
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4L 4 15 15cm2

51

+2 %~1
P &3

FIG. 1. The experimental arrangement.

half-height. The bremsstrahlung loss contrib-
utes a tail falling off about as the reciprocal of
the energy loss.
The experiment was carried out by counting

electron-proton coincidences as a function of in-
cident electron energy, keeping the proton and
scattered electron energies constant. Accidental
coincidences of all kinds were always smaller
than 2%.
The results for C" and Al' are shown in

Fig. 2. No correction has yet been made for the
small anticoincidence inefficiency due to nuclear
absorption of the protons. The binding energy
scale was fixed using free proton scattering in
CH2 and the C"P-peak position as measured in
(P, 2P) experiments. ' It is correct to +I MeV.
In the C" spectrum one sees clearly the peak

coming from the four 1P protons. This peak,
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FIG. 2. Electron-proton coincidence counting rate
per 10~' equivalent quanta at 550 MeV as a function of
the incident energy. The dashed lines indicate the
contributions of the various shells and the background
as explained in the text.

which is naturally very narrow, has a width here
of about 12 MeV, only slightly larger than the
calculated resolution. The contribution of the
two 1s protons is not clearly separated with such
a resolution. Our results are, however, fully
consistent with its presence at the binding ener-
gy and with the width observed in the (p, 2p) ex-
periments and a relative height calculated by a
Monte Carlo program on our IBM-7040 computer.
The calculation is based on the impulse approxi-
mation assuming momentum distributions for the
s and p protons fitting the (p, 2p) results' and
integrating over the energies and angles fixed by
our apparatus. The counting rate on the C"P
peak was about two counts per minute per elec-
tron momentum channel and agrees within a fac-
tor two with that calculated. An assumed back-
ground is shown in Fig. 2. The origin of this
background is not yet clear, but it comes at
least partly from the multiple scattering of pro-
tons before leaving the original nucleus. This
effect is enhanced with respect to existing (P, 2P)
results because of the large solid angle of our
proton detector, since the multiply scattered

protons have a wider angular distribution.
For Al ' the spectrum shows one clear peak,

and bumps near 30- and 60-MeV binding energy.
%e assign the peak to the five protons which, ac-
cording to the shell model, are in the outermost
2s-1d shell, and the bumps to the six 1P protons
and the two 1s protons, respectively. The posi-
tion and width of the 2s-1d peak agrees with
those observed in (P, 2P) experiments; the 1s and
1P have not been seen with that reaction. After
subtracting an estimated background, we obtain
a good fit to the data with peaks at 14.5-, 32-,
and 59-MeV binding energy, with total natural
widths of 7, 17, and 21 MeV, respectively, and
areas in the ratio of 1:0.9:0.4. The ratio of the
number of protons in the shells is 1:1.2:0.4, in
reasonable agreement taking into account absorp-
tion in the nucleus.
Aside from the rough agreement of the ratios

and absolute areas of the C" and Al" peaks with
the expected values, the most interesting new
results are the binding energies of the 1s and 1P
peaks in Al". The position of the P peak falls
roughly where expected extrapolating in Z from
nearby nuclei, in which it has been measured
through (p, 2p) reactions, and it is broadened
as expected from the P„,-P3» separation and the
fact that the nucleus is heavily distorted. It is
worthwhile noting that the P and s peaks are not
resolved because of their natural width and not
for experimental reasons. The fact that the s
peak seems to fall nearly on a linear extrapola-
tion of the (P, 2P) results from He4 to 0", how-
ever, is much more informative. Its observed
binding energy of -60 MeV is already consider-
ably greater than the -45-MeV well depth usual-
ly assigned to the shell-model. potential, pre-
sumably indicating an effective proton mass of
less than W.6 free masses in the s shell of Al '.
The curve representing the 1s binding energy as
a function of Z must level off eventually, and it
will be most interesting to follow it to heavier
nuclei. The width of the observed s peak of
roughly 20 MeV (compared with 14 MeV in 0",
for instance) gives some hope that the lifetime of
the 1s hole is becoming short sufficiently slowly
as to permit observation of this shell to consid-
erably higher Z.
%e acknowledge the help given to the experi-

ment by the staff of the Frascati synchrotron in
running the machine according to strict stability
requirements.
One of us (P.H. ) wishes to express his grati-

tude to Comitato Nazionale per 1'Energia Nucle-
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• The peak arising from
knockout of the four
protons in the 1P3/2 level
is clearly visible

• The contribution of the
two 1S1/2 protons is not
well resolved

8 / 25



ENTER JEAN MOUGEY: THE (e, e′p) PROGRAM AT SACLAY

• The Accelerateur Lineaire de Saclay, or ALS (late 1960s)
ELECTRON ACCELERATORS 

'llIE SACLAY LINEAR ACCELERATOR (ALS) 

A.M.L. l\,lESSIAH 

Department of Nuclear Physics, Saclay 

France 

This is a short report on the electron linear accelerators of 
the new generation, i.e. medium energy, high intensity and high 
duty cycle. At present, there are two projects of this sort under 
way, one at Saclay, the other at MIT. The Saclay linac (ALS) has 
started operation this year and is in the preliminary stage of uti-
lization for physics. The MIT project is by now under construction 
and should be ready for work within a couple of years. In this talk, 
I will concentrate on the Saclay project, with only passing refe-
rences to MIT ; but one should bear in mind that the two projects 
are quite comparable in size and capability, and that they will 
cover essentially the same new field of physics. 

TIle primary purpose of these linacs is to probe the high ener-
gy and short distance regions of the nucleus with the electromagne-
tic interaction, thus to be able to perform precision experiments 
with real or virtual photons of energy-momentum ranging from 100 
to 500 MeV or more. This leads one to energies ranging up to 500 
MeV, say, for the primary electron beam, together with order of 
magnitude improvements in the other beam characteristics, notably 
in intensity and duty cycle. 

But these linacs may serve another quite different purpose. 
Their electron beams of high intensity turn out to be very good 
sources of slow pions and muons, in fact much better than those 
in operation at present, and, hopefully, not too far behind those 
to be expected from the forthcoming meson factories. 

In short, these 1 inacs aroe fit to probe the nucleus ei ther 
with high energy photons (virtual and real), or with slow pions 
and slow muons. 

578 

S. Devons (ed.), High-Energy Physics and Nuclear Structure
© Plenum Press, New York 1970

nle station in HE 1 will comprise two very big spectrometers, 
the so-called "6.0.0" and "90.0" rotating around the same vertical 
axis. Their characteristics are compared in the Table below with 
those of other big magnets in use at present for electron spectro-
scopy. 

nle station in HE 1 will comprise two very big spectrometers, 
the so-called "6.0.0" and "90.0" rotating around the same vertical 
axis. Their characteristics are compared in the Table below with 
those of other big magnets in use at present for electron spectro-
scopy. 

Stanford .orsay Drsay NBS ALS ALS 
"72" "500MeV A" "1.3 Ge V" "9.0.0" 'tiOO" 

Radius (m) 1.8 1.1 2.17 .o.n 1.8 1.4 

P (MeV/c) 1 .04.0 6.0.0 1 3.0.0 25.0 900 6.0.0 max 
Resolution(l.o-3x) 2.5 8 3.5 .0.3 .0.2 1.5 

Solid angle (msr) 15.6 8.5 4.4 7 5.5 7 

Acceptance lip 10% 7% 5% 2% 8% 40% p 

Magnet "900" is fit for (e,e') reactions at a resolution of 2x1D-4 • 
The ensemble "90.0"+"600" is fit for (e,e'X) reactions - notably 
(e,e'p) - at a resolution of 2X10-3 0 The two spectrometersare now 
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THE HE1 EXPERIMENTAL HALL AT SACLAY

209.

UN SPECTROMÈTRE A DOUBLE FOCALISATION
DE GRANDE ACCEPTANCE EN ÉNERGIE

P. BOUNIN et J. MOUGEY,
Service de Physique Nucléaire à Haute Énergie, C.E.N., Saclay.

Résumé. 2014 Nous exposons comment nous avons été conduits à construire un spectromètre
magnétique doublement focalisant et de grande acceptance en énergie (de - 30 % à + 10 %
de la quantité de mouvement moyenne) et ayant les qualités requises en résolution, dispersion,
encombrement, etc.

Abstract. - We explain how we have been led to build a doubly focussing magnetic
spectrometer, of great energy acceptance (from - 30 % to + 10 % of the mean momentum)
and presenting the required features in resolution, dispersion, over all dimension, etc.

