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FLASHForward: A beam-driven plasma-wakefield accelerator

Goal: Develop a self-consistent plasma-accelerator stage
with high efficiency, high quallty, and high average power, at > 1 GV/m
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High-overall efficiency High beam quality High average power
Driver depletion Emittance preservation Rapid recovery time
Plasma-to-witness Low energy spread High repetition rate

energy-transfer efficiency

See FLASHForward
Plenary talk for more info
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FLASHForward: A beam-driven plasma-wakefield accelerator

Goal: Develop a self-consistent plasma-accelerator stage
with high efficiency, high quality, and high average power, at > 1 GV/m

High-overall efficiency High beam quality High average power

Plasma-to-witness
energy-transfer efficiency
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Energy-transfer efficiency in a PWFA

> Wake—witness bunch energy transfer
efficiency = maximise absorption of

energy lost by driver s .
M. Litos et al., Nature, vol. 515, pp. 92-95, Nov 2014 Wltness

| WELC ‘
> Demonstrated as high as (42£4)% in |

PWFA
C. A. Lindstrgm et al., Phys. Rev. Lett., vol. 126, p. 014801, Jan 2021

> How do we normally measure this AVVacc
efficiency? n=
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Measuring energy-transfer efficiencies

> Normally measured using dipole- 2 1|
based spectrometers -

X (mm)

25 1 (0)

> Can only accurately measure a finite

band of energies simultaneously -
multiple shots
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> Requires stable transport from < 25 |
| q D * , G Y
p asma to Spectrometer 900 1000 1100 1200 1300
E (MeV)
> Measurement is inherently
destructive > |s there another way?
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Plasma emission light as a PWFA diagnostic

> Light yield when a plasma recombines
Increases when a drive beam deposits energy

> Can serve as a diagnostic for driver energy loss

> Also used as monitors of driver overlap with

laser generated plasmas

P. Scherkl et al., Phys. Rev. Accel. Beams (2022).
A. Knetsch et al., Phys. Rev. Accel. Beams (2021)
E. Adli et al., New Journal of Physics (2016)

> Can also be used for efficiency
measurements
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Double bunch generation at FLASHForward

> Collimators in dispersive section - tailoring of double-bunch
current profile

> Can be used to systematically vary the charge reaching the >
plasma stage =
w

. Linearly chirped, 1030
dispersed beam ;

Head collimator
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— ! —
Beam from FLASH / )"’

> Notch collimator

!
Tail collimator

Collimated beam 08

Compression
section

. 0.0

»

to plasma chamber
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Energy booster stage at FLASHForward

> Simple CMOS camera
captures emitted plasma
light after beam passes

Discharge-generated

Energy
Driver-witness transfer
pair Y \
N —— —— > Vary the charge in the
To spectrometer driver and tralllng

L buncheS, and see What

4000 happens...

2000

Plasma Emission
Light (counts)

Plasma Sideview :
Camera
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Simple observations from plasma emission light

> Emitted light increases after interaction with driver...

Spectrometer charge density (pC mm~! MeV~1) Captured plasma-emission light (counts)
0 5 10 15 20 0 1000 2000 3000 4000
—— ' i S i

o w
w

_ _ 3 r""'”' Gas inlet — Discharge capillary
-3 - -3
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Simple observations from plasma emission light

> Emitted light increases after interaction with driver...

Spectrometer charge density (p.C mm~1 MeV~1) Captured plasma-emission light (counts)
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Simple observations from plasma emission light

> Emitted light increases after interaction with driver...

Spectrometer charge density (pC mm~1 MeV—1) Captured plasma-emission light (counts)
0 5 10 15 20 0 1000 2000 3000 4000
—— ' i e i
g : _ : 8 r‘__# Gas inlet — Discharge capillary
-3 - -3
3 =2
() J [P — SN Driver
_3 L 1 i 1 1 1
3 - - 2 = :
o ﬁ Trailing bunch |
VI i - -
-3 4 Driver (unfocused) ® :
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Energy (MeV) Distance along plasma cell (mm)

> ... and decreases with introduction of the trailing bunch (beam loading)
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Plasma emission-light versus wake energy

> Plasma emission light yield I, measured
as function of driver energy loss AW 4.

