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Lecture Caveats

e Given by an experimentalist

o |ittle formalism

e provide some experimental deftails

e should be pretty basic for Ph.D students
e Style

e Informal - ask questions at any time




General Introduction

Nuclear Inelastic Response

Nucleon Elastic Form Factors

Polarized Targets




Lecture Outline

e Topics
e Why electron scattering?
e Experimental Techniques
e Elastic electron scattering
¢ nuclear charge and magnetization densities

e nucleon form factors <

Quasi-elastic scattering
e Alee)X
o Alee'p)X

Deep Inelastic Scattering
e Unpolarized

e Polarized

Polarized Targets




Why use electrons?

e Electron-nucleus interaction is well known
e QED: exact theory, point-like probe

If using a strongly interaction probe
(p, m); both the interaction and the
system are unknown; further the
probe can have internal d.o.f

e Interaction is weak, & = 1/137

e perturbation of nucleus small

e reaction mechanism simple

e Interaction is known (QED): E/M interaction
of electron with the charge p and current J
densities of the nucleus

® (O is calculable

solution of Dirac equation

quantitative
confidence




There are disadvantages

® 0 x 0% ~ 1074, small

® need high infensity

e need thick targets

e need large solid angles
e Electron mass small

e for small A need large
accelerators

e in the past they had poor
duty factor and poor AE/E
(resolution)

e Radiative effects




Experimental aims:

1) elastic scattering
- (spin-) structure of the nucleus

=P form factors, charge distribution
analyzing power T,,

2) quasielastic scattering (exclusive, inclusive)
- structure of the nucleon ==p form Fac’rors
- medium modification

momentum distribution, occupancies examine
shell structure in the nucleus > the N-N interaction
transparency factor, color transparency
- x>1 on light to heavy nuclei, scaling
3) (deep) inelastic scattering
- excitation of resonances

- x-scaling of cross sections measured on different nuclei
- composition of the nucleon (gluons, quarks, spin)

very few of these topics are covered by these lectures



Different energy regimes,

depending on the momentum q and energy w carried by the photon

Y (w,q)

N

3 cases: N N

l. low q, w

- photon wavelength A is long compared with the size of the nucleon.
- nucleon is seen as a point (probably a nucleus can be resolved)

2. higher g, w , E ~100 MeV to ~1 GeV

- wavelength is comparable to the nucleon size.

- can resolve the finite size of the nucleon.

3. very high q, W

- wavelength is much shorter than the nucleon size

- photon can resolve the internal structure of the nucleon.

Determines resolution: = fic/q




Nuclear Response Function
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Electron beams

need high energy

e q -~ 2E sin (0/2)

® E~0.5->1GeV for resolution 1.5/q ~ 0.2 fm
need high duty cycle for coincidence reactions
e for coincidence expts: accidentals ~ I®

e reduces rates in detectors, multiple hits, tracking
need high beam intensity to compensate for o?
need small AE/E to separate nuclear levels

need polarized electrons

® statistical error 1

04
Pept\/E




Electron beams

Free space solution to Maxwells equations

—~ = 7= :
V' E = oy —kEo explilwt —kz)] =0
z

No good for our purpose.

Exploit B.C.s => disk loaded cylindrical wave guide

INPUT QUTPUT
COUPLER COUPLER

MATCHING IRIS APERTURE

A ___h-___u_}‘

T

http://www.desy.de/ ~njwalker/uspas/



http://www.desy.de/~njwalker/uspas/
http://www.desy.de/~njwalker/uspas/

Acceleration

——— RF-wave
_'_'_,_:—'_

: = guide

beam A

directio?i""("{""":j}"%'"::'H"{';“W"{’ 1

T~ L

cavities
(drift tubes)

* electrons are riding on
a microwave (standing or
travelling wave)

* source: Klystron

* resonator: cavity

TMo1 mode: fransverse magnetic field
longitudinal electric field

acceleration only if phase velocity =
particle velocity and it arrives at the
right time (phase)

in a (hollow) wave guide: v, > ¢

P
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Klystron

. The electron gun produces a flow of
electrons.

. The bunching cavities regulate the
speed of the electrons so that they
arrive in bunches at the output cavity.

. The bunches of electrons excite
microwaves in the output cavity of the
Klystron.

. The microwaves flow into the
waveguide , which transports them to
the accelerator.

. The electrons are absorbed in the beam
stop.