ReVUn DE PHYSIQUE APPLIQUÉE TOJIE 4, JUIN 1969,

Pour les expériences de coïncidences du type (e, e’ p)
en préparation à l’accélérateur linéaire de Saclay, il
s’est révélé nécessaire de disposer d’un deuxième spec-
tromètre, baptisé « 600 », complétant celui, baptisé
« 900 », qui est prévu pour la spectroscopie à haute
résolution [1]. L’ensemble formera un dispositif ana-
logue au système déjà utilisé par l’un d’entre nous et
qui a montré son efficacité [2]. Le spectromètre 900
convient pour la détection des protons. Le spectro-
mètre 600 a été conçu dès le début pour répondre aux
besoins ci-après : i) grande acceptance en énergie :
pour détecter dans la même expérience des particules
provenant des différentes couches du noyau [3] ;
ii) bonne résolution (environ 10-3) dans toute la bande
d’énergie acceptée; iii) focalisation transverse partielle
pour limiter la taille des détecteurs; iv) foyer chroma-
tique image à l’infini, afin que la dispersion soit sensi-
blement la même en tout point du plan focal image;
v) angle solide ffissuamment grand (atteignant
7 X 10-3 sr).
Le spectromètre d’Elbek [4] répond à ces exigences,

mais présente, pour l’utilisation que nous envisageons,
les inconvénients suivants : i) le champ est uniforme
et la double focalisation est obtenue pour un fort angle
d’inclinaison de la face d’entrée (35~) ; cela limite

l’acceptance transversale; il) la dispersion est faible
et par contre l’acceptance totale en énergie dépasse
nos besoins.

Notre expérience antérieure sur les aimants à indice
de champ nous laissait prévoir une amélioration sur
ces deux points par l’utilisation d’un champ à indice
et nous a donc suggéré de chercher une telle solution,
mais inspirée de l’aimant d’Elbek. Nous avons donc
appliqué à l’aimant d’Elbek, à face d’entrée normale, la
transformation définie sur la figure 4 de la référence [5].
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TABLEAU 1

Après une première étude graphique, des trajectoires
ont été calculées à l’aide du programme Orbite [6]
pour différentes énergies, dans et hors du plan de

FiG. 2. - Ensemble des deux spectromètres dans la fosse
de la salle HE1 de l’accélérateur linéaire de Saclay.

symétrie, en modifiant les angles de déviation et d’incli-
naison des faces, et la loi de champ.

Finalement a été retenue une solution, résumée sur
la figure 1 et dans le tableau I. Les particules de
quantité de mouvement comprises entre 0,7p, et

1,1 po seront reçues sur une surface focale de près
de 2 m de long, la dispersion en chaque point étant
voisine de 3,5 mm/oloo et la résolution globale, compte
tenu de tous les effets, de l’ordre de 1,5 X 10-3.

Pour la commodité de l’installation, une fosse de
10 m de diamètre et de 6 m de profondeur a été creusée.
Les deux spectromètres auront leurs plans de symétrie
verticaux et pourront pivoter autour de cet axe,
le 900 dirigé vers le bas et le 600 vers’le haut, comme
montré sur la figure 2. Comme pour l’aimant 900,
une maquette au 1 ~5 a été construite par la Société
Oerlikon. Cette maquette avait pour but : i) de
déceler des effets importants sur le champ dans l’entre-
fer dus à la géométrie très particulière du circuit

magnétique; ii) d’étudier les champs de bord, l’effi-
cacité des profils antisaturants, de l’entrefer filtre, et
déterminer la longueur optique de l’aimant.

Les résultats obtenus sur la maquette permettent
de conclure qu’une configuration du champ telle que
prévue peut être effectivement obtenue, et reste stable
en fonction de l’induction nominale.

Nous tenons à remercier C. Tzara pour son aide et
ses encouragements. ~
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Abstract:The (e, e’p) reaction on “C, a8Si, 40Ca and 58Ni has been measured at 497 MeV incident 
electron energy. The experiment covered the region E $ 80 MeV for the separation energy and 
P 5 250 MeV/c for the recoil momentum. Cross sections, calculated in the distorted wave impulse 
approximation, have been utilized in a shell-model expansion of the spectral function. Average 
separation and kinetic energies of protons in individual shells are extracted from the data. The 
validity of Koltun’s sum rule is discussed. 

NUCLEAR REACTIONS “C, ‘sSi, 40Ca, 58Ni(e, e’p), E = 497 MeV; measured 6, missing 
E energy, recoil momentum. iZC, 28Si, 40Ca, s8Ni deduced average proton kinetic and 

separation energies. 

1. Introduction 

The energy eigenvalues and spectroscopic properties of single particle levels, the 
most direct experimental information connected with the shell-model picture of 
nuclei, have been thoroughly investigated in the past. A great wealth of information 
has resulted from one-nucleon transfer experiments using incident particle beams of 
energies of less than about 100 MeV. These experiments have led to a detailed 
knowledge of the single particle structure of energy levels within ) 10 MeV of the 
Fermi surface. As a consequence, for a large number of nuclei, we do have a fairly 
complete picture of the properties of the topmost filled and the lowest empty major 
shells. 

Comparatively very little is known for larger separation energies, i.e. more deeply 
bound states. The above mentioned experiments necessarily involve composite 
projectiles in the entrance or exit channel, and these nuclei are strongly absorbed. 
As a consequence one has little access to the interior of the nucleus where the more 
strongly bound shells (containing a large fraction of all nucleons) would give a 
sizeable contribution. Moreover at the rather large incident energies required when 
aiming to separate deeply bound nucleons, the pick-up reactions are hampered by 
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• Carbon data (to be
compared to the
LNF data of 1964)
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Fig. 9. Missing energy spectra from “C(e, e’p), (a) 0 S P 5 36 MeV/c, (b) SO $ P 5 180 MeV/c and 
(c) 0 s P s 60 MeV/c for 20 5 E 5 60 MeV. 

3OG E< 50 MeV 

0 50 la, ls0 2co 250 300 
RECOIL MOMENTUM (M&/c) 

Fig. 10. Momentum ~s~ibution from “C(e, e’p); (a) I5 s E 4 21.5 MeV and (b) 30 5 E s 50 MeV. 
The solid and dashed lines represent DWIA and PWIA ~lcula~ons respectively, with nonfiction 

obtained by a fit to the data. 

shells of “C. The lp, shell, at a separation energy of 16 MeV (fig. 9), exhibits 
the expected I = 1 distribution having a zero at P = 0 and a single maximum at 
PW 100 MeVJc. The two lines occurring in S(E, P) at 18 and 21 MeV correspond 

QUASI-FREE (e, e’p) 473 

8% PG 180 M&J/” 

MISSIffi ENERGY (McV) 

Fig. 9. Missing energy spectra from “C(e, e’p), (a) 0 S P 5 36 MeV/c, (b) SO $ P 5 180 MeV/c and 
(c) 0 s P s 60 MeV/c for 20 5 E 5 60 MeV. 

3OG E< 50 MeV 

0 50 la, ls0 2co 250 300 
RECOIL MOMENTUM (M&/c) 

Fig. 10. Momentum ~s~ibution from “C(e, e’p); (a) I5 s E 4 21.5 MeV and (b) 30 5 E s 50 MeV. 
The solid and dashed lines represent DWIA and PWIA ~lcula~ons respectively, with nonfiction 

obtained by a fit to the data. 

shells of “C. The lp, shell, at a separation energy of 16 MeV (fig. 9), exhibits 
the expected I = 1 distribution having a zero at P = 0 and a single maximum at 
PW 100 MeVJc. The two lines occurring in S(E, P) at 18 and 21 MeV correspond 

11 / 25



SYSTEMATICS OF ENERGY AND MOMENTUM DISTRIBUTIONS

484 J. MOUGEY et al. 

where the “distorted momentum density” is given by eq. (5.4). 
For the four nuclei we have extracted the energy distributions 9JE) by fitting 

the expansion (6.5), limited to the normally occupied orbits (except for 28Si where 
a 2s contribution was necessary). For Ga we used the distorted momentum distribu- 
tions computed from theoretical single particle wave functions. The quality of the 
data in the outer shells allowed a comparison with the model predictions of the shape 
of the momentum distribution; we find good agreement with the momentum 
distributions used, whereas less realistic distributions, like harmonic oscillator wave 
functions, can definitely be excluded 19) when fitting the lp, shell in 12C, for instance. 
The shape of the measured momentum distribution is generally well reproduced as 
shown in figs. 10, 12, 14 and 16. 

In the case of “C, the lp and 1s shells are almost completly separated experi- 
mentally, the only region where both shells contribute is between 22 and 30 MeV. 
It is worth noting that, above 30 MeV, the best fits to the momentum distribution, 
in energy bins of 5 MeV, all correspond to a pure 1 s momentum distribution, showing 
that all parts of the broad bump in the energy spectrum have the same momentum 
dependence. This justifies the assumption which was tacitly made in eq. (6.2), i.e. 
the use of a unique momentum distribution even if the state was spread over several 
ten MeV. 

