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Coherent synchrotron radiation (CSR)

 When a source particle enters a dipole, it emits radiation

e Retardation condition must be met

for test particle receiving radiation within dipoles
* Longitudinal field acting on the head particle

X

from rigid line bunch:

By(2) 22 / d¢  dA(0)
s\%) —
Ameg(3R2)Y3 J oo (2 — )3 ¢
e Zy i Ak/3 |
ZCSR(k) = —47_‘_ R2/3 ,A ~ 1.637 — 0.94

Ya. S. Derbenev et al., DESY Report No. TESLA-FEL 95-05 (1995)
E. L. Saldin et al., NIMA 398, 373 (1997)
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Coherent synchrotron radiation (CSR)

 When a source particle enters a dipole, it emits radiation
* Retardation condition must be met /0/
for test particle receiving radiation within dipoles r~ i

* Longitudinal field acting on the head particle

from rigid line bunch:
E.(z) = 2e? /z d¢  d\(()
’ Areo(3R2)V? Jooo (2 — Y3 dC

e Zy i Ak/3 |
ZCSR(k) = —47_‘_ R2/3 ,A ~ 1.63: — 0.94

de/cdt (a.u.)

4 2 0 2 4
z/oZ (z > 0 bunch head)

Ya. S. Derbenev et al., DESY Report No. TESLA-FEL 95-05 (1995)
E. L. Saldin et al., NIMA 398, 373 (1997) WEYGBE1 1/20
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CSR effects on the beam

* Transverse: Phase space smearing = Emittance Growth

— o0 | : Energy kick Ad_.,(2)
‘ R16 U R26
T ol I or 4
e AxCSR AxCSR
. —wiolw 0 —5.011 0-s <‘J 5,0:1 0 W'O*‘W E;"‘ oo 75‘011075 ¢ 5’0"1 o W’O.‘WW OSSiblC 8' I'OWth
ax (m) dx (m) p g

End of Bunch Compressor

Y. Jing et al., PRSTAB 16, 060704 (2013)

Before Bunch Compressor

* Longitudinal: Microbunching Instability (MBI)
Current Gain=101, 10%

Density modulation
Z. (bl TR,

Energy modulatlon

Z. Huang and J. Wu, Beam Dynamics Newsletter, No. 38
WEYGBE1 2/20
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Overview of mitigation schemes

Mitigation of CSR effects on beam dynamics

Domain Mitigation schemes Note

Transverse Cell-to-cell phase matching (Douglas, Di Mitri et al.) optics adjustment

Beam envelope matching (Hajima)

Combination of the above concepts, application to DBA/TBA (Jiao et al.)
or bunch compressor system (Jing et al.)

Longitudinal bunch shaping (Mitchell et al.) tailor initial beam
conditions
Longitudinal Laser heating (Saldin et al., Huang et al.) Landau damping/Phase

space smearing via o,
Magnetic mixing chicane (Di Mitri et al.)

Reversible electron beam heating (Behrens et al.)

Insertion of dipole pair in an accelerator system (Qiang et al.) take advantage of g,
via Rs; and R,
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Overview of mitigation schemes

Mitigation of CSR effects on beam dynamics

Domain Mitigation schemes Note
Longitudinal
Optical balance satisfying the proposed conditions optics adjustment
Magnetized beam with specialized transport line design tailor initial beam
conditions
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1 Theoretical formulation of CSR microbunching in a single-pass system
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Viasov treatment - a kinetic model

* Particle tracking: straightforward, subject to numerical noise (posing computational load)
* Vlasov method: more efficient in numerical simulation, free from numerical noise

* Vlasov equation + single-particle equations of motion for (x, x’, y, )/, z, 9)
of of of of of of of
o () o () 5+ (&) oo () 5 (0) 3o+ () 35—
dz _ | B v Y
ds ( ) ( x(8) py(S))

do re [

s = ; /d7 WH S) n (z/, 5)
dx ,

— =1

ds

iy _

ds

Including horizontal & vertical bend; combined-function bend; beam acceleration/deceleration;
can also extend to transverse coupled beam

S. Heifets et al., PRSTAB 5, 064401 (2002); Z. Huang ?I% Kim, PRSTAB 5, 074401 (2002); M. Venturini, PRSTAB 10,
104401 (2007); C.-Y. Tsai et al., PRAB 19, 114401 (2 d PRAB 20, 054401 (2017)
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Viasov treatment - a kinetic model

