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Outline

Injector for cERL at KEK

— Key component: Photocathode DC gun
— To generate low emittance and short bunch beam

DC gun operation
— Stable operation with 500 kV

Development of beam quality in cERL injector
— History of beam quality development
— Next target: 60 pC operation for IR-FEL

Summary
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Injector of compact ERL at KEK

Injector diagnostic beamline The first arc

* Slit scanner l = R
* Deflecting cavity ‘ ¥ 5o dump
Recirculation loop ¢ 55

ump chicane

Main-linac cryomodule

Design parameters of the cERL injector
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- D :ﬁ,\ Nominal Injector energy 5MeV —22.9MeV
1 ,' Beam current 10 mA (initial goal)
\ | / Normalized emittance 0.1 — 1 mm-mrad
Injector Bunch length 1-3ps (usual)
cryomodule
 . \ Y * Key component:
The second arc 4 Normal conducting Photocathode DC gun
Buncher (1.3 GHz) « Recent target
Photocathode DC gun (JAEA) — 60 pC operation for IR-FEL
©Rey.Hori/KEK — Low emittance and short

electron bunch
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Keyword: Discharge stop voltage

Records the event where the discharge
stops and recovers during conditioning.
The voltage at which discharge stops is
defined as the discharge stop voltage.
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HVPS output voltage [kV]

HV Conditioning History in Dec. 2015
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M. Yamamoto and N. Nishimori, Appl. Phys. Lett. 109, 014103 (2016)
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Discharge does not occur at all below the minimum
discharge stop voltage.
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HV Conditioning History

by courtesy of M. Yamamoto

HVPS output voltage [kV]

Two additional conditionings have
been done after December 2015.

cERL beam operation was carried
out in March 2016.

- The electron gun acceleration
voltage is mainly 390 kV.

- No discharge during operation.

Conditioning in May 2016
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- Discharge stop voltage rose about
5 KV in the initial stage.

- Conditioning to a discharge stop
voltage of approximately 520 kV.

Conditioning in February 2017

- The history at the end of
conditioning in May 2016 is retained.
- No cERL beam operation during
this period.

The long-term stable operation of the electron gun itself has the same effect as
HV conditioning.
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Duration of the 500 kV Gun Stable Operation

by courtesy of M. Yamamoto
500 kV operation =Until June 2018 : 369 hrs.

“April 2019 : 169 hrs.  June 2019 : 187 hrs.
Total : 725 hrs.

Typical daily history of DC-gun vacuum & voltage during cERL operation
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500kV & ~ 1ImA CW beam operation

by courtesy of M. Yamamoto World record: Stable DC photocathode gun
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- DC-gun voltage : 500 kV, Beam current : 800-900 A,
Cathode : Bulk-GaAs
- CW operation keep for about 2 hours. There are no trips.
- Observe changes in beam current due to QE drop. (4.0% -> 3.2%)

N. Nishimori, et al., “Operational experience of a 500 kV photoemission gun”, Phys. Rev. Accel. Beams
22,053402 (2019).
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Development of beam quality in cERL injector

Since 2013, we operates cERL injector to check hardware
performance and beam quality.

How about is the achieved beam quality?

— Up to 7.7 pC bnch charge, we achieved designed performance.

Next target
— Beam commissioning with 60 pC for IR-FEL operation

Since March 2017, we continue high bunch charge operation (40 —
60 pC) to develop beam handling method toward high average
current FEL.

Important things of injector:

— Not for achieving peak performance in the injector

— For generating and transporting appropriate beam at the undulator for IR-
FEL

How about is the beam performance in the previous operations
(until June 2018) ?
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Result of the commissioning at Injector part (@the end of June/2018)

Beam energy T 5.6 MeV (typ.), 5.9 MeV (max.) 5 MeV (typical) OK
DC voltage for DC gun V,, 500 kV in operation 500 kV OK
Acceleration Energy E, . 7 MV/m (typ.) OK
Normalized Emittance ~ 0.07 um-rad 0.1 um-rad OK
(Very low bunch charge) (@~10 fC/bunch, T=390 keV)
Normalized Emittance ~ 0.17 um-rad 0.1 um-rad OK
(Low bunch charge) (@0.02 pC/bunch, T=5.6 MeV)
Normalized Emittance ~ 0.8 um-rad <1 um-rad (at the OK
(Medium bunch charge) (@7.7 pCl/bunch, T=5.6 MeV) beginning)
0.1 um-rad Still
(aggressive)
Normalized Emittance 2~3 (@60 pC/bunch) 1 um-rad Not bud
(High bunch charge)
Momentum spread (c,/0)ms <103 (< 1 pC/bunch) <104 (3 GeV ERL) Should be
(1.5 - 2.5)x103 (@7.7 pC/bunch) OK
Jitter of momentum (Ap/p),ms 6x10-° <104 (3 GeV ERL) OK
Bunch length o, ~2ps (@1.5pC) 2 ps (typical) Not bad
~7 ps (@7.7 pC)

For 60 pC, the beam performance was not bad, but did not reach the design.
Therefore, we have to improve injector beam performance toward design parameters.
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Injector operation for IR-FEL test in June 2019

* Required beam performance at the undulator
— Bunch charge: 60 pC
— Normalized RMS emittance: < 3 T mm mrad
— RMS bunch length: < 250 fs

* Target beam performance for injector
— Normalized RMS emittance: < 3 1 mm mrad

— RMS bunch length at the exit of Main Linac: 2 — 4 ps (The bunch is
compressed in the first arc section.)

