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1) QUASIELASTIC (e,e’p) REACTION

Quasielastic
Compiutense A(e,e’'p)B Experiments
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Unpolarized electron beams
with an Energy of several
GeV.

Typical targets are doubly-
magic, closed-shell nucleus

like 50 and 208pb. Thelr bound-
nucleon wave functions are
well known and relatively
easy to calculate.

The scattered electron is detected in coincidence with an
ejected proton. The three-momentum of these particles are
measured and based on this information we obtain the
properties of the proton in the nucleus.




1) QUASIELASTIC (e,e’p) REACTION

Kinematics
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"target" side

Ejected
Proton

(e,e’p) reaction in
the Born Approximation

Incident Virtual
Electron Photon

Pmiss = Pp — 4,
PB Emiss = W= Tp - TBa

Residual

» Unpolarized particles » Exclusive conditions




1) QUASIELASTIC (e,e’p) REACTION

Simple Description
of the (e,e’'p) Reaction
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» Single-photon Exchange and Impulse Approximation (l1A)
* Mean-Field and Independent Particle Shell Model (IPSM)
* Plane-Waves (PWIA) |

d°®s
————— = K X5 XS (E iss' P
dEde\édEpd\/\/IO ep ( miss meSS)

Measured Kin. electron- Spectral

Cross Section Factor  proton Function
Cross Section

S(Emiss’ pmiss) = r(pmiss)xd(Ea _Emiss)

Probability of finding a proton in the
nucleus with binding energy E ... and
momentum p,....




1) QUASIELASTIC (e,e’p) REACTION

Other Effects in the
S (e,e'p) Reaction

Grupo de Fisica Nuclear. UCM

A more accurate description of the (e,e’p) reaction includes:

» Final-State Interactions: Interactions of the extracted proton
with the residual nucleus. This is modeled .

by an optical potential from elastic (p,p) [EE—_

data. Proton is described by Distorted

Waves (DWIA).

= Coulomb Distortion and Internal Radiative Corrections:
The momentum of the electrons at the reaction point is
different to their asymptotic measured values.

= External Effects (From atomic interactions in the target)
Energy Loss, External Radiative Corrections, Straggling,
Proton Absorption.




1) QUASIELASTIC (e,e’p) REACTION

(e,e’'p) Observables
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* ForaE, .. peak (shell)

mIssS

ep X (\) S (Emiss’ pmiss ) = K xR ><Sep ><r(pmiss)
=

miss

» Reduced cross-section (Distorted Momentum Distribution)
1 d>s
Sred R s xdvvdV\gdW
ep Y
» Spectroscopic Factors — Scale factor required to fit the simulated
reduced cross section with the measured one.

spect.fact. = s . (exper.) /s 4 (theor.)

» Transverse-longitudinal assymetry (A1)

—d°c (@ =180°)
ArL = :
+d°c (¢ =180°)




il Objectives of these
(e,e'p) Experiments (I)
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1) Momentum Distribution of protons — Measurement of the
reduced cross section for different shells in the nucleus in a
large p,;ss range. Search for correlation effects at high p,iss-

= 208Pp is one of the best nucleus to observe these effects.

short +long range |

short + long range | —e—
short + long range Il
short + long range Il +#7

208Pp(e,e’
Valence
States

With
correlations

Without
correlations

Cross Section

I I
0 200

(MeV/c)

pmiss




1) QUASIELASTIC (e,e’p) REACTION

Objectives of these
S (e,e’'p) Experiments (II)

Grupo de Fisica Nuclear. UCM

= 2) Spectroscopic Factors - Deviation from the mean field
occupation prediction expected for each shell in the Shell
Model. It is obtained as the factor required to fit theoretical
calculations to measured data.

* |t was argued that there could be a dependence of
spectroscopic factors with Q2.

S * In this work this possible
dependence was studied in two
different nucleus: °C and 2°®Pb,
obtaining the spectroscopic factor
at three different Q2 values: 0.8,
1.4 and 2.0 (GeV/c)>.

VALENCE PROTONS




1) QUASIELASTIC (e,e’p) REACTION

Objectives of these
S (e,e’p) Experiments (lll)
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= 3) Dynamical Relativistic Effects — Enhancement of the
lower components of the proton spinor inside the nucleus.

Relativistic DWIA: Nucleon current computed with a fully
relativistic operator. The wave functions are four-
component spinor solutions of the Dirac equation with
scalar and vector potentials and their lower components
are dynamically enhanced with respect to a solution of
Dirac equation without potentials (a free spinor).