* Linearization of Vlasov equation

* Transform this problem to frequency domain
— a beam modulation is Fourier component of its corresponding bunch distribution

* Derive the evolution of the bunching factor, which is used to characterize MBI

e Take into account the relevant collective effects

Vlasov equation £l < f,

linearization \f = fo + f]

Linearized Vlasov equation
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Viasov treatment - a kinetic model

* Linearization of Vlasov equation

* Transform this problem to frequency domain
— a beam modulation is Fourier component of its corresponding bunch distribution

* Derive the evolution of the bunching factor, which is used to characterize MBI

e Take into account the relevant collective effects

Vlasov equation fl< br(s) = /del(X; S)e—z’kz

. o . transform to
linearization \f =fo+ /i frequency

domain

Linearized Vlasov equation ——>
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Viasov treatment - a kinetic model

* Linearization of Vlasov equation

* Transform this problem to frequency domain
— a beam modulation is Fourier component of its corresponding bunch distribution

* Derive the evolution of the bunching factor, which is used to characterize MBI

e Take into account the relevant collective effects

Vlasov equation fl< f, br(s) = /de1(X; s)e k=

linearization \f = fo +f] EZZZ?;Z/ to -
omain
Linearized Vlasov equation —>| by(s) = b,go)(s) —I—/ K (s,8)b(s")ds'
0

bk(s)

5 (amplification gain)
b\ (s = 0)

G(s) =

WEYGBE1 5/20
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Summary of mathematical formulas

@ Integral form of the linearized Vlasov equation:

b(s) = b\ (s / K (s, s")by(s G(s) =

WEYGBE1 6/20
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Summary of mathematical formulas

@ Integral form of the linearized Vlasov equation:

S

br(s) = b\ (s) + [ |K(s, s Wor(s')ds' G(s) =

K(s,s) = zkl( )C(s’)R56(s’ — 5)Z(k;s’) {L.D.}
1A

WEYGBE1 6/20
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Summary of mathematical formulas

@ Integral form of the linearized Vlasov equation:

b(s) = b\ (s /Kssbk )ds' G(s) =

K(s,s) = zkl( )C(s’)R56(s’ — 8)Z(k; s")|{L.D.}
1A

( B 2 =5
Oy €x
12 €205z0 <R51(37 s') — 2= Ryy(s, 3/)) + 2 R2,(s, )+
{L.D.} = exp « 5 0 9 70 ’
8
ciin(Bss(o,) = S0 Bsa(5,5)) + FURE(s.8) + B (5.
\ | 10 ByO iy
intrinsic beam spread: {transverse emittances} {energy spread}

e.g., laser heating, magnetic mixing chicane,
or insertion of dipole pair in an acceleratsesystem 6/20
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Summary of mathematical formulas

@ Integral form of the linearized Vlasov equation:

b(s) = b\ (s / K (s, s")by(s G(s) =

K(s,s) = zki(I)C'(s Rs(s’ — s)Z(k;s") {L.D.}

R56(3/ — 5) = [R(S/ — S)}56 — [R(S)R_l(sl)}%

We aim to make this relative momentum compaction small because
small R, (s —> s)=>small K(s,s")=>small b, (s)