Fig. 17 shows the strength distributions of the various shells in 28Si, 40Ca and 
58Ni. The most striking feature is the large spread of the 1 s hole strength, more than 
40 MeV, showing the difficulty of using the notion of shells for nucleons bound so 
strongly. The non-uanishing lp hole strength at high excitation energy (see for 
example the second maximum in 4oCa) is probably meaningless. It could result from 
the contribution of multiple scattering events of the outgoing proton, which we have 
neglected in the analysis. One also may note the splitting of lp hole strength in 28Si 
already deduced from (d, z) reactions 24): trying to fit the energy range 15-17.5 MeV 
with a mixture of 2s and Id subshells only, one definitely obtains a bad fit. That 
splitting has been explained 25) by a strong difference between the average Id,-lp, 
and Id,-lp, interactions. 

40 a EPkV) 20 40 KIE(MeV) 20 40 60 8OECMeV) 

Fig. 17. Hole strength distribution from (e, e’p) reaction on ‘*Si, 40Ca, 58Ni. 

416 I. MOUGEY et al. 
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Fig. 14. Momentum distribution from 40Ca(e, e’p); (a) 7.5 5 E 2 9 MeV, (b) 9.5 5 E =< 12 MeV, 
(c) 12.5 $ E S 20 MeV, (d) 20 s E 5 40 MeV and (e) 40 6 E s 70 MeV. The solid line represents the 

DWIA calculation. 

cross section, because the negative cross-section values (resulting from the subtrac- 
tion of accidental coincidences and radiative tails) are not plotted. 

At low separation energy, the 40Ca spectral function (fig. 5) is dominated by the 
2sld shell contribution which was not resolved by previous (e, e’p) or (p, 2p) 
experiments. The Id momentum distributions (fig, 14) are characterized by a zero 
at P = 0 and a single maxims near 150 MeVjc, whereas the 2s shell shows very 
nicely the two expected maxima at P = 0 and 150 MeV/c with a zero in between. 
The removal of a 2s: proton requires an energy of 10.9 MeV and leads to the first 
excited state of 3gK at 2.52 MeV. Due to the spin-orbit interaction, the Id strength 
is split into two main regions above and below the 2s peak. The Id, strength is seen 
at 8.3 MeV separation energy, whereas the Id, strength is located between 13- 
18 MeV. Fig. 13b, which shows the projection of g(E, P) onto the E-axis, indicates 
that we resolve three individual (groups of) levels in this region. Part of the Id, 
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EXPOSING THE LIMITS OF THE INDEPENDENT PARTICLE MODEL

• The spectral functions extracted from the Saclay data, while exhibiting
the spectral lines predicted by the nuclear shell model, provided
unambiguous evidence of its limitations

482 J. MOUGEY et al. 

4’Ta by which the average kinetic energy 

CT,> = s & l@i,U’)12d3p, (5.7) 

appears lowered when calculated with a distorted momentum distribution instead 
of the plane wave distribution, i.e. the “true” wave function in momentum space, 
and (ii) the average reduction factor 

qa = I@$‘, d)12d3p s i ~@#‘)~2d3P. (5.8) 

These quantities have been tabulated in table 5. One finds that AT, is of the order 
of 2 MeV and not very sensitive to the nucleus and orbit considered. The reduction 
factor varies slowly from 0.7 for the outer (lp) shell of 12C to about 0.2 for the inner 
(Is) shell of 58Ni in a fairly systematic way. These values will be used (sect. 6) as 
correction factors in a model independent analysis of the experimentally determined 
distorted spectral function in connection with a sum rule, On the other hand, calcu- 
lated distorted momentum distributions will enter directly into a shell-model 
expansion of the experimental spectral function S(E, P), which becomes thus much 
more model dependent. 

TABLE 5 

Results of the analysis 

w 1P 0.66 2.1 2.5 17.5&0,4 18.3 
IS 0.52 1.9 1.0 38.lil.O 12.7 

28Si 2s 0.44 3.2 
Id 0.46 2.2 
1P 0.39 2.0 
1s 0.28 1.1 

13.8+0.5 
16.1 L-O.8 

::, 

18.6 
19.5 
14.1 
8.5 

40Ca 2s 0.38 3.2 
Id 0.38‘ 2.1 
1P 0.32 2.4 
IS 0.23 1.2 

58X If 0.32 2.4 
2s 0.31 3.2 
Id 0.32 2.2 
1P 0.27 2.0 
1s 0.19 1.1 

0.4 
5.5 
2.9 
0.9 

1.3 
1.1 
5.1 
1.5 

7.6 
1.9 
8.9 
6.8 
1.0 

11.2kO.3 
14.9FO.8 

(Z) 

19.7 
19.6 
14.0 
8.0 

23.4 
18.6 
19.4 
14.4 
9.1 

The attenuation coefficients qa and the corrections AT, to the kinetic energies when calculated in DWIA 
instead of PWIA. The occupation numbers N, = n,/q. and mean removal energies -(I$, after 
distortion corrections (numbers without error bars must be considered as tentative, due to the 
experimental energy cut off at 80 MeV and the strong model dependence of the fitting procedure). 
The mean kinetic energies (n3,, including distortion corrections, computed from the model single 
particle momentum density. 

• The systematic deviation of the spectroscopic factors from the shell
model prediction Zα = 2jα + 1 is a clear signature of strong
nucleon-nucleon correlations, not taken into account within the
independent particle model
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THE JLAB ERA
• In the 1980s, the planning of CEBAF—designed to reach a beam energy

of 4 GeV and 100% duty-cycle—begun
• CEBAF was ideally suited to perform the next generation of (e, e′p)

experiments, to investigate nuclear dynamics beyond the shell model,
and much more . . .
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• In 1986, Jean was appointed leader of the hall A. In this capacity, he
played a key role in the design and construction of the High Resolution
Spectrometers, which are still in use.
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COINCIDENCE EXPERIMENTS AT CEBAF 

Jean MOUGEY 
Continuow Electron Beam Accelerator Facility, 12000 Jeff ermn Avenue, Newport News, VA 23606, USA 

With the 4 GeV Continuous Electron Beam Accelerator Facility (CEBAF) presently under construction in Newport News, 
Virginia, a new range of nuclear and subnuclear phenomena can be investigated, mostly through coincidence experiments. The 
accelerator characteristics, some examples of its physics programs, and the related experimental equipment are briefly reviewed. 

1. Introduction 

During the last few decades, a wealth of information 
on the structure of nuclei has been obtained from 
electro- and photoinduced reactions. This follows from 
the intrinsic qualities of the electromagnetic probe - 
weak, known and kinematically flexible - and to con- 
tinuous improvements in beam quality and detection 
capability. To a large extent, these studies confirmed 
that nuclei consists of nucleons moving in a mean 

effective potential. But, at the same time, electrons and 
photons have given the clearest evidences for deviations 

from this “classical” picture, exhibiting the role of 
mesonic currents, nucleon resonances, relativistic ef- 

fects, and the need for introducing explicitly mesonic 

degrees of freedom. This is illustrated in fig. 1, showing 
recent results in inclusive electron scattering off 3He [l]. 

The observed spectra cannot be explained quantitatively 
by simply adding the contributions from the two domi- 
nant single nucleon structures, i.e. the quasielastic peak 
and the quasifree excitation of the A resonance. 

Clearly, to go further, one must perform more exclu- 
sive experiments in which one (or more) of the nuclear 
fragments emerging from the reaction are detected in 
coincidence in order to single out specific channels 
(pion production, two-nucleon knock-out, etc) in which 
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roles. The low-duty cycle of present electron accelera- 
tors makes these experiments difficult [2], being limited 

in practice to narrow kinematical regions for which a 
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be achieved. This strongly motivated the recent develop- 
ment of - 100% duty cycle electron accelerators. Com- 
bining a continuous beam with a high energy of 4 GeV, 
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the nuclear many-body aspects. By probing the nucleus 
over small distances compared to the nucleon size (I 5 
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Hall A is designed to carry out the high resolution 
part of the program, and will be equipped initially with 

a pair of vertical magnetic spectrometers, of which the 

design will be frozen in early 1989. The 4 GeV/c 
electron spectrometer, shown in Fig. 6, will have a 
momentum resolution 6p/p better than 10-4, a solid 
angle acceptance of - 8 msr and a momentum accep- 

tance Ap/p of *5’%. For each event, the (horizontal) 
scattering angle will be defined to better than 0.5 mrad. 
The design is a QQDQ configuration based on a non- 

uniform field, 45 o bend, 30 cm gap dipole and conven- 
tional quadrupoles. The hadron arm may either be its 

identical replica or a shorter 2.7 GeV/c QQD design, 
with similar performances. Both are designed to operate 
with extended (10 cm) targets along beam. Non-coplanar 
kinematics could be achieved by bending the beam 
vertically before it hits the target. Dispersion matching 
techniques will be used to achieve resolutions of a few 
10-5. 

Hall B will contain mainly a nearly 4n detector, the 
large acceptance spectrometer (LAS, see fig. 7) and will 
be devoted to experiments for which broad kinematical 
coverage and high particle multiplicities are more im- 
portant than resolution. The LAS consists of six super- 
conducting coils producing a toroidal field. Each of the 
six sectors will be filled with drift chambers, scintilla- 

tion counters and shower detectors in the forward re- 

gion. It will be used with low intensity electron beams, 
or real “tagged” photon beams. Its geometry provides 

enough room in a low field region around the target to 
operate polarized targets. 

