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Motivation:

National Academy of Sciences Assessment of U.S.-Based Electron-Ion Collider Science:

The accelerator challenges are two-fold: a high degree of polarization for both beams,
and high luminosity.

10 :
E
3
=1 ¢
S |
[= i L, |
= I ’

| - w/0 SHC
0.1

0 20 40 60 80 100 120 140 160
Center of Mass Energy [GeV]

k}‘ Brookhaven
National Laboratory




Coherent electron Cooling (CeC):

« Hadrons create density modulation in co-propagating electron beam

* Density modulation is amplified using broad-band (microbunching) instability

* Time-of-flight dependence on the hadron’s energy results in energy correction and in the longitudinal cooling.
* Transverse cooling is enforced by coupling to longitudinal degrees of freedom.
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CeC Proof of Principle experiment
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Coherent electron Cooling (CeC):

Litvinenko. Derbenev, PRL 2008
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Coherent electron Cooling (CeC):

Litvinenko. Derbenev, PRL 2008
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Coherent electron Cooling (CeC):

Litvinenko. Derbenev, PRL 2008

RHIC Run 18
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CeC Proof of Principle Experiment:

Built and commissioned cryogenic system, SRF accelerator and FEL

 Started the FEL-based CeC experiment. N\
* It was not completed: 28 mm aperture of the helical wigglers was insufficient for RHIC
with 3.85 GeV/u Au ion beams

2018-2019 * Discovered microbunching Plasma Cascade Instability - new type of instability in linear
accelerators.
* Developed the design of Plasma Cascade Amplifier (PCA) for CeC )
« PCA-based CeC with seven solenoids and vacuum pipe with 75 mm aperture was built A
2019-2020 and commissioned.
* Demonstrated high gain Plasma Cascade Amplifier (PCA) and observed presence of ion
imprint in the electron beam y

* New time-resolved diagnostics beamline is built and commissioned
* Focusing on the demonstration of the longitudinal CeC cooling

k}‘ Brookhaven
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CeC Proof of Principle Experiment:

Goal: demonstrate longitudinal cooling of a single Au™™ bunch in the Relativistic Heavy Ion Collider.

Common Section with RHIC CeC 2018-2019

Kicker FEL Amplifier Modulator Hadrons

\ <l . ] m L am
High Power Low Power 13_5 MV Low Energy Bunching 1.25 MV
Beam Dump Beam Dump SRF linac Transport RF cavities SRF Photogun

Beamline

H’._./

CeC Accelerator

Required e-beam parameters

Normalized emittance, mm-mrad <5
Hadron beam parameters )
Relative energy spread o /E 103
Energy, GeV/ 27
9y 1 Bunch charge, nC 0.5-1.5
Intensity, hadron/bunch 10°
ntensThy, hadron/buine Pulse repetition rate, kHz 78
RMS bunch length, ns 5
! g RMS bunch length, ps 10-50
Revolution f kH 7
evolution frequency, kHz 8 Peak current, A 75
k:.\ Brookhaven Kinetic energy, MeV 14.5
National Laboratory
FEL wavelength, um 30




Generation of high-brightness
electron beams
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(Generation of high-brightness electron beams:

Vacuum Gauge Solenoid Front rounding Cathode Stalk Hig"]l]jg'b ts:

location tocation * Routine operation for the Coherent electron Cooling (CeC) experiment since 2016
* 1-2 months lifetime of high-QE CsK,Sb cathodes

* Dedicated procedure for the cavity start-up — no issues with multipacting

* (0.15 mm-mrad normalized RMS slice emittance measured for 100 pC bunches

Cavity “nose”

Cathode Back rounding Cross

Laser l | I 4—”— Cryogenic vTower
| ‘

Load Lock
Chamber

Gun

Solenoid
Cathode puck

Parameters Value \
RF Frequency, MHz 113 ==d
Operational Temperature, K 4 Cathode Insertion
Emax, MV/m 18 Manipulator
Accelerating Voltage, MV 1.25 (CeC), 1.5 (max CW)
MaX BunCh Charge nC 20 PHYSICAL REVIEW LETTERS 124, 244801 (2020)
Dark Cu rrent, nA <1 High-Brightness Continuous-Wave Electron Beams from Superconducting
Radio-Frequency Photoemission Gun

Photocathode CsKoSb 5 arane L eoonsnt & B i oot . Wbl ey il N

M. Paniccia,® T. Roser,” F. Severino,” J. Skaritka,” L. Smart,” K. Smith,? V. Soria,” Y. Them,2 J. Tuozzolo,? E. Wemg,2
Laser wavelength, nm 532 e et of Phcos o s, S rvcs Oy, St oons oy Yook 1704 T30

