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This paper describes the utilization of beam-driven plasma wakefield acceleration to implement a
high-quality plasma cathode via density-downramp injection in a short injector stage at the FLASH-
Forward facility at DESY. Electron beams with charge of up to 105 pC and energy spread of a few
percent were accelerated by a tunable effective accelerating field of up to 2.7 GV/m. The plasma
cathode was operated drift-free with very high injection efficiency. Sources of jitter, the emittance
and divergence of the resulting beam were investigated and modelled, as were strategies for perfor-
mance improvements that would further increase the wide-ranging applications for a plasma cathode
with the demonstrated operational stability.

I. INTRODUCTION

Plasma wakes excited by charged particle beams [1–
3] are capable of generating GV/m accelerating gradi-
ents [4, 5]. This is 2–3 orders of magnitude larger than
conventional radio-frequency-based technologies, thereby
promising a drastic reduction in both the size and cost
of particle-accelerator facilities. Such a decrease is of
particular significance for future linear colliders [6] and
the provision of compact free-electron laser (FEL) pho-
ton sources. The research field of beam-driven plasma-
wakefield accelerators (PWFA) is dynamic, with ad-
vances ranging from the energy doubling of a 42 GeV
electron beam over less than a meter [7], to the con-
trolled correction of a correlated energy spread within a
plasma channel of tens of millimeters [8–10]. In partic-
ular, there has been significant progress in energy trans-
fer from the beam driving the wake (the drive beam)
to the trailing beam experiencing the accelerating field
(the witness beam) [11–13]. Witness beams can be in-
jected into the plasma wakefield either from an external
source or internally by the trapping of ambient plasma
electrons. Research on external injection methods has
predominantly concentrated on maximizing energy trans-
fer from the drive to the witness beam while preserv-
ing other beam parameters, such as emittance and en-
ergy spread [14, 15]. Internal injection methods with
extremely high electric-field gradients (GV/m) have the
potential to generate beams with exceptionally high qual-
ity. As opposed to injecting a beam into an accelerat-
ing structure, in these methods, a relativistic electron
beam with much smaller phase space is formed directly
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inside the accelerating structure. The predicted witness
beams have normalized transverse emittance values much
smaller than their drive beams and charges in the range
of tens to hundreds of picocoulombs with femtosecond
bunch durations [16–18]. Internal injection therefore of-
fers the opportunity to generate a new class of beams
with significantly enhanced brightness in comparison to
conventional accelerator sources – an extremely desir-
able feature for future photon sources and applications
in high-energy physics. While a variety of complemen-
tary internal injection methods have been shown to work
in principle [19–21], precise control over the injection pro-
cess, and consequently the injected witness-beam param-
eters, has so far remained relatively unexplored. This
paper describes experiments carried out at FLASHFor-
ward [22, 23] – a dedicated plasma-wakefield beamline
adjacent to the FLASH facility [24], which operates with
kiloampere-level beam currents and FEL-grade stability
and beam quality [25]. It reports on the experimental
demonstration of stable and controlled internal injection
in PWFA utilizing a laser induced density downramp
[26–29] and demonstrates for the first time a plasma cath-
ode that can be reliably operated. The injected bunch
properties as a function of laser alignment and laser en-
ergy are also explored.

II. DENSITY DOWNRAMP INJECTION

Generation of high-quality electron beams in a plasma
accelerator via internal injection requires the trapping of
electrons in the accelerating phase of the plasma wake.
These electron populations can originate from within the
wake through ionization injection [16, 18, 19, 30, 31]
or from plasma electrons forming the boundary of the
wake’s ion cavity [26, 32]. Trapping will occur when
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Figure 1. Schematic layout depicting the key elements of the experimental setup at FLASHForward. (a) Laser and electron
beamline layout: P is the pick-off mirror for the transverse injection laser beam, SP1 and SP2 are spherical mirrors focusing the
longitudinal ionization laser and OAP is the off-axis parabola focusing the injection laser. The e-beam position monitors (BPM)
are shown; US-OTR and DS-OTR represent the upstream and downstream optical-transition-radiation screens, respectively.
These can be moved into the beam path as alignment diagnostics. Foci for the (b) ionization and (c) injection lasers on the
US-OTR are shown. A side view of the plasma density calculated in the injection region from (c) is displayed in (d) (normalized
to the background plasma density ne). Black lines in (d) and white lines in (b,c) are axial projections. (e) is the measured
current profile of the drive beam.

electrons that enter the accelerating phase of the plasma
wake reach or exceed the phase velocity of the wake itself
(ve ≥ vφ). Therefore, electrons need either to enter the
wakefield at sufficiently high velocity or the potential of
the plasma wake needs to be deep enough to accelerate
these electrons to vφ. The velocity of the plasma elec-
trons depends on the strength of the generated wakefield
which in turn is related to the drive beam and plasma
densities. In a plasma of constant density, ne, the phase
velocity is equal to the velocity of the relativistic drive
beam vd, i.e., close to that of light, c. Such a stringent
condition readily precludes trapping of electrons from the
plasma background unless the phase velocity can be lo-
cally reduced using a plasma-density gradient [27, 33, 34].
A plasma density that decreases along the direction of
propagation of the driver leads to a longitudinal expan-
sion of the plasma wake with a concurrently reduced
phase velocity of

vφ = vd

(
1

2ne

∂ne(z)

∂z
ξ + 1

)−1

, (1)

where ξ = z − ct is the longitudinal coordinate in the
co-moving frame, z is the longitudinal coordinate in the
laboratory frame and t is time. As illustrated by Eq. 1,

the phase velocity on a density downramp decreases to-
wards the back of the plasma wake, allowing fast plasma
electrons to rephase into the accelerating region, where
they eventually become trapped and can form a witness
beam. If trapping is avoided except on the density down-
ramp, the injection process can be controlled and density-
downramp injection characterised in detail.

Numerical studies with 3D particle-in-cell (PIC) codes
predict that density-downramp injection with a suffi-
ciently sharp gradient produces electron beams with
transverse normalized emittances below 1µm [35–38].
Such sharp density downramps can be achieved either hy-
drodynamically, as commonly used in laser-driven plasma
wakefield acceleration [39–41], or by ionization of dis-
tinct gas species with two perpendicularly focused laser
arms [28, 29]; the latter is the approach pursued in this
work.

III. EXPERIMENTAL SETUP

The experimental setup at FLASHForward is de-
picted in Fig. 1. Electron beams with ∼ 800 pC of charge
reaching a mean energy of up to 1.25GeV in the FLASH
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linear accelerator were used to drive a wake inside a cap-
illary plasma source. The plasma was created by ion-
ization inside the capillary using two laser pulses – one
focused along the electron-beam axis, the other trans-
verse to it. Combined laser ionization thus formed a
sharp density spike surrounded by a plateau region. Spa-
tial alignment and synchronization were achieved with
screens sensitive to optical transition radiation (OTR)
and by measuring the plasma response due to beam-
induced heating.

A. The plasma source

Constant-gas-flow capillaries have demonstrated excel-
lent performance in plasma accelerators [39, 42, 43], al-
lowing for tailored, short injector stages. For this ex-
periment, a constant-flow capillary with a total length
of 50 mm at a diameter of 1.5,mm with two gas inlets
was designed. The capillary incorporates an additional
access port with 300µm diameter, used to couple in the
transverse laser and located 20 mm downstream of the
entrance, leaving a total maximum acceleration length of
30 mm for the injected witness beam. Gas-flow simula-
tions performed with COMSOL Multiphysics [44] show
that the transverse port reduces the plateau gas density
by less than 2 % and therefore has a negligible effect on
the gas-density profile. Either pure argon, pure helium,
or an arbitrary ratio of the two gases could be prepared
in a mixing volume outside the central vacuum chamber
before filling the capillary. In the experiments described
in this work, the partial-pressure ratio between helium
and argon was set to 2:1. Turbomolecular pumps were
connected to the chamber to protect the beamline vac-
uum, reducing the ambient gas pressure by 3 to 4 orders
of magnitude with respect to the pressure inside the cap-
illary. A differential pumping system further reduced the
pressure by 3 orders of magnitude both upstream and
downstream of the central vacuum chamber. This design
ensured that the quality of neither the drive nor witness
beam was degraded by interfaces between vacuum cham-
bers and scattering on ambient gas particles.