* InJune 2019, we operated the cERL to improve beam
performance for 60 pC bunch charge.

 Plan of IR-FEL test in cERL

— October 2019, beam operation for 60 pC beam tuning and bunch compression
(continued)

— Nov. 2019 to Feb. 2020, Installation of an undulator for IR-FEL test

— March 2020, beam operation for IR-FEL test (Goal: to generate and observe IR-
FEL)
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Improvement of injector model

* To design injector optics, we use GPT (General Particle Tracer).

 However, previous injector model was not so good for high bunch charge.
Injector cavity model

e 2D model (Poisson/Superfish) = 3D model with mput and HOM couplers (CST)

g lwo mput couplers

Three HOM couplers Two HOM couplers

Laser distribution for photocathode
e Uniform circular transverse distribution = Measured transverse distribution
* Flat top temporal distribution = Measured temporal distribution

Measurement (2019/04/26)
— ——- 8 gaussian, rms 3 ps
------- 8 gaussian, rms 4 ps
8 gaussian, rms 5 ps

A T :
AT L W n .
iy s 250kS/s ® 7 |26 Apr 2019]
10.0v W+~1.55600ms 1000 points 6.00V [[14:01:44 )
O = 1

—50 50
Tlme (ps)

Intensity (A.U.)

Quadrupole magnet model
 Hard edge model (GPT original) = New model with fringe field.
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max(&,,, &,,) (mm mrad)

Injector energy and beam quality

Higher injection energy is effective to improve injector beam

performance.

However, the injector energy is restricted by SRF cavity performance and
energy ratio between injector and recirculation for ERL operation.

We investigated the relation between injector energy and beam quality.

4 - . .
| At exit of main linac 3 MeV
Al 4MeV 35MevV ° |
5 MeV ® n .
e zg \
o ® N
il LN * ]
I B A 4 LA
1L M’n Ooog ::m °e ° 7
o o
June 2019 operation
O 1 1 1 1 1
0 1 2 3 4 5
RMS bunch length, o, (ps)
MP3 . MP2A MP2 MP1 =
L / &, l Mdm lmac J’ e
*’!V—!—!—H—?—H' u:j‘;.r“i"“'*_"""*’
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Injector optimization: GPT + MOGA

For 5 MeV, the beam quality is good.
However, recirculation operation is
difficult for 5 MeV.

We selected an optimized parameters
with

* 4 MeV injector energy

* 4 ps RMS bunch length

for high charge operation in June 2019.

For 4 MeV injector energy, we can do
energy recovery operation.
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Injector optics design with 4 MeV and 4 ps

Operation parameters in June 2019 S 4
2 |
* Injector: 4 MeV s | ]
 Recirculation: 17.5 MeV g N ]
* Target beam performance at the exit %
of Main Linac L\; . ]
* Normalized rms emitance ¢, €, <0 e — I . I
1.0, 1.0 T mm mrad g
 RMS bunch length: 4 ps :3: .
.+ o =-125 & :
* «a, =-0.357 e i
« [.=587m _
. £,=2.83m S
Goal in June 2019 operation: =
» To transport 60 pC beam with &’ .
the designed performance. E) NS = .
« To compare the designed S o= o=, "
performance and measured = OJJL‘L“ - ”'”"M" 1L """‘—“""—2'0—
results.

Longitudinal length from cathode, s (m)

Tsukasa Miyajima 19 September, 2019, ERL2019 14



Buncher phase vs. injector energy

Total energy, £ (MeV)

Injector tuning with low bunch charge

To adjust a single particle motion without space charge effect, we

operated the injector with 1 pC bunch charge.

— To adjust beam trajectory in the injector cavity and the merger section
— To adjust beam energy and acceleration phase for buncher and injector cavities

3.5F

Outside screen
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|«
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180
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In order to adjust longitudinal
dynamics, we measured
energy response to buncher
phase.

The beam energy was
measured on the screen in
the merger section.

After fine accelerator voltage
and phase tunings, the
measured response was
almost consistent with the
design response.

19 September, 2019, ERL2019 15



Injector tuning with 60 pC

To adjust multi particle motion including space charge effect, we measured

quadrupole-scan (Q-scan) response.