*Collider-A Dep Brookhaven National L y, Upton, New York 11973, USA
*Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA 12

Niowave Inc., Lansing, Michigan 48906, USA

M (Received 16 March 2020; accepted 29 May 2020; published 18 June 2020)




(Generation of high-brightness electron beams:
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Parameters Value
Gun Voltage, MV 1.25
Charge per Bunch, pC 100-20,000
Average Beam Current, mA @ 1500 pC 0.15
Normalized transverse RMS slice emittance @ 100 pC, mm-mrad 0.15
Normalized transverse RMS projected emittance @ 100 pC, mm-mrad 0.3
Longitudinal RMS slice emittance @ 100 pC, keV-ps 0.7
Quantum Efficiency, % 1-4
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Solenoid scan — good agreement between the 13
simulations (ASTRA) and measurements




Measuring beam noise at 10-100 THz:
Plasma-Cascade Instability




CeC PoP:

Common Section with RHIC

—T

CeC 2018-2019

Kicker FEL Amplifier Modulator Hadrons
----- o |
A 1:[;"53 i
Sra e R H
High Power Low Power 13.5 MV Low Energy Bunching 1.25 MV
Beam Dump Beam Dump SRF linac Transport RF cavities SRF Photogun

Beamline

CeC Accelerator

First milestone: demonstrate ion imprint
 Fundamental process of Debye screening that plays a critical role in CeC

* Dependence of the imprint on the difference in the electron and hadron beam velocities can be used to
match the relativistic factors between the two beams

 (Can be measured by detecting the increase in IR radiation power at ~10 THz during the interaction

k:.‘ Brookhaven
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CeC PoP:

Goal: demonstrate imprint from the ion beam through modulation/demodulation technique

Imprint was screened by very high level
of noise in the electron beam

500.0

Note Log scale . Measured

50.0

wExpected #Real noisg+imprint -®-Measured

5.0
Expected I

-3% -2% -1% 0o 1% 2% 3%
0.5

Energy detuning, %

Expected and measured relative change in the FEL
signal with overlapping and separated beams.
Measurements RMS error was 2%.
k:.‘ Brookhaven

National Laboratory

85 ]:[11](31?2%(313]:(1%? t)]:lll(jl]_ ....... % .................... é ................... ;.”

- """"""""""" adal A " Py ,,Hwwlwhﬁﬂ“‘mﬂ’mufm

Bunch length (a.u.)

7.0 I ..............................................................................
VV 1t11(‘ss bun( h
6.5 ...........................................................................................................
01:30:00 01:40:00 01:50:00 02:00:00 02:10:00
time
yel ,WCH, bunchLength:circul atingBunchFuhmM[, ][0] yel UCH, bunchLength:circul atingBunchFuhm[ , 1[30]
yel ,WCH, bunchLength:circul atingBunchFuhmM[, J[60] 7,13326+0,000163097X
7.12407+0,000158266X 7.23368+0,00033426%

Heating of ion beam was occurring only with a perfect
overlap of the beams and high FEL gain. Reducing the
FEL gain eliminated the heating.
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CeC PoP:

Profile Monitor

Quadrupole 2

el

@ 704 MHz 5-cell
SRF cavity

Quadrupol
¥ Main Dipole

: I" Quadrupole 3
M Quadrupole 2
Quadrupole 1

=1

Bunch spectra have demonstrated a broadband gain
peaking at 0.4 THz in an uncompressed beam

Bunched beam spectrum has a peak at 10 THz.

The measurements were confirmed through simulations
done by SPACE and Impact-T.
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National Laboratory
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Plasma-Cascade Instability (PCI)

PCI is an exponentially growing parametric instability ckp
driven by wvariation of the plasma frequency and the '
corresponding variation of the transverse electron beam size.

i 4+ wl(s)i =0

L?Brookhaven' k: _\/ 2 P i
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CeC PoP Experiment:

To Downstream 4-cell PCA

Kick
IR detector reker Modulator

Upstream
IR detector

1 m to
Upstream
IR detector
10 m to
Downstream

IR detector
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CeC PoP Experlment

