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Abstract

We present the conceptual design of an alternative injector system based on laser-plasma
accelerator technology, to deliver high-quality electron bunches to PETRA IV - the future
4th generation synchrotron light source at DESY. The design consists of a laser-plasma
accelerator to produce electron bunches at 6 GeV with state-of-the-art energy spread
and stability (~1%), and an X-band energy compressor beamline to further reduce the
overall beam energy deviations down to a sub-permille level, thus maximizing the charge
injection throughput into the PETRA IV storage ring. Driven by the Petawatt upgrade of
DESY’s new flagship laser KALDERA, the plasma injector system could be used to top
up the PETRA IV storage ring, significantly lowering the load on the RF injector chain.
Ultimately, upon further development of high-efficiency, high-power laser drivers that
operate at high repetition rates, the plasma injector could replace the RF-based system in
the future to reduce the spatial footprint and energetic cost of the whole injector complex.
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1. Executive summary

PETRA IV will be the future flagship syn-
chrotron light source at DESY [1], upgrading
the beam quality of the current PETRA III by
a factor 100 in emittance and enabling the
production of photon beams with a spectral
brightness between 100 to 1000 times higher
than achievable today. Operating as a user
facility for about 5000 hours per year, PETRA
IV will allow thousands of scientists and en-
gineers to conduct exceptional research in
many diverse areas, ranging from physics,
chemistry, biology and biomedicine to ge-
ological, environmental and materials sci-
ences as well as nanoscience and technol-
ogy. The transformative potential of PE-
TRA 1V is outstanding, guaranteeing world-
class analytical opportunities for an inter-
disciplinary and international user commu-
nity [2]. Thanks to the large circumference
of the storage ring, PETRA IV is set to sur-
pass all similar facilities currently planned
or in operation, placing it in a prime posi-
tion to drive scientific progress and inno-
vation [3]. Moreover, the ambitions of PE-
TRA IV extend beyond technical excellence;
it will also integrate comprehensive sustain-
ability concepts and foster the development
of new technologies that can further en-
hance its capabilities in the future. As en-
visioned with DESY’s Moonshot proposal [4],
laser-plasma accelerator technology could
notably decrease the spatial footprint and
the power requirements of the PETRA IV in-
jector complex and could, by doing so, con-
tribute to a more affordable and sustainable
operation of the world’s primary analytical
instrument.

Laser-plasma accelerators use highly in-
tense laser pulses to generate large electric
fields in plasma, suitable for the accelera-
tion of electron bunches to multi-GeV ener-
gies over distances of only a few centime-
ters [5]. The laser-plasma accelerator (LPA)
outperforms radio frequency (RF) technol-
ogy in accelerating gradient by several or-
ders of magnitude, and it has the potential
to become a readily accessible and afford-
able source of high-energy electrons. Over
the past two decades, LPAs have demon-

strated remarkable progress in many impor-
tant aspects, including achieving GeV ener-
gies [6-8], narrow energy spectra [9-11], and
low emittances [12-15]. Furthermore, the
march towards their practical usability has
gained substantial momentum, with DESY
taking aleadingrole in this endeavor [16-18].
This ongoing advancement strongly advo-
cates considering LPAs as a practical alterna-
tive to RF particle accelerators, particularly
for applications in free-electron lasers [19-
23], and as injectors for storage rings [24, 25].

The demands placed on a plasma injec-
tor system to meet the high operational re-
quirements of a world-class 4th generation
synchrotron light source like PETRA IV are
significant. A competitive injector system
must be capable of providing 6 GeV electron
beams with a narrow bandwidth while en-
suring high reliability and availability. Fur-
thermore, it must operate with high stabil-
ity and at a relatively high repetition rate.
Meeting these challenges presents a unique
opportunity to leverage LPA technology for
cutting-edge scientific applications, such as
operating the brightest synchrotron radia-
tion source worldwide. In this conceptual
design of a Plasma Injector for PETRA IV
(PIP4), we propose innovative solutions to
address these challenges and enhance the
LPA performance to the necessary levels.

To provide a high-quality 6 GeV beam
that can be injected into the PETRA IV ring,
a state-of-the-art LPA is needed. Specif-
ically there are two key technologies that
will be combined to achieve the required
beam parameters: controlled beam injec-
tion and laser guiding. On the one hand,
our design for the PIP4 builds upon suc-
cessful LPA development at DESY (LUX) for
controlled injection, to achieve the required
beam quality [17, 18], reliability and op-
erational performance [16]. On the other
hand, to reach 6 GeV energy, we will guide
the drive laser pulse using hydrodynamic
optical-field-ionized (HOFI) plasma chan-
nels [26, 27]. This technique allows for the
best laser-to-beam energy transfer efficien-
cies in the range of interest and is ideally
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suited to LPAs operating at high repetition
rates and for extended periods of time.

