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BNL R&D ERL

v" ERL construction was completed: May 2015
v Q=0.55nC, I=.26mA per 4 msec reached: June-July, 2015

v' R&D ERL has been built to serve as the test bed for
future projects at CAD.

v' Many ERL components will be used for RHIC upgrade T‘;_'
project: LEReC. &
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R&D ERL: Installation and commissioning time line

Strategy: Start commission of key components when
systems installed and recourses are available.

(no beam) H

v' High power RF components installed and commissioned (2005-2007 =" * k ‘ “H M
v" 1MW Klystron, 50kW RF PA, waveguides, controls, circulator, dummy load e )

v" SRF 5-cell installed and cold emission test completed (2009) . . !
v' Eacc=18MV, 2 sec CW every 10 sec. :

b))

25

E_, MYim)

v' 9.4MHz Laser system commissioned (2009) | T e
v’ Digital LLRF system commissioned (2012) Ejﬂ: N
v" 2 K LHe cryogenic system/refrigerator commissioned (2012) i o e
v" SRF half-cell gun cold emission test w/o cathode (2013) SRR O
v' Eacc=2MV .
v' Conditioning of the SRF gun with a cathode stalk (Jan 2014) -
v' Eacc=1.25MV ’
v" Gun test beam line components installation completed i we o % e Nn WB WA a7

v' Low power gun beam test approved (May 2014) '«: I Eacc

130 1030 100 1350 1400 100 180 1830 180 1850 1700
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First beam commissioning (June-Nov. 2014)

1 | RT solenoid wrapped
'; around the v.pipe in situ
due to problems with

Cathode transport .
cart * 'T-*

*( ¢ running HTS one.
Cathode = Gapy RT solenoid
‘ | | Pepper pot
Vi BPM Halo.
’ i F - /monltor
_ -. - ﬂ‘/ - o . L | _/FaradayCup
‘r" BEN N s _
-----q.r i‘ﬁ t' [ 8
alves
_i.
Com
.,

Pl e

First Injection line dipole stays
off during gun beam tests.
Straight line is used to check QE
at the beginning and the end of
every regular shift, and energy
measurements.
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First attempt to run SRF gun with cathode (June 2014)

v' Cathode dark current measured.

________ | FC current measurements
S E— : RF duration 40 msec, Eacc=1.2 MV
| FC signal R=1 MOhm termination:
green -225mV peak,
integral yellow 28 mVsec
Charge per pulse Q=28 nC, | 4,,,=700 nA

After several days

First time of conditioning

=#=June 6, before conditioning
=#=June 9, after conditioning

15

P

0.0 * =5 =
12 12.5 13 13.5 14 14.5 15 15.5 16 16.5
Ecath, MV/m Energy measurements.

Corrector top 0.5 A, bottom 1 A.
Dark current measured before (red) and after (green) conditioning June 7mm shift due to 0.5 A corrector

2014. Drops ~25 times after conditioning. change corresponds to beam
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First beam, old cathode Nov 2014.

Agilent Agilent

Aequisition Aequisition

(hannals [rannals
I -

WMuaur ament s Mezsuraments

Faraday cup signal (1MQ termination)

Set up
= lLaser: 6.1 Watt, green,
Pulse structure 7 usec, every 500 usec; 9.38MHz rep rate.
= RF:1.2 MV, 500 ms, 1Hz;
=  Beam:

bunch charge: 7.7 pC,

Average per RF pulse

photocurrent 1 {A dark current 38 nA;

=  Photocathode cold{QE=2.7e-5 Very [p |
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First beam test results meas. vs sim
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ERL beam commissioning job flow (cryogenic limited)

ERL Cryogenic system is capable of providing 2K cold operation time of the SRF gun up to 16 hours in
low power load mode.

Then 8 hours hold at 4.5 K.
After that it requires 1-2 days for helium recovery
We can run the gun maximum four days per week

Mo-Tue Wed Thu-Fri Sat-Su
Cavity at 2 K for Cavity at 45K Cavity at 2 K for Cavity at 45K
12 hours per day Helium recovery 12 hours per day Helium recovery
Beam time No beam Beam time No beam

Optimum schedule

Monday : Cool down the gunto 2 K, Insert cathode, stay at 2 K for 16 hours; then, hold 4.5 K over
night

Tuesday : Cool down the gun to 2 K, stay at 2 K for 16 hours; then, remove cathode warm it up to 40 K
over night;

Wednesday, the gun with stay at 45K cathode is out;

Thursday Cool down the gun to 2 K, Insert cathode, stay at 2 K for 16 hours; then, hold 4.5 K over
night.

