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Motivation.

- High luminosity Electron lon Collider projects (eRHIC, MEIC or other)
fully depends on very intense electron cooling at high energy.

- Electron coolers with very good cooling rate is needed.
- Electrostatic coolers are limited by 5-10 MeV.

Coherent

Recovery
Electron Cooler

Linac,
1.32 GeV

Polarized
Electron
Source

electro

\\\\ 100 meters
*iw_ab;ig:_ \
Typical parameters:, X BRCS
MEIC eRHIC/Mag eRHIC/CEC.
Energy: 20-55 MeV 14-55,136MeV 136MeV
Average current: 200 mA 150-300, 400mA 50mA
Max. power 11MW 54MW 7MW

High energy, very high current and good quality beam accelerator required



Why ERLs?

Energy-Recovery-Linacs provides Linac Quality Beams with Storage Ring Beam Currents
Reduce RF power consumption

Reduced beam dump energy and power

More recirc. passes => fewer cavities. Merge different energy could be the challenging.

Beam used at high energy (50-100MeV)

- Single or
ilrjll%[]ilea(:s multipass
P return loop
return loop merger merger
LINAC (N cavities) Beam dump at
it )
Injector (2-5 :\;J:\c;)lon energy (2-5

MeV)



ERLs

o High rep. rate. Match to RF frequency. Merger different energy.

Beam used at high energy (50-100MeV)

return loop return loop

merger merger

LINAC (N cavities) Beam dump at injection

energy (2-5 MeV)

Injector (2-5 MeV)

e Same energy optics. Timing carefully to avoid bunch colliding

Beam used at high energy

|_
Second Users Area .
|_

o No merger. Linac beam quality. Double cavity quantity for the same maximum energy

Beam used at high energy

Second Users Area




ERL design consideration

Beam Break Up; Limit the average beam

current in an ERL. For single cavity and single 2 pc

pass the threshold current.! Ith = — R — .
« Low RF frequency and optics with low m12._ ‘Q’% () mi, sin(wT,)

should help

e HOM dumpers required
e Monopole mode HOM dumper power:

|
|

Waveguide-type few kW * 2
Antenna absorbers up to 1kW P ~/ I

-
"ﬁ J) . zﬁ
/ — loss factor k™~ Q

TRy For new design 422 MHz cavities
* Emittance preservation at low energy =1.4-1.9V/pC

injection warm pipe absorbers~10kW

* Larger aperture pipes, strong optics, small
dispersion for large longitudinal and
transvers acceptance.

1-.Pozedev E., PRST-AB 8, 074401(2005).

D. Kayran, COOL’1S5, JLAB



Loss factor in HOM. Example BNL 422MHz cavity

Loss factor
2.0

s 1.9 V/pC

. e

(Scell)
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1.4 V/pC

1.4V/pC

o /

(3cells)

/ ——Loss factor @4mm (V/pC)_5-cell_BNL4_w/ofo

0.8 // —— Loss factor @4mm (V/pC)_3-cell BNL4_ w/ofo

Integrated loss factor (V/pC)

0.6 /
0.4

0.2

T T

0.00 5.00 10.00 15.00
Frequency (GHz)

Electron beam bunch length: RMS 4 mm
Frequency range: 0.5 to 30 GHz

20.00

25.00 30.00

Fewer cells smaller loss factor per cavity.
Required more cavities and more space.

Courtesy Wencan Xu



Looking for good merger at low energy:

Result of three different injection systems comparison

€, straight

e , Stralght e,37Mev e, 18 MeV
25 y ) . >
—&— €, Zigza L )
o [ <

H ~+-¢.Zigzal  For the same inj.
20 ——e,Chica parameters, Zigzag | B '
W ﬂ ~+g, Chica merger better oo
2 — 3 y e > L e
g ¢, Dogl preserves emittance |2 e —?
g — ay’ Dog-1 z—_.L e : 5 e .
E M j: a ﬂ 4140 A4 L L] m
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0 et ) H | | ; 1.5 CELL GUN
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z, cm

Evolution of horizontal and vertical normalized emittances in the four systems: the
axially symmetric system (non shown), the Zigzag, the chicane and the Dog-leg.*

A Methode of Emittance Preservation in ERL
merger System, D.Kayran, V.N. Litvinenko
proceedings FEL2005