Another crucial aspect of the plasma in-
jector is a stable performance at a relatively
high repetition rate. The KALDERA project
at DESY [28] sets the basis for the needed
technological advance in this direction, aim-
ing to develop a kHz laser system for plasma
wakefield acceleration. The automatic con-
trol over the sources of drift and jitter [16]
by means of active feedback methods, to
be implemented in future high repetition
LPAs, promises to deliver electron beams
with sub-percent energy spread and jitter.
Yet for the conceptual design of the plasma
injector, we have considered a more conser-
vative 1% level of energy spread and stabil-
ity, achievable in state-of-the-art LPAs today.
With the purpose of reducing the remain-
ing energy fluctuations of the LPA beam and
effectively increase the net charge injection
throughput and stability into the PETRA IV
storage ring, we have adopted for the de-
sign an energy compression and stabiliza-
tion strategy, recently proposed for LPAs [29],
that will enable unprecedented levels of rel-
ative energy spread and stability (~ 107%).
Such low energy bandwidth and high stabil-
ity, joint to the comparably low emittance of
the LPA beams, will allow for a clean and ef-
ficient injection into the storage ring.

Our conceptual design for PIP4 has been
accurately simulated and benchmarked us-
ing state-of-the-art computing capabilities
for precise modeling, and optimized with
advanced machine-learning algorithms.
Start-to-end simulations for a particular
working point demonstrate the production
of electron beams with 80 pC charge at
6 GeV with < 0.1%-level energy deviations,
by employing laser pulses in the 10-20 ]
energy range and considering the realistic
jitters of the LPA. While these simulations
showcase competitive beam parameters for
injection, satisfying the high operational
demands of PETRA IV for filling the storage
ring at an average charge injection rate of
2.6 nC/s would require running the plasma
injector at a relatively high repetition rate:
32 Hz. Higher bunch charges and thus lower
repetition rates are possible with higher
laser pulse energies. The development
of a laser system capable to perform the
rapid fillings of the ring is therefore central
to achieve a competitive plasma injector

LINAC Il
450 MeV

LPA simulation

Injection 7~ Plasma
channel ’ 0._ injector
' 6 GeV

PETRA IV
y'd

Figure 1. PIP4 conceptual schematic. Thanks to its
compact footprint, the plasma injector can be located
directly next to the ring, eliminating the need for an
extended beam transport line. Alternative options,
such as placing the plasma injector next to the current
KALDERA facility, are also considered for near-term im-
plementation. The footprint of the RF injector complex
is also shown for comparison. It consists of a refur-
bished S-band linac (LINAC II) and a new booster ring
(DESY IV).

for PETRA IV. Using KALDERA [28] as the
foundation of the future drive laser for the
plasma injector is a promising path that
will allow us to save cost and benefit from
an exceptional laser beam quality and a
well-established operational performance.

Figure 1 depicts a possible schematic lay-
out of the plasma injector. Located next to
the storage ring, as enabled by its compact
footprint, it would eliminate the need for
an extended beam transport line. Other lo-
cations for the plasma injector are also be-
ing considered. For example, placing the
plasma injector near the current KALDERA
laser would seamlessly integrate the system
with the main injection infrastructure and
minimize the need for civil engineering in-
terventions, thus enabling near-term imple-
mentation.

This innovative plasma injector system
can be used to top up the PETRA IV stor-
age ring, significantly lowering the load on
the RF injector chain. Upon further devel-



opment of high-efficiency, high-power laser
drivers that operate at high repetition rates,
the plasma injector could replace the RF in-
jector system in the future to reduce signifi-
cantly the spatial footprint and the energetic
cost of the whole injector complex.

This document is structured as follows.
PETRA IV and the operation requirements of
the injector system are described in Sec. 2.
The core of the conceptual design of the
plasma injector is Sec. 3, where a selected
design solution for the PIP4 is described in
detail with the support of start-to-end sim-
ulations. The expected performance and
power consumption of the plasma injector
are evaluated and compared with those of
the RF injector. In Sec. 4, the roadmap for
the implementation of the plasma injector is
presented and discussed. Extended simula-
tion details and additional supporting stud-
ies are reported in Appx. A. Appendix B is
dedicated to a review of the most relevant
aspects of the physics of LPAs for the pur-
pose of this document.

| Executive summary






2. PETRA IV

The PETRA ring at DESY was built in 1976-
1978, originally as a positron-electron col-
lider. It contributed to human under-
standing of particle physics with a break-
through discovery of the gluon in 1979 [30].
Later, it served as a pre-accelerator for
the proton-electron collider HERA [31], Ger-
many’s largest research instrument at the
time. Nowadays the PETRA tunnel hosts a
3rd generation synchrotron light source PE-
TRA 1IT [32]. As a light source, it serves an
international user community, covering a
broad range of scientific fields, from physics
[33, 34], chemistry [35, 36], material science
[37, 38] to biology and medicine [39, 40]. Its
key strength is in performing experiments
in situ that provide insight into the dynam-
ics of processes. Recent research activi-
ties at PETRA include massive drug screen-
ing searches for anti-viral drugs [41] and
searches for synthetic nanobodies [42] dur-
ing the SARS-CoV-2 pandemic.

PETRA IV will be the future upgrade of the
ring to a 4th generation light source. Pro-
viding ultra-low-emittance electron beams
at 6 GeV [1-3], PETRA IV will be a substantial
upgrade in terms of beam quality (two or-
ders of magnitude smaller beam emittance)
with respect to the present machine. The
exquisite beam quality and performance of
PETRA IV will enable a new X-ray source
with unprecedented spatio-temporal resolu-
tion, allowing for the analysis of material
synthesis at the atomic level with the high-
est precision ever: PETRA IV will become
the world reference in 3D X-ray microscopy,
driving innovation and ground-breaking dis-
coveries in health, energy, mobility, infor-
mation technology, and earth and environ-
ment [1, 3].

