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LEXE New beamline for bright beams research

Tsinghua University

" FORTRESS

Facility of Relativistic Time-Resolved
Electron Sources and Scattering

Pl
Beam study

“‘ »Y:‘ /

 Sources and cathodes

Liquid/gas * Low emittance

AEED Gl Lr  fs bunch and timing
 Advanced diagnostics
- UED/UEM

 Training students

Solid state
chamber

Gun and
load-lock




Tsinghua University

2nd yr grad.




Solid state modulator
[l File T Vertical +* Timebase [ Trigger & Display Cursors | ] Measure @ Math | |=* Analysis X Utilities @ Support

- HV shot-to-shot fluctuation <20 ppm, with SES
drift feedback for long-term stability

10.000e+3 10.000e+3

Pol |11

10.000e+3 10.000e+3

| Trigger ) L1Y
120 mA/div 00 V/ 12 Bits  Seq: 1000 500 ns Normal 2.00 V
10.82000 A -3 | © 125kS 25GS/s Edge Neg
1.000 kSeg 1.000 kSeg ] |
256mV --— -106 ==
- 294 mY) - 112
Ay  550mV Ay 660 mA Ay
TELEDYNE LECROY

- Best shot-to-shot stability measured 13 ppm
(10,000 shots)

- Routinely under 20 ppm for many hours




n¥+r%¢ =255 P High resolution spectrometer

Tsinghua University

« Dispersion D = 0.89 m rf amp. setting Spectrometer images
 Beam centroid ~ 10 um
: —2.30x107*
« ~10° energy resolution
!




EXE ;| Energy stability

Tsinghua University

master REZ.___4J photocathode klystron

oscillator RF gun Energy stability 2.3 x 10™° rms
imi 20
%Igtlélr% energy stability = 2.3 X 10

REF/

energy spread = 4.1 x g

e
)

laser ~ LLRF pre-amp. modulator

—
o

Relative energy (X 10'4)
O

rf amp. stability ~6 x 107> rms
(limited by electronics readout) 0 1000 2000 3000 4000

o
=

rf phase jitter < 30 fs rms Beam shots

P. Lv et al., submitted
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- Temporal resolution and challenges

(D@

cathode . / pump
laser laser

Electron ‘ - )
Pulse :::2:
“Samplg - e- bunch
- gbm
 to: When laser hits cathode /

and sample (w/ fixed delay)

-

« TOF: time of flight of e-  E{ I RF amp. jitter ° ;
from cathode to sample \

RF-to-laser f - ‘ -
* TToF- due to RF amp. and timing jitter

RF phase-laser jitter .
P ) /@ .




% 4%

Al | RF or THz compression

Bunch head has higher energy

Use an active RF or THz to reverse the chirp
Bunch duration compresses during drift

(a) THz source 1 THz source 2 (b) ,
}/ .
S-band S-band X-band : OAP / \ %
@ “Gun (b) Li::c/Buncher ORS @ ecor (©) mirro\‘ mirror @ @ % eF ;
n
Ll L ebeam o g ®  drift P drift
- || anenene. | -— i—
AR T 1 X .
‘ . L T Mirror T Mirror PPWG - SIIt
= e compressor oAP detector
1.7 3.8 5.0 5.7 ! i P mirror
z=1l./m z=3.86m z=5.0m z=5./m

* THz intrinsically sync w/ laser

« well-known ‘velocity bunching’ scheme + 10s of fs 7 and T1QE

e Sub-10 fs bunch achieved

_ « Limited by small structure size, trans.-longi. coupling,
* ButTyop remain >10s of fs THz waveforms, demand on laser etc.