R&D ERL at BNL

In order to address issues related to high
current operation ERL R&D ERL has been built
and now under commissioning at BNL

D. Kayran, COOL’1S5, JLAB



R&D ERL serves as a test-bed for future RHIC projects

Test concepts relevant for electron-ion colliders and high-energy
electron cooling (coherent and conventional)

— High average current

— SRF injector

— BBU

— e-dump

— Stability criteria for CW beam current

— Halo/losses control

» Specifically for e-cooler
— High charge per bunch

— Conservation of beam parameter in merger at low energy (Z-bend test will give an
answer)

— lon bunch much longer then electron one (could use 703.75 MHz train of e-
bunches, will split laser beam to 2, 4 or 8)

D. Kayran, Cool’ 15, JLAB



SRF Gun

BNL ERL layout. uiG
~20m circumference

photocathodl




Vertical

2 4 5 8

ARMELA =imulations =hown: The =mall emittance= can be achieved

Z-merger ‘
Dipoles

enoids

using bear-can initial distribution

Z 4 6 8 W
Distance from 1he cathoda, m

ERL Loop
Dipole

SRF Linac

.

Blue 5 nC
4.8'53um

Red 1.4 nC Green 0.7 nC
2.2/2.3um 1.4/1 4um
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ERL loop lattice is very flexible

Lattice B and D functions of the ERL for the different cases longitudinal dispersions (Ds=M56):
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/04 MHz SRF Gun: 2 MV CW operation

1MW.CW. Klystron -

Radiation inside

.
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SRF gun before ihstallation into T ’_/J—m
_the crymodule. March 2011 G:“: VOl,ta,gey{ _ b

1-2 MV CW operation of 704 MHZ SRF gun at BNL

D. Kayran, COOL’15 JLAB



BNL 5 Cell SRF Linac |

F =703.75 MHz, oE = 20 MeV . - - HOM abs¢lrbers
c)0 ~10'7, QHOM ~10° 1°T I . T 7 s S )
LHe Ballast Tank T Hf o il|;: sl F.
- > SR L g i = VARV 2Dk e AN
= B

«The 5-cell cavity was specifically designed for

' high current, high bunch charge applications such as eRHIC and
o Cell SRF Cavity |n5|de the high energy electron cooling.

cryomodule in ERL cave «The loss factor of the cavity was minimized.
\ *The number of cells was limited to 5 to avoid HOM trapping.

«Additionally, HOM power is effectively evacuated from the cavity via

an enlarged beam pipe piece 24 cm diameter.
+Tha sirmailatard RRI | thrashald ia n‘h WMZOA

I TiTH g We find that by adopting a duty cycle

” of 1:15 (on:off), we can safely turn
: 1 the caV1ty up an—aecelerating
LT ey =

In cry module s R demonstrated continuous running for
30 minutes with a pulse length of

horizontal test * 2 seconds, and an off time of 30

ll | seconds. During the “oft” phase, the
results 2010. £ 1 gradient is held at 3 MV/m. The

5t ] longest pulse achieved before

b .
_ quenching was 5 seconds..

(M)
S

£l

E

o

tme (seconds)

D. Kayran, COOL’15, JLAB



1.E+08

S5cell cavities HOM' s studies

Beam Break-Up BBU Limitfor Dipolesin the ERL

Comprehensive HOMs
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D. Kayran, COOL’1S5, JLAB



Gun to FC beam test start June 2014

Slit mask
Cathode transport

cart Cavity

Cathode \ -

ICT ProﬁLe monitor

l Inj. Dipole
B

[ 8
-_Il-lltl‘-hllh .
_"';'il",m .@P.'E" I “ l
ﬁ o P i

l—G'ate Valve Hal onitors

Laser beam

D. Kayran, COOL’1S5, JLAB

I{Solenoid XY corrector Faraday Cup



First beam, old cathode Nov 2014.

Agilent

Agilent

Acquisition Acqusition

T e

Channels (hannels

|

Measurements Mezsurements

Faraday cup signal (1IMQ termination)
File Display Ogaeivation
ebic.avti

Set up
= Laser: 6.1 Watt, green,
Pulse structure 7 psec, every 500/usec; 9.38MHz rep rate.
=  RF: 1.2 MV, 500 ms;
= Beam:
bunch charge: 7.7 pC,
Average per RF puls

photocurrent 1’yA,_dark current 38 nA;
= Photocathode cold QE=2.7¢-5 Ver3 low!!!