B. Laser ionization

The gas mixture was ionized by two independently fo-
cused arms of a 25 TW Ti:sapphire laser system syn-
chronized to the FLASH electron beam at the 100-
femtosecond level [45]. A 0.5 ′ pick-off mirror inserted
into the laser path reflected the central part of the 34 mm-
diameter laser beam into the injection laser beamline. As
depicted in Fig. 1(a), the remaining part of the laser con-
tinued to propagate along the ionization laser arm. A
FWHM pulse duration of (40±3) fs was measured in the
injection laser beamline using optimized spectral proper-
ties for a short pulse at the injection laser focus. Focus-
ing of the ionization laser was achieved by two spherical

mirrors with a resulting effective focal length of 18 m.
Such a large effective focal length produced a focal spot
with a FWHM in the x, y-direction of (333 × 461)µm
(Fig. 1(b)). As a result, the Rayleigh range of the spot
approached the meter scale with an intensity profile ca-
pable of ionizing a plasma column sufficiently long and
wide enough to span the entire length of the capillary
whilst fully containing the plasma wake. An f/51 off-
axis parabola focused the injection laser perpendicular
to the electron beam axis through a fused silica window.
To minimize non-linear dispersion that can deteriorate
the quality of the focal spot or pulse length, the win-
dow thickness was chosen to be 1.5 mm only. Since the
gas profile at the transverse port was assumed to be flat,
the resulting plasma-density shape from ionization was
defined by the gas-mixture ratio and the injection-laser
focus with a FWHM spot size of (57 × 48)µm as shown
in Fig. 1(c). Since the intensity of the injection laser was
set to be significantly higher than that of the ionization
laser, it could ionize more strongly bound electrons from
argon and helium via tunneling ionization. The result-
ing localized plasma-density spike, calculated from the
focus measurement with the ADK model [46], is shown
in Fig. 1(d). The intensities of the ionization and injec-
tion lasers were set such that the former ionized argon
up to its second level whilst the latter was capable of
additionally ionizing the third ionization level of argon
and the first of helium (see Table I). With such distinct
gas ionization, it was possible to control the shape of the
plasma, which initially followed the intensity distribution
of the laser foci and was subsequently expected to expand
hydrodynamically on the nanosecond timescale [47, 48].

Ion. level Ion. energy (eV) I(WADK=1 fs−1) (W/cm2)
Ar-I 15.76 4.6× 1014

Ar-II 27.63 1.1× 1015

Ar-III 40.74 2.2× 1015

He-I 24.59 2.2× 1015

He-II 54.42 1.2× 1016

Table I. Relevant ionization energies [49] and the correspond-
ing laser intensities for a tunnel ionization rate [46] of 1 fs−1.

C. Alignment and synchronisation

The ionization laser, injection laser, electron beam and
capillary were required to be accurately spatially aligned.
Furthermore, the laser timing was required to be set such
that ionization occured shortly before the arrival of the
electron drive beam. In order to minimize moving parts
in the FLASH vacuum, the capillary and the upstream
and downstream OTRs were statically mounted on one
base plate and controlled in position and angle by a hexa-
pod inside a separate vacuum chamber via a mechanical
feedthrough [50]. Two aluminum-coated silica screens
were used to align the system by imaging the optical tran-
sition radiation from the passing electron beam and light
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Fi g u r e 2.  N o r m ali z e d i nt e g r a t e d pl a s m a- af t e r gl o w si g n al a s a
f u n c ti o n of t h e r el a ti v e ti m e of a r ri v al ( T O A ) b e t w e e n t h e
d ri v e b e a m a n d t h e i o ni z a ti o n (I o n. ) a n d i nj e c ti o n (I nj. )
l a s e r s; t = 0 i s d e fi n e d a s t h e  T O A of t h e el e c t r o n b e a m.
I n s e t a r e e x a m pl e s of t h e si g n al e n h a n c e m e nt d u e t o el e c t r o n-
b e a m-i n d u c e d h e a ti n g of t h e pl a s m a f o r m e d b y t h e i o ni z a ti o n
l a s e r.

f r o m t h e t w o l a s er s o nt o  C C D c a m er a s.  T h e s e t w o r ef-
e r e n c e p oi nt s, 1 .8 c m u p st r e a m of t h e c a pill ar y e nt r a n c e
a n d 2 7 .4 c m d o w n st r e a m of t h e c a pill ar y e xit, all o w e d f or
c o m pl et e s p ati al o v e rl a p o v er t h e l e n gt h of t h e pl a s m a
st a g e b et w e e n t h e pl a s m a g e n er at e d b y t h e i o ni z ati o n
l a s er a n d t h e a xi s of t h e el e ct r o n b e a m.  T h e i nj e cti o n
l a s er  w a s ali g n e d t o t h e y - p o siti o n of t h e el e ct r o n- b e a m
a xi s.  T h e c a pill ar y  w a s t h e n  m o v e d s u c h t h at e a c h l a s er
p r o p a g at e d t h r o u g h t h e a p p r o p ri at e c h a n n el i n t h e c a p-
ill ar y.  R e c e nt e x p eri m e nt al r e s ult s h a v e s h o w n t h at t h e
r e c o m bi n ati o n li g ht f r o m t h e pl a s m a aft er t h e p a s s a g e of
a n el e ct r o n b e a m  wit h c u r r e nt s of or d er k A c a n b e u s e d
t o s y n c hr o ni z e l a s er s t o el e ct r o n b e a m s t o  wit hi n a f e w
f e mt o s e c o n d s [5 1 ].  T hi s e ff e ct  w a s u s e d t o s y n c h r o ni z e
t h e t w o l a s er ar m s t o t h e d ri v e b e a m.  F or t hi s  m e a s ur e-
m e nt, t h e pl a s m a  w a s i o ni z e d o ut si d e t h e c a pill ar y aft er
filli n g t h e pl a s m a c h a m b er  wit h ar g o n g a s t o 0 .0 5  m b ar.
Fi g u r e 2 s h o w s t h e ti m e- of- ar ri v al ( T O A) d e p e n d e n c e of
pl a s m a li g ht c oll e ct e d b y a  C C D c a m er a vi e wi n g fr o m
t h e t o p f or e a c h of t h e l a s er ar m s; e x a m pl e s of c a m er a
i m a g e s ar e d e pi ct e d a s i n s et s.  T h e vi si bl e t r a n siti o n s i n
Fi g. 2 d et er mi n e t h e ti m e- of- ar ri v al d el a y s etti n g s  wit h
r e s p e ct t o t h e el e ct r o n b e a m of 4 2 p s f or t h e i o ni z ati o n
l a s er a n d 2 0 p s f or t h e i nj e cti o n l a s er.  O n c e t h e l a s er s
w er e s et u p, t h e h e x a p o d  w a s p o siti o n e d t o  m a xi mi s e
l a s er t r a n s mi s si o n t h r o u g h t h e c a pill ar y h ol e s.