The effect of Spinor R N J.Gao et al., Phys. Rev. Lett. 84, 3265 (2000)
distortions is visible in A; g

observable, specially for the

1py, shell in 20, whose | ——

(relativistic) lower component | E-"———— =
Is a 1s,,, shell Py VI
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Y, & 2) SIMULATIONS Sp ectro m eter
Acceptances
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EXPERIMENTS:
Spectrometers with
significant
angular and momentum

THEORETICAL CALCULATIONS:
Assume central values
for the spectrometer acceptances

= 0,055
0.025]

0}
0,025

0055
.04

0.01 0.02 0.03 0.04

004

‘}t N

0 {01 002 0.03

.03 .02 <A} {H

1) Acceptance effects may be removed from
data via stringent cuts (statistics suffer).

l 2) Assuming factorization, acceptances
NP s | effects can be removed via reduced
S cross section and significant cuts.

ol I 3) Calculations may be averaged over
o acceptance (requires combination of
E o theory and simulation).

A o/daxis2 A2, Inb MeV™! s¢
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2) SIMULATIONS
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MCEEP V3.9 (June 2006) P. E. Ulmer et al.

http://hallaweb.jlab.org/software/mceep/mceep.html

MCEEP (Monte Carlo for (e,e’p) experiments) IS a
simulation open source code written Iin Fortran. It was
designed to simulate coincidence (e,e’X) experiments by
averaging theoretical models over the experimental
acceptances.

MCEEP employs a uniform random sampling method to
populate the experimental acceptance.

It has an important limitation: it uses very simple models of
the (e,e’p) reaction to avoid long computational time.



2) SIMULATIONS
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In an extended-acceptance experiment, each event can
correspond to somewhat different kinematics. Evaluating
the cross section with the DWIA code for each event
simulated with MCEEP requires too much time.

In our approach the Response Functions (R,,R R, ,R+7),
which contain the information of the nuclear charge and

current densities, are precomputed in a grid (E,;ss Prmiss 9> @)
which spans the experimental phase space.

After that, we interpolate within this grid in MCEEP for
extracting the cross section on an event-by-event basis.

Radiation effects are included in MCEEP simulations than
thus can be directly compared to data.

d°>s _ o Eqpp , \
dWaW,AW, = R (2 )3 sy ¥ R+ ViR + Vi Ry cosf + VR, cos2f U
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"\“- ; 1’\_, 3 ) DESCRIPTION OF THE EXPERIMENTS Experiment EOO-102
+*°0(e,e'p)
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= A continuation of experiment E89-003, which measured
160(e,e’p)N cross section using a waterfall target.

= |n this experiment, the cross section was measured in the
guasielastic peak (Q%=0.9 GeV?, »=0.5 GeV) with a larger
missing momentum range and much higher precision.

Complutense

Improved

Data acquisition i fj;_\ a L mProved
= October-December, 2001

Requirements

EMA noSV

= Luminosity from H(e,e)

projected

= Contamination from H(e,e’p) | relativistic
events > Low p,,... region not '
available.

: .ZCI’O. P
(MeV/c)

pmiss




/8 . Experiment E06-007
12C(e,e'p) and 2%%Pb(e,e’p)
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We measured <%8Pb(e,e’p)?°’Tl cross sections at true

quasielastic kinem. (xz= 1, g = 1 GeV/c, w = 0.433 GeV/c)
and at both sides of q.

This has never been done before for A>16 nucleus.
Additionally we measured 2C(e,e’p) as a reference.

Data acquisition
* RUN 1 — (March, 3-26, 2007)
* RUN 2 — (January 2008)

Requirements

(e.e'p) cross-sections

= Good Energy Resolution ab correlations
= Rastered Beam & Composed y Without

correlations

-200 0 200
Py (MeVIc)

Target (Diamond+Pb+Diamond)
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TARGET
CHAMBER
\

B ‘*”}'ﬂﬂ W g

1 02 g
QL Q2 DIPOLE o3  pROTON
SPECTROMETER/




| DESCRIPTION OF THE EXPERIMENTS EX p er i m e n tal Set u p :

&BEAMLINE 4 : — 1 m Beam“ne
| W e | Grupo de Fisica Nuclear. UCM

The quality of the beam is Bea i Etnfrlgy__
crucial for obtaining good i T CCurrenfp Oa_
and reliable results. vBsvicBd TS

Beam characteristics are erva ¥ NIEEEER  NEEEEE
continuously measured. epvE X HIEEEEE v HNREEE
- Position - Width On NSRSl RF Off |
_ RaSter _ Energy Mode REL  RMS beam motion {um) _

- Intensity (Current) The beamline monitor shows basic beam
information during the experiment