D. Kayran, COOL’1S, JLA




New cathode stalk with Ta tip

Current?lk

Multipacting in the choke-joint cathode stalk

-
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if =
% n o an
c u )
e . Cavity
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T i
>
8 \_-/'
8 i3
s Location: 1st and 2nd gaps
.E 10e Materiss Cu stalk and &0 New Cathode slale:
w No multipacting

ER L)

1000

0 0s 1 13 2 PA )
Cavity
stalk
&
. e
AL W A a4 (T @ R 44

Cd’ﬁi':féé'y Wencan Xu,,
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Conditioning Gun with new cathode stalk.

File Window Markers Analysis

Radiation inside

-
[=4
o
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ERL Vacuum
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egun-cc-beamline-1
] i u |

13:20  13:30  13:40 13:50 14:00 14:10 14220 14:30 14:40 14:50 15:00 15:10 15:220 15:30 15140 15:50 16:00 16:10 16:20 16:30 | 16:40 16:50 17:00 | 17:10 17:20
Gun_Ref_Load_Power (C)

egun-cc-fpc-1 egun-cc-fpc-3

Klystron power

200000

Gun_Fud_Klystron_Pouer (C)

Gun voltage Conditioning~4 hours

1.0E+6

0.0E+0
13:20 13:30 13140 13150 14:00 14:10 14120 14:30 14:40 14:50 15:00 15:10 15:20 15:30 15:40 15:50 16:00 16:10 16:20 16:30 | 16:4¢ 16:50  17:0 17:10 17:20

Time
Gun_Yoltage (C)

Done updating plot 4. 1 .ZSMV CW d
Auto update successfully disabled. GOO d Vacuum,
No radiation

L

D. Kayran, COOL’1S5, JLAB



QE W|th new Ta cathode

1.00€-07

1.00E-08

e \CUUM
1.00E-09
~4% QE measured

L0010 at room
temperature

e

) 5 s
/19/35 /21/1 /23/15 /25/1 /27/8 Zn s Wy s 5% 5y
1200 1200 12 1 00 12_.00 1200 Izm ZQJ
ay Oy g Ay ny, g,y

ERL Cathode deposition system at BLLD912

07

*  Wetested 3.8% QE K,CsSb cathode in the 704MHz SRF gun. 06 | ettt
*  The cathode survives well the gun and stalk RF conditioning. 0s | _‘_,.,.,-'-F"'" -
* The cathode QE inside the gun (cold) is 1%. We didn’t see any  7°¢ -H__F,.r-""
QE degradation after two days of high bunch charge operation. Sos | o
The vacuum at the gun exit is at 10 scale during gun operation. 02 | ™ .
*  After extracting the cathode out of the gun, the QE is still at 01 b
3.8%. 0 o s n " s " " A !
0 10 20 30 40 50 60 70 80

Laser Phase[deg)

Peak current 1.65A, Gradient 10 MV/m
Courtesy Erdong Wang At high voltage QE enhanced
Schottky effect

D. Kayran, COOL’1S5, JLAB



Beam commissioning with new cathode June 2015.

W Teledyme LeCroy WREIIT &

File ™ Vertical Timebase Trigger Display Cursors Measure Math  Analysis  Utilities ™ Help Toom | oy

I
]
I
|

eI
I

2| Laser Signal
.
o) D50 [DCTM D30 [DCTM ) (GZ9W D30 (D50 Tbase  -510 psfTrigger (M @ base -1.08msfinaosr (W
200 mV/div 20.0 mV 5.00 mV 500 mV/div 500 MS/s 500 ps/div. Normal 1.50 V 5.00 mvV 5N'ﬂ/kh 250 MSls 109 ms/dv Normal 150V
305.0 mV 57.00 mV -18.20 mV -180 mV 250 MS 2.5MS 500 MS/s |[Edge Positive -1820#‘ -6 m{ 25MS 250 MSis ‘Edg F‘os_lm-
89mV| |- -354mV||-- 2360 mV||---- 720 mV/|---- X1= -159.100us AX= 21.028 us <= 2600 :.‘-' == /960 m“l - Xt - \ ™
512mV - 1965 mV X2= -138.072us 1AX= 4755 kHz e o e e -
y 158 mVIiAy -158mV/idy -3.95mV/iAdy  -395mV Ay y v.oy -1 vy -1LA0V by -
. . .
Faraday cup signal (1M€ termination) Q, nc
0.6