D.  T h e el e c t r o n  d ri v e  b e a m

D o w n st r e a m of t h e pl a s m a,  X Q A q u a d r u p ol e s [ 5 2 ] i n
c o m bi n ati o n  wit h a s p e ct r o m et er di p ol e a n d  L A N E X
s ci ntill ati n g p h o s p h or s cr e e n s f or m e d a n i m a gi n g s y st e m
c a p a bl e of p r o fili n g el e ct r o n b e a m s f r o m a f e w  M e V t o
2 .4  G e V.  Alt er n ati v el y, t h e el e ct r o n b e a m c o ul d b e t r a n s-
p ort e d t o a n  X- b a n d t r a n s v er s e d e fl e cti n g st r u ct u r e [ 5 3 –
5 5 ] f or p r e ci s e l o n git u di n al- p h a s e- s p a c e c h ar a ct eri s ati o n.
T h e c u r r e nt p r o fil e of t h e d ri v e b e a m, c al c ul at e d f r o m
s u c h a  m e a s u r e m e nt, i s s h o w n i n  Fi g. 1( e).  A d diti o n all y,

t h e l o n git u di n al p h a s e s p a c e of t h e d ri v e b e a m c o ul d b e
m a ni p ul at e d u p st r e a m of t h e pl a s m a c h a m b er  wit h a n
e n er g y c olli m at or l o c at e d i n t h e di s p er si v e s e cti o n of t h e
b e a mli n e [ 5 6 ].  T h e c h ar g e a n d p o siti o n of t h e d ri v e b e a m
w er e  m e a s u r e d at v ari o u s l o c ati o n s al o n g t h e b e a mli n e
b y t or oi d al c u r r e nt t r a n sf or m er s (t or oi d s) i n c o m bi n a-
ti o n  wit h st ri pli n e a n d c a vit y  B P M s [ 5 7 ].  T h e c h ar g e of
t h e i nt er n all y i nj e ct e d  wit n e s s b e a m  w a s d et er mi n e d i n
t w o i n d e p e n d e nt  w a y s: b y s u bt r a cti n g t h e c h ar g e s d e-
t er mi n e d b y a  B P M di r e ctl y d o w n st r e a m a n d a t or oi d
u p st r e a m of t h e i nt er a cti o n p oi nt  wit h a r e s ol uti o n of
1 p C [ 5 8 ]; a n d f r o m a c h ar g e- c ali b r at e d p h o s p h or s cr e e n
i n t h e el e ct r o n s p e ct r o m et er.  A d ri v e b e a m  wit h a c h ar g e
of ( 7 9 0 ± 4) p C  w a s a c c el er at e d t o ( 1 1 1 6 ± 6)  M e V a n d
c o m p r e s s e d t o a p e a k c u r r e nt of 2 .1 k A.  T h e b e a m,  wit h
a t r a n s v er s e r o ot- m e a n- s q u ar e d ( r m s) n or m ali z e d e mit-
t a n c e of x, y = ( 1 4 .0 × 5 .3) µ m,  w a s f o c u s e d at t h e e n-
t r a n c e of t h e c a pill ar y b y f o u r q u a d r u p ol e s t o a s p ot si z e
of σ d

x, y = ( 2 5 .5 ± 1 .6) µ m × ( 1 7.1 ± 0 .8) µ m, a s  m e a s u r e d
b y a t r a n s v er s e p h a s e- s p a c e  m e a s u r e m e nt u si n g t h e c o m-
bi n ati o n of t w o  B P M s a n d a s c a n of t h e s p e ct r o m et er
o bj e ct pl a n e [ 5 9 ].  T h e pl at e a u pl a s m a d e n sit y  w a s d e-
t er mi n e d t o b e 1 .4 + 0 .4

− 0 .3 × 1 0 1 6 c m − 3 b y c o m p a ri n g t h e
m e a s u r e d a n d si m ul at e d e n er g y l o s s e s of t h e d ri v e b e a m,
w h er e t h e  m e a s u r e d b e a m p ar a m et er s, s u c h a s s p ot si z e,
e n er g y, c u r r e nt di st ri b uti o n a n d e mitt a n c e  w e r e u s e d a s
i n p ut s t o t h e si m ul ati o n.

I V.  P A R T I C L E - I N - C E L L  S I M U L A T I O N S

T h e e x p e ri m e nt  w a s  m o d el e d  wit h t h e 3 D p arti cl e-
i n- c ell ( PI C) si m ul ati o n c o d e O S I R I S [6 0 ].  T h e  m o d-
el e d pl a s m a- d e n sit y di st ri b uti o n  wit h a pl at e a u d e n sit y
of 1 .4 × 1 0 1 6 c m − 3 w a s d e ri v e d f r o m g a s- d e n sit y p r o fil e s,
si m ul at e d  wit h  C O M S O L a n d t u n n eli n g i o ni z ati o n c al-
c ul ati o n s [ 4 6 ], b a s e d o n t h e i nt e n sit y di st ri b uti o n s of t h e
l a s er f o ci.  A d diti o n all y, n u m eri c al st u di e s  wit h t h e c o d e
F B P I C [6 1 ] t o  m o d el t h e pr e-i o ni z ati o n s h o w e d t h at t h e
l o n git u di n al pl a s m a- d e n sit y p r o fil e b e y o n d a n a c c el er a-
ti o n l e n gt h of 1 0  m m  w o ul d d e v el o p a t a p er r e s ulti n g
f r o m i o ni z ati o n d ef o c u s si n g. S u c h a t a p er c a n l e a d t o a
r e p h a si n g of t h e  wit n e s s b e a m t o l o w er a c c el er ati n g fi el d s.
H o w e v er, i n t hi s  w or k, t h e di s c u s si o n i s li mit e d t o t h e i n-
j e cti o n p r o c e s s a n d t h e fl at-t o p r e gi o n; t h e l o n git u di n al
pl a s m a- d e n sit y p r o fil e t h at o pti mi z e s t h e a c c el er ati o n t o
hi g h er e n er gi e s  will b e t h e s u bj e ct of f ut ur e  w or k.

Si m ul ati o n s  w er e c o n d u ct e d  wit h a c o- m o vi n g  wi n d o w
of ( 4 6 0 × 4 0 0 × 4 0 0) µ m i n ( z, x, y )  wit h ( 2 5 6 × 2 5 6 ×
2 5 6) c ell s.  T h e dri v e- b e a m c u r r e nt p r o fil e, c h ar g e, a n d
s p ot si z e  w er e  m o d el e d b a s e d o n t h e  m e a s u r e m e nt s d e-
s cri b e d i n S e c. III.  T h e n u m b er of  m a cr o- p arti cl e s p er
c ell ( P P C) f or t h e d ri v e b e a m  w a s 8.  W hil e t h e  P P C
f or t h e b a c k gr o u n d pl a s m a el e ct r o n s  w a s 1, t h e  P P C  w a s
i n cr e a s e d t o 8 i n a r a di u s of 1 0 0 µ m ar o u n d t h e i nj e cti o n
l a s er f o c u s t o r e s ol v e t h e p h y si c s of t h e i nj e cti o n p r o c e s s
m or e a c c u r at el y.  T h e si m ul ati o n c a s e s h o w n i n t hi s s e c-
ti o n r e p r e s e nt s t h e  m e a s u r e m e nt s s h o w n i n  Fi g s. 5- 8 a s
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w ell a s t h e  w or ki n g p oi nt  m ar k e d i n  Fi g. 9.

a

b

Fi g u r e 3. Si m ul a ti o n s n a p s h o t d u ri n g t h e  wi t n e s s- b e a m a c c el-
e r a ti o n:  C u t t h r o u g h t h e pl a s m a  w a k e  wi t h el e c t r o n d e n si ti e s
( a ) of  wi t n e s s b e a m ( t o p ri g ht- h a n d c ol o r b a r ), d ri v e- b e a m
( c e nt r al c ol o r b a r ), b a c k g r o u n d pl a s m a ( b o t t o m c ol o r b a r ) a n d
l o n gi t u di n al c u r r e nt p r o fil e ( s oli d g r a y li n e ). ( b )  L o n gi t u di n al
el e c t ri c fi el d a s a c e nt r al c u t a n d a n o n- a xi s o n e- di m e n si o n al
p r oj e c ti o n ( s oli d r e d li n e ).

T h e sli c e p r o p erti e s a n d l o n git u di n al p h a s e s p a c e of
t h e  wit n e s s b e a m ar e s h o w n i n  Fi g. 4.  T h e si m ul at e d
wit n e s s- b e a m c h ar g e i s i n e x c ell e nt a gr e e m e nt  wit h t h e
m e a s u r e d v al u e s di s c u s s e d i n S e c.  V.

A s d e s cri b e d i n S e c.  V, t h e i nj e cti o n l a s er  w a s p o si-
ti o n e d ( 2 3 .5 ± 4 .5) µ m o ff a xi s  wit h r e s p e ct t o t h e el e c-
t r o n b e a m f or t h e  m aj orit y of t h e d at a t a ki n g.  T h e si m-
ul ati o n s s h o w t h at s u c h a n o ff s et l e a d s t o a n i n cr e a s e d
e mitt a n c e i n t h e y di r e cti o n c o m p ar e d t o s u b- µ m e mit-
t a n c e i n x . I n f ut u r e e x p eri m e nt s, t hi s a s y m m et r y c a n
b e a v oi d e d  wit h  wi d er t r a n s v er s e f o ci, e n a bli n g s u b- µ m
e mitt a n c e b e a m s i n b ot h pl a n e s, a s p r e di ct e d f or si mil ar
p ar a m et er s [ 3 6 ].

a

b

Fi g u r e 4.  L o n gi t u di n al p h a s e s p a c e of t h e si m ul a t e d  wi t n e s s-
b e a m p a r a m e t e r ( a ) a n d sli c e p a r a m e t e r s ( b ) af t e r 1 0 .3 2  m m
of a c c el e r a ti o n.