Hall C is designed for high energy, moderate resolu- 
tion experiments. A large variety of instruments are 
envisaged, including moderate resolution focusing spec- 
trometers, non-focusing large aperture magnetic devices, 
a toroidal multigap spectrometer for parity experiments 

4.0 GeV/c High Resolution 
Spectrometer 

Fig. 6. Sketch of the 4 GeV/c high resolution spectrometer 
planned for Hall A (distance in meters). Its optical length is 25 

m and its total weight is about 400 tons. 

CEBAF Large Acceptance Spectrometer 

0 I 2 3m 

Fig. 7. Sketch of the large acceptance toroidal spectrometer 
(LAS) planned for Hall B. Overall length and diameter are 

about 8 m. 

and out-of-plane measurements, and a dedicated spec- 
trometer setup for hypemuclear physics. 

5. Conclusion 

CEBAF will open exciting new possibilities for the 
study of nucleon and nuclear structure at short dis- 
tances, allowing complete determination of the hadronic 
final states through coincidence experiments. A decision 

concerning the initial complement of experimental 
equipment will be taken early 1989, and a first set of 

letters of intent for experiments will be discussed at the 
same time. A CEBAF User Group, and active user 
collaborations have been formed, and would be pleased 
to welcome all interested physicists. 
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• In addition to leading the effort to assemble hall A, Jean continued to
pursue the Physics studies initiated in Saclay. A notable example are the
investigations of short range correlations in few-nucleon systems

J. Mougey / Coincidence experiments at CEBAF 

E,  (MeVl 
Fig. 5. Missing energy spectra form 3He(e, e’p), showing evi- 
dence for an interaction on a two-nucleon correlated pair 

(from ref. [7]). 

istic and off-shell effects. Complete studies of selected 
cases, in particular of disintegration of few nucleon 
systems, are considered in the CEBAF physics program. 

Thanks to the high energy and duty cycle of the 
CEBAF beam, (e, e’n) reactions can be studied with 
counting rates comparable to those presently achieved 
for (e, e’p). From polarization measurements in quasi- 
free scattering of longitudinally polarized electrons off 
neutrons from a deuteron target - reactions ‘H(Z,e’n)p, 
polarized deuteron target, and 2H(Z, e’ii)p, neutron 
polarization measurement - one should substantially 
improve our knowledge of the neutron electric form 
factor GE. The (e, e’N) reaction on nuclei can also be 
used to study how the electromagnetic properties of 
nucleons, sensitive to quark distributions, are modified 
inside the nuclear medium. 

3.2. (e, e’2N) reactions 

Coincidence studies of two-nucleon emission 
processes provide the most direct access to two-nucleon 
densities and correlation functions in nuclear medium. 
At short distances, they should give insights on two- 
nucleon clustering in nuclei - exchange of heavy me- 
sons ( p, w, . . . ), 6-quark clusters, . . . - and the origin 
of high momentum components in nuclear wave func- 
tions. Especially promising is the (e, e’2p) reaction as 
the absence of dipole moment in the (pp) system strongly 
suppress the contribution of two-body currents in the 

transverse cross section. Counting rate estimates under 
CEBAF conditions (2 to 100 events h-’ for the 
3He(e, e’2p)n reaction at 2 GeV) have shown the feasi- 
bility of the experiment although a longitudinal/trans- 
verse separation would be very difficult to achieve. 
Moreover, the use of three spectrometers would put 
constraints on kinematics. A broad survey of two- 
nucleon emission processes using the LAS (see section 
4) may be an appropriate way of starting this program. 

3.3. (e, e’K ‘) reactions and the formation of hypernuclei 

Photo- or electroproduction of kaons can be used to 
produce hypemuclei [9], i.e. nuclei in which one nucleon 
is replaced by a hyperon, usually a A, of strangeness 
S = - 1. In the nuclear medium, the hyperon can be 
viewed as an impurity living long enough (- 1OW”) to 
interact with its environment, being not restricted by 
the Pauli principle (except maybe at the quark level). At 
present most of our knowledge about the structure of 
hypemuclei comes from hadronic reactions, mainly the 
strangeness exchange (K-, n-) one, over which electro- 
magnetic production has the important advantages of 
cleaner mechanism and minimal distortion. Another 
specific feature of electromagnetic production is that, 
due to the vector spin nature of the photon, non-natural 
parity (spin-flip) states can be excited as well as natural 
parity (non-spin-flip) ones. Finally, the kinematics is 
different: recoiless A-production is not possible in (y, 
K+), in contrast with (K-, T-). Therefore, high 
momentum transfers and high-spin state excitations are 
favored. For example, the electromagnetic interaction 
can directly convert a proton from an outer shell into a 
hyperon in a deep lying state. 

Serious experimental problems have to be solved 
before considering an extensive program on hypernuclei 
at CEBAF: counting rates are low, of the order of 
SO-100 events/day per level in the most favorable 
configuration in which both the kaon and the scattered 
electron are detected at very forward angles ( < 15 o ). 
To clearly separate hypernuclear levels, in particular 
partners within a spin doublet, an energy resolution of 
- 100 keV is required. Several experimental setups are 
under study, including one in which both the K+ and 
the scattered electron are detected near 0 O, and a 
missing mass resolution of 100-200 keV looks achieva- 
ble. Kaon electro- and photoproduction on proton and 
deuteron to study kaon form factor, the KN and AN 
systems and possibly strangeness + 1 baryons and - 1 
dibaryons are part of the LAS physics program. 

4. Experimental equipment for coincidence experiments 

At present, coincidence experiments are planned in 
all three CEBAF experimental halls. 
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(e, e′p) STUDIES AT JLAB

• 3He(e, e′p) at large |pm| and Em in hall A: strong energy-momentum
correlation observed

elastic scattering data to world data [10]. We measured the
3He!e; e0p"X cross section at three beam energies, keeping
j ~qj and ! fixed in order to separate response functions and
understand systematic uncertainties. The data reported in
this Letter were all obtained at a beam energy of
4806 MeV.

The missing energy resolution, about 1 MeV (!), is less
than the 2.23 MeV separation between the 3He!e; e0p"d
peak and the threshold for the 3He!e; e0p"pn breakup
channels. The radiative corrections to the measured cross
sections were performed by using the code MCEEP [11].
The radiative tail is simulated and folded into the (Em; pm)
space based on the prescription of Borie and Drechsel [12].
The radiative corrections in the continuum amount to
10%–20% of the cross section. In particular, the radiative
corrections remove the tail of the 2bbu process from the
3bbu data, allowing a clear separation of the channels. An
exception is for low missing momentum, below
100 MeV=c, where the 3bbu strength is less than the
strength of the radiative tail of the much stronger 2bbu
peak.

Table I shows the central proton spectrometer settings
for the experimental kinematics presented in this Letter.
The data taken at these settings are grouped into numerous
(Em; pm) bins for presentation; Fig. 2 shows the cross
sections corrected for radiative processes as a function of
missing energy for several selected bins. The energy scale
in the horizontal axis has been shifted in these plots so that
the 3bbu channel starts at zero. As pm increases, we can see
that the broad peak in the cross section moves to higher
missing energies. The arrow in the figure indicates where
one would expect the peak in the cross section due to
disintegration processes involving two active nucleons
plus a spectator; the expected peak position for pm #
820 MeV=c is just off scale, at Em $ 145 MeV. The large
peak in the data roughly aligned with the arrow suggests
that two-nucleon disintegration processes are dominant.

Several calculations are presented in Fig. 2. The simplest
calculation is a plane-wave impulse approximation
(PWIA) calculation using Salme’s spectral function [13]
and the !cc1 electron-proton off-shell cross section [14].
Also shown in Fig. 2 are the results of microscopic calcu-
lations of the continuum cross section by J. M. Laget [15],
including a PWIA calculation with correlations but no FSI,

and successive implementation of various interaction ef-
fects. The calculation is based on a diagrammatic expan-
sion of the reaction amplitude, up to and including two
loops [16]. Both single and double NN scattering, as well
as meson exchange (" and #) and ! formation are in-
cluded. The bound-state wave function is a solution of the
Faddeev equation used by the Hannover group [17] for the
Paris potential [18]. Nucleon and meson propagators are

TABLE I. Proton spectrometer kinematic settings.

pm Pp $p
(MeV=c) (MeV=c) (%)

150 1493 54.04
300 1472 59.83
425 1444 64.76
550 1406 69.80
750 1327 78.28
1000 1171 89.95

FIG. 2 (color online). Cross-section results for the
3He!e; e0p"pn reaction versus missing energy Em. The vertical
arrow gives the peak position expected for disintegration of
correlated pairs. The dotted curve presents a PWIA calculation
using Salme’s spectral function and !cc1 electron-proton off-
shell cross section. Other curves are recent theoretical predic-
tions of Laget [19] from the PWIA (dash dotted line) to
PWIA & FSI (long dashed line) to full calculation (solid line),
including meson-exchange current and final-state interactions. In
the 620 MeV=c panel, the additional short dashed curve is a
calculation with PWIA & FSI only within the correlated pair.