Maxson et al., PRL 118, 154802 (2017) Snively et al., PRL 124, 054801 (2020)

Zhao et al., PRL 124, 054802 (2020) 11




1EXS b | DBA/TBA compression

Tsinghua University

Main solenoid

* No need to reverse the chirp using RF/THz —

* Introduce DBA/TBA, common transport units,
with R;sg of opposite sign of drift sections Bending .}

magnet

90° achromatic bend

High energy

Low energy

« Stabilize TOF and compress te

Screen

BB E
2 2]
Sample
EMCCD\

Kim et al., Nat. Photon. 14, 245 (2020)

Pump laser

» Best measured combined precision 15-25 fs rms

« TBA design w/ tunability to break the 10-fs barrier

Electron
L\ Bun Kevi THz 1
rd
RF cavity Q Diagnostic u Detector E Sextupole gun Gk : :
‘ Station Collimator Streaking ~ === cccc e - ==
D1
L
. Solenoid g BAM ﬁ Valve I Dipole ' . %
(rectangular) Slit
OAP
Quadrupole " Steerer ' Dump THz station @
(with steerer) L Faraday Cup o Q2

| Magnetic ! 1 ? Q3
‘I , 9 e Sample y v > —‘ > A > D2
: > g p:
l 4 TDC

\ M—LHIWF (@) (b) © ~ mmmmmmmmm-- >

Hounsell et al., IPAC’25, TUPM021(2025) Xu & England, arXiv:2408.00936 Qi et al., PRL 124, 134803 (2020) 12




Criteria and challenges for temporal control

I RF amp. jitter

RF-to-laser
timing jitter

\ /e

» Simultaneous sync. & comp.
* Preserve beam brightness

Simple, reliable, clear

Fix cathode-target TOF Compress bunch duration

« Jy inevitable, try make Rs;5— 0 « Rotate LPS w/o affecting

 RF phase-to-laser jitter still centroid TOF (no “active’ EM
causes TOF jitter fields)

13







Low-jitter photoinjector

Conventional gun (1.6 cell) New geometry (1.4 cell)

10 20 10
o
(7)) 0
o o
~ °\° ~
2 © 6 =
< <
ATOF -5 10 -5
-10 -20 -10

40 5 60 70 8 9

10 420 30 40 504 60 70
[ ] -

Large Large * Much less impact from A¢

TOF energy / Amomentum

jitter jitter
 ARF amp. m




What Is an a-magnet?

Harald Enge, proposed in 1963 Michael Borland’s
PhD Thesis, 1991

THE REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 34, NUMBER 4 APRIL 1963

Achromatic Magnetic Mirror for Ion Beams A HIGH-BRIGHTNESS T

Harap A. ENGE MICROWAVE ELECTF

Department of Physics, M husetts Institute of Technology, Cambridge 39, M assachuselts
(Received 12 November 1962; and in final form, 4 February 1963) Michael Borland

Stanford Linear Acceleral
- Stanford University, Stanfon

A new type achromatic or nearly achromatic deflecting magnet for ion beams is discussed i in tlns paper 'I‘he
magnetic field in the >y (median) plane is given by B=0 for <0 and B,=Gx" for x>0.T
field through the origin at an angle & with the «x axis, go through a loop of 180°+2«, and 1 \ \
crossing the y axis at the origin or close to the origin. Several cases are studied with the field |
to unity and with deflection angle 270°(90°) or nearly so.

SSRL injector

GPT tracking results

Top view

a = 40.71°
4y

-
N
W A
N
o
(@]
~
(o]

Z (Cm) 16




a-magnet and DBA/TBA comparison

Tsinghua University

No. of elements 1
Rs56 tunability Yes DBA no, TBA yes
~m w/o pole face or
Ts66 -Rz6/4, low few cm sextupole
Path length 0.1-0.2m meter scale
Beam energy <few MeV Very broad

17




LEZE1 a-magnet put into new use

Tsinghua University

9 (~4dcmfory=7
and L = 2 m)

a-magnet R%:(cm) = —9.61/v5/g(T/m)

(~-7Tcmfory=7
and g = 12 T/m)

Drift section RS = /4

T 0O A

* Designed and
constructed to
15 T/m, versus
previous typical
~5 T/m or lower
level

collimator -\'
delay UV laser

 Allow straight
trajectory from

Y& /[y AWM.  another gun
= 2 — " 18
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Cathode
laser optics