DESCRIPTION OF THE EXPERIMENTS EX p er i m e n tal Set u p :
2. - Targets
& B WT atT

B -‘« WA Grupo de Fisica Nuclear. UCM

Waterfall Target (160) 208pp, 209Bj and 12C foils
= EET TIN

. I—-‘- |

proftons, =




Hall A General Tools

gsiicky]
A

PO E HELIUNM | @
FIELDS & (Gewic) L I(a) Bl L) FLW (m)

odl -0.01810 Tl 0.2881 I 214.000 W5s cfl8o.6084.7]
okl  0.06568 [TH 028582 I 125.83 We7 cMle1.8]81.3)

b= YIYI0 4291389[T
e 010353 T 028820 94.29 W70 20193 .4]85 4]
ol 005682 TN 02881 [ 111.80 Wag 5H189.141019]

PO SET |iesaet (GeV/c) o]

Pp0 P HEL UK | S
FIELDS o] [(Gev/c) £ [ (&) El L{%) FLWY (Ifm)
Q1 [0 2101c48) 229.274 W75 04§80.0]77.2]
G2 [ 0.3092 M1 132.44 Wo4. 44879 41809
PR NI 0.2455777 [T

B 030902001 104.87 N77 548813185 3]
@3 [0.3089 Il 122.33 W86.70899.9]92.0]

PO SET [nanarz | (GeV/c) |3

Hall A High Resolution Spectrometer.

DESCRIPTION OF THE EXPERIMENTS EX p er i m e n tal Set u p :
3. - Spectrometers
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2 \l‘- J oA , 3 ) DESCRIPTION OF THE EXPERIMENTS EX p er i m e n tal Set u p :
4. - Kinematics
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HALL A
Hall A

§Ea= "'Q';o
| E;=4.620GeV e S E; = 2.649 GeV

\ /
-

< q= 1GeV/c
Gp = 54.1 deg

208pp(e,e'p) and 2C(e,e'p)

23
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ok Data Analysis:
gfn Steps

4) DATA ANALISIS
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Calibration R-Function | PS Criterium
(Beam, Optics) Cuts (PSyi, >50% PS,.,))
l Luminosity i Efficiency
Normalization Corrections
Hall A
Analyzer Data I Measured
Acauired Data »| ROOT — »Reduced Cross Section
q : Yield
File | and A,
4
C++ Spect. Factors
MACRO J
Response Phase Py 2 Simulated
Functions MCEEP | Space IV :
(DWIA, CC2) * | ROOT » Reduced Cross Section
(Relativistic & || MCEEP || File |Simulated and Ay,
Non-Relativistic Yield
Cuts in E_ .~ Select o, for reduced
shell cross-sections 25




4) DATA ANALISIS
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Beam Parameters:

* Energy

» Position: (With and Without Raster,
Width)

= Current

RASTER: To avoid melting the
208Pp target there exists a raster
which  spread the Incident
electrons in the whole target.

The position of the beam with
raster at each moment was known
and 1t was taken into account iIn
the event reconstruction.

Beam Calibration:

Grupo de Fisica Nuclear. UCM

Uncorrected Carbon Spectra

| MJAMW M)

50
0. < ReactPt_L.y < 0.006

EMC_1231
ntries 11603

Mean 21.95
RMS 10.33

W

PR D e Vs S e e
20 30 40 50
0. < ReactPt_L.y < 0.006




Beam Calibration:

Complutense
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Beam Parameters:

= Energy

= Position: (With and Without Raster, FHa T
Wldth) YA Offset = 0.000919

= Current P 0

CURRENT: The number of

Incident electrons should be Calibration
accurately measured. A correct measurements at
beam charge calibration is different currents
crucial for the luminosity. allowed were used.

V' - offset” (V)




_ Spectrometer Calibration:
Optics Optimization
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+BPM
+RASTER

Ot )y o s JNEPRYATION, o

(upvy)

- —~
(@]

Sy 1Ot
S

R ®)
~—+
«Q

S-S

o
©
S

_ o i~ oyl fK
VDC first plane = d Yijklepq#py#pf fp
(focal plane) ijkI

: ol v K
A TiiXip %Yol fp
ikl

g ol v K
= a PijuXep %Y1l
ikl

e o
dpy = A DijXipdinY i 1o

Particle trajectories kI




Spectrometer Calibration:
e Optics Optimization
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= Elastic 1°C(e,e’) data used for optics calibration.
» The common optics calibration procedure in Hall A is based

on a gradient-based y? minimization (Optimize++):

[dpig(measured) - dptg(teor)f o L
dp,, (measured) = Dixt gl yl fX
dpy (teor) Prg ( ) iaj-kl ijkI X fpUipY fp! fp

= The optics calibration was improved by developing a code

based on a genetic algorithm for the 2 minimization.
» This way, all database coefficients could be optimized
simultaneously and there were no problems with local minima.