Set up .
= Laser: 0.044 mWatt, green, 0s /
Pulse structure 5 psec, every 500 psec; 9.38MHz rep rate.
= RF: 0.65 MV, 3 ms;
= eBeam:
charge per macro bunch 0.8nC/47bunches=17p(
dark current 4 p A;
= Photocathode cold QE=1e-2 very Good!!! S :

Laser power

r bunch,n
w =

Charge pe
Bl

o

D. Kayran, COOL’15, JLAB 22



Beam charge measurements

Faraday

ction

Cup = Lowyo = peam dire

: “REpperpot -~
[Yips béCT > w/ —
. .gi ‘/*'

o ¥ o

File PPM Setup Logging Diagnostics
5

Phato:current !
3 Laser Pulses Q=CAV Dark Current
l=0.8nC Charging Curve

Aglient

ICT reading
0.8
Laser Pulses on
/ Photocathode (9)

Macro-Bunch

0 v ST 00 eV (V5]
154 miv

Faraday cup

Integrating Current Transformer

FC vs ICT. ICT signal 0.85 nC , FC signal 0.8 nC

D. Kayran, COOL’1S5, JLAB



Charge per bunch 0.55nC

2 laser pulses, 2 e-bunches at FC

¥ /Development/ERL/Instrumentation/CurrentXFMRs/ICT p« — 0O X

File PPM Setup Logging Diagnostics O39uJ each Observed

Tue Jun 2 2015

57 lav_per_RF_pulse 4.5uA
4..
9 bunches,

3..

2l lav_per
<'.:> laser_car=5.3mA
5" 14 r———-—
=T 2 h
d , | bunches

-1 " " + + + + 4 4 4 + " "
17:50:20  17:50:40 17:51:00 17:51:20 17:51:40 17:52:00
time of day

—e— ICT_first_pt —#%— ICT_peak_avg

Stop |

ICT signal for 9 pulses (4.4 nC> 4nC ICT saturation)

Reduce back to 2 laser pulses (1.1 nC) 0.55nC each.

Charge is enough to generate 386mA at 704MHz

D. Kayran, COOL’1S5, JLAB



Solenoid scan to measure gun astigmatism (preliminary)

| bic viewer 0O x

ebic.avtll

| bic viewer = [a 3

File Display Orientation Helpl
ebic.avtl1

File Display Orientation Helpl
ebic.avt11

e

\

UlTimer event I SOI=6.7A : - . . .__ =T
- Ninja star shape

o] _§01=7.24A |

2 FPCs Axial symmetric system or not?
L B B L l:r‘- -E
ng Jl_ 1L ‘i«F 1:57;':I~
= - e s
—— L i =
N\ ‘— T ii: —-‘\:\ *‘-\L‘éj/‘.’r‘
=2 Ja - Radl RS Bt
v . I . P S . " . J 2
L oo SN S SN W A

Preliminary result focus length 64cm!!!. Required more investigation.
Courtesy V. Litvinenko

D. Kayran, COOL’1S5, JLAB



Dark current and photocurrent

—_— = 1 =] bic viewer - 0 %

File Display Orientation Help
ebic.avtll

Flle Display Orientation Help
ehic.avill

similar to solenoid and
corrector change.

X

T UlTimer event &2 /Developi
- File PPM
/ - RemoteScope _ o x AN,
Setup Scope Diagnostics Help
Scops: ERLInst_Ch1:Signal 1 Ch2 Signalz_Ch 3 Signal 3 Ch 4 Signal 4 ¥ /Development/ERL/LLRF/Gun Tun — 0O X
/A Teledyne LeCroy WR610Zi 5 N . =
i y Help » File PPM Setup Logging
r ~ —
{4 /Development/ERL/Instrumentation/CurrentXFMRs/ICT_peak avg.mon — 0O X Tue Jun 2 13143302 2015, cucle 1433266983
File PPM Setup Logging Diagnostics
Tue Jun 2 2015 300000
800000
0,040 —4—— o —b——b——b—p—o—b——o——0— 700000
600000
0.6
500000
o4 400000
0.2 [Ca) 300000
I 5.00 ms‘lsd;v Normal 1.50 V
200000
0,0
100000
13:42:20  13:42:23 13:42:26 13:42:23  13:42:32 13342135 0
time of day
83 90 91 92 93 94 95 96 97 98
—e— ICT_first_pt —#— ICT_peak_avg msec