-magnet ‘ e

A

To target & < e 1 L by (A4 " 7e-11/2e-10 Torr
THz structure 2 4> < e ~N\ A ) -

Low-jitter




EXE | THz streaking

Tsinghua University

2.0{(@) A (b1) (b2) (c)
THz Laser-generated ® ‘4,,3!-*' -
structure  THz pulse = 1o 9.27 + 0.27urad/fs 0.21
© / 0.1 oz
o 1 x
S 0.0 / 014 . 8
S N
detector = }} 0.1-
< -1.0 F
0 o 0.2 -
o Ll — THz off
2.0 THz off THz on —THz on
R. K. Li et al., PRAB 22, 012803 (2019) 025 00 025 =0d U =il O S0 0 Go |
Time delay / ps x / pm x / um I/ arb. units

« Strong linearly polarized THz
generated by and intrinsically TOF resolution Bunch duration resolution
synchronized with ultrafast lasers

« Map temporal distribution into
transverse profile

* Measure bunch duration and 0.51 fs rms 2.55 fs rms
relative-to-laser timing jitter 20

pointing jitter when beam size differ from
streaking strength unstreaked beam size by 3o




TOF control and measurement

TOF levels off at around 4 fs rms for

0
. TOF RG]
ST e IRY| <2cmorg>~11Tim
EN s
g \\l_\\ ,#,f
= -2 ¥ » ~fs contributions from vibrations
5 RPN g : of optics and laser pointing,
Y oI N including THz waveforms
/ [ R%MR%O il ] * R%' = —1.67 cm and Y~ 26x
! 14
4 3 10 > . 107> contributes 1.4 fs rms
a-magnet gradient / T/m 5B
| * dSq(em) = 9.6 yB/g(cm)—
* Increase a-magnet gradient, tune by 10 ppm magnetic field
variation yields 2.6 fs rms

R:%" toward O from negatives
. Tunablllty, high-gradient is needed

21



Phase space evolution

Longitudinal phase space

T 0 A
| .
\

_1 1 \
3
-2 THz structure =

-4 - : : :
-150 -100 -50 0 50 100 150 THz
z/ um generation

6! %
o

o-magnet

4/ collimator

Beam spot gun solenoid

800

600

400

&p
> 2200
=400

-600 |
-800

-800 -600 -400 200 O 200 400 600 800 Courtesy Of Yin ing Yang

X/ um 22




Compression and chirp control

\ Ot * First optimize TOF, which fixes a-magnet

* Then tune electron bunch charge density
to control the bunch chirp hY, so that

a-magnet +§ ‘+: []_ + ho (R?G + RE()QEST) =0 ]
;= :

slit

collimator !'&

UV laser /

Precise phase-space selection

0.36 pC 0.43 pC 0.59 pC 0.87 pC 1.45 pC 2.15 pC

4
; : | : 10 umslt
L & 0 s ;: slit
2 b
o~ 5
| -2 -
: : . .




Robust, sub-5 fs control

Bunch duraiton
3.47 + 0.33 fs rms

« Simple, clear, compact, reliable
 Minimal number of elements

- Emittance preserved for high brightness TOF-to-laser jitter
20 TR 4.34 fs rms
20.- Bunch charge
£ 10 1.6 fC
é 0 “"# Wﬂm WWM MW” w MW }\ M W’ 5D brightness Bz = 21 /€2
= ;g MMW 7.1 x 105 A/(m rad)?
30- 20 minutes data ER=UEINETEET

0 1000 2000 3000 4000 5000 (5.7+0.37) x107*

Number of shots Momentum jitter

Y. Yang et al., arXiv:2508.03946 2.6 x107° o



For UED experiments

Vo w/ slit, sub-5 fs and mid-10 §p/p
T
% w/o slit
~. & -~10fs
= + <mid-10-38p/p
= 1.0 - higher charge (~1 fC to >10 fC)
-25 0 25 * low emittance (~7 to 15 nm-rad)
-magnet x / pm
Slit width scan
157
_ Slit 0.36;pC 0.43: pC 0.5? pC 0.87 pC 1.45 pC 1%.L5mpsciit "g "
A Tk ' £
2 : j .
-3 100 fs ‘ 0" ' ' '
» | ' | | | ' ' 0 10 20 30
o 1 2 3 z(:m) 5 6 7 8 charge (fC) 25