Spectrometer Calibration

~ Optics Optimization: Angles
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tandyy = The angles measured by the
TRl spectrometers are calibrated using
data acquired with a sieve slit plate
placed at the detector’s entrance.

SIEVE_PLOT_R
Entries 1007464
Mean x 0.003591
Meany 0.004588
' /RMSx 0.01542

| RMSy 0.03285

Sieve slit

_tg @
° |2
II'I1

y

EETRASNAN

SIEVE SLIT

_'_I'_I_'"1__'I_'I_‘_1"I T l T ]"l"]"l"_: ARRER

1
oTT]
ot

bR B | 1 I. ' b [ P Il | | o ] I | * | L1 | [ I. || | 1 5N PP [ | s IO §
-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05
Phi_tg

(1% e ) Bl o




Spectrometer Calibration:

4) DATA ANALISIS

Complutense

A good coincidence time
(CT) resolution is important to
remove random coincidences,
by applying a narrow cut in the
CT peak.

Q
t- t, —ongl— iz+D—I
V. V,F V

Particles with different
momentum and trajectory
within the spectrometers will
have a different time-of-flight
(TOF). This effect can be
corrected and the CT s
Improved.

Coincidence Time

Grupo de Fisica Nuclear. UCM

450/~
400
350
300
250

200

150;
100" |

502_ r“” ”u Mg UHJIJWJLLIL ! Lil mwﬂmu ﬂLIWJH ﬂLJLLfL -.

=, —FI | 1
? 00 1 50 2DD 250 300

CT (ns)

Calibrated CT spectrum for the

experiment EO06-007.
(12C, Kin7, p,i<= -300 MeV/c).
Resolution ~ 3 ns




Efficiency corrections
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Deadtime — Good events not recorded due to
electronics or computer deadtime.

Trigger efficiency — Good events not detected by the
scintillators. Obtained from redundant measurements.

Tracking efficiency — Good events not properly
reconstructed from the VDC measurements. Obtained
from the number of events reconst. with unphysical values.

Proton absorption - Lost by interactions with
material before being detected.
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160(e,e’p) E
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Mmiss

Complutense

Pmiss = 100-200 MeV/c

Yield (MCEEP) aT_Cross Yield (DATA) Ty
Entries 137227 Entries 285188

2400 Mean  20.04 Mean 20.1
2900 RMS 7048 4000 RMS  LT7S
2000
1800
1600
1400
1200
1000
800
600
400
200

3500

3000

2500

2000

1500

1000

500

L1 1.1 L1 I L1l 1l I L1 1.1 I L1 1.1 I L1 1.1 I L1 1.1 I L1 1.1
b =5"90 15 20 25 30 35 40 b
Emiss (MeV) Emiss (MeV)




Reduced Cross Section [Gev_?’]

—
-

©
[
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10Q(e,e’'p) — 1p», SHELL
Reduced Cross Section
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Spec. factor = 0.71 £ 0.05

°0(e.e’p) DATA ——
SIM dwia cc2 REL
SIM dwia cc2 No-REL, ——=—

-200 -100 o) 100
[MeV/c]

Pmiss




160(e,e'p) — 1py, SHELL
. ATL

Grupo de Fisica Nuclear. UCM
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E00-102 ———
SIM (dwia cc2 Rel) —+
SIM (dwia cc2 NoRel)

Xao—1.27 (Rel.)
Yuor=1-22 (NO Rel.)




12C(e,e'p) E
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miss
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(1 ZC)

b
N
3

fl Q2=0.84

p-SHELL —Dal {GeVic)e

— Mceep Simulation (only p-SHELL)

Cross Section (nb/Sr2/MeV)
o
N

“ | Ex FINAL
(MeV) | sTATE
‘ 0 3/2-
i 2.125 1/2-
0.1 5.020 3/2-
0.05 s-SHELL

o
-
(&)
L O O . L L L. L. L L L L L
| | | | I

Jlllllllllll

10 15 20 25 30 35 40 45 50
Emiss (MeV) 37

F

o
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+°C(e.e’p) — 1py, shell
Reduced Cross Section
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—
o

Spec. factor = 0.85 £ 0.05

C(e.e’p) DATA ——
SIM (REL)
SIM (NO REL)

Reduced Cross Section [GeV_B]

-200 -100 0 100
Pmiss [MeV/c]




2C(e,e'p) - 1pyp shell
5) RESULTS ATL
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E06-007 Data ———
SIM (REL)
SIM (No-REL)

v2=1.59 (Rel.)
v2=2.09 (No Rel.)