Fi g u r e 4 s h o w s t h at t h e si m ul at e d  wit n e s s b e a m h a s a
st r o n gl y c or r el at e d e n er g y s p r e a d.  W hil e r el ati v el y l ar g e

e n er g y s p r e a d i s a c h ar a ct eri sti c b ut u n d e si r a bl e pr o p-
ert y of el e ct r o n b e a m s f r o m  m a n y pl a s m a a c c el er at or s, a
li n e arl y c or r el at e d l o n git u di n al p h a s e s p a c e s u c h a s t h at
s h o w n i n  Fi g. 4( a) c a n b e c or r e ct e d f or i n a d o w n st r e a m
pl a s m a d e c hi r p er st a g e [ 8 – 1 0 , 6 2 ] or b y o v erl o a di n g t h e
pl a s m a  w a k e  wit h a d diti o n all y i nj e ct e d c h ar g e [ 6 3 ].

V.  E X P E R I M E N T A L  R E S U L T S

A.  L a s e r - c o n t r oll e d i nj e c ti o n

T h e fi r st i n v e sti g ati o n e x pl or e d h o w t h e  wit n e s s b e a m s
d e p e n d e d o n t h e p r e s e n c e of t h e i nj e cti o n l a s er.  T hi s
i s s h o w n i n  Fi g. 5.  P a n el ( a) d e pi ct s t h e e n er g y s p e c-
t r u m of t h e  wit n e s s b e a m o v er 5 0 0 c o n s e c uti v e s h ot s at
a s p e ct r o m et er i m a gi n g e n er g y of 4 5  M e V,  w hil e t h e c or-
r e s p o n di n g e x c e s s- c h ar g e v al u e s ar e pl ott e d i n p a n el ( b).
T h e i nj e cti o n l a s er  w a s bl o c k e d a n d u n bl o c k e d f or 1 0 0
s h ot s at a ti m e.  T h er e i s a 1 0 0 % c orr el ati o n b et w e e n t h e
e xi st e n c e of a  wit n e s s b e a m a n d t h e p r e s e n c e of t h e i nj e c-
ti o n l a s er,  wit h n o e nt ri e s b ei n g o ut si d e t h e r a n g e of t h e
pl ot.  T h e e x c e s s c h ar g e  w a s Q o n = ( 3 2 .1 ± 9 .6) p C  w h e n
t h e i nj e cti o n l a s er  w a s s wit c h e d o n a n d Q o ff = ( 0 ± 5) p C
ot h er wi s e.  T h e i nj e cti o n p r o c e s s i s t h er ef or e u n a m bi g u-
o u sl y t ri g g er e d b y t h e i nj e cti o n l a s er.  F u rt h er m or e, t h e
d at a c o n fi r m t h at t h er e i s n o c o nt ri b uti o n f r o m t h e i o n-
i z ati o n l a s e r, i n a gr e e m e nt  wit h t h e  PI C si m ul ati o n s ( s e e
S e c. I V), s o t h at d o w n r a m p i nj e cti o n i s e st a bli s h e d a s t h e
s ol e  m e c h a ni s m f or  wit n e s s- b e a m g e n er ati o n.
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Fi g u r e 5. ( a )  E n e r g y s p e c t r a a n d ( b ) c h a r g e of t h e i nj e c t e d
wi t n e s s b e a m.  T h e i nj e c ti o n i s s wi t c h e d o ff b y i n s e r ti n g a
b e a m bl o c k i n si d e t h e i nj e c ti o n-l a s e r p a t h f o r s h o t n u m b e r s
1 0 1 – 2 0 0 a n d 3 0 1 – 4 0 0.  T h e  m e a n v al u e f o r e a c h g r o u p of 1 0 0
s h o t s i s i n di c a t e d b y a s oli d li n e,  w hil e t h e r m s v a ri a ti o n of
c h a r g e v al u e s i s s h o w n b y a s h a d e d a r e a.
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B.  S t a bili t y  of  wi t n e s s - b e a m  p a r a m e t e r s
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Fi g u r e 6. ( a )  W a t e rf all pl o t of t h e  wi t n e s s- b e a m s p e c t r u m
f o r 1, 8 8 5 c o n s e c u ti v e s h o t s. ( b )  T h e el e c t r o n- b e a m  m e a n e n-
e r g y ( bl u e ) a n d r m s e n e r g y s p r e a d ( r e d ). ( c )  Hi s t o g r a m of
t h e  wi t n e s s- b e a m c h a r g e,  m e a s u r e d f r o m t h e c ali b r a t e d s p e c-
t r o m e t e r s c r e e n  wi t h a d o u bl e- G a u s si a n fi t s h o w n i n r e d. ( d )
Hi s t o g r a m of t h e  wi t n e s s b e a m  m e a n e n e r g y.  E a c h hi s t o g r a m
h a s 5 0 bi n s.

A d at a s et of 1, 8 8 5 c o n s e c uti v e s h ot s t a k e n at a r e p eti-
ti o n r at e of 2  H z a n d r e c or d e d o v er a ti m e s p a n of a p p r o x-
i m at el y 1 5  mi n ut e s  w a s u s e d t o e x pl or e t h e r eli a bilit y of
t h e pl a s m a c at h o d e.  A  w at erf all pl ot of t h e pr oj e ct e d
wit n e s s- b e a m e n er g y s p e ct r a i s s h o w n i n  Fi g. 6( a).  T h e
s p e ct r a ar e r e m ar k a bl y st a bl e.  Fi g. 6( b) s h o w s t h e e v o-
l uti o n of t h e  m e a n e n er g y a n d r m s e n er g y s p r e a d.  A n
i nj e ct e d  wit n e s s b e a m  w a s  m e a s u r e d f or ( 9 5.4 ± 2 .5) %
of t h e s h ot s p r e s e nt e d i n  Fi g. 6( a).  T h e  wit n e s s b e a m
h a d a  m e a n c h ar g e of ( 3 3 ± 1 0) p C a n d  m e a n e n er g y
of ( 4 5 ± 5)  M e V  wit h a n r m s r el ati v e e n er g y s p r e a d of

δ E
E = 4 .4  %.

C.  Wi t n e s s - b e a m e mi t t a n c e a n d  di v e r g e n c e

I n t h e a b s e n c e of f o c u si n g f or c e s, a  wit n e s s b e a m  wit h
a  m e a n  L or e nt z f a ct or γ , t r a n s v er s e n or m ali z e d e mit-
t a n c e ε n

x , a n d a b et a f u n cti o n β ∗ a t it s vi rt u al s o u r c e
p oi nt s 0 will e x p a n d o ut si d e t h e pl a s m a s u c h t h at it h a s
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Fi g u r e 7. ( a ) S c a n of t h e i m a gi n g q u a d r u p ol e f o c u si n g
s t r e n g t h.  E a c h d a t a p oi nt r e p r e s e nt s a si n gl e s h o t  wi t h a n i n-
j e c t e d  wi t n e s s b e a m.  Tr a n s v e r s e b e a m si z e s o n t h e s p e c t r o m-
e t e r s c r e e n a n d  m e a n  L o r e nt z f a c t o r γ w e r e c al c ul a t e d f r o m
t h e s p e c t r o m e t e r si g n al.  Fr o m t h e q u a d r u p ol e s t r e n g t h a n d
γ , t h e o bj e c t pl a n e s a n d t h e  m a g ni fi c a ti o n  w e r e c al c ul a t e d

t o e x t r a c t σ x ( s ) a t t h e c o r r e s p o n di n g o bj e c t pl a n e.  E r r o r b a r s
o n σ x a n d s w e r e c al c ul a t e d a n al o g o u sl y b a s e d o n t h e r m s-
v a ri a ti o n of t h e  wi t n e s s- b e a m s p e c t r al p r oj e c ti o n.  T h e e xi t of
t h e c a pill a r y i s a t s = 0.  O bj e c t pl a n e s i n t h e r a n g e b e t w e e n
s = 0 .2 m – 5 .9  m li e t o o cl o s e t o t h e q u a d r u p ol e s ( s h o w n a s
g r a y li n e s ) t o b e i m a g e d. ( b )  A n e x a m pl e of a  wi t n e s s- b e a m
si g n al a s  m e a s u r e d o n t h e s p e c t r o m e t e r s c r e e n.