Optics balance can be employed to mitigate CSR effects

WEYGBE1 6/20



e O 6 <Student Version> : GUI_volterra
—INPUT PARAMETERS — ADDITIONAL SETTING: — "
calculate iterative solutions? (1-Yes, 0-No)
—Beam (read from ELEGANT) . ve solutions? ( ) °
if yes above, calculate stage gain coefficient d_m? (1-Yes, 0-No) 0
beam energy (GeV) 454
only calculate stage gain spectrum? (can speed up calculation) (1-Yes, 0-No) 0
initial beam current (A) 480
include stead-state CSR in bends? (1-Yes, 0-No) T
compresslon factor 8.8187 if yes above, specify ultrarelativistic or non-ultrarelativistic model? (UR:1, NUR:2) 1
normalized horizontal emittance (um) 1 want to include possible CSR shielding effect? (1-Yes, 0-No) 0
normalized vertical emittance (um) 1 if yes above, specify the full pipe height in cm 10150
rms energy spread 2008 include transient CSR in bends? (1-Yes, 0-No) o
include CSR in drifts? (1-Yes, 0-No) 0
initial horizontal beta function (m) 105
include LSC in drifts? (1-Yes, 0-No) 0
initial vertical beta function (m) 2
if yes above, specify a model? (1: on-axis, 2: ave, 3: axisymmetric Gaussian) 4
initial horizontal alpha function 5
include any RF element in the lattice? (1-Yes, 0-No) 0
initial vertical alpha function o
if yes above, include linac geometric impedance? (1-Yes, 0-No) 0
chirp parameter (mA-1) (z < 0 for bunch head) 39.83 istribution? . X
z 2(1 ting, 2 1
"Lattice calculate energy modulation function? (1-Yes, 0-No) 0
start position (m) end position (m) calculate energy modulation spectrum? (1-Yes, 0-No) 0
0 22099
— OUTPUT SETTING
Plot
—Scan i .
plot lattice functions, e.g. R56(s)? (1-Yes, 0-No) o
i 2 (1- -
lambda_starto1 (um) | plot beam current evolution |_b(s)? (1-Yes, 0-No) 0
plot lattice quilt pattern? (1-Yes, 0-No) 0
lambda_end01 (um) 100
) plot gain function, i.e. G(s) for a specific lambda? (1-Yes, 0-No) 0
ambda_startol lambda_sta scan_numo01 50
ambds_sga01 lambda startoz plot gain spectrum, ie. Gf(lambda) at the end of lattice? (1-Yes, 0-No) o
lambda_start02 (um) 1 " :
plot gain map, i.e. G(s,lambda)? (1-Yes, 0-No) 0
lambda_end02 (um) ! plot energy spectrum? (1-Yes, 0-No) [
scan_num02 0
Run
sean_numol - scan_numoz mesh_num 400 Note: to terminate, press Ctrl+C ) GO HOKIES!!!

G U I . volterra mat

Input: ELEGANT files (*.ele, *.lte)
Output: gain curves

A numerical code has been developed
for the study and was benchmarked
against ELEGANT. See, for detail,
JLAB-TN-14-016 and JLAB-TN-15-019.

<Student Version> : volterra_plotter

Features:
1. general (linear) lattice
2. fast

(can be used for systematic study, or for
lattice optimization if microbunching gain is

of particular concern)

3. graphical user interface
4. most updated version v4.2 for non-

magnetized beam; v2.0 for magnetized beam

Plot Tattice function vs. s RIGvs. s B

Plot compression factor C(s)

Plot peak current evolution I_b(s)

Plot lattice quilt pattern R56(s'->s)

plot density gain function G(s)

plot density gain function G(s) with lattice

plot density gain spectrum Gf(lambda)

Plot gain map G(s,lambda)

Plot energy modulation function

Plot energy modulation function with lattice

‘ Plot energy modulation spectrum

WEYGBE1

G(s)

Note: if want to edit/save plots, use "OUTPUT SETTING-Plot" in GUI_volterra

1.5

0.5

0] LN : P—
0 5 0 15 20
s (m)
WVirginiaTech jefferdon Lab

Invent the Futurs
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Linear optics analysis

* Linear transport matrix from s; to s, can be constructed via

8,8 dlpole Ly totalyy dipole _ 5
R6 R (9 R6><6 R6><6 0=

P> P1

where the in-between section can be a general sequence of linear elements
(achromatic or dispersive, isochronous or non-isochronous)

St by

aaaaa

J—sme] ‘/—coslll21 \/gj(coswm -a sml[/ZI)

\/’;:(cosylﬂ +a smy/m) N BB, siny ]

Vi = —

WEYGBE1 7/20
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Linear optics analysis

* Linear transport matrix from s; to s, can be constructed via

RZ -5, Rd,poze (9 _ —s2 )Rzotalezpole (9 — _ S_l)

6x6 T 6%6 Py

where the in-between section can be a general sequence of linear elements
(achromatic or dispersive, isochronous or non-isochronous)

St by

aaaaa

J—smwz] ‘/—cosu/21 \/gj(coswm -a S"“l’zl)

\/Tz(cosy/ﬂ +a sim//m) N BB, siny ]

Vi = —

- Sufficient conditions to achieve small R5g(s" — 5):
— (1) prefer small § functions within dipoles
— (2) avoid small a functions within dipoles

- (3) W close to ~x (or its integer multiple) for every dipole pairs
WEYGBE1

7/20
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Linear optics analysis

* Linear transport matrix from s; to s, can be constructed via

RS =S Rdlpole (9 — _ —S2 )Rtotalezpole (9 — _S_l)

6x6 6x6 T 6%6 Py

where the in-between section can be a general sequence of linear elements
(achromatic or dispersive, isochronous or non-isochronous)