The PETRA IV facility consists of the stor-
age ring itself, its injector complex, and the
photon science complex: beamlines and ex-
periments [3]. The storage ring will provide
electron beams for 30 few-meters-long un-
dulator insertions (these photon beamlines
can be further split to allow for more exper-
imental stations), of which 16 will be hosted
in the new Extension West hall (Fig. 2). The

N Paul P. Ewald Hall

RF Section

PETRA IV

NEW DIMENSIONS

Extension
West (PXW)

Injection

channel Ada Yonath

Hall

SE

Injection

S

Figure 2. Layout of the PETRA IV facility. Existing ex-
perimental halls (Max von Laue, Peter P. Ewald, and Ada
Yonath) will be reused. An additional experimental hall
("Extension West”) will be constructed.

PETRA IV design employs a novel multi-bend
achromat focusing lattice [43] to achieve the
lowest possible beam emittance. With a hor-
izontal (vertical) geometric emittance of 20
pm (4 pm), PETRA IV would reach the the-
oretical diffraction limit [44, 45] for produc-
tion of X-rays up to 10 keV. PETRA IV is es-
timated to exceed PETRA III spectral bright-
ness by about a factor 500 for 10 keV and by
a factor 1000 for 60 keV photons [3].

Inheriting its geometry from the High En-
ergy Physics programme of PETRA in the
1970s, the light source has a four-fold sym-
mefry with eight arcs, four long straight sec-
tions of approximately 108 m in length, and
four short straight sections of approximately
64 m in length (Fig. 2). Each arc is composed
of nine specially designed hybrid six-bend
achromat (H6BA) cells [46, 47]. The straight
sections house injection, collimation, feed-
back, damping wiggler, and radiofrequency
(RF) systems. Additionally, the unconven-
tional geometry allows PETRA IV to host spe-
cial 10-m-long, so-called ‘Flagship’, inser-
tion devices in some of its long straight sec-
tions with a dedicated triplet optics to focus
the beam into these insertions. The storage
ring circumference totals to 2304 m (Tab. 1).
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The optimized H6BA focusing lattice of PE-
TRA IV features a remarkably large dynamic
aperture and momentum acceptance. This
results in a long Touschek lifetime [48] and
high stability of the stored electron beam,
enabling operation with off-axis injection
and accumulation.

Design parameter PETRA IV

Energy / GeV 6

Circumference / m 2304
RF frequency / MHz 500
Brightness Timing
Emittance (x/y) / pm < 20/4 < 50/10
Number of bunches 1920 80
Bunch spacing/ ns 4 96
Bunch charge / nC 0.8 8.0
Total charge / nC 1536 640
Beam current/ mA 200 80
Beam lifetime / h 10 5

Table 1. PETRA IV storage ring and beam parameters.

The storage ring will op-
erate in two modes: Brightness mode with
1920 stored bunches (4 ns spacing) and 200
mA average current, and Timing mode with
80 bunches (96 ns spacing) and 80 mA av-
erage current [46, 47], as shown in Tab. 1.
The total stored charge is 1536 nC and 640
nC for Brightness and Timing modes, re-
spectively. Other, non-baseline, operation
modes are presently being considered, such
as a 2-ns Brightness mode or a 40-bunch
Timing mode.

2.1. Injection requirements

PETRA IV will utilize an off-axis accumula-
tion injection scheme both for the initial fill-
ing and for compensating beam losses in
operation. In an off-axis injection scheme,
the bunches are not exchanged completely,
but rather topped up by an accumulation
process. As a consequence, the amount of
charge that has to be provided by the injec-
tor per shot during the top-up can be rather
low (a fraction of a bunch charge). A notable
exception is the initial filling, when deliver-
ing the full bunch charge is beneficial for a
rapid filling of the ring, thus increasing its
availability for experiments.

In the standard off-axis ac-
cumulation injection procedure, the stored

beam is moved by a closed kicker bump
near the septum bar, thus moving part of
the transverse acceptance of the ring across
the bar and creating (phase) space for the
newly injected bunch. The injected bunch
then performs oscillations within the ring
acceptance, which decay with a characteris-
tic damping time of about 14 = 20 ms due to
synchrotron radiation [46, 47]. Considering
a transverse acceptance of 0.5 umrad (Tab.
2), the total phase space volume available
for the (off-axis) injected beam will be about
10 times smaller: 50 nmrad. This translates
into a geometric (normalized) rms emittance
requirement of < 1nmrad (< 12 um) for high
injection efficiency?. Since the transverse
acceptance drops with momentum devia-
tion, the energy spread of the injected beam
must stay well below the ring momentum
acceptance: both the rms energy spread and
the central energy jitter of the beam need to
be at the per-mille level® to enable an effi-
cient injection into the ring.

PETRA IV acceptance Value

Momentum acc. 2%

Transverse acc. 0.5 umrad

Beam parameter Requirement

Average energy 6 GeV

Energy spread™ <03%

Geom. emittance < lnmrad

Operation mode Injection rate
Brightness Timing

Initial filling >26nC/s >1.1nC/s

Top up >43pC/s > 36pC/s

*including jitter.

Table 2. PETRA IV injection requirements.