a t r a n s v e r s e r m s b e a m si z e of

σ x ( s ) =
ε n

x

γ
β ∗ +

( s − s 0 ) 2

β ∗
. ( 2)

at l o n git u di n al p o siti o n s .
D u e t o t h e st a bilit y of t h e i nj e cti o n p r o c e s s, t hi s

f r e e- s p a c e p r o p a g ati o n c a n b e e x a mi n e d i n a  m ulti- s h ot
m e a s u r e m e nt b y i m a gi n g  wit n e s s b e a m s f r o m di ff er e nt
o bj e ct- pl a n e p o siti o n s, s .  Fi g u r e 7( a) s h o w s t h e r e s ult s
of a s c a n of t h e q u a d r u p ol e f o c u si n g st r e n gt h of t h e i m a g-
i n g s p e ct r o m et er, gi vi n g t r a n s v er s e b e a m si z e at t h e c or-
r e s p o n di n g o bj e ct pl a n e,  w hi c h gi v e s i nf or m ati o n a b o ut
t h e t r a n s v er s e e x p a n si o n of t h e b e a m.  Fitti n g  E q. 2 t o
t h e d at a gi v e s a di v er g e n c e of θ = ( 0 .6 5 ± 0 .0 1)  mr a d,
s 0 = ( 3 8 1 ± 6)  m m, a n d a t r a n s v er s e r m s n or m ali z e d e mit-
t a n c e p r oj e ct e d o v er all s h ot s of ε n

x = ( 9 .3 ± 0 .3) µ m.  T h e
f a ct t h at s 0 a p p e a r s t o b e d o w n st r e a m of t h e c a pill ar y
e xit i s p r o b a bl y a n e ff e ct of t h e g a s- d e n sit y t r a n siti o n
b et w e e n t h e e xit of t h e c a pill ar y a n d t h e v a c u u m of t h e
pl a s m a c h a m b er.  A c c or di n g t o h y d r o d y n a mi c si m ul a-
ti o n s, g a s- d e n sit y r a m p s  wit h at o mi c d e n siti e s of or d er
1 0 1 4 c m − 3 c a n e xt e n d o v er t e n s of c e nti m et er s.  T hi s g a s
w o ul d b e i o ni z e d b y t h e i o ni z ati o n l a s er d u e t o it s l o n g
R a yl ei g h l e n gt h.  Pl a s m a  w a k e s d ri v e n i n s u c h a l o w-
d e n sit y pl a s m a  w o ul d c o nti n u e t o f o c u s t h e  wit n e s s b e a m
f or s e v er al c e nti m et er s b e y o n d t h e c a pill ar y, p o s si bl y e x-
pl ai ni n g t h e p arti c ul arl y l o w di v er g e n c e.

A n e x a m pl e of t h e  wit n e s s- b e a m si g n al  m e a s u r e d o n
t h e s p e ct r o m et er s cr e e n i s s h o w n i n  Fi g. 7( b). Si n c e
t h e l o n git u di n al p h a s e s p a c e of a  wit n e s s b e a m i n a
pl a s m a a c c el er at or i s t y pi c all y p r e d o mi n a ntl y li n e ar ( s e e
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Fi g u r e 8. ( a )  C o r r el a ti o n b e t w e e n  wi t n e s s b e a m e n e r g y a n d
t o t al l a s e r e n e r g y f o r t h e d a t a s e t s h o w n i n  Fi g. 6 ( a ).  T h e
li n e i s t h e r e s ul t of a s t r ai g ht-li n e fi t t o t h e d a t a p oi nt s. ( b )
R e s ul t s f r o m a l a s e r e n e r g y s c a n, hi g hli g hti n g t h e v a ri a ti o n of
wi t n e s s- b e a m e n e r g y  wi t h o n- t a r g e t l a s e r e n e r g y.  T h e s oli d
li n e i s a fi t b a s e d o n t h e  m o d el of  E q. 3; t h e g r a y a r e a  m a r k s
t h e u n c e r t ai nt y of t h e  m o d el c a u s e d b y t h e p ul s e-l e n g t h ji t t e r.

S e c. I V), t h e vi si bl e o s cill at or y st r u ct u r e c a n b e i nt er-
p r et e d a s t r a n s v er s e c e nt r oi d o s cill ati o n s of l o n git u di n al
wit n e s s- b e a m sli c e s.  T hi s i s li k el y t o c o nt ri b ut e t o t h e r el-
ati v el y hi g h  m e a s u r e d e mitt a n c e c o m p ar e d t o p r e di ct e d
v al u e s fr o m n u m eri c al st u di e s.

D. I n fl u e n c e  of l a s e r e n e r g y  o n t h e  pl a s m a c a t h o d e

U n d e r st a n di n g t h e i n fl u e n c e s o n t h e  wit n e s s- b e a m
c h ar a ct eri sti c s i s of p ri m ar y i m p ort a n c e i n c o nt r olli n g t h e
i nj e cti o n pr o c e s s  w hil st o pti mi si n g it s st a bilit y, a p r er e q-
ui sit e f or a r eli a bl e el e ct r o n- b e a m s o u r c e.  A s t h e pl a s m a
i s l a s er i o ni z e d, v ari ati o n s i n l a s er- p ul s e p r o p erti e s ar e
i m p ort a nt.  N o d e p e n d e n c e of t h e c h ar g e or e n er g y of
t h e  wit n e s s b e a m o n l a s er ti mi n g  w a s d et e ct e d u p t o at
l e a st ≈ 2 0 0 p s r el ati v e ti m e- of- ar ri v al b et w e e n t h e d ri v e-
b e a m a n d t h e l a s er p ul s e s.  T h e i o ni z ati o n a n d t h e i n-
j e cti o n l a s er ar m s  w er e d eri v e d f r o m t h e s a m e l a s er s y s-
t e m, s o t h e i n h er e nt l a s er- e n er g y jitt er  m a y a ff e ct b ot h
t h e l o n git u di n al a n d t r a n s v er s e l a s er i o ni z ati o n a n d t h u s
t h e s h a p e of b ot h pl a s m a s.  T h e e ff e ct of t h e l a s er e n-
e r g y st a bilit y o n t h e  wit n e s s- b e a m e n er g y  w a s st u di e d
b y e x a mi ni n g t h e d at a s et of 1, 8 8 5 c o n s e c uti v e s h ot s o n
w hi c h  Fi g. 6  w a s b a s e d.  T h e v ari ati o n of  m e a n  wit n e s s-
b e a m e n er g y a s a f u n cti o n of o n-t ar g et l a s er e n er g y i s
pl ott e d i n  Fi g. 8( a).  T h e o b s er v e d li n e ar c or r el ati o n
s h o w s t h at t h e  wit n e s s- b e a m e n er g y jitt er  will d e p e n d
o n t h e st a bilit y of t h e l a s er e n er g y.  T hi s r el ati o n s hi p
i s ill u st r at e d  m or e cl e arl y b y s y st e m ati c all y v ar yi n g t h e
i nj e cti o n-l a s er e n er g y o v er a  m u c h l ar g er r a n g e, b et w e e n
4 5  m J a n d 8 6  m J.  T h e d at a i s s h o w n i n  Fi g. 8( b). I n

t h e fit, a  m o d el i s u s e d  w hi c h i s b a s e d o n t h e f a ct t h at
hi g h er pl a s m a d e n siti e s l e a d t o hi g h er a c c el er ati n g fi el d s
a n d c o n s e q u e ntl y t o hi g h er  wit n e s s- b e a m e n er gi e s. Si n c e
t h e pl a s m a- d e n sit y c h a n g e s ar e r el ati v el y s m all i n t hi s e n-
er g y r a n g e, t h e a c c el e r ati n g fi el d a cti n g u p o n t h e  wit n e s s
b e a m E a c c w a s a s s u m e d t o b e p r o p orti o n al t o t h e  w a v e-