Friday, Cool down the gun to 2 K, stay at 2 K for 16 hours; then, remove cathode warm it up to 40 K
over night

Saturday, Sunday, the gun with stay at 45K cathode is out

Beam time / Cryogenic time about 38%

D. Kayran
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New “multipacting-free” cathode stalk has been designed and fabricated with Ta tip*.

New cathode stalk for high current operation

Current stalk

Multipscting in the choke-joint cathode stalk

W R

g [t | o 1 Gun with new cathode stalk.
'; "J‘\ . . " . Mataelak: stainless stos Cavity
Al - " ‘i T
3 ——
1EeE !
i Location: Lst ind
1;.: 10e8 hagsist Dp ilalh podl b Aegoa Carheieda 9ok

Mo multipating

Th=2 /
10=30
a L] i 1% | FE]

3
L - y A :
o Il Ll 1 A I o i
I
o 15 1810 143 ™
reci-tamine - 1
—
] 2
anaa

o S0 M (AEE 488 4 148 e A0 BB dRdm B3 AR 1B3E 108 IR0 AR M
o G

— Kyt Pt (0] [ i P 101

Ta Substrate

et s —_— 1.25MV CW
PT— Good vacuum,

No radiation
*Wencan Xu et al., “Multipacting-free quarter-wavelength choke joint design for BNL SRF gun”, In

Proc. of IPAC’2015, pp 1935-1937 (2015).
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Beam commissioning with new cathode June 2015.

File Cursors Measure Math Analysis Utilities

|
|
|
|
|
!Jr

Wertical  Timebase  Trigger Display Help

+__ | 'Unda
L00IM | ey

RF Signal

T (29 Bl base  -510 ps]

00 mv
-18.20 mvV
2360 mV |--—
19.65 mV

-3.95 mV |Ay

20.0 mvV
57.00 mV
-354 mV||---
512 mV
-15.8 mV/ | Ay

500 mV/(div 500 ps/div| Normal  1.50 V
-180 mV 250 MS 25MS 500 MS/s Edge Positve
20mV ---- — X1= -159.100ws  AX= 21.028 us

500 MS/s
305.0 m\
-89 mV| ----
=247 mV/
-158 mV | Ay

=393 mV | Ay

Faraday cup signal (1MQ termination)

Set up
= lLaser: 0.044 mWatt, green,

Pulse structure 5 usec, every 500 psec; 9.38MHz rep rate.

= RF:0.65MV, 3 ms;

= eBeam:
charge per macro bunch 0.8nC/47bunches=17p
dark current 4 p A;

= |nitial photocathode cold QE=1e-2 very Good!!!

D. Kayran
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Solenoid scan to measure gun astigmatism (preliminary)

=] bic viewer - O x B ebic.avtl1 .
File Display Orientation Help | 8 bic viewer -0 x
ebic.avtl1 File Display Orientation Help

ebic.avt11

\

ummerevent | S01=6.7A L - ' srmmor vl SOI=7 . 24A g
“ Ninja star shape 7
In situ built solenoid
around vacuum pipe.
Z § 0
ll *‘ - - i F ek :
T e =t P Sl
aAVEEE B
™

w E TS

k

Such asymmetry could be generated by quadruple with focus length 64cm!!!. Located at FPC or
solenoid imperfection. Required father investigation.
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Energy measurements using correctors and profile monitor

O — T RF voltage setting 1.02 MV

Project File Path: None

File PPM Setup Logging Diagnostics‘
Wed Jul 8 11:51309 2015, cycle 1436370663

1100000
1000000 [

300000

800000
FO0000
G000
SO0000
400000

200000
200000

100000
b _—

o 7 83 83 90 91 32 93 34 95

msec

Ymag_I0 (1)

Beam shift at straight line profile monitor
15.5 mm Stop|
corrector changes di=1.4A

Corresponds to beam energy KE=1MeV
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Try Solenoid scan, Q=130pC

e / 7

Beam image at profile monitor for different solenoid settings

Laser transveres profile

0.035
* sxM2 . " Il"d': b
0.025 = syt2 ‘_
—Poly. (sx*2) : b -. "
& 002 —Poly. (sy"2) SPWHM=1.7mm", ",
2 \
2:0.015 ,
0.01 R T P “
Power on cathode 3.49 W at 9.38 MHz, or
e A 372nJouls per laser pulse, FWHM=1.7mm
° 3 3.2 34 36 3.8 4 4.2 4.4
1+pL 2 2 1 1 2
Feows =% =4 F — 2AB ; + (C + AB9)
- JaC
: * - ole—
I |] N
. o o — Vertical normalized emittance 3.5 um

PM1

Horizontal normalized emittance 2.6 um
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10 Watts e-Beam for fault studies.