«  Sufficient conditions to achieve small R5g(s" — 5):
— (1) prefer small S functions within dipoles

— (2) avoid small a functions within dipoles

— (3) y, close to ~x (or its integer multiple) Note: For emittance preservation, we
usually require (3) among periodic units/cells

for every dipole pairs

* These empirical conditions are examined over a wide range of beam energies and
various types of transport lines and confirmed to be effective for suppressing CSR
microbunching

 See PRAB 20, 024401 (2017) for more details
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* Below we examine the proposed conditions by illustrating the following two sets
of comparative example lattices

Example 1 Example 2 Example 3 Example 4
Wi description (see next slides) ~)or~m ~ /2 ~)or~m
between dipoles between dipoles between dipoles
R56 description larger R, smaller R larger R, smaller R,
global isochronous local isochronous | local isochronous | local isochronous
D. Douglas et al., arXiv:1403.2318 S. Di Mitri, PRSTAB 17, 074401 (2014)

D. Douglas et al., IPAC'15 (TUPMAO038)

WEYGBE1 8/20



Example 1 & 2: high-energy recirculation arcs
80 A
60 A
} Name Example 1 Example 2 Unit -
(large Rse) (small Rs)
Beam energy 1.3 1.3 GeV
Beam current 65.5 65.5 A
E 40 Normalized emittance 0.3 0.3 um
> Initial beta function 35.81 65.0 m
Initial alpha function 0 0
Relative energy spread (uncorrelated) | 1.23 x 107 1.23 x 107
Chirp 0 0 m’
] Example 1 Example 2
~ —~8 1.5 &=
E B .—B,_n] " E
=60 A, [
o
£ 40 05 ®
S20 o &
0 = _0.50
0.5
lange R £ small R
g!c>ba| isochronous 8 0 local isochronous
0 20 055 100 200 00055 100 200 140
. s (m) s (m)
D. Douglas et al., arXiv:1403.2318 WEYGBE1 9/20

D. Douglas et al., IPAC’15 (TUPMAO038)



Example 1: bad €, preservation, bad gain suppression

Example 2: good €, preservation, good gain suppression

avoid small
|a| function

p functions as
small as possible

phase difference
close to mn

1 Example 1
.5 0-5 | | |
8 0 " 2" " "
=)
3 -0.5; [ ] [ ] [ ]
o 5 10 15 20 24
index of dipoles
E‘|O EE =m @mm l
c
i)
2 9
E | N | | N | | N | | N |
& i i i i
OO 5. 10 15 20 24
index of dipoles
2 - : )
g 1.5} A ) & |
§0-5' = " s Om - I n - . l wl-1
z o “§
ZI ] 4mo ] "
¢ WYL

B function (m) o, tunction

Dispersion (m)

o
=
(=)

Example 2
4 imple
2' .l.l.l.l.
O'
—2' l.l.l.l.l.
10 15 20 24

index of dipoles

o
8

N
4|

~

N\

N-N phase difference ()

| Q- .O--Q

o

5

5 10 15 20 24
index of dipoles
y T A
10.05 E
C
" !0-0- !o--e! Fa-o- -o--e! !‘O %
0--0 ©-6 - 0--0 o-3 o--0 8_
@
1-0.050
- al9/20
10 15 20 24
index of dipoles



Example 1: bad €, preservation, bad gain suppression

Example 2: good €, preservation, good gain suppression

avoid small
|a| function

p functions as
small as possible

phase difference
close to mn

Example 1

NOT satisfied by
the optics condition

WEYGBE1

Example 2

INDEED satisfied by
the optics condition

10/20



Example 1: bad €, preservation, bad gain suppression

Example 2: good €, preservation, good gain suppression

300 | Ex:—:\mple 1
large CSR gain
200+ o
100+
O L 1 L
0 50 100 150 200
A (um)
x10°
,| 300 pC
400 pC
-500 pC

emittance grows up

0 50

use 70M macroparticles in ELEGANT tracking

100 150 200
s (m)

250

WEYGBE1

200

105 | Examplel 2
CSRgain=1
1 ’*\\2//,JL—U =
0.95}
0.9 . . :
0 50 100 150
A (pm)
x10°
11 =300 pC
400 pC
—500 pC
0.5
emittance well preserved i
%50 100 150 200
s (m)