b r e a ki n g fi el d E W B = c n e m e

0
[6 4 ].  T h e  wit n e s s- b e a m

e n er g y E = e L a c c E a c c c a n b e p a r a m et ri z e d a s

E = η e L a c c E W B = η e L a c c c
m e

0
[n e ( U l a s e r) + n o ff s e t ],

( 3)
w h e r e U l a s e r i s t h e o n-t a r g et l a s er e n er g y, η i s a c o n st a nt
a dj u sti n g f or d e vi ati o n s i n e ff e cti v e a c c el er ati o n l e n gt h
a n d d e vi ati o n s f r o m a c c el er ati o n at  w a v e- b r e a ki n g fi el d-
st r e n gt h a n d n o ff s e t d e s c ri b e s a n o ff s et i n e ff e cti v e a v er a g e
pl a s m a d e n sit y.  T h e v al u e s of n e ( U l a s e r)  w e r e c al c ul at e d
n u m eri c all y u si n g t h e  A D K  m o d el [ 4 6 ], a s s u mi n g t h at
t h e l a s er p ul s e l e n gt h a n d s p ot si z e  w er e c o n st a nt i n si d e
t h e pl a s m a.

T h e s u c c e s s of t hi s  m o d el i s ill u st r at e d i n  Fi g. 8( b),
s h o wi n g t h at t h e c h a n g e i n t h e  m e a n e n e r g y of t h e  wit-
n e s s b e a m  wit h t h e t ot al l a s er e n er g y c a n b e u n d er st o o d
a s a n i n c r e a s e i n t h e a v er a g e pl a s m a d e n sit y d u e t o a d di-
ti o n al  Ar-II i o ni z ati o n at hi g h er l a s er e n er gi e s.  T h e fit t o
t h e d at a r e s ult s i n n o ff s e t = ( − 6 5 .5 ± 1 .7) × 1 0 1 4 c m − 3 a n d
η = 0 .2 0 6 ± 0 .0 0 2, i n di c ati n g t h at t h e  wit n e s s b e a m e x p e-
ri e n c e s a l o w er a v er a g e pl a s m a d e n sit y t h a n e x p e ct e d f or
a u nif or m l o n git u di n al pl a s m a p r o fil e a n d a c c el er ati o n at
a n o n-i d e al p h a s e or r e d u c e d a c c el er ati o n l e n gt h.  T h e s e
fi n di n g s c a n b e e x pl ai n e d, f or e x a m pl e,  wit h a t a p er e d
l o n git u di n al p r o fil e c a u s e d b y i o ni z ati o n d ef o c u s si n g a s
di s c u s s e d i n S e cti o n I V.

T h e l a s er r m s e n er g y jitt er  w a s  m e a s u r e d t o b e 1 .5  %.
T h e sl o p e e xt r a ct e d f r o m t h e  m o d el d e s cri b e d a b o v e
t r a n sl at e s t hi s i nt o a n r m s e n er g y jitt er of t h e  wit n e s s
b e a m of 3 .9  %.  T hi s i s s u ffi ci e ntl y s m all t h at t h e a c c el er-
ati n g fi el d c a n b e fi n e-t u n e d b et w e e n 1. 3 a n d 2. 7  G V / m
b y v ar yi n g t h e l a s e r e n er g y.  C o nt r ol c a n b e i m p r o v e d f ur-
t h er b y eit h er d e si g ni n g l a s er s y st e m s  wit h l o w er e n er g y
jitt er or b y u si n g di ff er e nt g a s  mi xt u r e s.  F or e x a m pl e, if
t h e ar g o n i n t h e g a s  mi xt u r e  w er e t o b e r e pl a c e d  wit h
h y d r o g e n, t h e i o ni z ati o n st e m mi n g f r o m t h e i o ni z ati o n
l a s er c a n s at u r at e, r e d u ci n g t h e s e n siti vit y t o t h e l a s er
e n er g y.

E. I n fl u e n c e  of t h e i nj e c ti o n l a s e r  p o si ti o n  o n t h e
pl a s m a c a t h o d e

T h at p r e ci s e ali g n m e nt b et w e e n t h e t w o l a s er ar m s a n d
t h e el e ct r o n b e a m i s cr u ci al t o st a bl e i nj e cti o n c a n b e
s e e n i n  Fi g. 9,  w hi c h s h o w s t h e e ff e ct o n t h e i nj e ct e d  wit-
n e s s c h ar g e of c h a n gi n g t h e h ei g ht of t h e i nj e cti o n l a s er
wit h r e s p e ct t o t h e el e ct r o n- b e a m a xi s.  T h e h ei g ht  w a s
c h a n g e d b y  m o vi n g t h e o pti c al a s s e m bl y of t h e i nj e cti o n
l a s er i n t h e y - di r e cti o n al o n g t h e l a s er- b e a m p at h s u c h
t h at t h e ali g n m e nt  wit h r e s p e ct t o t h e o ff- a xi s p ar a b ol a
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r e m ai n e d u n c h a n g e d.  T h e r el ati v e c ali b r ati o n b et w e e n
f o c u s p o siti o n a n d  m ot or p o siti o n  w a s c ar ri e d o ut  wit h
t h e u p st r e a m  O T R c a m er a.

E v er y d at a p oi nt pl ott e d i n  Fi g. 9 r e p r e s e nt s t h e a v-
e r a g e of 2 0 e v e nt s; t h e er r or o n t h e  m e a s u r e d c h ar g e i s
gi v e n b y t h e r m s v ari ati o n of t h e  wit n e s s- b e a m c h ar g e.
T h e p o siti o ni n g er r or b ar, σ e, i nj

y = 4 .5 µ m,  w a s c o n-
st a nt t h r o u g h o ut t h e d at a s et a n d  w a s c al c ul at e d f r o m
t w o  m ai n c o nt ri b uti o n s: t h e r m s y - p o siti o n jitt er of t h e
el e ct r o n b e a m at t h e i nj e cti o n p o siti o n, σ e

y = 1 .4 µ m,
m e a s u r e d b y t w o c a vit y  B P M s [ 5 7 ] ar o u n d t h e pl a s m a
c h a m b er; a n d t h e r m s v ari ati o n of t h e l a s er c e nt r oi d y
p o siti o n, σ i nj

y = 4 .2 µ m,  m e a s u r e d at t h e f o c u s.  T h e i n-
fl u e n c e of t h e jitt er o n t h e z p o siti o n of t h e i nj e cti o n
l a s er, σ i nj

z = 3 .4 µ m  w a s n e gl e ct e d, a s it l e d t o a di ff er e n c e
i n l o n git u di n al i nj e cti o n p o siti o n t h at  m a d e a n e gli gi bl e
c o nt ri b uti o n t o t h e  wit n e s s- b e a m e n er g y jitt er.  F u rt h er-
m or e, t h e x - p o siti o n jitt er of t h e el e ct r o n- b e a m  w ai st,
σ e

x = 1 .0 µ m  w a s al s o a s s u m e d t o h a v e a n e gli gi bl e e ff e ct,
si n c e it  w a s  m u c h s m all er t h a n t h e  R a yl ei g h l e n gt h of
t h e i nj e cti o n-l a s er f o c u s.  T h e s c a n  w a s o nl y p erf or m e d
o n o n e si d e of t h e i nj e cti o n-l a s er p o siti o n di st ri b uti o n.