File PPM Setup Logging Diagnostics

Hon Jun 29 22:47:48 2015, cycle 1435632468

— Eacc=0.87MV

SOOOO0
. 100msec
BHOOO0
870000
BEO000
850000
B40000
830000
820000
810000

=100 o 100 200 300 400 S00 BO0 700 800 900
mEec

Gun_Yoltage

RF pulses structure 5 msec every 100msec

| 30 minutes

FC Flange temperature (blue) rises 3 2C per 30 m

1000

Stop

L

2L

inutes.

D. Kayran

V_FC=2.6V

One single: RF pulse duration 5msec (magenta),
laser pulses 4msec (green) and faraday cup signal 4
msec (yellow) 10 kOhm termination.

260 uA in 4 msec pulse at FC has been measured.
With duty cycle 4% corresponds to 10.4 uA average
current at beam dump. Beam with average power in
order to 10 Watts has been provided for radiation
survey to FC.

After these studies and completion of ARR
DOE approval for full power gun-to-dump test
commissioning has been received in July 2015.

LINAC’16 Sept 25-30 2016
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Average current and charge from Gun

ile Window Markers Aunalysis

20 i :
Maximum average current from gun 22 uA — 'f‘
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Average current and charge from the gun during fault studies measured by ICT and pulse

counter .
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Gun to Dump test: first propagation

Beam propagates from the gun
through injection line, linac
extraction line to beam dump

v Beam profile
monitor

g L e L

I =
=77 1Mev 1 MeV
Faraday Cup SRF Linac off
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Gun to Dump test: first propagation

Beam current measured by injection line DCCT
(magenta) and by extraction line DCCT (green).
90% transport efficiency has been achieved.

e edeal Tmebasz Troger Dol Cuems Meseure el Anavels Uiiies ey

PPN N, (O SRR NI 1 SRR W RTINSOV I N B 8 Beam profilg
| iy monitor

" =y e g e o e e e e e e e e g e e e e oy e i e e e = =

1 MeV

r— Faraday Cup SRF Linac off

Magenta: RF pulse 20 msec; oo
Cyan: Laser pulses

Green: DCCT injection line signa
Yellow: Beam dump signal.

...........



Typical cathode QE redaction during beam tests

=] 08/21/2015 12:12 - 08/21 15:28 | — =
File WWindow Markers Analysis |

Development/ERL/Instrumentation/CurrentXFMRs/erlIDCCT.logreq

mA

1 8nC

2.0
s
rol -
o5t -

007 -

ICT reading

ICT Charge per 5 usec

(47 bunches)

drops in 3 hours

12:15

04—

0071

12:30 12:45 13:00 13:15 13:30 13:45 14:00 14:15 14:30 14:45 15:00 13:15

350uA

DCCT current 2% duty cycle

" Injection red
Extraction black

85% initial inj./ext.
'~ transmission

12:45 13:00 13115 13:30 13145 1400

Time (Start Fill = 19274)

erl OCCT, adol idectlB6plH

1415 14:30 1445 1300 1315

erl OCCT, adolidect3pli

2e-4->1.1e-4



BPMs signal drifts and jumps

Injection line

SRF Gun

During commission significant jumps
of trajectory.

It’s very difficult to tune machine.
We suspect that ICT, DCCTs ceramic
breaks are slow charged by halo
or/and dark current and then sudden
discharge.