PRL 94, 082305 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
4 MARCH 2005

082305-3

relativistic and no angular approximations (Glauber) have
been made in the various loop integrals. The FSI in these
calculations use a global parameterization of the NN scat-
tering amplitude, obtained from experiments at LANL,
SATURNE, and COSY [19]. Further details of the model
can be found in [20].

Figure 2 shows that the calculated cross sections exhibit
a correlation peak that is dominant at low pm, but that FSI
strongly enhance the cross section at large pm. The calcu-
lations indicate the FSI are mainly between the two active
nucleons—Fig. 1(b). The additional calculation included
in the 620 MeV=c panel of Fig. 2 has FSI with the specta-
tor nucleon—Fig. 1(c)—turned off. Neither the shape nor
magnitude of the peak is much affected. This result indi-
cates that triple rescattering is negligible. MEC effects are
also small.

To obtain the total 3bbu strength, and to facilitate com-
parison to the 2bbu, we divided the cross section by the
elementary off-shell electron-proton cross section !ep

[14], multiplied by a kinematic factor K, and integrated
over missing energy to obtain the effective momentum
density distribution

"!pm" #
Z

! d6!
dEedEpd!ed!p

=K!ep"dEm: (2)

Figure 3 shows the distribution obtained. Uncertainties
from missing tails of the 3bbu peak, within this integration
range, due to limited experimental acceptance are negli-

gible on the scale of Fig. 3. The 3bbu distribution tends to
have a much larger relative strength for high missing
momentum than does the 2bbu distribution—the ratio of
3bbu to 2bbu strength increases with pm by about 3 orders
of magnitude, from about 100 to 800 MeV=c. An increase
of the relative strength with pm is consistent with what is
expected from correlations, as described in the simple
picture in the introduction, but we already know from the
discussion of Fig. 2 that FSI are important.

The PWIA curves in Fig. 3 show an order of magnitude
enhancement of the 3bbu over the 2bbu at high missing
momentum. The two-body correlations are more clearly
seen in 3bbu than in the 2bbu since the available phase
space is reduced when two nucleons are forced to form the
deuteron. The differences between the PWIA calculations
and full calculations further indicate the greater impor-
tance of final-state interactions in the 3bbu. Thus, the larger
FSI in the 3bbu mask the larger role of correlations. The
generally good agreement of the full calculations and the
data shown in Figs. 2 and 3 relies mainly on the interplay of
correlations and final-state interactions, and indicates no
need for physics beyond that already present in a modern
conventional nuclear physics model. The conclusions pre-
sented here have been confirmed by subsequent, indepen-
dent calculations [21].

The conclusions described above might appear to be no
longer valid for pm $ 1 GeV=c as the magnitude of the
3bbu appears to fall towards that of the 2bbu. However, the
center of the 3bbu correlation peak moves outside of the
integration range at pm $ 800 MeV=c, as shown in Fig. 2.
Thus, the experimental integration only includes a fraction
of the 3bbu strength at large pm. A crude correction to
account for the missing strength, using the fraction of
strength of the full calculation of Laget in the region Em <
140 MeV, causes the 3bbu distribution to roughly flatten
out, starting near 750 MeV=c, at a level nearly 2 orders of
magnitude greater than that of the 2bbu. The large correc-
tion also leads to our stopping the calculation at 1 GeV=c;
the comparison between data and theory is no longer
meaningful when only a small fraction of the tail of the
distribution is considered. Given these data along with the
theoretical calculations, it remains fair to conclude that the
correlations in the wave function preferentially lead to the
3bbu channel, and that the reaction mechanism is reason-
ably well understood in a modern, conventional nuclear
physics model.

The comparison of the data of this experiment with the
existing calculation suggests that the region near
300 MeV=c might prove to be the most enlightening
with respect to the role of correlations. Here the full and
PWIA curves are very similar to each other and to the data,
and in the theory the correlation peak dominates the cross
section. Separated response functions, which are possible
with data from the other kinematics of this experiment, can
provide us with more complete tests of the theory.

FIG. 3 (color online). Proton effective momentum density
distributions in 3He extracted from 3He!e; e0p"pn (open black
circles) and 3He!e; e0p"d (open black triangles), compared to
calculations from Laget [19]. The 3bbu integration covers EM
from threshold to 140 MeV.
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LARGE |pm| AND Em COMPONENTS IN COMPLEX NUCLEI

• |pm|-evolution of missing energy spectrum in Oxygen. Hall A data

VOLUME 86, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 18 JUNE 2001

The systematic uncertainty in cross section measurements
is about 5%. This uncertainty is dominated by the uncer-
tainty in the 1H!e, e" cross section to which the data were
normalized [28].

Figure 1 shows the measured cross section as a func-
tion of missing energy at Ebeam ! 2.4 GeV for various
proton angles, 2.5± # upq # 20±. The average missing
momentum increases with upq from 50 to 340 MeV#c.
The prominent peaks at 12 and 18 MeV are due to
1p-shell proton knockout and are described in [21],
where it was shown that they can be explained up to
Pm ! 340 MeV#c by relativistic distorted wave impulse
approximation (DWIA) calculations. However, the spectra
for Em . 20 MeV exhibit very different behavior. At the
lowest missing momentum, Pm $ 50 MeV#c, the wide
peak centered at Em $ 40 MeV is due predominantly to
knockout of 1s1#2-state protons. This peak is less promi-
nent at Pm $ 145 MeV#c and has vanished beneath a flat
background for Pm $ 200 MeV#c. At Em . 60 MeV or
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FIG. 1. Average cross sections measured at different outgoing
proton angles as a function of missing energy. The cross section
shown at each angle is the average between the cross sections
measured at either side of "q at that angle. The curves show the
s-shell single-particle strength calculated by Kelly folded with
the Lorentzian parametrization of Mahaux. The dashed line
shows the Ryckebusch et al. calculations of the !e, e0pn" and
!e, e0pp" contributions to !e, e0p" including meson-exchange
currents (MEC), intermediate D creation (IC), and central
correlations, while the dot-dashed line also includes tensor
correlations.

Pm . 200 MeV#c, the cross section does not depend on
Em and decreases only weakly with Pm.

We compared our Em . 25 MeV results to single-
particle knockout calculations by Kelly [29] to determine
how much of the observed cross section can be explained
by 1s1#2-state knockout. Kelly performed DWIA calcu-
lations using a relativized Schrödinger equation in which
the dynamical enhancement of lower components of Dirac
spinors is represented by an effective current operator
[30]. For the 1s1#2 state, Kelly used a normalization factor
of 0.73 with respect to the single-particle strength and
spread the cross section and the response functions over
missing energy using the Lorentzian parametrization of
Jeukenne and Mahaux [31].

At small Pm, where there is a clear peak at 40 MeV,
this model describes the cross section (see Fig. 1) and the
separated RL and RT responses well [24]. The extracted
magnitude of !ST 2 SL" [24] is consistent with the de-
crease in !ST 2 SL" with Q2 seen in the measurements
of Ulmer et al. [7] at Q2 ! 0.14 !GeV#c"2 and by Dutta
[16] at Q2 ! 0.6 and 1.8 !GeV#c"2. This suggests that, in
parallel kinematics, transverse non-single-nucleon knock-
out processes decrease with Q2. At larger Pm, where there
is no peak at 40 MeV, the DWIA cross section is much
smaller than the data (see Fig. 1). Relativistic DWIA cal-
culations by other authors [32,33] show similar results.
This confirms the attribution of the large missing momen-
tum cross section to non-single-nucleon knockout.

Figure 1 also shows !e, e0pn" and !e, e0pp" contribu-
tions to the !e, e0p" cross section calculated by Ryckebusch
et al. [34] in a Hartree-Fock (HF) framework. The cross
section for the two particle knockout has been calculated
in the “spectator approximation” assuming that the two nu-
cleons escape from the residual A 2 2 system without be-
ing subject to inelastic collisions with other nucleons. This
calculation includes pion exchange currents, intermediate
D creation, and central and tensor short-range correlations.
According to this calculation, in our kinematics, two-body
currents (pion-exchange and D) account for approximately
85% of the calculated !e, e0pn" and !e, e0pp" strength.
Short-range tensor correlations contribute approximately
13% while short-range central correlations contribute only
about 2%. Since the two-body currents are predominantly
transverse, the calculated !e, e0pn" and !e, e0pp" cross sec-
tion is mainly transverse. The flat cross section predicted
by this calculation for Em . 50 MeV is consistent with
the data, but it accounts for only about half the measured
cross section. Hence, additional contributions to the cross
section such as heavier meson exchange and processes in-
volving more than two hadrons must be considered.