—Radiation, Run 18 lattice LEBT
—Radiation, relaxed lattice
12000  THz noise results in IR radiation from the dipole magnet.
 Power is measured by a Gentec broad-band IR detector connected to a lock-in
10000 amplifier synched with the pulsing e-beam.
= * IR radiation measured through modulation/demodulation technique to eliminate
S 2000 effect of X-rays from the dumped beam on the IR detector.
§ * The baseline power level (e.g. power from the Poisson shot noise) was measured
2 6000 using long low charge (~300 pC) beam propagating in relaxed lattice.
g Measurements were in good agreement with simulations.
__g 4000 20000 LEBTS solenoid scan 00 LEBTS scan
<
= 6000 2500
2000 50000
< 2000
40000 <
; 5 =
o 30000 . }
20000 1004
f, THz 10000 500
L:> Brookhaven 0 i 0
National Laboratory : ‘. % : -42 -4 -38 -3.6 -34 -32 -3 20
""" LEBTS, A LEBTS, A




CeC PoP:

We observed clear presence of the ion imprint in the electron beam resulting in increase
of the e-beam radiation at 35 um

(imprint) = 4.7% + 0.4%(systematic) + 0.3%(random)

File Edit View Insert Tools Desktop Window Help

IR_Imprint_September-13-2020_23-49-44.mat v\

RHIC IR Mirror

lGun Voltage, kVI Buncher Voltage, kVI Buncher Phase, deg lLinac Voltage, kV|Linac Phase, deg”
| Gain [ sensitivity [Time Constant|input Range | 1193 174.0000 -11.7000 13260 —134.5000‘
UpSitgemii]2 L = 34 [Delay secl Phase On ] Phase Off I N cycles {T per cycle sec”

Downstream |20 1V 3s 1V | 1 = b
‘ 20 -135.5 000 7 4 500|

Q. nC [ upwa.wc | pw vic] | pownxa wic | foown v, wic | Down ri/Q. wic [ Down r2/q, vic |
Interaction On, Avg 3.7684e+0) 161.7633 147 94¢2 6.0208 22595 6.4320 Nah
Interaction On, Err 475.479 1.1961 1.00947 0.1936 0.1072 0.2093 Nal
Interaction Off, Avg 3.8122e+0) 158.9106 146.2145 5.6082 2.1860 6.0197 Nal
Interaction Off, Err 285.522 1.0645 1.114o 0.1557 0.0648 0.1626 NanN

Difference, Avg -437.787 2.8528 17288 04126 0.0734 0.4124 0.4580

Difference, Err 235.928 02125 07748 0.1046 0.0797 0.0833 0.0770

Select Cycle 1 - @® Use Cycle 1Upstream ownstream

Raw data in each cycle Data from all cycles

LU Rig LU
IR Source

Ony/Off (SiNg
—<— Interaction On
—&— Interaction Off

PIIEWR 46000
Width i
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Wave Read
Wave Target
Wave Set
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&
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o
=
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2
[
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o o
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E = s 24
3 153 g 6 @©
g 510 o o SCBol Mirror
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Future Directions and Outlook
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CEC COMMON SECTION WITH RHIC

CeC 2021-present

~

0 e} ~ — A g
2 g 2 = 2 g £ 7
=0 o ) o = o = OFH a2
aE A & & a £ 0% =98
= — W — = s mg 3 2 8 A 2 aM gHZ CATHODE
= = = LI o] . n N 2 N j 5 STORAGE & EXCHANGE
= : N SYSTEM
EH_ - - ) Q A8 o - e I [ -y 7,-_ !sj .
| R —} s 5 -
1 — ] i~ s »| Q= —
N4 A N
l ﬁ — l l ‘. 3 A 4 A
HicH POWER 1.3 GHz NC 704 MHz 500 MHz NC 113 MHz
BeEAaM Dump DEFLECTING CAVITY SRF LINAC BuncHING CAviTY SRF GuN
K TIME-RESOLVED DIAGNOSTIC BEAMLINE Low ENERGY BEAM TRANSPORT
. Low Power
High Power B D
ceam Dum
Beam Dump P

- Allows to evaluate local beam quality of
electron beam with time resolution of 1 psec
- Critical for achieving KPP for Run 2022
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CeC Profile

1.3 GHz

Transverse

Deflecting
Cavity

CeC Quads
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CeC PoP:

Evolution of the 26.5 GeV /u ion bunch profile in RHIC

I I
~ 50— calculation | =038 . ** Cooling bunches ' ' ™ nitial ——
é — fit . . No coonling, justIBS ——
= o | Byidealebeam , purcensmssiores —
= (t:40 Iﬂ]HS) A. With cooling, noise power x225 ——
- ‘
= 03 By our e-beam e
E A (t=40 mins) Initial
.;j 0 § 025 L Bunch
2 , 7302 ] . t=0
E E,(z)=E, .Z{HZZ} s Witness ( )
._g ol o 2 o2 Bunch By e-beam 1
s3] . . .
= E, =124V /m 5 (t=40 mins) with noise 225-fold
2 8 015 | above the baseline |
S sk o, =375um | e (t=40 mins)
| | \ 01 L .
—2x107° 0 2%107°
Longitudinal location 1n lab frame (m) 0.05 i
Simulated and fitted (used in simulations of the 0

-15 -10 -5 0 5 10 15
Longitudinal location along bunch (ns)

ion beam cooling) energy kick in the PCA-based
CeC experiment system

Cooling will occur if electron beam noise is below 225-times the baseline (shot noise).
We demonstrated beams with noise as low as 6-times the baseline.

L:> Brookhaven

National Laboratory




Conclusions

* A unique 113 MHz SRF photo-injector demonstrated an exceptional performance and the ability to
deliver high-quality high-brightness electron beams

* We learned how to control noise in the electron beam and how to generate electron beams with the
quality necessary for the CeC demonstration

The Plasma-Cascade Amplifier gain is characterized, and the PCA-amplified ion imprint in the

electron beam is demonstrated

e The system upgrade includes the Time-Resolved Diagnostic Beamline and Cryo-Cooled IR detector

* We are determined to demonstrate longitudinal cooling of 26.5 GeV /u ion beam in RHIC in the near
future

25




Thank you!

I k? Brookhaven
National Laboratory



Back-up
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Necessary Beam Parameters for Run 20

Lorentz factor 28.5 v
Repetition trequency. btz U
Electron beam fal energy, Moy (EEN
ot chargeperbunchnC___ [ICHNY
Aermgebamourrentin WU
Ratio of the noise power in the electron beam to the FS0 v
Poison noise limit

RMS momentum spread = 6,/p, rms <1.5x103

Normalized rms slice emittance, pm rad <5 v

L? Brookhaven

" National Laboratory
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Accelerator system and Beam energy

Description Max Curr [A] Curr Rdbk [A] I

Triple Quad 1 6.4 0 0.00004
. . Triplet Quad 2 6.4 0 0.00003
KPP: E.=14.56 MeV Triplet Quad 3 6.4 0 ~0.00007
First Dipole PS 112 96, 96,20018
Dog Leg Quad 1 6.4 -0.00011
| /RHIC/Systems/CeC/RF Systems/Overview (a3
Page PPV Device Data Tools Buffer Help
e According to the simulation N ol :
ase —0. 4 6
. . MPS Gun Permit OK
using magnetic measurements . :
lts: the dipol t Tuner Pos (ancader) " ssomia 2
results: € ]-po € curren unerrr:ue:c‘cg § \ 112.9968423  113.002204793 Wz o
7 N O T S Y
should be 93.9 A for 'Y:28 5, e = e . Image of the electron
Voltage Cav 2 1.27570 4 .
_ O A 186.92136 kv beam on the profile monitor
pPC— 14.5545 MeV i i === 33,278 dog h in the dog-leg
Phase Cav 2 —124.607 deg -8
. . MPS Permit 0K "
* An approximate ratio e —
. 10 Loop FFuwdOn
between pc and dipole current | i B — —ccr—
. Frequency [ 501.39845 501.398441183 MHz N
1s: 0.155 MeV/A: G N L L L .
_ v ot deg - M i Ay
pC[MeV]:O].5500*I[A]. - s e G ‘;'\”\ T
10 Loop £Pudon | | o R L
Quench Detect 0K | : {
Arc Detect OK -1
Mech Tuner Pos 89055 um s
o = =SRF linac reading voltage of 13.4 MV
W (28,2) erligLoop.2b-lirf-cec4.2:phaseSetptRampS  Nudge: 0.5 ¥| 4| 610 M. . - . - - o - i
Mon Jul 13 08:18:08 2020: Get and Async requests complete. d - 'h'\")
Mon Jul 13 08:18:19 2020: Get and Async requests complete. 7|

« Maximum energy with this setting is 14.92 [MeV], y=29.2, 2.5% above y=28.5
k:.\ Brookhavenr < Linac has additional 2.2% head room to operate at 13.4 MV

National Laboratory 29




Run 19: control of the noise in electron beam

10000
—R, V/A
—Baseline
1000
Run 18 lattice and beam: 0.6 nC per bunch <
Large signal of 2,500 V /A ~250-fold above base line. > 100
Can be seen both on scope and measured easily =
10 W