50 100 150 200
Pmiss [MeV/c]




208ph(e,e’p) E
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IS
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~{

data

: . carbon
simulation

Emiss=
[6.75-10.75]

l

Yield (a.u.)
N o = 4] L+ 1)

iII|||||III|III‘III|III‘|II|III

Lead

Valence states

O =

o W TSRS,

T I L1 1 1 ] 1 L1 I‘I 1 N | l L1 1 I | I [ 1 L1 1

0 S 10 15 20 25 30
Emiss (MeV)




208Pp(e,e’'p) — Valence States
Reduced Cross Section

Grupo de Fisica Nuclear. UCM
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208ph(e,e’p) DATA ——

SIM DWIA Rel *—
SIM DWIA NoRel

Reduced Cross Section [GeV_?’]

-100 0 100 200
Pmiss [MeV/c]




208Pp(e,e’'p) — Valence States
Reduced Cross Section

Grupo de Fisica Nuclear. UCM
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DATA (ALL shells) —— |

Spectroscopic Factors
3s,, | 0.52+0.06
2d,, | 0.59+0.06
1h,,, | 0.65+0.06
2d., | 0.52+0.06

—_
o
1

Reduced Cross Section [GeV'3]

-
—_

Pmiss [MeV/c]

Experimental “%8Pb(e,e'p) reduced cross section (for the
aggregate of valence states) together with the results from
relativistic DWIA for the contributions from individual shells.




208Pp(e,e’'p) - Valence States
5) RESULTS ATL
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Data R
Simulation (DWIA - Rel) -
Simulation (DWIA - NoRel)

x
x

1§
by

v2=1.13 (Rel.)
v2=2.65 (No Rel.)

50 100 150 200
Pmiss [MeV/c]




Spectroscopic
5) RESULTS FaCtO rS
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-100 < ppiss < 100 MeV/c

—

Spectroscopic Factor

i 12¢ Spect. Factor (1p,,,) —e—
Spectroscopic Fac_:tors for 208Dy Aect. Factar ((BEﬂE)
several shells in 160 ” - -
. . . . . .
measured at  Q2%=0.9 O [GeVicT?

(GeV/c)?2 and in 12C and
208Pph measured at Q2=0.8 No dependence of the spectroscopic factors

(GeV/c)2. with Q? has been found
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Summary

Complutense g)sypmmARY AND CONCLUSIONS
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M Two (e,e’p) experiments performed at JLab with °0O,*C and
208pp targets have been analyzed.

M These experiments studied the (e,e’p) reaction in perpendicular
quasielastic kinematics with Q% ~ 1.

M In this work, results in the p.,. range [-350,350] MeV/c are
shown.

M Results of the p,, shell of 1°0O have been obtained with good
statistical accuracy.

M 298Ppb(e,e’p) data have been obtained for the valence states
over more complete kinematics than previous experiments. First
measurements of the A, asymmetry are shown.

M 1°C(e,e’p) data was also measured. Results from the knockout
of protons from the p,,, shell have been obtained.




Conclusions
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M The DWIA calculations show good agreement in general
with the experimental cross sections.

M Spectroscopic factors of 0.6 to 0.85 have been obtained in
the shells analyzed in all nucleil.

M Carbon and Lead results show that there is no significant

dependence of spectroscopic factors with Q2 in the 0.8-2
(GeV/c)? range.

M Simulations obtained from just relativistic mean field
calculations (without long-range correlations included) seem to
compare fairly well with data at both low and high missing
momentum.

M A, data, which are sensitive to dynamical relativistic effects,
clearly favors the results that include relativistic dynamics.
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Data Analysis:
Complutanse Cross-Section
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*» Measured data are corrected by efficiencies, dead-time, and

random coincidences.
* All these events are histogrammed into the relevant

variables (E,,..,Pmiss 9> @, ¢#) and cross section is obtained as:

d®s . owfe Coincidences [E miss: Pmiss, O, W, T ]
dwdWdT ,dW, miss> Pmiss: & Wh T 1= Luminosity xPhaseSpace [E miss: Pmiss: 4, W, T 1

* The phase-space volume of each bin is obtained with a
simulation with uniform distribution over the acceptances.

; . n %m'ss’pm'ss’q’W’]c H
PhaseSpace ?miss,pmiss,q,w,f H— DWDV\éDTpDV\{J X l N|