250

11/20



Example 1: bad €, preservation, bad gain suppression

Example 2: good €, preservation, good gain suppression

200

emittance grows up

300 | Ex:—:\mple 1
large CSR gain
200+ o
100+
O L 1 L
0 50 100 150
A (um)
x10°
,| 300 pC
400 pC
-500 pC

0 50

100 150 200
s (m)

use 70M macroparticles in ELEGANT tracking

250

WEYGBE1

105 | Examplel 2
CSRgain=1
1 ’*\\2//,JL—U =
0.95¢
0.9 ' ' '
0 50 100 150 200
A (pm)
x10°
4| =300 pC
400 pC
—500 pC
0.5
emittance well preservec
® 50 100 150 200 250

s (m)

11/20



INJECTOR, 150 MeV

Rgs (M)

Example 3 & 4: low-energy recirculation arcs

KICKER

KICKER

MAIN LINAC

wet

4

S. Di Mitri, PRSTAB 17, 074401 (2014)

MATCHING
FoDo SECTION
Example 3 Example 4
E4 1 20 1 £ | Name Example 3 | Example 4 | Unit
c 0.5 05 §
Lo 10 % | beam energy 150 100 MeV
2 0 0 o
= 7| chirp 0 0 m-1
=05 10 2077 9% 10 200
bunch current (peak) 70 70 A
0.05 0.01 ) -
. normalized emittance (H/V) | 0.25/0.25 0.25/0.25 um
£
0 o 0 ~\_I—I_\—\_I—I_\~ relative rms energy spread 2x10° 2x10°
mLO . .
0.05 -0.01 bending radius 0.5 0.5 m
0 10 20 0 10 20
s (m) s (m)
WEYGBE1 12/20




Example 3: good €, preservation, bad gain suppression

Example 4: good €, preservation, good gain suppression

avoid small
|a| function

p functions as
small as possible

phase difference
close to mn

5 Example 3
8 O = " = L
2 o . . al
3
_f\ N
D _ _ 10 12
index of dipoles
4
£
5
B 2
% - | | - i | | | | i !
; - m - m
GO _ . 10 12
index of dipoles
2, 6
E
§ 1.5 0.4
‘8 ) :p.\ :,0 )
5 1 a . 0.2
| ... ° “‘o ----- o': ©-----0 k
-8'0-5' 2 5 " s o " g g ® g a0
Z
=2
0 10

4 6 8
index of dipoles

4 Example 4
|
sz " ¢ .
S O
=
3 =2 .
| . ] T
0 2 4 6 8
index of dipoles
4
E
CC) [ | L | u
- — . .
5 2 " "
C
=
«ol
2 4+ 6 =8
index of dipoles
E -
8
551.5'
cQ G, - )
g:c:) 1 R o,_.,.’" . {0
o O
2 Q
T
< un [ [ ]
E1l b 3

4
index of dipoles

Dispersion (m)
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Example 3: good €, preservation, bad gain suppression

Example 4: good €, preservation, good gain suppression

avoid small
|a| function

p functions as
small as possible

phase difference
close to mn

Example 3

NOT satisfied by
the optics condition

WEYGBE1

Example 4

INDEED satisfied by
the optics condition
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Example 3: good €, preservation, bad gain suppression
Example 4: good €, preservation, good gain suppression

Example 3
80 ' —only s.s. CSR
60l : —S.S.+tr.+drif. CSR|
o 40}
20¢ )
moderate CSR gai |
OO 50 100 150 200
A (um)
aX 10°
—200 pC
5| ~300pC
‘© 7| -400 pC
W 1 emittance prese k
% 5 10 15 20
s (m)

use 40M macroparticles in ELEGANT tracking

Example 4
) :
—only s.s. CSR
—s.S.+tr.+drif. CSR
- 1.5}
(5 [} ] \\
I——"" CsRgain=~1 '
0 50 100 150 200
A (um)
oX 10°
—200 pC
1.5/ -300 pC
=3 -400 pC
L b emittanc I pr';‘ved
0.5} ﬁ I I
% 5 1 15 20
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Short summary

Example 1 Example 2 Example 3 Example 4
y,; description ~0 or ~ ~ /2 ~0 or ~ 7
between dipoles between dipoles between dipoles
Ree description larger R, smaller R larger R smaller R.,
global isochronous | local isochronous local isochronous local isochronous
transverse emittance bad good good good
longitudinal bad good bad good
microbunching gain
WEYGBE1 15/20