Linear Accelerators

Cu-cavities

high field gradient -> large
power losses

consequences
pulsed machines

poor duty factor, 107* ->
102

poor energy resolution Eae — .
of beam, 10¢ -> 1073 L s J/‘
|

Waveguide )i

Stanford, SLAC, Bates,
NIKHEF, Saclay

http://www.desy.de/ ~njwalker/uspas/



http://www.desy.de/~njwalker/uspas/
http://www.desy.de/~njwalker/uspas/

Linac Stretchers

Add stretchers ring to linac
e inject pulses

e extract during time ,
between pulses RECIRCULATION

PATH
get duty factor of ~0.8

BEAM DUMP

get intensities of ~20 pA

W S S

energy resolution sfill a 0 100m

P]"Oblem Fig. II-1l. Accelerator Layout

Original design for Jefferson Lab




Linac & Storage Ring

"BULDING.
POLARIZED SOURCE ADMISSTRATICN
BEAM VALILT

RECARCULATOR SYSTEM

EXPERIEMNT
ASSEMBLY
ARE#

BATES LINEAR ACCELERATOR CENTER

a9 18 32 48 B FEET EMGINEERING
L L L B DG
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SCALE

e Accumulate many pulses of linac
e infternal beam of 200 mA
e use with internal targets

SAMPLE
EXPERIMENT

BOITH
EXPERIENTAL

HALL  aouTH HALL Rema

good duty factor
acceptable luminosity
large acceptance detectors




Modern Accelerators

e Race-track microtrons
e Room temperature Cu cavities
e |ow gradient allows for CW operation
e recirculate many times

e Superconducting cavities
use Nb-cavities at 2K
Q-values of 103 -> low losses
CW and a gradient of 5 - 10 MeV/m
JLAB, Darmstadt




Race’rrack Microtron

d mag net distance

AE=AE,

neighboring cavities have
opposite polarity

travel time of e to next cavity
= 1/2f

Ern (B~1)

ks Z - of

one accelerator
focusing on only one path

corrector magnets on every
orbit




MAMI

3 consecutive microtrons (200-800 MeV)
4th stage: Double sided microtron -> 1.6 GeV
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Superconducting cavity:

2 niobium (multi-) cavity

CEBAF: 2x160 cavities, 1.497 GHz,
2 K (liquid He), 7.7 MV/m

high gradients needed!

record: 51 MV/m KEK (single cell)

standard: 35 MV/m

problem:

magnetic field at the surface heats cavity up
cleaning room:

surface ultra-smooth, scrubbed with

100 bar water beam

high Q: loaded ~107

intrinsic ~10!°

for ILC:

20000 Nb cavities needed,
= 500 t Nb

= 4 years production

= 300 M$




add five
cryomodules

20 cryomodules

20 cryomodules

add five
cryomodules

double-sided microtron, superconducting Nb

cavities at 2K spot at target: > 50 pym
7.7 MeV/m divergence : < 100 prad

high Q ~10°

e |ow losses

RF beam splitter -> 3

simultaneous beams
energy: 0.8 - 6 GeV

e spread: 510-5 correlated energies
e current:1 - 120 YA (A & C)z InA - 1pA (B) lndependen’r currents




Continuous Electron Beam Accelerator Facility

RF-pulsed
drive lasers

499 MHz,
Ap = 120°

0.6 GeV linac
(20 cryomodules
1497 MHz

MeV injector

/4 cryomodules)
1497 MHz

Double sided
septum

RF separators
499 MHz

\\.Z<E




Energy Measurement

Search coils C

energy: E = g Bdl

needed:
* measurement of angle
wire scanners survey

* field integral
reference magnet/NMR
measured to 10-°

accuracy of energy measurement: 2 10-*
23




Another method: e-p elastic (Jlab, Hall A)

Measure electron and recoil angle of the electron and proton
scattered from H

target: 10-30 pm CH,

detectors: Si strip
\ proton: fixed at 60°,
' TOF measurement

- @“""fﬁ I‘Aﬁ. @;@ electron: 9° - 41°
A
=" _h'_l

= Cerenkov

\x:.

' ! —> beam energy
range: 0.5 - 6 GeV

accuracy: Ap/p < 2 104

L~

All three measurements agree!
arc in hall A&C, ep-method




Spectrometers/Detectors




Counter array used to detect electrons in the
1.6 counter cave. The Pb glass hosodscope,
pre-radiator, TAl and TA2 formed the total
absorption counter.
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Deflection of electrons in magnetic field

Lorentz Force

EN

F:q\7><5:

T
dt |

dp = q(Vdt) x B = qdl x B

y
do = 2P — dpy
P P

4 )

— NG = ﬂ[adl
p

\- J

Deflection AD, even if B field is not uniform




Deflection in magnetic field measures the momentum

const.

A\ = < IB dl = for central trajectories
% p

Hall A High Resolution Spectrometer (HRS) at JLab:

start of particle
detection system

http://hallaweb.jlab.org/equipment/HRS htm

15t VOC F'kane—\ /
3,67

Dimansons in meles

i hm

k—0

B0
|-—1 B
10-37

| 1 25 main bending magnet,

nominal A0 = 45°

3.85

quadrupole magnets
improve “optics”,
for better resolution




"12C(e,e')

E,=845 MeV
0.=16 deg

dp/p=2.5 10"

—_—

Ax=124 cm"

elastic e” path

Dispersion: D =124 cm/ %

— A 1% shift from the central momentum corresponds to a deflection at the
focal plane of 12.4 cm more than the elastic peak.