Figures 2 and 3 present the separated response func-
tions for various proton angles. Because of kinematic
constraints, we were able to separate only the responses
for Em , 60 MeV. The separated response functions can
be used to check the reaction mechanism. If the excess
continuum strength at high Pm is dominated by two-body

5672
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• Measurement of correlation strength in carbon. Hall C data
2

From the experimental information available up to
now, the depopulation of IP strength at low k, E is un-
ambiguous. Determining the total correlated strength is
not so direct, however. The total correlated strength is a
factor of 4 or so (see below) smaller than the IP strength,
and the determination of this strength by taking the dif-
ference of the experimental IP strength with unity su!ers
from the unfavorable propagation of uncertainties in the
experimental measurement and theoretical interpretation
of the (e, e!p) data. A direct measurement of the corre-
lated strength is needed.

Correlated strength from (e,e’p). According
to calculations that solve the Schrödinger equation for a
realistic N-N interaction, the correlated strength is ex-
pected to be identifiable at high nucleon momenta k and
high removal energies E; there, the values of the nuclear
spectral function S(k, E), the probability to find in the
nucleus nucleons of given k and E, is increased by orders
of magnitude relative to IP descriptions. The correlated
strength also contributes to the region dominated by the
IP strength, but there it cannot be isolated via (e,e’p).
While initial searches for high-k components [9, 10] were
restricted to low–lying states, it has been understood for
some time that the SRC produce strength at high k and
E simultaneously [3, 11].

Locating this strength at large k and E is di"cult.
The correlated strength (perhaps 20%) is spread over a
very large range in E (one to several hundred MeV ), so
the density of S(k, E) is very low. Processes other than
the single-step proton knockout — the basis of the Plane
Wave Impulse Approximation (PWIA) interpretation of
(e, e!p) — can contribute. Strength can be moved to large
E (appearing as large “missing energy” Em) by processes
such as multi-nucleon knockout or !-production, where
the additional particle is not observed. Unless, by the
choice of kinematics, this contribution can be reduced
to a size where it can be corrected for by a calculation,
identification of the correlated strength is not possible.

A systematic study [12] of (e, e!p) data [13, 14, 15, 16,
17, 18, 19] has shown that the best chance for an identi-
fication of the correlated strength occurs for data taken
in parallel kinematics, i.e. with the initial nucleon mo-
mentum "k parallel to the momentum transfer "q (most
available data have been taken in (nearly) perpendicular
kinematics). This study has also shown that multi-step
processes have a small impact at large momentum trans-
fer. Similar observations could be drawn from a recently
published (e,e’p) experiment performed at 4He [20]. This
Letter describes the results of the first experiment de-
signed explicitly to study SRC via a measurement of the
strength at large k and E under optimal kinematics.

Experiment. The experiment was performed in Hall
C at Je!erson Lab employing three quasi-parallel and
two perpendicular kinematics at a q >! 1 (GeV/c) (for a
detailed discussion see [21]). Electrons of 3.3 GeV energy
and beam currents up to 60 µA were incident upon 12C,

EmPm_allkins_pap.eps
kin3

kin5

kin4

FIG. 1: Coverage of the Em,pm-plane by the runs taken in
parallel kinematics shown in a cross section times phase space
plot.(Due to the large momentum acceptance of the spectrom-
eters, part of the data (green) are for !kq > 45!).

27Al, 56Fe and 197Au targets (in the present Letter we
limit the discussion to 12C). The scattered electrons were
detected in the HMS spectrometer (central momenta 2 -
2.8 GeV/c), the protons were detected in the SOS spec-
trometer (central momenta 0.8 - 1.7 GeV/c). Fig. 1 gives
the kinematical coverage for the parallel kinematics.

Data on Hydrogen were taken as check, to determine
the various kinematical o!sets and to verify the recon-
struction of particle trajectories and the normalizations.
Data for the IP region were also taken. The resulting
proton transparency agrees with previous determinations
[22] and modern calculations [23, 24]. The overall accu-
racy of the resulting cross sections is ±6%.

The spectra of all important observables have been
compared to the results of the Monte Carlo simulation
package SIMC of the Hall C collaboration; excellent
agreement is found. The comparison also shows that the
resolution in Em (pm) is 5 MeV (10 MeV/c).

The raw data were analyzed using two di!erent proce-
dures, both based on an iterative approach and a model
spectral function. In one, the phase space is taken from a
Monte Carlo simulation of the experiment, and the spec-
tral function is determined from the acceptance corrected
cross sections. Radiative corrections are taken into ac-
count according to [25]. The approach has been verified
on special sets of data where radiative corrections are
large. The other is based on a bin-by-bin comparison of
experimental and Monte Carlo yield, where the Monte
Carlo simulates the known radiative processes, multiple
scattering and energy loss of the particles, spectrome-
ter transfer matrices, focal plane detector e"ciencies, the
software cuts applied etc. The parameters of the model
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Figure 6. Momentum distribution of the data
(circles) compared to the theory of refs. [3] (dots),
[4] (solid) and [24] (dashed). The lower integra-
tion limit is chosen as 40 MeV, the upper one to
exclude the ! resonance.

Experiment 0.61 ±0.06
Greens function theory [3] 0.46
CBF theory [2] 0.64
SCGF theory [4] 0.61

Table 1
Correlated strength (quoted in terms of the num-
ber of protons in 12C.)

shape of the spectral function for C, Al, and Fe
ist quite similar. For Au a larger contribution
from the broader resonance region is obvious and
the maximum of the spectral function is shifted
to higher Em. The correlated strength for Al, Fe
and Au is 1.05, 1.12 and 1.7 times the strength
for C normalized to the same number of pro-
tons. This increase cannot be solely explained
by rescattering but MEC’s have probably taken
into account. Another contribution may be com-
ing from the stronger tensor correlations in asym-
metric nuclear matter [26,27].
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COINCIDENCE EXPERIMENTS BEYOND (e, e′p)

• Studies of the 12C(e, e′p) reactions Hall A.

The primary source of high-momentum nucleons in
nuclei is short-range correlated pairs, i.e., pairs of nucleons
with large, roughly equal, back-to-back momenta [1–7].
The isospin structure of these pairs is important as it
can teach us about the strong interaction at short distances.
In particular, the ratio of n-p short-range correlation
(np-SRC) pairs to p-p short-range correlation (pp-SRC)
pairs is highly sensitive to the short-range part of the N-N
tensor force [8]. Moreover, as a manifestation of asymmet-
ric dense cold nuclear matter that can be studied in the
laboratory, pp-SRCs are relevant to the understanding of
neutron stars [9].

The probability for a nucleon in a nucleus, such as 12C,
to be a member of a two-nucleon short-range pair has been
estimated from the dependence of inclusive (e, e0) cross-
section data on the Bjorken scaling variable, xB, to be 20!
5% [1–3]. Further, measurements at Brookhaven National
Laboratory (BNL) of the (p, pp) and (p, ppn) reactions on
12C at high-momentum transfer [4–6] determined that
92"8
#18% of protons with momentum above 275 MeV=c

are partners in np-SRC. While the measurements at BNL
were insensitive to pp pairs, subsequent analysis of the
data set an upper limit of 3% for pp-SRCs in 12C [7].
Notice that the 3% is the fraction of all protons in 12C. For
protons with momentum well above the Fermi sea, e.g.,
above 275 MeV=c, this translates to an upper limit of
about 15% for pp-SRC pairs.

The triple-coincident experiment described herein
sought to directly determine the amount of pp-SRC in
12C by measuring the (e, e0p) and (e, e0pp) reactions.
For protons in 12C with momenta between 300 and
600 MeV=c, we found the fraction of (e, e0p) events
coming from pp-SRC to be 9:5! 2%. This is a strikingly
small percentage and confirms that np-SRCs must be
much more common than pp-SRCs.

Historically, the interpretation of triple-coincident data
in terms of SRCs has been plagued by contributions from
meson-exchange currents (MECs), isobar configurations

(ICs), and final-state interactions (FSIs) [10–12]. The
kinematics for the measurements described here were
chosen to minimize these effects. For example, at high
Q2, MEC contributions decrease as 1=Q2 relative to
plane-wave impulse approximation (PWIA) contributions
and are reduced relative to those due to SRC [13,14]. A
large Q2 and xB also drastically reduces IC contributions
[15,16]. Finally, FSIs are minimized by having a large ~pmiss

component antiparallel to the virtual photon direction [15].
This experiment was performed in Hall A of the Thomas

Jefferson National Accelerator Facility (JLab) using an
incident electron beam of 4.627 GeV with a current be-
tween 5 and 40 !A. The target was a 0.25 mm thick
graphite sheet rotated 70$ from perpendicular to the
beam line to minimize the material through which the
recoiling protons passed. The two Hall A high-resolution
spectrometers (HRS) [17] were used to identify the
12C(e; e0p) reaction. Scattered electrons were detected in
the left HRS (HRS-L) at a central scattering angle (mo-
mentum) of 19.5$ (3:724 GeV=c). This corresponds, as
shown in Fig. 1, to the quasifree knockout of a single
proton with transferred three-momentum j ~qj %
1:65 GeV=c, transferred energy ! % 0:865 GeV, Q2 %
2 &GeV=c'2, and xB ( &Q2=2m!' % 1:2 where m is the
mass of a proton. Knocked-out protons were detected using
the right HRS (HRS-R) which was set at 3 different com-
binations of central angle and momentum: 40.1$ and
1:45 GeV=c, 35.8$ and 1:42 GeV=c, and 32.0$ and
1:36 GeV=c. These kinematic settings correspond to me-
dian missing-momentum values pmiss % 0:35, 0.45, and
0:55 GeV=c, respectively. They cover the pmiss range of
300–600 MeV=c with overlaps.