1 A 5 NATIONAL
Dhm AN A 50RATORY e,f, erdon Lab

@Thomas Jefferson National Accelerator Facility
Outline

O Suppressing CSR microbunching through magnetized beam
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Basic idea

* Another way to suppress CSR microbunching can resort to transport of a magnetized
beam (this idea was suggested by Ya. Derbenev)

* Cathode must be immersed in solenoid field; beam has non-zero angular momentum,;
beamline design requires special care to preserve the magnetization

e Such a magnetized beam will feature a larger transverse beam size, conceptually

k2 / A0 / 2
Exp —?ngoﬁxo R51(s,s") — = Rs2(s, s")
) 6:1:0

GxO
* Provide suppression to microbunching

 The present theory is only valid for non-magnetized beam and thus must be extended
to transverse coupled beam for quantitative analysis; see PRAB 20, 054401 (2017) for
more details
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Example 5 & 6: CCR vs ERL cooler design

Example 5 Example 6
recirculation/decompression
transport
ﬁ% nq # TN Kt < i
; e rd ke . .
+++ *++ A Chlrper %/‘ dump Ehirper 1 Tesla Cooling Solenoid Dechirper Sf

t beam ; g

. cooling solenM exchange=< + ERL 5

r svstemm L}t chirper f\

: / \ P & .+ injector 50 MeV Linac

: o e, T kY ; Magnetized Gun  Booster Cryomodule

@H‘*//;l # +w H&@ P Beam dump
recovery/recompression
transport

Name Value Unit Name Value Unit
Beam energy 54 MeV Beam energy 55 MeV
Bunch charge 2 nC Bunch charge 420 pC
Initial peak bunch current 60 A Initial peak bunch current 22.5 A
Transverse normalized emittance 3 um 4D geometric emittance 0.11 um
Compression factor 1 Compression factor 0.28
Chirp 0 m~! Chirp 4.465 m~!
Energy spread (uncorrelated) 1.0 x 10~ Energy spread (uncorrelated) 1.5x 1074

MEIC Conceptual Design, arXiv (2012); S. BensangLEIC Collaboration Meeting, Spring 2016
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Example 5 & 6: CCR vs ERL cooler design

Example 5 Example 6
4000 ¢t y 8
3000 | : I
N large CSR gain _ CSR gain= 1

O 2000 o —semi-analytical Vlasov, ss CSR only

0.5 —semi—analytical Vlasov, all CSR
1000 } —semi-analytical Vlasov, all CSR+LSG

= ELEGANT tracking, ss CSR only
. , 0 ]

% 500 1000 1500 2000 0 200 400 600 800
A (um) A (um)

0 100 200 300
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Summary and Conclusion

AN

CSR effect: transverse: emittance growth; longitudinal: microbunching instability

AN

Linear Vlasov solver for study of MBI for general linear beamline lattices

v Optics conditions for CSR microbunching suppression
» prefer small f within dipoles
» avoid small a within dipoles
> keep y close to mz for every pair of dipoles
v" lllustration of two sets of comparative examples to confirm the conditions: high
energy (~1 GeV) and low energy (~¥100 MeV) cases

v’ Evaluate optics impact on microbunching amplification

v Tailoring beam conditions also provide an alternative way to suppress
microbunching; illustrated a set of comparative example for non-magnetized CCR
and magnetized ERL cooler design

v’ Large transverse beam size provides effective suppression of MBI
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Thank you for your attention

WEYGBE1



BI ‘ h NATIONAL ?
q h né fAng ki?é-:;oYR ‘g'g’ofﬁ;gseJ;ffggnma ti!;‘lg Ae:elerator Facility
Acknowledgements

 Thank Todd Satogata and Tor Raubenheimer for the invitation

 Thanks to my advisors, co-authors, supervisors and colleagues for their
kind support, insights, discussion and stimulation:
— Rui Li (JLab) and Mark Pitt (Virginia Tech)
— Steve Benson, Dave Douglas, Chris Tennant (JLab) and Simone Di Mitri (FERMI Elettra)
— Juhao Wu, Xiaofan Wang, Chuan Yang, and Guanqun Zhou (SLAC)

* This material was based on work supported by the U.S. Department of
Energy, Office of Science, Office of Nuclear Physics under contract DE-
AC05-060R23177, and partially supported by the U.S. Department of
Energy (DOE) under Contract No. DE-AC02-76SF00515 and the U.S. DOE
Office of Science Early Career Research Program Grant No. FWP-2013-
SLAC-100164