Energy (MeV)

Ip = f(AWqec) = f(AWyyake)

= AWwake

)

> When witness extracts energy:.

Excess captured
plasma-emission light (x 107 counts)

AWiyake = AWgee — AWyee = f_l(lp)

Driver charge
increasing

Trailing bunch
charge increasing
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Efficiency measurements with plasma light
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Energy-transfer efficiency from electron spectrometer, ns (%)

> Recast as an efficiency:

Y i (.
P AWdec

> Compare with spectrometer-based efficiency
measurements:

AW,
AWdec

Ns =

> Good agreement!

(Still some systematic error ( ~14 %); imperfect
witness charge coupling / estimation of AWs,c)
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Spectrometer vs plasma light based efficiency measurements

> Dipole spectrometers:
+ Sitill the work-horse diagnostic, will always need them
- Can suffer from poor transport from the plasma stage

- Inherently destructive to the beam

> Plasma emission-light based method:
- Requires some initial calibration with a spectrometer, and at least an estimate of driver energy loss
+ Measurements happen in-situ (at the plasma location)

+ Doesn’t require a withess measurement (non-destructive)
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Longitudinal resolution of plasma light signal

> Plasma emission light measurement is
spatially resolved - split signal into
longitudinal segments

> Construct a response curve for each
segment I; = fi(AWgec)

> Efficiency in each segment:

£ Upa)
AI/Vdec

Npi = 1-—

(under assumption that AWgec; < AWgec
during construction of f)
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Longitudinally resolved efficiency measurements

L. Boulton, C. A. Lindstram et al.,“Longitudinally resolved measurement of energy-transfer efficiency in a plasma-wakefield accelerator,” 2022.
arXiv:2209.06690v1

(a) 4000
energy-transfer efficiency on a shot- ™ 0

to-shot basis

Plasma-emission
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Shot with (38 = 2)% of the incoming charge reaching the spectrometer

o
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> Potential diagnosis of transverse instabilities (e.g efficiency
vs instability relation)?

V. Lebedev et al.,Phys. Rev. Accel. Beams, vol. 20, p. 121301, Dec 2017
S. S. Baturin, arXiv:2010.01046 [physics.acc-ph]
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A diagnostic for future, multi-stage PWFAs

> Can already provide better understanding of acceleration process at single stage level

> Non-invasive nature of diagnostic to withess beam - online efficiency monitor for PWFAs with
multiple stages and eventually applications

Drive beam Separation
dipole
Trailing bunch [ \/ i \/ 3 3 \/
AWd AWdec AWdec

.............................................
...............
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n(z)
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Conclusion

> |n this study:

« Detected energy extraction (beam loading) by a trailing bunch from a plasma wake via a
decrease in the plasma emission light

« Used driver energy loss vs light yield measurements to find relation between wake energy
and excess plasma light

- Calculated energy-transfer efficiency with plasma light yield instead of trailing bunch
energy gain: good agreement with spectrometer measurements

« Used spatial resolution of plasma light signal to estimate longitudinally resolved energy
transfer efficiency

> Qutlook:
* Investigation of e.g. transverse instabilities
* A non-invasive method of measuring efficiencies shot-to-shot for multi-stage PWFA
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Backup
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Plasma emission light as a PWFA diagnhostic

> Example uses: monitor overlap
between driver and laser
generated plasma

>Can it be used for efficiency

measurements?
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Driver energy loss estimation during trailing bunch
measurements
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Driver energy loss estimation during trailing bunch

measurements .
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Longitudinal resolution of plasma light signal
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