Procedure of optics matching

1.

2,

-'.' a ¢ o i 1t -8 ¥ 88 e o lii -8 'ii 1300 ".I

Calculate a target quadrupole response
from the design optics.

Measure the Q-scan response, and
calculate the difference between the target
and measured responses.

Measure a response matrix about the Q-
scan response, when we individually vary
the other four quadrupole magnets.
Calculate the correction values for the four
quadrupole magnet by solving the inverse
measured response matrix.

MP2A MP

& | v |

| | - i & M- SRS A

Slhit scanner

Deflecting cavily

Ql

Q2 Q3 Q4

Q5

e_. . . . .

To adjust optics

T

Screen monitor

To measure Q—scan response
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Optics matching points
« For injector: MP1, MP2, MP2A
* For first arc: MP3
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Result of optics tuning

* In previous 60 pC operation in June 2018, the difference of response still
remained after optics tuning.
* In 2019, we succeeded optics tuning with 60 pC. P
| ',m—c—o—-—-—n—g—:ﬂr.'qu
MP2: matching point at the entrance of ML {-,» e Do
6Before optics tuning at MP2 ¢ After optics tuning at MP2
~ 4_ o o i ~ 4_ |
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Beam profiles after optics tuning

by courtesy of O. Tanaka

Simulation with longitudinal halo
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Measured beam sizes in injector

* The measured beam sizes well agreed with the design beam sizes
except for the exit of injector.

- At the exit of injector, the b T
measured verticall beam size is | O Design i
larger than the design. 4l : Measurement 1 -

« The beam size at the exit of \ &
injector is sensitive to the injection é
position and angle. %

= next study topic

/

Three HOM Elﬁc‘: Two HM couplers 1
-15 Measurément ' = T
Tracking —— a
'=-10 | & 4
E p—
= s ¢ |
8
D 0l ]
8
§ St 0 ' ' : ' | : ' : ' } .
Em, |||.“|. .o o.c0L00 . 011 M e |
= 0 10 20
15 5 Longitudinal distance from cathode, s (m)

10 5 0 5 10
Horizontal position [mm]
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Emittance measurement by slit-scanner

* Transverse phase space distribution and emittance were measured by
slit-scanner in the injector diagnostic line (without merger effect).

6

Emittance calculation from phase e
space distribution E

(mrad)

dy/ds

To check the emittance analysis
method, we calculate emittance by

using two different methods. I R R B R
« Analysis 1: Numerical integration e 00— 56 el | $ Sl 56 Lovel 1 4
with different background level E —=— 3, 168 D —=— 5, S
. A Cieas : 5 g 2 g
Analysis 2: Fitting each slice S 50 48 T 50 1 &
= g 9 =
% & 8 {1 &
= L = .
= to§ = ‘-0:‘
2 0 0 Q0
@m0 50 100 =& 0 50 100
Table 1: Normalized RMS emittance at slit scanner  Integrated intensity (%) Integrated intensity (%)
Design  Analysis 1 Analysis 2 ) ) )
The difference from the design emittance
ene (Tmm - mrad) - 1.42 L87 193720286 otjl| remains. However, we achieved < 3 n
Eny (Tmm - mrad)  1.48 0.88 0.826 £0.018 o
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Emittance for Main Linac and recirculation loop

 From Q-scan result at Matching point 2 (MP2), we calculate transverse emittance.

6 I . .
| ) Horizontal emittance at MP2
T 4 - (Preliminary result)
E . « Design: 2.26 # mm mrad
© 2r 1 « Measured: 2.89 1 mm mrad
0 1 1 1 1 1 1 | 1 1 1 1 1 1 1 1
10 . . .
- Design . Vertical emittance at MP2
—_ o Measurement - (Preliminary reSUIt)
£ st .  Design: 1.86 t mm mrad
S ] « Measured: 1.99 1 mm mrad
0_ 1 1 1 1 1 | 1 1 1 1 1 | :.c;\ 4' | iIjeSlgnl I E
16 14 12 10 -8 6 -4 =2 z Ex @© Measurement |
K(m") ) g ) ]
njector N’
MP2A M MP1 Q 3
[\
&

MP2 (preliminary)

- s . s hi'_ - N o ;‘;7""‘) L
‘ i o Of——+—— —
- L. } I TITEETI T
Slit scanner
’ Deflecting cavity ' 0 10 20

i PP . Longitudinal length from cathode, s (m)

The vertical emittance is good.
The difference of horizontal emittance still remains, but not so large.
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Bunch length and energy spread

We measured RMS bunch length and energy spread in the injector diagnostic

line.
(1) Bunch length
By using deflecting cavity in the
injector diagnostic line
« Design: 4.1 ps RMS
 Measurement: 4.5 ps RMS
Measured bunch length was slight
longer, but not so bad.