The minimum required charge
injection rate, Qi‘f}ji“, is determined by the ra-
tio of the total charge to store initially in the
ring, Qg,, over the time required to fill the
ring from scratch, Tgy,

min __
Q" = Qo/Tsn -

Typically, operating PETRA IV at the de-
sired performance prescribes filling times no
larger than 10 minutes, otherwise the ma-
chine availability will be reduced by 1% or

(2.1)

1High injection efficiency requires that both the rms
beam size and divergence is 7 times smaller than the
available geometrical aperture. This condition im-
plies that the beam rms geometric emittance was 49
times smaller that the available phase-space area.

2The rms spread in beam energy is required to be 7
times smaller than the acceptance.



more just by the time to inject the beam
every time the machine has to be refilled?.
Considering the Brightness (Timing) oper-
ation mode, filling the ring in less than
10 minutes requires a charge injection rate
higher than 2.6 (1.1) nC/s (Tab. 2).

Once the ring has been
filled, new charge needs to be injected to
compensate for the losses from (mainly)
Touschek scattering of the stored beam. We
refer to this process of injecting new charge
as top-up operation. For top-up operation we
need to consider the beam lifetime, 7,. The
charge stored in the ring decays over time
according to

Qr(t) = Qryo exp (—t/1p). (2.2)

Thus, after a time T4 = —1n0.99 1y, the ini-
tial beam charge is reduced by 1%. Current
simulations with the new lattice design for
PETRA IV [46, 47] yield a beam lifetime of
10 (5) hours in the Brightness (Timing) mode
of operation (Tab. 1): 1% of the charge is
lost every 6 (3) minutes in Brightness (Tim-
ing) mode. Hence, the average charge injec-
tion rate during top-up operation should be
at least 43 (36) pC/s in Brightness (Timing)
mode (Tab. 2).

Considering a relatively
low charge per injector shot, Qg, in compar-
ison with the total bunch charge stored in
PETRA 1V, Qg, the different PETRA IV beam
modes need to be built up following an accu-
mulation process. The circumference of PE-
TRA IV spans a total of Ny = 3840 RF buck-
ets (harmonic number). In principle, it is
possible to generate as many regular bunch
patterns as divisors of Npp. We call Nj to the
number of stored bunches, e.g., Ny = 1920
(80) for Brightness (Timing) mode. To target
a specific bunch filling sequence, the injec-
tion period can be set to

Tinj = (NrNB+k)TBS . (23)
Here Ty is the bunch spacing in time, e.g,,
Tgs = 4 (96) ns for Brightness (Timing) mode.
N, is the number of complete revolutions be-
tween injections and k is an integer that con-
trols the injection sequence. Thus, after N,
turns around the ring, a new injector shot

3 Assuming 24 h average time intervals between refills.

Injection requirements | PETRA IV

is injected k RF buckets behind the previ-
ous shot (two consecutive injector shots are
spaced by kTgg in the ring). We will refer
to k as the bunch delay factor. If we enu-
merate the RF buckets to be filled in the ring
from 0 to N — 1, the n-th element in the fill-
ing sequence is given by nk mod Ng. To en-
sure that all the selected RF buckets are re-
plenished during the filling sequence, k can
be either 1 or any other odd integer smaller
than Ny that does not share any divisor with
Ng. This sequence does a total of k filling
loops around the ring before every selected
RF bucket has been hit.

The time to sweep the
whole ring with one bunch in each selected
bucket is given by Tgyeep = NpTipj, which cor-
respond to exactly k filling loops. The total
number of sweeps, Ngyeep, required to fill the
ring from scratch is given by the integer ra-
tio between the ring’s bunch charge, Qg, and
the injector bunch charge - also called shot

charge, Qs, i.e. Ngyeep = round(Qp/Qs).

As previously men-
tioned, the minimum charge injection rates
for the filling and top-up operations of the
ring are essentially determined by the time
required to fill the ring and the beam life-
time, respectively. For a certain injector
shot charge, Qg, the minimum injection rate
is simply obtained by dividing the average
charge injection rates by Q.

In an off-axis injection
scheme, injecting a new bunch in a certain
RF bucket is only possible after the stored
bunch has been damped. This sets a limit
on the minimum shooting period on a par-
ticular RF bucket to at least 4t4. For a char-
acteristic damping time of 13 = 20 ms [46,
47], the maximum shooting frequency into
the same RF bucket is 12.5 Hz. Considering
a finite kicker duration, Tyjcer, this condi-
tion also applies to other bunches sitting on
nearby RF buckets at a time distance smaller
than Ty;qer- If the kicker duration is greater
than the bunch spacing, a value of k such
that kTgg > Tyicker, €nSUres that the injection
kicker time window will not disturb a previ-
ously injected bunch before a loop time, i.e.
Tioop = Tsweep/k- Thus, by sequencing appro-
priately the RF buckets to fill, the maximum
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injection rate can be increased significantly
to

RMX = Ny/(41, k). (2.4)

Because the bunch spacing in Brightness
mode is rather short (4 ns), it might be nec-
essary to use k =7 or higher in the definition
of the injection period (Eq. (2.3)). For k =7,
R™Max = 3428 (143) Hz for Brightness (Timing)
mode.