1
170 180 190 200 210 220 230
Bunching voltage, kV

1.5 nC, 75 A peak current

——R, V/A
—Baseling
- —R, V/A
LEBT —R Vi
LEBTS scan
600 200 —R, V/A
—Baseling
5000 150
< 4000 <
; <\( ; 100
o 3000 > 10 o
['4
2000
50 50
1000
a5 St 3 o3 = 04 39-3.8-3.7-3.6-3.5-3.4-3.3-3.2 o 1.5 2 2.5
LEBTS, A LEBTS, A LEBT1 solenoid current, A
k:,\ Brookhaven We demonstrated that with 75 A peak current we can reduce beam noise
National Laboratory 30

to acceptable level. It could be as low as 6-10 times above the baseline




Investigation of plasma cascade amplification

*  We used the power of the broad-band radiation from the dipole magnet to evaluate PCA.

» Sensitivity of the IR detectors was insufficient to measure the PCA gain spectrum.

 Initial 5-fold PCA power was increased in July-August to 200-fold

* Weak overlap of the PCA gain and the dipole radiation spectra are the reason of the measured PCA boost in hundreds, not in thousands.

* Detailed analysis: PCA amplitude gain ~ 380, 3-fold the design value of 122.5 at 16.5 THz.

—<&—PCA Power gain

ol I
\ | With simulated PCA amplitude gain of 120
\ ‘ the predicted increase in the radiated power is 21.8 X
/ ‘ — Dipole radiation power spectrum
5000 / NG = ——PCA Amplified

Frequency, THZ ~—— 14

15000

10000

0

0 5 10 15 20 25 30 35 %
|—PCA power gain | 10 A

1 : 15000

o /
N / \ / - PCA x SR _yl—”

&L

spectrum

S
3 3
e Z
o Q 4 -
2 B
£ 04 \ i = 6000
\ 7 T
0.2 3000

0 ‘ N
L:.\Brookhaven‘ 0] Lz T, 0 : = 2

National Laboratory 5 10 15 f,THz
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Ion Imprint Studies

Corrected data

y = ml*exp(-(m0-m2)"2/m3”" 2)
30
Value Error
ml 14.398 48786 | o
m2 1.0019 0.0011897 —e— Corr
25 L m3 0.0043153 0.0016079 | —— 3D
Chisq 479.98 NA| —eo—
R 0.4252 NA
2 O y = m1*exp(-(m0-m2)"2/m3* 2)
Value Error
ml 8.7855 3.2635
m2 0.99819 0.0074283
o\o 15 | rr.13 0.017755 0.014573
- Chisq 617.74 NA /TN
E R| 019111 NA /
= _ |
£ ., Raw data /
_— 10 F °
- \\ O t
—H— ] A \\
5 ' ® . \ i
‘ /" o \
‘ ™ []\ \
/ ‘ ! (] § T
A ’ \ |
O “/\[] y e
°
-5 ; ]
098 0985 099 0.995 1 1.005 1.01
Yions Ye

Each point represents a scan (typically with 4 cycles)

1.015

Quality of the data is insufficient to accurately

determine when y,=v,

Running in the summer was challenging — temperature

swings were affecting controls
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Probabilities

* Probability that average measured imprint above zero, is 99% with raw data and and 99.8% for
corrected data. There is 0.2% probability that we miss the imprint

 The most probable value of observed imprint:

©
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National Laboratory

Imprint: Raw data
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Imprint: corrected by the upstream data
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Parameters of the IR detector

gentec-€o

Certificate #: 506449-171103 Customer Name:

Model Number: THz5I-BL-BNC Instrument ID:

Head Serial Number: 506449 Date of Calibration: November 3, 2017
Calibration Due Date: .

Cal. Procedure: 100-1025

Calibration Data

Calibration
Meaurement s Ambient Relative
s Sensitivity Into Load P Rep.Rate Temp. Humidit Beam @
@ 633 nm VIW % Q uw Hz B % mm
Rv(PtoP) 4~ 212E+05 [+ 21 NA 8.2 5 21 33 1
Rv(RMS) | 691E+04 & 21 NA 8.2 5 21 33 1
Hz °C % mm
Vn (RMS)
@ 1 Hz BW 1.30E-04 + NA NA NA = - e NA
W/HZ" Hz °C % mm
NEP (P to P) 6.10E-10 NA NA NA 5 21 33 NA
NEP (RMS) 1.90E-09 + NA NA NA 5 21 33 NA