(3) Longitudinal phase space distribution

(Preliminary)
Deflector off

859
5004
5503
500
4509
400

Deflector on

[¥|AutoScaleY

V|AutoScaleX

fvlAutoScaleX

(2) RMS Energy spread

It was measured at a dispersive point in
the injector diagnostic line.

» Design: 0.062 %

* Measurement: < 0.21 %

Measured energy spread is three times
larger than the design value.

We require to find the cause of the
difference. (Measurement method?
Miss match of longitudinal dynamics?)

In October 2019, we plan cERL
beam operation with 60 pC.
We will continue to study the
transportation of 60 pC beam.

Tsukasa Miyajima

19 September, 2019, ERL2019 22



Summary and next 60 pC operation in October 2019

 Summary of June 2019 operation

— Transverse motion: Due to the improvement of accelerator model and the
fine beam tuning, the beam condition of 60 pC was improved comparing
with previous operation (until April 2019 operation).

— Longitudinal motion: Single particle dynamics and bunch length are almost
consistent to the design. However, we require to improve measurement
and tuning of energy spread.

» After the injector tuning, we carried out systematic study about
bunch compression in the first arc section.

— Please see, ERL2019 poster presentation, WEPNEC11, “Beam Optics of
Bunch Compression at Compact ERL” by M. Shimada.

* Next 60 pC operation in October 2019

— The remained topics for injector: vertical beam size at the exit of injector,
emittance compensation at the exit of Main Linac, energy spread

— Beam transportation from the injector to recirculation loop, bunch
compression and the IR-FEL points.
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Summary

We achieved very stable DC photocathode gun operation with 500 kV.

The minimum discharge stop voltage is very good guide to do High Voltage
conditioning of DC gun.

In June 2019, we operated cERL with 60 pC bunch charge toward IR-FEL test.

We improved beam transport condition for 60 pC bunch charge for both
transverse and longitudinal motion.

However, the difference from the design condition still remains. To correct them
is next study topic.

Next operation plan of cERL

— October 2019, beam operation for 60 pC beam tuning (continued) and bunch
compression study

— (Nov. 2019 to Feb. 2020, Installation of an undulator for IR-FEL test)
— March 2020, beam operation (Goal: to generate and observe the first IR-FEL light)

To attend CBETA beam commissioning in March 2019 was exciting and good
experience for me. | thanks to Steve Peggs, Georg Hoffstaetter, Karl Smolenski
and CBETA team.

cERL team welcomes persons to join the commissioning.
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cERL team

High Energy Accelerator Research Organization (KEK)

. Adachi, S. Adachi, T. Akagi, M. Akemoto, D. Arakawa, S. Araki, S. Asaoka, K. Enami,K. Endo,
. Fukuda, T. Furuya, K. Haga, K. Hara, K. Harada, T. Honda, Y. Honda, H. Honma, T. Honma,
. Hosoyama, K. Hozumi, A. Ishii, X. Jin, E. Kako, Y. Kamiya, H. Katagiri, R. Kato, H. Kawata,

Kobayashi, Y. Kojima, Y. Kondou, T. Konomi, A. Kosuge, T. Kubo, T. Kume, T. Matsumoto,

. Matsumura, H. Matsushita, S. Michizono, T. Miura,T. Miyajima, H. Miyauchi, S. Nagahashi, H. Nakai,
. Nakajima, N. Nakamura, K. Nakanishi,K. Nakao, K. Nigorikawa, T. Nogami, S. Noguchi [on leave],
. Nozawa, T. Obina, T. Ozaki, F. Qiu,H. Sagehashi, H. Sakai, S. Sakanaka,S. Sasaki, K. Satoh,

. Satoh, Y. Seimiya, T. Shidara, M. Shimada, K. Shinoe, T. Shioya,T. Shishido,M. Tadano, T. Tahara,
T. Takahashi, R. Takai, H. Takaki, O. Tanaka, T. Takenaka,Y. Tanimoto, N. Terunuma, M. Tobiyama,
K. Tsuchiya, T. Uchiyama, A. Ueda, K. Umemori, J. Urakawa,K. Watanabe, M. Yamamoto, N. Yamamoto,
Y. Yamamoto, Y. Yano, M. Yoshida
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National Institutes for Quantum and Radiological Science and Technology (QST)
R. Hajima, S. Matsuba [on leave], M. Mori, R. Nagai, M. Sawamura, T. Shizuma, N. Nishimori

Hiroshima University
M. Kuriki, Lei Guo[on leave]

The Graduate University for Advanced Studies (Sokendai)
T. Hotei [on leave], E. Cenni [on leave]

SLAC
N. Nora

INSTITUTE OF MODERN PHYSICS, CHINESE ACADEMY OF SCIENCES
ZONG Yang
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Thank you for your attention!
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