2.2. The RF injector system

The existing PETRA III injector complex —
consisting of a 450 MeV S-band linac (LINAC
II) and a fast-cycling booster synchrotron
(DESY 1I) for acceleration to 6 GeV — cannot
be used for PETRA 1V, since the emittance
of DESY II is by far too large, and cannot
reasonably be sufficiently improved. There-
fore, for the new complex, it is foreseen to
use a significantly refurbished LINAC II to-
gether with a new low-emittance booster
ring, DESY IV [49] (Fig. 1).

The RF injector chain will be capable of
providing bunches of up to 1 nC charge at a
5 Hz repetition rate. This will allow for fill-
ing the machine in less than 7 min for all
modes of operation (6 min 24 sec and 2 min
8 sec in Brightness and Timing modes, re-
spectively). The electron bunches will have
a transverse geometrical emittance of 20 nm
rad and an rms relative energy spread of
0.26% [49]. Due to a limited dynamic aper-
ture of the storage ring, special beam ma-
nipulation schemes such as bunch rotation
or aperture sharing are required to achieve
high injection efficiency [50]. Table 3 sum-
marizes the operational parameters of the
RF injector in Brightness and Timing modes.

2.2.1. Power consumption

An estimation of the average power con-
sumption of the RF injector is given based on
actual measurements done at DESY during
operation of PETRA III. During the year 2018,
a total energy of 46.2 GWh was consumed by
PETRA III, 5.8 GWh by LINAC Il and 7.5 GWh
by DESY II [51]. Assuming a total effective
running time of roughly 6000 hours, or 250
days a year, we estimate the average power
consumption of the injector complex (LINAC

Operational parameter Brightness  Timing

Number of bunches 1920 80
Bunch charge / nC 0.8 8.0
Total charge / nC 1536 640
Initial filling
Shot charge / pC 800 1000
Injection frequency / Hz 5 5
Number of shots 1920 640
Filling time / s 384 128
Top up

Shot charge / pC 80 800
Injection frequency / Hz 5 5
Number of shots 192 8
Top-up time / s 38 2
Top-up period / s 360 180
Duty cycle 1/10 1/90

Table 3. Operational injection parameters of the RF
injector in Brightness and Timing modes.

II + DESY II) to be about 2.22 MW*.

The energy consumption of PETRA III
could be broken down into the following
components [51]: RF - 50%, magnets — 25%,
water cooling - 10%, and 15% for other mis-
cellaneous sources. One can assume that
similar breakdown ratios will also apply to
DESY II and LINAC II. The RF transmitter in
DESY II consumes 500 kW average power [52,
53]. Assuming that the latter dominates the
RF power consumption and that this in turn
amount to 50% of the total consumption, we
estimate an average power consumption of
about 1 MW for DESY II. Considering that
in 2018 the energy consumption of LINAC II
was 80% that of DESY II, we reached another,
slightly lower estimate for the power con-
sumption of the injector complex at approxi-
mately 1.8 MW. Therefore, the available data
suggest that the average power consump-
tion of the RF injector complex operating for
PETRA III was around 2 MW. It should be
noted that both LINAC II and DESY II oper-
ate with plenty of redundancies in order to
guarantee high availability in 24/7 user op-
eration, which has a sizeable impact in the
total power consumption.

For PETRA 1V, the power consumption
of LINAC II is expected to be significantly
lower due to specific refurbishment of var-
ious components. Currently, LINAC II oper-
ates at a reduced power of 580 kW, and there
are prospects to further reduce the power

4During a significant fraction of their total running
time in 2018, LINAC II and DESY II provided test
beams rather than directly injecting into PETRA IIL
However, the average power consumption remains
consistent across different applications.



consumption substantially by refurbishing
the magnets, the RF stations, and the cool-
ing system [54]. Therefore, a more realis-
tic estimate for the power consumption of
LINAC II, operating for PETRA IV in the fu-
ture, would be 0.5 MW. On the other hand,
the new synchrotron booster, DESY 1V, is ex-
pected to have higher peak power consump-
tion. This is primarily due to the need to
produce lower-emittance beams for PETRA
IV, which requires a higher voltage in the
RF cavities and increasing the number and
strength of the magnets of the synchrotron
booster. Based on current prospects, the
peak power consumption of the future DESY
IV is expected to be around 2.2 MW, from
which approximately 1.0 MW would be con-
sumed by the RF, 1.0 MW by the magnets and
0.2 MW by the water cooling. In total, adding
the consumption of LINAC II, the projected
peak power consumption of the future RF in-
jector system for PETRA IV is estimated to be
around 2.7 MW, approximately 35% greater
than that of the current injector used for PE-
TRA IIL.

A separate and substantial contribution to
the total power consumption of the injec-
tor complex comes from the 6 GeV trans-
fer line, which transports the electron beam
from the synchrotron booster to the storage
ring. With about 200 m in length, the ex-
pected power demands of the transfer line
amounts to 320 kW: 290 kW for the magnets,
20 kW for the vacuum and 10 kW on miscel-
laneous sources [55].