LEXS Temporal resolution

Tsinghua University

Robust ~10 fs temporal control of full bunch Looking for fast processes, now dealing
with pump laser (40 fs FWHM) geometry

Q — 482 fC - Liquid sheet

6

Additional optical path \ laser

Q = 420 fC e ~ FWHM = sin(6)
| FWHM 11 ebeam
Q =309 fC ]
< 150
o
Q = 250 fC o = 100
§ 50 |
@
Q =192 1C - time 0 5 10 15

o

incident angle (deg) 26




% 4%

Tsinghua University

Bunch charge and SNR

Liquid-phase data comparison 2024 vs 2025

SEM, 5 min data

0.008

0.007 -++-ersedesiinisiadiviiionniiniiindoiinis

0.006 A h
0.005 A
0.004 A

0.003 #

0.002. -

0.001 4\/\ »-

—— 20240815
— 120250723

0.000 u

SEM: standard error of mean

e ~5-10 times imporvement of
SEM over the g-range

« Confirmed > ~10 times
Increase in probe charge

Courtesy of K. K. Chen and J. Yang
27




% 4%

Tsinghua University

Dark current

Single image

30 images averaged

2nd collimator

Fully retracted




Flexibility for UED exps

Tune the a-magnet for
different chamber locations

Liquid/gas
phase chamber

— SlitH

Solid state —
chamber

o-magnet

29




cture

Outline

High rep-rate
UED and imaging

mini-solenoid mini-quac

v
slit
collimator ?
' »
UV laser a-magnet
. gun solenoid
-' 4
- \H i~
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% 4%

Tsinghua University

 VHF gun design pioneered at APEX and

motivated by CW XFEL application s g Test beamline:
» 5 guns fabricated and commissioned i N VHF gun + 400 kV
ince 2019 (Ch iang T Yingch CW buncher + 30
since (Chuanxiang Tang, Yingchao A MeviTale e

Du, Lianmin Zheng, etc.)
* Test beamline repurposed for UES R&D
and experiments

Key parameters

Gun gradient 27 MVIim @ 75 kW
Gun voltage 780 kV

rf amp. stability 1.1 X104

rf phase stability 0.015 deg
Dark current 10 - 380 nA

Vacuum Mid 108 Pa @ 75 kW CW




-

‘beam control and characterization

W

Yian Wang
5t yr grad.

ey N Gl | W

=
JTE

=

780" 7"keV
2.12 kHz beams

Beam physics and
technologies on

* 100 pm emittance
« <104 energy spread
* 10s nm beam size
* Cs/Cc aberrations

 e-e scattering

Active
Vibration
Cancellation

32




DC + CW NC RF MeV TEM

High spatiotemporal resolution '@ Design finished

MeV EM 1 MeV CW tube @ Under R&D

(for e.g. thick biological samples)

@ Made and tested

40 kW CW rf source
325 MHz, 5 ps,
>nd laser

1.3 T solenoid

'''''

\\\\\\\\\\

.....

photocathode

DC gun 33




% 4% High rep-rate MeV UED

Tsinghua University

VHF gun + double a-magnet

Harald Enge, 1963

aiming at 0.1-1 MHz,
50 fs performance

' ; ‘¥R
; &« :
s R . "'Q‘q
A d"_ ‘ ’~,1f‘~‘_;;’é.§'
2 - T4y >
v e s
3“; l;; ; oY
foies 4
-~ \ a :
RES o !

34




Summary and outlook

* Brighter, faster beams for UED

* Higher resolutions for discoveries

 Benefits other facilities and geneal beam
physics and technoloqy

Sub-5 fs control,
toward sub-fs

collimator -“

UV laser a-magnet

Low 10-° energy CW beam

stability

----------------

Source & beam
shaping R&D

.....

Advanced _
control & diag. g Eam|l]

Thank you!
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