M TELEDYNE LECROY
Photocurrent 0.8 nC /2 laser pulses

Gun_Yoltage

Stop|
Dark current @ .85MYV 4uA per 3 msec

D. Kayran, COOL’1S5, JLAB



Try Solenoid scan, Q=133pC (preliminary)

beam 5 mm mrad

20% core 0.25 mm mrad

Chart Title

\ 60506 - 338 Su+ 20570 M
PM1 a3 ! -
>

D. Kayran, IEBW’15 Cornell University



June 29

lle Window Markers Analysis

00:36:0¢

257

 Maximum average current from
the gun 20 uA.

* Confirmed charge per laser pulse
49 pC.
e  We were limi by 5msec 10 Hz |
operation . Average C [

<
=1

IU‘HA ______________ ___________ ,,,,,,,,,,,, ___________ ___________ ___________ ,,,,,,,,,,,, _______

msec RF pulse 1=400uA

5 ........................................................... ‘ .......... ........... ............ ................
: : : : : N o
i : : : : .00
: : =§ : 20.0692 © Bo 0
of : : : : :
15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00 00:00

Beam for conducting fault studies.

—o6— fverage_current[uf]

Radiation Safety Requerement.

0.00f

13:00 14:00 15:00

16:00

17:00 18:00

19:00

20:00 21:00 22:00 23:00 00:00

Bunch_Charge[nC]

me = Tue Jun 30 12:07:03 2015+578ms, Average_current[uA] = 0.000790689

nailaddeess set to send pri
9

email dkayegan@bnl.gov
9

me = Tue Jun 30 13:58:30 2015+656ms, Average_current[uA] = 0.00109987



Goals of Gun to Dump commissioning stages (ARR stage )

eBeam direction

* Injection line commissioning (low current)
— transport beam through the ERL injection line (ZigZag)
— calibrate beam loss monitors
— establish routine and fault dose rates external to the shielding
e Extraction and beam dump commissioning (low current)
— transport beam through 5cell cavity and the ERL extraction line to beam dump
— calibrate beam loss monitors and DCCTs
— establish close to 100% beam to dump transport line propagation
— carry out beam measurements
— establish routine and fault dose rates external to the shielding
e High Intensity Studies (final stage)
— demonstrate stable gun operation at minimum 30 mA average current
— conduct cathode life time studies
— beam dump commissioning
— establish routine dose rates external to the shielding

Learning the machine performance during previous commissioning phases allows proceeding with smooth
transition to loop commissioning.

D. Kayran, COOL’1S5, JLAB



QE changes

QE
0.10%

0.08%

1.20%
0.06% ’ o

0, b 4 ¢
1.00% ¢ 0.04% o o

0.80% 0.02% . ¢

0.00%
0.60%

0.40% ¢

06/25/15 07/05/15 07/15/15 07/25/15 08/04/15 08/14/15 08/24/15 09/03/15 09/13/15

0.20%

oo
&
~
Q v

G b . S e < e
0.00%
05/26/15 06/15/15 07/05/15 07/25/15 08/14/15 09/03/15 09/23/15

Due to limitation of leq. He supply. Cathode stalk retracted after each beam test and
inserted before next beam test.

After first week of testing QE drops from from 1% to 0.4% (June 1-5)

Then it’s recovered by cathode tip warming up (July 5).