The shielding for each ceramic break
location has been designed it will be
implemented where these elements
are used in LEReC

eBeam direction

Vertical

16:30:00 16:35:00 16:40:00 16:45:00 16:50:00

— erl-i-bpm3, 13y

= erl-i-bpm3, 21y — erl-i-bpm3, 33y

30007

20007 -

1000F 3] g

Horizontal

LI
-1000
2000 1
-3000 ¥

-5000—

— erl-i-bpm3.1::H

16:30:00 16:35:00 16:40:00 16:45:00 16:50:00

Time (Start Fill = 19274)
erl-i-bpm3.2:xH — erl-i-bpn3.3:xH

Time = Mon Aug 24 17:43:51 2015+345ms. erlH-bpm3.3:xM =
=4720

Time = Mon Aug 24 18:35:48 2015+186ms. erl-i-bpm3.3:yM

Time = Mon Aug 24 15:41:05 2015+226ms. erl-i-bpm3.3:yM =

1963

-2832
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Cathode QE measurements in the SRF gun during beam tests

QE
1-Jun-15 21-Jun-15 11-Jul-15 31-Jul-15 20-Aug-15 9-Sep-15
1.0E-02 f During the day run QE drops 2-4 times
$ After cathode wormed up to room
¢ temperature QE recoveries
*»
¢ QE K3
$
V7 Q”
1.0E-03 - i e *
Py
+ °* : ] *
& &
* S A
AN . *
¢ *
& .,
1.0E-04 - *
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Beam parameters measured

Parameter Measured*®

Kinetic Energy 1.2 MeV
Charge per bunch 0.55nC
Cathode QE in the gun 1%

Current during RF pulse 350 uA
Average current 20 uA

Laser Rep. Rate 9.38 MHz
Average Laser power at the cathode 3.5W

Laser Bunch Length 8.5, 22 psec
Norm. emittance x/y 2.5/3.5** um
Average dump power 10W @ FC

*Listed parameters have been achieved in different modes of operation
**Preliminary results

D. Kayran LINAC’16 Sept 25-30 2016
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Beam instrumentation tested with bean

virtual target
inspection xL«

PMT Detectors

Significant signal
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Summary and plans

All ERL components have been installed by May 2015.
The first test with “multipacting-free” Ta tip cathode took place in June, 2015.
The highest charge from SRF gun .55 nC has been achieved (initial QE=1%.)

The max average current from this gun 22 uA has been demonstrated with 260uA in
4dmsec.

The bunch is very asymmetric most likely due to solenoid imperfection. HTs solenoid fix
is needed.

Beam has been propagated from the gun to beam dump with SRF linac off.
90% injection to extraction current transparency routinely has been achieved.

Cathode with QE 4e-4 level allowed us to commissioning ERL systems with bunch
charge 30-50 pC.

Ceramic break charge discharge requires shielding installation

During first 3 months of beam commissioning we were able to test and cross calibrate
most of the beam diagnostics which will be used for the next project LEReC.

LEReC will use SRF gun as a booster cavity without cathode inserted. The 704 half cell
gun as a booster cavity will be installed for LEReC commissioning in summer of 2017

Future beam tests are planned to resume when LEReC cinstallation is completed in

RHIC IP2 at the end of 2017.

D. Kayran LINAC’16 Sept 25-30 2016
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ERL transformation to LEReC

P2 < >

VA Hor. dipoles II solenoids
V Vertical dipoles I] quadrupoles

<&
Beam dump A
- ”
e- /0 o \- A
2 / —_— 3 )
i DT (g i
DC 180 deg.
o-cell 9 MHz 704 MHz .
gun 2.1 GHz 2 Mz warm warm cavity bending
warm SRE ) magnet
cavity _ cavity

Injection |ine. eBeam direction
- 3 - Tl - L-+- -r:
—— _ | :

SRF Gun



LEReC upgrate

LEReC Phase-|: Gun-to-dump mode

electron beam energies 1.6-2MeV

IP2 < N
WA Hor. dipoles I Weak solencids B4 m Beam dump
|] quadrupoles I Strong solenoids [l:l]t \ {E_
d— -ﬂ-illlllllllt
& = a-HH-HHHHEA
e

gun

!IOI\II\IIIIIII,'W'\:\ =/

Location of
B-cell TO4

T04 MHz

180 deg.
SRF gun .1 GHz :

T04 MHz i
Warm cavity bending

convertedwarm cavityHz magret
to booster SRF cavity for
cavity Fhass |l

BROOKHAVEN P75 Office of

........ LARORATEN L Seiance

@

Low Energy RHIC Physics program:
Search for QCD phase transition Critical Point

Center of mass energes: Ws,=5 6.3, 7.7, B8, 11.5 146, 196, 27 GeV

*Energies in black have
been measured in the
2010 & 2011 & 2014
RHIC runs

*Because of large
emittance and IBS at
low energies the
integrated luminosity is
small