A third, large-acceptance spectrometer, BigBite, was
used to detect recoiling protons in the 12C&e; e0pp' events.
The BigBite spectrometer [18] consists of a large-
acceptance, nonfocusing dipole magnet and a detector
package. For this measurement, the magnet was located
at an angle of 99$ and 1.1 m from the target with a resulting
angular acceptance of about 96 msr and a nominal mo-
mentum acceptance from 0:25 to 0:9 GeV=c. The detector
package was constructed specifically for this experiment. It
consisted of three planes of plastic scintillator segmented
in the dispersive direction. The first scintillator plane (the
‘‘auxiliary plane’’), was placed at the exit of the dipole,
parallel to the magnetic field boundary, and consisted of
56 narrow scintillator bars of dimension 350) 25)
2:5 mm3. The second and third scintillator planes, known
collectively as the trigger plane, were mounted together
and were located 1 m downstream of the first plane. The
second and third planes consisted of 24 scintillator bars
each, with dimensions 500) 86) 3 mm3 and 500)
86) 30 mm3, respectively. The scintillator bars in these
two layers were offset from one another by half a bar in the
dispersive direction, improving their position resolution by
a factor of 2. Each of the scintillator bars in the auxiliary
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FIG. 1. A vector diagram of the layout of the 12C&e; e0pp'
experiment shown for the largest pmiss kinematics of
0:55 GeV=c.
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acceptance was large enough to be sensitive to the magni-
tude of the c.m. motion.

To avoid distortions due to the finite acceptance of
BigBite, we compared the measured distributions of these
components to simulated distributions that were produced
using MCEEP [19]. The finite angular and momentum ac-
ceptances of BigBite were modeled in the simulation by
applying the same cuts on the recoiling protons as were
applied to the data. The simulations assume that an elec-
tron scatters off a moving pp pair with a c.m. momentum
relative to the A-2 spectator system described by a
Gaussian distribution, as in [20]. We assumed an isotropic
3-dimensional motion of the pair and varied the width of
the Gaussian motion equally in each direction until the best
agreement with the data was obtained. The six measured
distributions (two components in each of the three kine-
matic settings) yield, within uncertainties, the same width
with a weighted average of 0:136! 0:020 GeV=c. This
width is consistent with the width determined from the
(p; ppn) experiment at BNL [5], which was 0:143!
0:017 GeV=c. It is also in agreement with the theoretical
prediction of 0:139 GeV=c in Ref. [20].

The measured ratio of 12C"e; e0pp# to 12C"e; e0p# events
is given by the ratio of events in the background-subtracted
TOF peak (inset in Fig. 2) to those in the shaded area in the
Emiss spectrum of Fig. 2. This ratio, as a function of pmiss in
the 12C"e; e0p# reaction, is shown as the full squares in the
upper panel of Fig. 4. The uncertainties are dominated by
statistical errors; the uncertainty due to separating out
events from ! production is small ($ 10%).

The measured ratio can be translated to the ratio of the
ninefold differential cross section for the 12C"e; e0pp#
reaction to the sixfold differential cross section for the
12C"e; e0p# reaction. This ratio is presented as the open
squares in Fig. 4. For simplicity, the error bars on the
differential cross-section ratios are not shown because
they are very similar to those of the yield ratios.

The measured ratios in the upper panel of Fig. 4 are
limited by the finite acceptance of BigBite. We used the
simulation described above to account for this finite ac-
ceptance; the resulting extrapolated ratios are shown in the
lower panel of Fig. 4. The simulation used a Gaussian
distribution (of width 0:136 GeV=c as determined above)
for the c.m. momentum of the pp pairs. The shaded band in
the figure corresponds to using a width !0:040 GeV=c (2
standard deviations). The extrapolation procedure was
tested by segmenting the acceptance of the spectrometer
and checking that the results were consistent. From this
result, we conclude that in the pmiss range between 0.30 and
0:60 GeV=c, "9:5! 2#% of the 12C"e; e0p# events have a
second proton that is ejected roughly back-to-back to the
first one, with very little dependence on pmiss.

While the detected protons are correlated in time, effects
other than pp-SRC, such as FSI, can cause the correlation.
In fact, FSIs can occur between protons in a pp-SRC pair
as well as with the other nucleons in the residual A-2
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• The detection of back-to-back outgoing protons is a clearcut signature of
nucleon-nucleon correlations
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EXPLOITING POLARISATION DEGREES OF FREEDOM: 4HE(~e,~e ′p)

• Looking for possible medium modifications of the proton
electromagnetic structure

E93-049 [31] establishing the quenching of R and its Q2

dependence with previously unattained confidence; addi-
tionally, the calculated !GE=GM values for 1H! ~e; e0 ~p" are
in good agreement with world data [4–7]. The experimen-
tal results for R and !GE=GM are also listed in Table II.
With data for 1H! ~e; e0 ~p" and 4He! ~e; e0 ~p"3H obtained under
near-identical experimental conditions, calculating the
double ratio R results in a significant cancellation of sys-
tematic uncertainties.

The theoretical calculations shown in Fig. 2 include a
RDWIA calculation with free-space proton form factors
(dashed line) and RDWIA calculations that include an in-
medium-modified form factor as predicted by Lu et al.
with the QMC model [8] (solid line) and an in-medium-
modified form factor as predicted in the chiral quark
soliton model by Smith and Miller [14] (dash-dotted
line). Theoretical calculations from Schiavilla [17] are
included in Fig. 2 as a gray band and assume a missing
momentum close to zero and have not been acceptance
corrected. Schiavilla shows with conventional many-body
calculations that a model with free-space nucleon form
factors can describe R as a function of Q2. The difference
in modeling the FSIs accounts for most of the discrepancy
between Schiavilla’s and the Madrid group’s calculations.

Schiavilla’s calculation includes meson-exchange current
effects paired with tensor correlations that suppress R by
4% and include both a spin-dependent and a spin-
independent charge-exchange term in the final-state inter-
action that suppress R by an additional 6%, all of which are
not included in the Madrid group’s calculations. The spin-
orbit terms in Schiavilla’s FSI calculations are not well
constrained, and the Monte Carlo technique employed in
the model calculation introduces a statistical uncertainty
represented in the width of the gray band in Fig. 2.
Figure 3 shows R as a function of the proton virtuality

v # p2 $m2
p. Here, p is the proton four-momentum in the

4He nucleus and is defined as p2 # !mHe $ Et"2 $ p2
t in

the impulse approximation, where Et and pt are, respec-
tively, the energy and momentum of the undetected triton.
The dashed line is a linear fit to the data assuming R # 1 at
v # 0 and is included as a simple approximation of the
expected trend in virtuality. The RDWIA models including
medium-modified proton form factors describe the data
best. The Madrid group RDWIA% QMC calculations di-
verge from the conventional RDWIA calculations as the
virtuality moves further from zero. Calculations from
Schiavilla are not available as a function of the missing
momentum or the virtuality.
In summary, we have measured recoil polarization in the

4He! ~e; e0 ~p"3H reaction at Q2 values of 0.8 and
1:3 !GeV=c"2. The data agree well with previously re-
ported measurements from Mainz [30] and JLab [31], but
the increased precision challenges state-of-the-art nuclear
physics calculations, both with and without medium mod-
ifications. Our data allow one to study the dependence of
polarization-transfer ratios as functions of missing mo-
mentum and, for the first time, proton virtuality. The data
are in excellent agreement with model calculations includ-
ing the medium modification of the proton form factors
through the quark-meson coupling model presented by Lu
et al. [8] and with a chiral quark soliton model by Smith
and Miller [14]. A model calculation by Schiavilla [17],
which uses conventional free-space nucleon form factors
but employs a different treatment of in-medium nucleon
interactions, including charge-exchange processes, also
agrees with the overall reduction of the polarization-
transfer ratios, albeit within large uncertainties. Combin-
ing these data with similar precision induced-polarization
data, directly sensitive to the number of in-medium nu-
cleon interactions, may lead to a definite statement in favor

TABLE II. Values for the polarization-transfer coefficients P0
x and P0

z of the ejected proton from the listed target at both four-
momentum transfer settings. Uncertainties are listed as statistical and then systematic. Systematic uncertainties in the ratios
!P0

x"He=!P0
x"H and !P0

z"He=!P0
z"H and the double ratio R mostly cancel, providing a systematic precision better than 5:0& 10$4.