− 5 0 − 2 5 0 2 5 5 0 7 5 1 0 0
I nj. l a s er p o siti o n (µ m)

0

2 0

4 0

6 0

8 0

Be
a

m 
c
ha

rg
e 

(
p

C)

D a t a
Si m ul ati o n
W or k. p oi nt

Fi g u r e 9.  E ff e c t of c e nt r oi d l a s e r- s p o t p o si ti o ni n g  wi t h r e-
s p e c t t o t h e el e c t r o n b e a m.  T h e l a s e r p o si ti o n  w a s  m e a s u r e d
o n t h e u p s t r e a m  O T R c a m e r a a n d t h e c h a r g e o n t h e el e c-
t r o n s p e c t r o m e t e r s c r e e n ( p oi nt s  wi t h e r r o r b a r s ).  R e s ul t s
a r e c o m p a r e d t o si m ul a ti o n r e s ul t s, s h o w n a s s q u a r e s (f o r d e-
t ail s s e e S e c. I V ),  wi t h t h e pl a s m a p r o fil e  m o d el e d a s s h o w n
i n  Fi g. 1 ( d ).  T h e  w o r ki n g p oi nt f o r t h e d a t a p r e s e nt e d i n t hi s
p a p e r i s i n di c a t e d b y t h e h alf- fill e d ci r cl e.

A c o m p a ri s o n b et w e e n t h e e x p eri m e nt al d at a a n d a
si m ul at e d o ff s et s c a n i s pl ott e d i n  Fi g. 9, b a s e d o n t h e
m e a s u r e d pl a s m a p r o fil e ( s e e  Fi g. 1( d)). I n t hi s  Fi g u r e,
z er o i s at t h e hi g h e st si m ul at e d i nj e ct e d c h ar g e. Si n c e
t h e r el ati v e o ff s et b et w e e n t h e el e ct r o n b e a m a n d i nj e c-
ti o n l a s er  w a s n ot  m e a s u r e d t o s u b- s p ot- si z e a c c u r a c y, it
w a s d et er mi n e d b y fitti n g t h e si m ul ati o n- b a s e d  m o d el t o
t h e d at a.  T h e d at a p r e s e nt e d i n  Fi g s. 5 - 8  w er e t a k e n at
t h e p oi nt i n di c at e d i n  Fi g. 9 a s t h e “ w or k. p oi nt ”,  w hi c h
s h o w s l o w er s e n siti vit y t o t h e r el ati v e ali g n m e nt t h a n t h e
e x p eri m e nt all y d et er mi n e d p o siti o n of  m a xi m u m c h ar g e
at y = ( − 2 2 .5 ± 4 .5) µ m.  T h e sl o p e of t h e si m ul ati o n-

b a s e d  m o d el gi v e s a n e sti m at e of t h e c h ar g e v ari ati o n
r e s ulti n g f r o m p o siti o n jitt er, δ Q wi t . ( σ

e, i nj
y ) = 6 .9 p C  T h e

c h ar g e v ari ati o n i n t h e  wit n e s s b u n c h c a n b e e x pl ai n e d
p r e d o mi n a ntl y b y t h e p o siti o n jitt er b et w e e n t h e el e ct r o n
b e a m a n d t h e i nj e cti o n l a s er,  w hi c h i s k n o w n t o b e d o m-
i n at e d b y t h e l a s er p oi nti n g jitt er.  T hi s jitt er  w o ul d b e
eli mi n at e d b y u si n g a n i nj e cti o n l a s er  wit h a s p ot si z e
t h at i s  m a n y ti m e s  wi d er t h a n t h e pl a s m a  w a k e. S u c h a
s h a p e c a n b e p r o d u c e d  wit h f o c u si n g o pti c s t h at p r o d u c e
a s y m m et ri c f o ci, s u c h a s c yli n d ri c al l e n s e s.

V I.  S U M M A R Y

A pl a s m a c at h o d e  wit h st a bilit y at a l e v el u n p r e c e-
d e nt e d i n t h e fi el d of b e a m- d ri v e n pl a s m a i nj e ct or s h a s
b e e n d e m o n st r at e d, st u di e d, a n d o p er at e d r eli a bl y.  Ef-
f e cti v e a c c el er ati n g gr a di e nt s of  G V / m  w er e d e m o n-
st r at e d, t u n a bl e i n t h e r a n g e of 1. 3 – 2. 7  G V / m.  T h e
st a bilit y all o w e d a  m ulti- s h ot  m e a s u r e m e nt of t h e b e a m-
di v er g e n c e a n d e mitt a n c e t o b e p erf or m e d. S o u r c e s of
c h ar g e a n d e n er g y jitt er  w er e i d e nti fi e d a n d  miti g ati o n
st r at e gi e s  w er e p r o p o s e d f or f ut ur e a p pli c ati o n s.  P arti cl e-
i n- c ell si m ul ati o n s g a v e g o o d a gr e e m e nt  wit h t h e o b-
s er v e d  wit n e s s- b e a m p ar a m et er s.  T h e s e i n di c at e t h at
t h e r e q ui r e m e nt s f or f ut u r e c o m p a ct  F E L s of s u b- mi cr o n
e mitt a n c e s i n b ot h pl a n e s, p e a k c u r r e nt s of a f e w h u n-
d r e d a m p er e s a n d n ar r o w e n er g y s pr e a d c a n b e att ai n e d
u si n g t h e  m et h o d s d e s cri b e d i n t hi s p a p er.  T h e s e r e s ult s
c o n stit ut e a si g ni fi c a nt st e p t o w ar d s st a bl e, c o nt r oll a bl e
pl a s m a- b a s e d c at h o d e s a n d b ri g ht n e s s c o n v ert er st a g e s,
w hi c h ar e of gr e at i nt er e st f or n e xt- g e n er ati o n p h ot o n-
s ci e n c e a n d p arti cl e- p h y si c s f a ciliti e s.

A C K N O W L E D G M E N T S

T h e a ut h o r s  w o ul d li k e t o t h a n k  M.  Di nt er, S.
K ar st e n s e n,  K.  L u d wi g,  F.  M ar ut z k y,  A.  R a h ali,  V.  R y b-
ni k o v,  A. S c hl ei er m a c h er a n d S.  T hi el e, a s  w ell a s t h e
F L A S H a c c el er at or t e a m,  D E S Y  M V S a n d t h e  D E S Y
F H a n d  M di vi si o n s f or t h ei r e n gi n e eri n g a n d t e c h ni c al
s u p p ort.  We t h a n k t h e  O SI RI S c o n s orti u m (I S T / U C L A)
f or a c c e s s t o t h e  O SI RI S c o d e a n d a c k n o wl e d g e t h e u s e of
t h e  Hi g h- P erf or m a n c e  Cl u st er ( M a x w ell) at  D E S Y.  We
al s o gr at ef ull y a c k n o wl e d g e t h e  G a u s s  C e nt r e f or S u p er-
c o m p uti n g e. V. ( w w w. g a u s s- c e nt r e. e u) f or f u n di n g t hi s
p r oj e ct b y p r o vi di n g c o m p uti n g ti m e t h r o u g h t h e J o h n
v o n  N e u m a n n I n stit ut e f or  C o m p uti n g ( NI C) o n t h e
G C S S u p er c o m p ut er J U W E L S at J üli c h S u p e r c o m p ut-
i n g  C e nt r e ( J S C).  B. H. a n d  L. B.  w er e s u p p ort e d b y t h e
E u r o p e a n  R e s e ar c h  C o u n cil ( E R C) u n d er t h e  E u r o p e a n
U ni o n s  H ori z o n 2 0 2 0 r e s e ar c h a n d i n n o v ati o n p r o gr a m m e
( N e X o u r c e,  E R C  G r a nt a gr e e m e nt  N o. 8 6 5 8 7 7).  We f u r-
t h er m or e t h a n k t h e d e v el o p er s of t h e pi p eli n e- a n al y si s
s oft w ar e,  M a n u el  Ki r c h e n a n d S ö r e n J al a s f r o m t h e  U ni-
v er sit y of  H a m b u r g.
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T. Brümmer, J. Chappell, S. Diederichs, B. Foster, M. J.
Garland, L. Goldberg, et al., FLASHForward: Plasma
wakefield accelerator science for high-average-power ap-
plications, Philosophical Transactions of the Royal Soci-
ety A: Mathematical, Physical and Engineering Sciences
377, 20180392 (2019).

[24] W. Ackermann, G. Asova, V. Ayvazyan, A. Azima,
N. Baboi, J. Bähr, V. Balandin, B. Beutner, A. Brandt,
A. Bolzmann, et al., Operation of a free-electron laser
from the extreme ultraviolet to the water window, Nat.
Photon. 1, 336 (2007).