“\We need to cool the
Ions to improve
luminosity

Chiii k- Glisgn Plasima

(- P el

——3 -

LEReC will use SRF gun as a booster cavity without cathode inserted. The booster
needs to operate CW at 2.2 MV of voltage. In 2013 this cavity has been
commissioning for such operation. However after beam tests it was discovered that
the cavity can run only at 1.6 MV of voltage. Cavity was opened and copper marks
have been observed at niobium part of chock join. Presumably cavity has been
contaminated during severe cathode stalk RF conditioning. This gun as a booster
cavity needs to be install for LEReC commissioning in summer of 2017. In summer of
2016 cavity has been sent for cleaning and testing.

D. Kayran

LINAC’16 Sept 25-30 201

2



ERL components moved to LEReC location

by

eBeam direction e Ay
s ; _!_E!xtractmnme 2
. LY o - [ =1 ey
" il ¥ A W § " !'“ I L‘

DCCT-1 (is OFF)

—'— \ctor section to be installed

SRF G g wogenuary 2017 (without SRF)

DC Gun

Test Line ?!}4 SRF

Diagnostic
Beamline 2.1 GHz

Cu ant},r T Cu Cavity

|

COOLING
" | inYellow RHIC ring

ReC Solenocids

Compensating (LF)

Matching (HF)

180°

Bendi
pf;gr'.g? Installed 2015

20°
Bending
Magnets

Merger/Transport

Remaining components

* NOT to scale will be installed in 2017 . from ERL J
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LEReC requirement
booster with Eacc=2.2 MV

T e e e e . T e P, T . . .
I '

Beam J‘ o S 1F | f';
' " SRF booster

SUN-ELEVATION

Rep: SHREIMEWRAFP




SRF Gun Cavity Parameters

Assembly Support e Helium Vessel RF frequency 703.6 MHz

Fittings ki a3 i [
N by Selom g Cavity active length 8.5 cm (0.4 cell)
S BEHOWS\ py Opposing Pickup Ports Maximum energy gain 1.8 MeV
) ) Maximum field at the cathode 26.7 MV/m
Cathode location .
=~ FPC Port Stiffener E,. at2 MV 23.5 MV/m
R/Q,. 96.2 Ohm
Double Quarter Wave S Geometry factor 112.7 Ohm
Choke (cavity portion) p "{ T
s " e Cavity operating temperature 2K
\ Q.. 4.5E5
Opposing FPC Ports
Frequency tuning range 1 MHz
BROOKHAVEN : g, Spaes .
NATIONAL LABORATOR\ W —— ,4..\5.?\/ Requn’ed RF power 54 kW
Installed RF power 65 kwW

w6 Nov 2013, :
22046 1.6E48- NOV 2015; : :
™ CW Vmax=2.2 MV _ /
20646 - CW Vmax=1.6MV
14E+5-
18546
16646 17F45-
14546
1246 10E45-
BB 15 154 1550 1600 1610 1620 1630 1640 1650 1700 170 1720 1730 1740 1730 1800 1810 1820 1830 184 00 1035 1130 145 1200 1215 1230 1246 1300 1315 1330 134 1400 1475 1430 1445 1500 185 15N 1545 1600 1605 1630 1645

Time
= inJolzae

— lntoltzge ()

i Time = Thu Nov 5 14:27:03 2015+207ms, qun_cav_cath side_finge =21.822
Time = Thu Nov 5 14:30:05 2015+234ms, qun_cav_solnd side finge =72

Time = Thu Nov 5 14:58:43 2015+441ms, qun_cav_solnd side finge = 11416

Time = Tue Nov 519:11:55 2013+500ms, qun_cav_solnd_side_finge = 8.623
Tiime = Tue Nov 517:48:35 2013+123ms, qun_cav_cath_side_flnge = 17.046
Time = Tue Nov 518:37:55 2013+312ms, gun_cav solnd_side_fingz = 10.4

o
'}



Copper rings mar_h

"N
|

Cavity was opened and copper marks have been observed at niobium part of chock join. Presumably
cavity has been contaminated during severe cathode stalk RF conditioning. This gun as a booster cavity
needs to be install for LEReC commissioning in summer of 2017.



HTS solenoid lead damaged

From one side both HTS leads can be
seen to be a uniform red color.

Main lead from other side it’s different
matter. Besides being discolored in spots, it’s
lifted up at one point. O
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