It is important to note
that the power consumption figures pro-
vided here pertain to full-power operation
of the injector, particularly during demand-
ing tasks such as filling the storage ring from
scratch. We have referred to this as peak
power consumption. In the top-up opera-
tion mode, a notable reduction in average
power consumption is expected, as only a
small fraction of the stored charge needs to
be replenished. Consequently, during top-
up operation, the peak power is only neces-
sary for a reduced duty cycle. The remain-
der of the time, the injector system can be
in standby mode, prepared to provide beams
for top-up as needed. It is yet to be studied
which elements of the injector system can
be switched off between top-ups. In princi-
ple, potential savings of up to 25% could be
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achieved by turning off the magnets of the
synchrotron booster. In case of LINAC II, the
low energy accumulator ring PIA could be
bypassed during top-up operation entirely,
as it is mainly used for high-bunch-charge
operation during the ring’s fillings. Switch-
ing off PIA’s magnets would save around 100
kW. It is not clear yet how much RF power
could be saved in standby mode.






3. The Plasma Injector

3.1. Introduction

Since the early 2000s, LPAs have shown sig-
nificant experimental progress on several
important fronts, including the demonstra-
tion of ever-increasing energies in the GeV
range [6-8], narrow energy spectra [9-11],
and low emittances [12-15]. Today, the LPA
beam quality has been proven sufficient to
demonstrate free-electron lasing [22] and
progress towards their practical usability
is accelerating rapidly with DESY taking a
leading role: around 2020, few-percent lev-
els of electron beam energy stability were
demonstrated during a 24-hour-long opera-
tion run [16] as well as machine-learning-
supported auto-alignment and beam con-
trol [17, 18, 56, 57]. This exciting progress en-
courages considering LPAs as a practical al-
ternative to RF particle accelerators for free-
electron lasers [19-23] and as injectors for
storage rings [4, 24, 25]. In particular, we
propose to equip PETRA IV with a modern
plasma injector system to fill and top up the
storage ring, significantly reducing the spa-
tial footprint and energetic cost of the whole
injector complex (see Fig. 1).

As of today, the laser-plasma technology
is not quite ready yet for this ultimate step
since the operational stability is not yet suf-
ficient, and the drive laser technology needs
to be matured to achieve the desired lev-
els of reliability. For this reason, we dis-
cuss a step-wise implementation roadmap
in Sec. 4. Optimal PETRA IV operation de-
mands filling the entire PETRA IV ring from
scratch in an acceptable time?, providing an
average charge rate of up to 2.6 nC/s inside
the ring’s acceptance with a mean time be-
tween failures thatis commensurate with its
exceptional availability standards. However,
it is expected that this level of maturity can
be reached during the machine’s lifetime.
Thus, PETRA 1V is conceived and prepared
not only to take advantage of application-
ready, high-average-current LPAs, but also
to actively accelerate their development by

1Operating PETRA IV at the desired performance pre-
scribes filling times no larger than 10 minutes.

providing a plasma-based injector beamline
to finesse the technology. In this way, PE-
TRA IV demonstrates technological leader-
ship in the field and, at the same time, acts
as the catalyst for plasma technology and its
application in user facilities with an impact
that will be felt far beyond the confines of
DESY.

The key challenges for the plasma injector
are outlined in the following sections before
the design of an operation-ready plasma in-
jector is presented. The demands on a PE-
TRA IV injector to produce a high charge rate
within a narrow energy acceptance window
are substantial. It is key for the LPA to effi-
ciently convert energy from the laser to the
electron beam and, simultaneously, provide
a sufficient beam quality to ensure a high in-
jection throughput. To achieve this task, not
only has the quality (emittance and the en-
ergy spread) of single electron bunches from
the LPA to be excellent, but also the accel-
erator must perform stably, with high avail-
ability and long mean time between failures,
and at a relatively high repetition rate. Fi-
nally, the LPA must accelerate the beams up
to the full 6 GeV as required for direct injec-
tion into the PETRA IV ring.

Beams up to 8 GeV in energy
have been demonstrated in LPA experiments
at LBNL by guiding the Ti:Sa BELLA Petawatt
laser using a capillary discharge waveg-
uide in conjunction with a laser heater [8].
The deployment of laser guiding technol-
ogy is essential in LPAs to achieve reliable
multi-GeV energy gains. Capillary discharge
waveguides for guiding high-power lasers
with sufficiently small spot sizes to en-
able energy-efficient acceleration are techni-
cally challenging. Besides, operating these
capillary-based systems at high repetition
rate without performance degradation is yet
another open challenge?. An alternative ap-
proach for guiding high-power lasers with

2Generating waveguides of sufficient strength requires
using small diameter capillaries, which may expe-
rience wall-erosion/damage during operation pre-
venting their long-term utilization.
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smaller spot sizes has been recently devel-
oped [26, 27, 58, 59], and demonstrated the
production of multi-GeV electron beams us-
ing lasers of reduced energy [60, 61]. These
hydrodynamic optical-field-ionized (HOFI)
plasma channels utilize an auxiliary low-
energy laser to ionize and heat a long (and
thin) column of plasma. This column un-
dergoes a radial hydrodynamic expansion
over several nanoseconds forming a plasma
structure suitable for laser guiding just prior
to the arrival of the main drive pulse. This
technique is ideally suited to LPAs with op-
erating lengths of hundreds of millimeters
in plasma, at high repetition rates and for
extended periods of time since wall erosion
cannot occur (a fresh waveguide is formed
in free space on each shot). The PETRA IV
plasma injector will build on and advance
this concept.

