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Two-bunch PWFA experiments
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Y Plasma-based compression demand short
“Standard” PWFA experiments operating at plasma bunch separation (50-150 um) with large
density 1e16 - 1e17, corresponding to an optimal drive to witness current ratio. Figure
bunch separation from 50 to 250 um. Figure adapted from K. Swanson et. al. (2026)

adapted from M. Litos et. al. (2014).

How do we deliver two bunches with desired spacing and current profile?




Different PWFA experiments demand different beams

We want to deliver two bunches with

After BC20

- High current, short bunch length 01— o |2
- Controllable bunch spacing from 50
um to 300 um

- Controllable Energy offset
- Individually controllable bunch

length/current /
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Typical simulated LPS for two-bunch
PWFA experiments at FACET-II

High-quality drive-witness pair with the right longitudinal and transverse properties
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Two-bunch from the photocathode

Two laser pulses

Solenoid

Double laser pulses (single laser split and delayed
Cathod —
/& / atnode LOA LoB by a pulse stacker) generate two-bunch at the
% RF Gun cathode, co-accelerated in the same RF bucket.
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We operate BC2 in the

overcompress regime to swap Nominally, 3:1 charge
the position of drive and witness. ratio with a total
charge of 1.6-2.1 nC

Three main longitudinal knobs: Injector pulse stacker (delay, arm power ratio), L1 and L2 phase

Longitudinal dynamics of two-bunch with multi-stage compression is complicated




Injector dynamics
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- Injector dynamics dominated by

, " velocity bunching + space-charge

A = N / “‘g\ - Bunch separatign out of thg ipjector

4 roughly grows linearly as initial pulse
W L A - / oeo 5 - Detailed dynamics to be understood
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High-intensity double-pulse X-ray free-electron laser
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Longitudinal dynamics of twin electron bunches in the Linac

- We want to deliver two bunches with Coherent Light Source

. Zhen Zhang,"* Yuantao Ding,' Agostino Marinelli,' and Zhirong Huang'
- High current, short bunch length  SLAC Natonal Acclerator Laboatory. Melo Pt Clfomia 4035, USA
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- Individually controllable bunch length/current  tuobunchexperieiite
~10 deg RF phase £,

- Maindifference from LCLS two-color mode differenceinL1
- Asymmetric charge
- Wetypically operate at 3:1 charge ratio
- Bunch charge an order of magnitude higher
- Much stronger collective effect e.g. longitudinal wakefigld

- Targeting larger bunch separation (~500 fs)
- Different bunch experience very different RF phase
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Measurement of two-bunch LPS using XTCAV

o Drive

S at PENT — energy [GeV] vs z [mm] *  Witness
Columns: L2 phase, Rows: L1 phase (corner text: spacing pm / AE MeV)
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Measurement of LPS with XTCAV

After BC20 E300 #15671 Shot 4850
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...even for very wild configuration




Analytic tracking
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Uniform current profile

Linear compression
Bunch-dependent RF tracking
Chirp comes from RF+self-wake
Centroid energy kick from
self-wake + leading bunch wake to
the trailing bunch
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Bunch separation and energy offset
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L1 RF envelope (A = 8.02°)

1.0 { == RF envelope 1 3
reees gt § <20 20" : /_\

= Drive: -18.29° (cos=0.9495)

Individual bunch length
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= Quasi-orthogonal bunch length control

- L2 phase talks strongly to drive bunch len == == : .

RF phase (deg)

- InL1,drive chirpis almost cancelled out by much
closer-to-crest RF chirp and wakefield; it is
therefore barely compressed in BC1, and thus -16 4
almost entirely controlled by L2

- Witness length therefore controlled by L1 in
closed loop

- At afixed bunch separation, wide range of current
ratio can be achieved via wiggling linac phases
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- The combination of the bunch spacing control and et e
qguasi-orthogonal bunch length control enables
customization of current ratio at a given bunch spacing
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- For agiven current requirement (e.g. drive and witness
both at peak compression), the bunch spacing is
uniquely determined by injector bunch spacing (this
tells us WHEN do we need to go back to the injector to
achieve a desired LPS profile)
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Collimation system

CN‘?I bunch compressor (“W-chicane”) with negative R56 to compress the wakefield-induced chirp in L3
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LPS customization using laser heater

Spectral shaper + pulse stacker schematics:

Spectral mask

Retroreflector

measured by S-band TCAV. LH imprinted
bumps on the drive using chirped-pulse

| beating technique. LH energy modulation
% ‘ is then transformed into current

% % modulation via compression.
BS '

Beam dump
(50% power loss)

@% Customized two-bunch LPS in the injector

Laser heater with shaped temporal profile enables further customization of LPS
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Challenge in transverse control

Extreme(ly short) beam comes with large

energy spread
- Energy offset of drive and witness lead to
lattice mismatch throughout the linac

- Asymmetric bunch charge lead to
mismatch starting from the injector due to
space-charge

- COTR makes beam visualization and
diagnostics very hard

- More details in my other talk
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Tomographically-reconstructed two-bunch TPS in the
injector showing features of non-overlapping ellipses

Per-bunch beta function throughout the linac (two-bunch beam)
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https://indico.global/event/14577/contributions/156764/attachments/74153/143879/transverse_AAC26_Yiheng_Ye.pdf

Comment

- Photocathode two-bunch mode is fully customizable, enabling various needs of
different experimental program

- Sometime pencil and paper theory works quite well

- Transverse control is challenging
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Understanding individual bunch length control
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