Basics of QED radiative corrections
(internal bremsstrahlung: Mo,Tsai, Maximon)

(First) Born approximation

\

Initial-state radiation Final-state radiation

* photon emission during reaction,
* changes cross section

Cross section for photon emission ~ dw/w
=> integral diverges logarithmically: IR catastrophe

Vertex correction => cancels divergent terms; Schwinger (1949)

Gy = (1 4 6)0m 6 = —22 [(l SV S A 1“9)}

"AE T A2 16 2

e

JU

Multiple soft-photon emission: solved by exponentiation,
WN Yennie-Frautschi-Suura (YFS), 1961

(1+6)=¢




Radiative corrections

Radiative Corrections:

* Electron vertex correction (a)

* Vacuum polarization (b)

* Electron bremsstrahlung (c,d)

* Two-photon exchange (e,f)

* Proton vertex and VCS (g,h)

* Corrections (e-h) depend on the
nucleon structure




are corrections done?




Radiative corrections

Inelastic Electron-Proton Scattering

(c)
Es = 13.5 GeV
6 = 6.0 DEGREES
I Raw DaTA
] RADIATIVELY CORRECTED DATA

Z/sr/G eV)

-3
x1I0 Ccm

(

o.

dz
dade,

2.4 2.8 3.2
MISSING MASS IN GeV




Some Kinematics

4-momentum transfer:
q° = (energy change)? - (momentum change)?®

/ /=
e, = (¢,¢")

(e —¢) —(€—&")
e” + % — 2ee’ — (6° + &% — 2e€’ cos(0))

—2¢ee’ (1 — cos(0))

% / 2
—2eé’ (2 sin“ E) (6—¢ +F)

qz + P? + 2Fg
—dee’ sin® = = —Q° —Q° + M + 2Mu

For elastic scattering X2 = M2 and Q% = 2Mu

Usually X is called W and referred to as the mass of the final hadronic state.

36



Some Kinematics
W2 = g7 + M2 + 2uMy

W= = —2ee’(1 — cos8) + 2(e — )My + M=

W= — M2 — 2eMr = —¢’(2e(1 — cos 8) + 2My)
M7 —W® + 2eM>
~ 2e(1 —cos6) — 2My

/

/

Elastic scattering, W =M, ¢ =572 255

Wha'l' |F X = W = (MT + mﬂ’)/

M2z — (Mr + my)® + 2eM=
2e(1 —cos ) — 2My

g =




I. Elastic Electron Scattering from Nuclei

Fermi’s Golden Rule

ELASTIC o o .
7| E=% Mo

Mg scattering amplitude

Df: density of the final states

(or phase factor)

A/ NUCLEUS

Mg = | WV (x)W,d°x

e Y (x)e T dx

eV (x)d”x

Plane wave approximation for incoming and outgoing electrons

Born approximation (interact only once)




. Elastic Electron Scattering from Nuclei

/
/

Form Factor and Charge Distribution

Using Coulomb potential from a charge distribution, p(x),

df’D/

4JT,60 f |x—x]

6iq-xJ | prj/ ldax’d‘%x

6/q/€ [J

Ze°

A€, |

Je°
41€,
7e°

41€E, |

| R

s -
?dzﬁ J €1 p(x)d° K




I. Elastic Electron Scattering from Nuclei

/
/

Form factor and cross section

» For point-like particle, p(x') = §(x') and F(q) =
Rutherford-fike scattering

Cos? term only difference
{E L‘t:l COos —<= From Rutherford formula

(E) — (d_ﬂ-) = Arises fr'om Dirac theory
df} paint dfl Mott AE2 sin? E For spin % particle
2

» Scattering from a charge distribution
e d 1
dfl A€ proe

"MNuclear Diffraction”

Eu
B8

Dvifferesdial cross-section/m’ ™" |

sin(gr/h)

Amrid
(qr/h) :

I
o 110
Scamering angle/degroe




I. Elastic (e,e’) Scattering = charge distributions

ELASTIC
/
/

A/ NUCLEUS

\
o}

2
107 08Pb (e,e) — Experiment

- Mean Field Theory
- Mean Field

10728 Theory
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In '70s large data set was acquired on elastic electron scattering (mainly at
Saclay) over large Q?-range and for variety of nuclei

"Model-independent” analysis of these data provided accurate results on
charge distribution for comparison with the best available theory: Mean-
Field Density-Dependent Hartree-Fock
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Nuclear Response Function
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