Recent LPA experi-
ments conducted at LUX (DESY) have shown
enormous progress towards enhanced beam
quality and application readiness, demon-
strating few-percent-level energy spread [17]
and operational stability over 29 hours [16].
Additionally, these experiments identified
correlations between energy variations in
the LPA bunches and laser jitter-induced
bunch charge fluctuations. Exploiting these
correlations by means of advanced machine
learning techniques such as Bayesian opti-
mization [18, 56, 57] allows for enhanced
control over the parameters governing the
LPA, and thus, for further improving the
bunch energy stability down to 1%. Look-
ing ahead, as LPA systems evolve to oper-
ate at higher repetition rates (2 100 Hz) with
automated optimization and Al-based stabi-
lization, we can anticipate achieving a sub-
percent level of energy spread and jitter in
the long term. The KALDERA project at DESY
will be the epicenter of these technological
advances with its goal of developing a 1 kHz,
100 TW laser system for plasma wakefield
acceleration with ultimate quality and sta-
bility. Yet, for the PIP4 conceptual design, we
have adopted an energy compression and
stabilization strategy recently proposed for
LPAs [25, 29], which promises to deliver un-
precedented levels of relative energy spread
and stability (~ 10™*) from current state-of-
the-art LPAs, thus making it possible to op-
erate the injector with the required quality

and stability for PETRA IV.

Filling the ring from scratch at
an average injection charge rate of 2.6 nC/s
is the most demanding task for the PETRA IV
injector. Besides, the performance of the
plasma injector needs to be on par with the
exceptional standard foreseen for PETRA IV,
ensuring high availability (> 98%) and long
mean time between failures (> 50 hours).
The development of a laser system capable
to operate the plasma injector in this regime
is a crucial challenge to achieve a compet-
itive technology-replacing plasma injector
for PETRA IV. Designed to deliver up to 3 kW
(3] pulses at 1 kHz) of average optical power,
KALDERA will be the foundation on which
the laser system of the PETRA IV plasma in-
jector is built.

Our design for the plasma
injector of PETRA IV comprises two key com-
ponents - Fig. 3 (a): a laser-plasma accelera-
tor (LPA) and an energy compression beam-
line (ECB) [25, 29]. Utilizing an upgraded ver-
sion of the KALDERA laser, the LPA produces
electron beams at 6 GeV energy with state-
of-the-art beam quality and stability, while
the ECB further reduces the beam energy
fluctuations and spread to the sub-permille
level, maximizing the net charge injection
throughput into the PETRA IV storage ring.
Initially, this plasma injector could be em-
ployed for top-up operation of the storage
ring, significantly reducing the load on the
RF injector system. In the future, with the
continued advancement of high-efficiency,
high-power laser drivers, the plasma injec-
tor could potentially replace the RF injector
system altogether, enabling a substantial re-
duction of both the spatial footprint and en-
ergetic consumption of the entire injector
complex.

In what follows, we describe in detail the
different parts of the design and provide re-
sults from numerical start-to-end simula-
tions performed for a particular optimized
setup (Secs. 3.2 and 3.3). In light of these re-
sults, we then report on the expected per-
formance of the plasma injector (Sec. 3.5)
and discuss the prospects of the power con-
sumption (Sec. 3.6).
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Figure 3. Schematic layout of the plasma injector for PETRA IV (a): the LPA produces electron beams at 6 GeV with
1% (projected) energy spread. A quadrupole triplet (red) captures the beam and matches it to a dispersive section
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growth. The beamline continues with the main chicane that induces a large longitudinal decompression and a
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3.2. Laser-Plasma Accelerator

Laser-plasma accelerators are driven by
highly-intense laser pulses, which excite
wakefields in a plasma by means of the pon-
deromotive force [5, 62, 63]. The unper-
turbed plasma density, n,, sets the spatio-
temporal scale of the wakefield structure,
defined by the plasma wavelength 4, =
27/k,, with k, = (nye2/meoc®)/? the plasma
wavenumber, m the rest mass of the elec-
tron, e the elementary charge, ¢ the speed
of light in vacuum and ¢, the vacuum per-
mittivity (see Appx. B.2). For efficient wake-
field excitation, the plasma shall be driven in
the blowout regime [64, 65] by laser pulses
with a high peak normalized vector poten-
tial amplitude, a, 2 2, and resonant in du-
ration, 7 ~ 1/k,c (see Appx. B.3). The in-
tensity of the laser pulse is related to a by
I = (mc*kg/e)? (cey/2) a?, with ky the laser
wavenumber. For typical laser wavelengths
around 1 pum, reaching the high peak in-
tensities to drive a plasma blowout (I, 2
5 x 10'® W/cm?) requires tight focusing of
the laser pulse to a spot size, w,, compara-
ble but smaller than the plasma wavelength.
The plasma density also sets the scale of the
accelerating gradient present in the wake-
field which, in the blowout regime, is given
approximately by E, ~ ay?(mc*/e) ky
ail? nj/? [66]. The acceleration of a witness
beam of electrons at this rate is ultimately
limited by the depletion length of the drive
laser [63], which scales as Lo, « ny2
(see Appx. B.5). Thus, the energy gain of a

single-stage LPA [63] in the depletion-limited
regime scales inversely with the plasma
density, i.e. Alyep ~ eE;Lgep 1. Operat-
ing at lower plasma densities to achieve high
beam energies requires, in turn, increasing
the laser pulse size by a factor « ny /2 in ev-
ery dimension while keeping its peak inten-
sity, which results in an increase of the laser
peak power as n, ! and the energy as n; 2.