Q2 !GeV=c"2 !P0
x"He=!P0

x"H !P0
z"He=!P0

z"H !GE=GM R

0.8 1:062' 0:009 0:956' 0:010 0:901' 0:007' 0:010 0:900' 0:012
1.3 1:064' 0:014 0:954' 0:015 0:858' 0:008' 0:019 0:897' 0:019
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FIG. 2. Experimental results for R versus Q2 for E03-104
(black circles), E93-049 (open circles) [31], and MAMI (open
triangle) [30]. The curves represent RDWIA (dashed),
RDWIA% QMC (solid), and RDWIA% CQS (dash-dotted) cal-
culations with the current operator cc2 and the MRW optical
potential [25]. The gray band represents Schiavilla’s model [17];
see text for details.
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(e, e′p) AND THE QUEST FOR COLOR TRANSPARENCY

• Nuclear transparency, measured by the ratio σexp/σPWIA

VOLUME 80, NUMBER 23 P HY S I CA L REV I EW LE T T ER S 8 JUNE 1998

FIG. 2. (Upper panel) experimental (e, e0p) coincidence
yields vs the difference between the proton spectrometer
lab angle and the conjugate angle for data from Fe at each
momentum transfer. Scale factors of 0.21, 1.6, 2.25, and 35
have been applied at Q2 ≠ 0.6, 1.3, 1.8, and 3.3, respectively.
(Lower panel) Tu as a function of proton angle. The results
are displaced by 10.2, 10.1, 0.0, and 20.15 for Q2 ≠ 0.6,
1.3, 1.8, and 3.3, respectively. In each case statistical errors
of the data are smaller than the plotting symbols. The curves
in each panel are simulations of the yield based on the model
described in the text and normalized by a single T factor for
each Q2.

other reaction mechanisms such as proton rescattering or
se, e0nd followed by sn, pd charge exchange, but the yield
is weak compared to the dominant quasifree strength. At
the lower Q2 values, Fig. 2 shows evidence of a left-right
asymmetry in Tu indicating the presence of a longitudinal-
transverse interference term in the cross section, roughly
20% beyond that of the off-shell sep cross section. This
asymmetry decreases as the momentum transfer increases
supporting our analysis at the highest Q2 and the analysis
of Refs. [2,3] where data are generally available only at
proton angles greater than or equal to the conjugate angle.
It does raise a concern for the lowest Q2 measurements
of Ref. [1]. Similar asymmetries are observed on all
three targets. The yields on each target for all angles
were summed to determine the overall ratio of data to
simulation and a single value of T for each Q2. The lines
in Fig. 2 represent the simulations multiplied by these T
values.
The systematic error in T from experimental uncertain-

ties and the radiative correction procedure is 3.2%. Choos-
ing the de Forest CC2 prescription [12] for the off-shell
cross section changes T by 1.5% with only 60.5% varia-
tion with target and kinematics. The other dominant sys-
tematic errors in T result from the model dependence of the
nuclear spectral function, especially the correlation correc-
tions, and are estimated to range from 4% for C to 11% for
Au. These do not affect the Q2 dependence of the results
on a single target but must be remembered in considering
the A dependence. In Ref. [1] at lowerQ2, this uncertainty

could be reduced by considering the ratio of coincidence to
singles cross sections where many of the model dependent
effects cancel out. This procedure cannot be followed at
higher momentum transfer because the singles spectra be-
gin to receive significant nucleon inelastic contributions
which are not included in the coincidence yield.
Figure 3 presents the measured values of T from this

and previous work as a function of Q2. The errors on
the present work include the experimental systematic er-
rors, but not the model dependence of the simulations.
The present results are consistent with the previous work
and are of substantially higher precision. Little evidence
of momentum transfer or final-state proton energy depen-
dence can be seen above Q2 of 1.8 GeV2. The dashed
curves from 0.3 , Q2 , 1.3 GeV2 are distorted wave
impulse approximation calculations of Kelly [4] using
a density dependent empirical effective interaction, of
Ref. [4], fit to inelastic scattering data that successfully
describe proton-nucleus absorption cross sections up to
Tp ≠ 700 MeV. These calculations provide a good de-
scription of the carbon results but underpredict the trans-
parency on the heavier nuclei. The solid curves from
0.2 , Q2 , 8 GeV2 are preliminary results of correlated
Glauber calculations [5] including rescattering through
third order. These calculations agree well with Monte
Carlo calculations [6] for 16O and 40Ca for which the
two methods have been compared. The Glauber calcu-
lations describe the carbon results at higher Q2 well, but
also underpredict the transparency for the heavier nuclei,

FIG. 3(color). T ≠ sexpysPWIA for (e, e0p) quasielastic scat-
tering from C (green), Fe (blue), and Au (red) targets as
a function of the momentum transfer Q2. Data from the
present work are the solid squares, circles, and triangles, re-
spectively. Data from NE-18 (open squares, circles, and tri-
angles) are from Ref. [2] and data from Bates at the lowest
Q2 on C, Ni, and Ta targets (small open symbols) are from
Ref. [1]. The errors from the present work, 63.2%, and the
NE-18 errors shown here do not include model dependent sys-
tematic errors on the simulations. The dashed curves from
0.3 , Q2 , 1.3 GeV2 are DWIA calculations [4] and the solid
curves from 0.2 , Q2 , 8 GeV2 are Glauber calculations [5].
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Recommendation: Approve 

 
Title: Measurement of the Spectral Function of 40Ar  through  the  (e,eʹp)  reaction 
 
Spokespersons: O. Benhar, C. Mariani, C.-M. Jen, D.B. Day, D. Higinbotham 
 
Motivation: This experiment is motivated by the need to model the response of liquid Argon detectors to 
neutrino beams. This information is important for the LBNF program (and other oscillation experiments) that 
use liquid Ar.  The critical issue is that reconstruction of the neutrino energy depends on the spectral functions 
of neutrons and protons in 40Ar.  The neutrino beam has an energy spread and hence the neutrino flux as a 
function of energy has to be extracted by simulations that include the correct nuclear physics.  A challenge is 
that the next generation of neutrino oscillation experiments aim at a precision of 1% and hence ensuring that the 
nuclear corrections are properly addressed is critical.  This data will provide experimental input to construct the 
argon spectral function, thus allowing the most reliable estimate of the neutrino cross sections.  In addition, the 
analysis  of  the  (e,e′p)  data  will  help  a  number  of  theoretical  developments,  such  as  the  description  of  final-state 
interactions needed to isolate the initial-state contributions to the observed single-particle peaks, that is also 
needed for the interpretation of the signal detected in neutrino experiments. 
 
This experiment has significant support from the neutrino community.  Letters of support for this proposal were 
received from the Fermilab management, and spokespeople from LBNE, ArgoNeuT, Captain, LArIAT, and 
MicroBooNE.  The analysis and simulation groups of these experiments will use these data. 
 
Measurement and Feasibility: The   experimenters   propose   a   measurement   of   the   (e,   e′p)   cross   section   on  
argon. Kinematics will be chosen to scan the missing energy domain extending from Em ∼ 8 MeV to Em ∼ 60 
MeV,   using   the   Hall   A   HRS   spectrometers.   Similar   (e,e’p)   experiments   have   been   performed at JLAB and 
hence this measurement should be straightforward.  Kinematical conditions corresponding to interactions with 
protons moving parallel to the incoming electron beam will be selected to minimize the final state interactions.  
To test the final-state interaction corrections, and inform such corrections needed for neutrino interactions, the 
experimenters also propose to measure two days in anti-parallel kinematics where final state interactions should 
be largest. 
 
Issues: The proposal did not describe how the precision of the proposed experiment would translate into a 
precision in neutrino oscillation experiments.  Given the uncertainty in correction for final-state interactions, it 
is likely that the systematic errors will be larger than the quoted 3%.  However we anticipate that larger errors 
are likely to be acceptable.  The energy resolution will also be larger than the quoted value, but again this 
appears to be acceptable.  The PAC also noted that for anti-neutrino experiments the spectral functions of the 
neutrons are also important, but this experiment will only determine the proton spectral functions.  An 
appropriate model will be needed to infer neutron spectral functions from the proton data taken in this 
experiment.  
 
Recommendation: Approve for the requested 9 days of beam time. 
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CLOSING

• For over thirty years, Jean Mougey’s has been one of the leading figures
in the field of Electro-Nuclear Physics, to which he gave a number of
outstanding and lasting contributions.

• As stated in the Obituary posted in The Jefferson Lab News on
November 12, 2015

He will be remebred as a passionate physicist, a spectrometer designer, a warm
and sensitive person to work with
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