[25] S. Schreiber and B. Faatz, The free-electron laser
FLASH, High Power Laser Science and Engineering 3,
e20 (2015).

[26] S. Bulanov, N. Naumova, F. Pegoraro, and J. Sakai, Par-
ticle injection into the wave acceleration phase due to
nonlinear wake wave breaking, Phys. Rev. E 58, R5257

https://doi.org/10.1103/PhysRevLett.61.98
https://link.aps.org/doi/10.1103/PhysRevLett.54.693
https://link.aps.org/doi/10.1103/PhysRevLett.54.693
https://doi.org/10.1103/PhysRevA.44.R6189
https://doi.org/10.1103/PhysRevA.44.R6189
https://doi.org/10.1103/PhysRevLett.43.267
https://doi.org/10.1006/jcph.2000.6570
https://doi.org/10.1006/jcph.2000.6570
https://arxiv.org/abs/1901.10370
https://doi.org/10.1038/nature05538
https://doi.org/10.1103/PhysRevLett.122.034801
https://doi.org/10.1103/PhysRevLett.122.114801
https://doi.org/10.1103/PhysRevLett.122.204804
https://doi.org/10.1103/PhysRevLett.122.204804
https://doi.org/10.1038/nature13882
https://doi.org/10.1038/nature13882
https://doi.org/10.1103/PhysRevLett.121.064801
https://doi.org/10.1103/PhysRevLett.121.064801
https://doi.org/10.1038/nature14890
https://doi.org/10.1038/nature14890
https://doi.org/10.1016/j.nima.2018.02.063
https://doi.org/10.1016/j.nima.2018.02.063
https://doi.org/10.1016/j.nima.2018.02.063
https://doi.org/10.1088/1361-6587/aaa2e3
https://doi.org/10.1088/1361-6587/aaa2e3
https://doi.org/10.1103/PhysRevLett.108.035001
https://doi.org/10.1103/PhysRevLett.111.015003
https://doi.org/10.1103/PhysRevLett.111.015003
https://doi.org/10.1103/PhysRevLett.111.245003
https://doi.org/10.1103/PhysRevLett.111.245003
https://doi.org/10.1103/PhysRevLett.112.025001
https://doi.org/10.1103/PhysRevLett.112.025001
https://doi.org/10.1038/s41567-019-0610-9
https://doi.org/10.1103/PhysRevLett.98.084801
https://doi.org/10.1103/PhysRevLett.98.084801
https://doi.org/http://dx.doi.org/10.1016/j.nima.2015.10.005
https://doi.org/http://dx.doi.org/10.1016/j.nima.2015.10.005
https://doi.org/http://dx.doi.org/10.1016/j.nima.2015.10.005
https://doi.org/http://dx.doi.org/10.1016/j.nima.2015.10.005
https://doi.org/10.1098/rsta.2018.0392
https://doi.org/10.1098/rsta.2018.0392
https://doi.org/10.1098/rsta.2018.0392
https://doi.org/10.1038/nphoton.2007.76
https://doi.org/10.1038/nphoton.2007.76
https://doi.org/10.1017/hpl.2015.16
https://doi.org/10.1017/hpl.2015.16
https://doi.org/10.1103/PhysRevE.58.R5257


10

(1998).
[27] H. Suk, N. Barov, J. B. Rosenzweig, and E. Esarey,

Plasma electron trapping and acceleration in a plasma
wake field using a density transition, Phys. Rev. Lett.
86, 1011 (2001).

[28] G. Wittig, O. Karger, A. Knetsch, Y. Xi, A. Deng, J. B.
Rosenzweig, D. L. Bruhwiler, J. Smith, G. G. Manahan,
Z. M. Sheng, et al., Optical plasma torch electron bunch
generation in plasma wakefield accelerators, Phys. Rev.
ST Accel. Beams 18, 081304 (2015).

[29] G. Wittig, O. S. Karger, A. Knetsch, Y. Xi, A. Deng,
J. B. Rosenzweig, D. L. Bruhwiler, J. Smith, Z. M. Sheng,
et al., Electron beam manipulation, injection and ac-
celeration in plasma wakefield accelerators by optically
generated plasma density spikes, Nuclear Instruments
and Methods in Physics Research, Section A: Acceler-
ators, Spectrometers, Detectors and Associated Equip-
ment 829, 83 (2016).

[30] B. Hidding, G. G. Manahan, O. Karger, A. Knetsch,
G. Wittig, D. A. Jaroszynski, Z. M. Sheng, Y. Xi,
A. Deng, J. B. Rosenzweig, et al., Ultrahigh brightness
bunches from hybrid plasma accelerators as drivers of 5th
generation light sources, Journal of Physics B: Atomic,
Molecular and Optical Physics 47, 234010 (2014).

[31] Y. Wan, C. J. Zhang, F. Li, Y. P. Wu, J. F. Hua, C. H.
Pai, W. Lu, Y. Q. Gu, X. L. Xu, C. Joshi, and W. B.
Mori, Colliding ionization injection in a plasma wakefield
accelerator, Plasma Phys. Control. Fusion 58, 034015
(2016).

[32] M. C. Thompson, J. B. Rosenzweig, and H. Suk, Plasma
density transition trapping as a possible high-brightness
electron beam source, Phys. Rev. ST Accel. Beams 7,
011301 (2004).

[33] T. Katsouleas, Physical mechanisms in the plasma wake-
field accelerator, Phys. Rev. A 33, 2056 (1986).

[34] R. J. England, J. B. Rosenzweig, and N. Barov, Plasma
electron fluid motion and wave breaking near a density
transition, Phys. Rev. E 66, 016501 (2002).

[35] J. Grebenyuk, A. M. de la Ossa, T. Mehrling, and J. Os-
terhoff, Beam-driven plasma-based acceleration of elec-
trons with density down-ramp injection at FLASHFor-
ward, Nuclear Instruments and Methods in Physics Re-
search Section A: Accelerators, Spectrometers, Detectors
and Associated Equipment 740, 246 (2014).

[36] A. Martinez de la Ossa, Z. Hu, M. J. V. Streeter, T. J.
Mehrling, O. Kononenko, B. Sheeran, and J. Osterhoff,
Optimizing density down-ramp injection for beam-driven
plasma wakefield accelerators, Phys. Rev. Accel. Beams
20, 091301 (2017).

[37] X. L. Xu, F. Li, W. An, T. N. Dalichaouch, P. Yu, W. Lu,
C. Joshi, and W. B. Mori, High quality electron bunch
generation using a longitudinal density-tailored plasma-
based accelerator in the three-dimensional blowout
regime, Phys. Rev. Accel. Beams 20, 111303 (2017).

[38] C. Zhang, C.-K. Huang, K. A. Marsh, X. L. Xu, F. Li,
M. Hogan, V. Yakimenko, S. Corde, W. B. Mori, and
C. Joshi, Effect of fluctuations in the down ramp plasma
source profile on the emittance and current profile of
the self-injected beam in a plasma wakefield accelerator,
Phys. Rev. Accel. Beams 22, 111301 (2019).

[39] A. J. Gonsalves, K. Nakamura, C. Lin, D. Panasenko,
S. Shiraishi, T. Sokollik, C. Benedetti, C. B. Schroeder,
C. G. R. Geddes, J. Van Tilborg, et al., Tunable laser
plasma accelerator based on longitudinal density tailor-

ing, Nat. Phys. 7, 862 (2011).
[40] J. Faure, C. Rechatin, O. Lundh, L. Ammoura, and

V. Malka, Injection and acceleration of quasimonoener-
getic relativistic electron beams using density gradients
at the edges of a plasma channel, Physics of Plasmas 17,
083107 (2010).

[41] K. Schmid, A. Buck, C. M. S. Sears, J. M. Mikhailova,
R. Tautz, D. Herrmann, M. Geissler, F. Krausz, and
L. Veisz, Density-transition based electron injector for
laser driven wakefield accelerators, Phys. Rev. Spec.
Top.-AC 13, 91301 (2010).

[42] A. J. Gonsalves, K. Nakamura, J. Daniels, C. Benedetti,
C. Pieronek, T. C. De Raadt, S. Steinke, J. H. Bin, S. S.
Bulanov, J. Van Tilborg, C. G. Geddes, C. B. Schroeder,
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