By moving laser spot slightly around better QE area could be found (QE=3-6 e-4)

D. Kayran, COOL’1S5, JLAB




BNL R&D ERL: designed parameters, progress

Parameter

Energy max/inject
Charge per bunch
Average Current

RMS Bunch length
Normalized emittance

RMS energy spread, dE/E

Repetition rate

Beam dump power

High
current
20/2.5

0.5

D. Kayran, COOL’1S5, JLAB

Measured




ERL for LEReC

LEReC Phase-l: Gun-to-dump mode

After completed tests at R&D

electron beam energies 1.6-2MeV ERL. ERL components Will be
IP2 < , .
varor apaes | ook sonos 4T o relocated to use in LEReC
|] quadrupoles I Strong solencids Dv \ e
d—TT ) i | IIIIIIIIA
llOl 1 VHHEEEEEAMT © | EReCPhase-ll: ERLmode
DC 704 MHz Location of 704 MHz
gun SRFgun 2 21GHz 5-cell 704 warm cavity
converted Warm cavityMHz .
ool Praze electron beam energies 2-5MeVmode
@ BROOKHAEN 7559 IP2 < 5 ’
| waHer dipoles II solenoids
v Verticaldipoles || quadrupoles ""‘H‘"‘Vﬂ“‘vﬂ]" X .
&
geam dump T ¢ | IIIIIIIIA
o . ) I¥ LAY A A
Courtesy Jorg Kewisch. N O &, \ I “!_““
ERL’15 i IMI ||]va I]l°\ HH ,OI[rv —
oin SRFgun 210k ;gf;'m i pening
converted ::;Tty SRF iy magnet
t;':?;s’e' cavity 21 GHz
SED Cauty
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Summary

An ampere class 20 MeV superconducting Energy Recovery Linac (ERL) is
presently under commissioning at Brookhaven National Laboratory (BNL) for
testing of concepts relevant for high-energy electron cooling and electron-ion
colliders.

Commissioning with beam started on July, 2014

The first photo current from ERL SRF gun has been observed in Nov. 2014 (1 uA
per 500msec RF pulse)

2 new “mulipactor free” Ta tip cathode stalks conditioned for CW March,
2015

ERL returning loop components installation is completed in May, 2015
QE with Ta cathode tip: room temperature 4%, in gun cold QE 1%. May, 2015.

SRF GUN with new cathode starts June 1-2, 2015. Maximum Q=0.55nC,
maximum average current 20uA.

Start commissioning beam instrumentation with beam.

After ERL commissioning in BLDG912 the ERL will be relocated to RHIC IP2 to
be used as low energy RHIC electron cooler.

D. Kayran, COOL’1S5, JLAB
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Thank you
for your attention!




* Back up




Our current laser system:
— without laser splitting can run 10 MHz
— with laser pulse splitting it can run 40MHz.




Laser pulses matching RF pulse structure and ICT for start up test

RF: 3-10 msec 1 sec

adjustable
pulse length

Bunch train

charge
measurement

7 ausec
ICT window iF 500 ps

Bunch car 00 nsec Bunch:

Laser pulse ‘

Signal (arb. units)
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Laser system

* Lumera Laser:

Specifications for the Laser System

Ability to lock and follow master RF clock & e = e, = PR
Master RF Repetition Rate 703.75 MHz
Laser PRF (Phase I for ERL) Sub multiple of 703.75
MHz
Laser PRF (Phase Il for RHIC II) 9.383 MHz
Frequency tunability +/- 1 MHz
Synchronization deviation to master oscillator | <1 ps B e ] 231423 Hormonic rysss
Pulse Length 512 ps Pulse Selector Performance
Jitter in pulse length 0.1 ps
Final Output wavelength 355 nm
Optional output wavelength 532 nm
Beam Quality @ 355 nm TEM,,; M’< 1.5
Optimized for a required power at 355 nm >5W
Average output power stability at 355 nm < 1% rms Green Beam:
Amplitude noise < 1% rms e

_ommissioned and operational
since 2009

of pulses within the window As before with higher duty factor

D. Kayran, Cool’15 JLAB



Laser pulses manipulation

Birefringent Method Interferometric Method
— /N“T@k
A\ é kI"
« I

| Sharma et al Tomizawa et al Quant Elec 2007
y PRSTAB 2009

Intensity (arb. units)

Signal (arb. units)
o o o o
2 >

- No adjustable parameters - Extremely sensitive to alignment

- Crystal length and quality issues * Stability
Used to increase pulse width by 4, 8 and Used to increase to increase rep.
pulse flat. rate by 4. (to 4%9.38MHz)
Tested with e-beam Ready to test with e-beam

D. Kayran, IEBW’15 Cornell University
40