Drive Laser

The Ti:Sapphire (Ti:Sa) laser technology is
the most commonly used in LPA research as
it allows for ultra-short laser pulses (down
to 30 fs) and high peak power. With a cen-
tral wavelength of 800 nm, achieving the ap-
propriate laser parameters for a 6 GeV en-
ergy gain with a Ti:Sa system requires oper-
ating plasma densities in the 2 x 107 cm™
range, with lasers of up to few tens of
Joules per pulse and peak powers near the
Petawatt level [67] (see Appx. B.5). Success-
fully proven in multiple LPA experiments
(see Table 11), Ti:Sa laser technology pro-
vides good laser pulse quality with a high
degree of spatial coherence and is therefore
still today the technology of choice. Over
the past two decades, laser-plasma accelera-
tors have shown rapid development and im-
pressive performance demonstrating elec-
tron beam parameters of quality similar to
modern RF-based accelerators. However,
the reproducibility and reliability of the gen-
erated electron beams has been until re-
cently considered insufficient to drive user
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applications. As shown in experiments at
LUX (DESY) [16, 17] the bulk of the variations
in electron beam properties can be traced
to shot-to-shot variations in the drive laser
pulse, which in turn can be connected to
short-term variations in the power grid, air
turbulences, or vibrations. A clear path to-
wards enhanced control, reliability and per-
formance is the deployment of active stabi-
lization and feedback systems running at a
sufficiently high repetition rate. As we will
seein Sec. 3.4, running the LPA at a relatively
high repetition rate (~32 Hz) will be also
necessary to fulfill the PETRA IV demands
to fill the storage ring in a sensible time.
Lower laser repetition rates are possible,
but would require higher laser pulse ener-
gies. A timely implementation of a plasma-
injector could be based on KALDERA as a
frontend in combination with an additional
future Petawatt amplifier, which would ben-
efit from the very high repetition rates of
KALDERA to implement active stabilization
and feedback throughout the whole amplifi-
cation chain, thus providing a significantly
more stable system. Building the plasma
injector as the sole driver of the PETRA IV
synchrotron would require development of a
new, dedicated drive laser which would also

include redundancies.

Operating high-energy laser pulses at
high repetition rate with Ti:Sa technology
presents a challenge due to the higher stress
on the thermal properties of the compres-
sion gratings and heat dissipation problems
in different components of the laser system.
Besides, the commonly used flashlamp-
based pump lasers used in high-power am-
plifiers at the Petawatt-level feature low
wall-plug energy efficiency of the order of
0.1%, which is detrimental for the ener-
getic demands of PIP4 (in Sec. 3.6). Diode-
pumped laser technology, on the other
hand, uses laser diodes to directly pump
the gain medium (usually a solid-state crys-
tal or glass) of the laser, which eliminates
the need for a separate pump laser and al-
lows for a much higher efficiency (> 1%) and
repetition rate [68]. Therefore, diode-based
pump lasers are considered for a future PW-
class PIP4 drive laser (see Sec. 4.2), in order
to deliver full charge injection rate to fill the
PETRA IV ring at a largely reduced average

power consumption.
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Plasma source

Provision of a high-quality 6 GeV beam com-
patible with injection into the PETRA IV ring
requires a state-of-the-art LPA. Specifically
there are two key technologies - controlled
injection and laser guiding - that will be
combined to achieve the required beam pa-
rameters. Both of these techniques rely
on careful tailoring of the 3D plasma den-
sity structure within the LPA. Controlled in-
jection requires longitudinal structuring to
accurately localize the trapping of a low-
emittance electron beam at the start of the
accelerator, while plasma waveguides uti-
lize transverse plasma density tailoring to
guide a high-intensity laser over long dis-
tances commensurate with efficient multi-
GeV acceleration.

A crucial aspect for the design of the LPA
is to provide beams with sufficiently low en-
ergy spread and high stability together with
precise control and operational reliability. In
this regard, the LPA setup deployed in LUX
at DESY has demonstrated its state-of-the-
art capabilities for energy spread optimiza-
tion [18] and stable operation around the
clock [16], and it is therefore selected as the
basis of the PIP4 plasma target design: the
plasma source at the heart of the PETRA IV
plasma injector will incorporate controlled
injection in the form of density down-ramp
assisted ionization injection [17], a robust
technique pioneered in LUX, together with
HOFI laser guiding [26]. A key concern for
LPA reliability and robustness is the life-
time of the plasma source. This is particu-
larly important as the average-power of the
laser increases. In this context HOFI waveg-
uides are advantageous as their structure
is immune to damage, with a new waveg-
uide being formed on every shot of the laser.
Critically, compared to other guiding tech-
nologies, HOFI waveguides offer the ability
to generate plasma channels with relatively
small matched spot sizes at low plasma den-
sities, consistent with the required multi-
GeV acceleration [27, 61, 69]. This is a critical
requirement for improving the efficiency of
the accelerator.

Simulation and optimization

The injection and subsequent acceleration
of electrons in the LPA was extensively
modeled with the particle-in-cell (PIC) code
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Figure 4. Longitudinal profile of the different gaseous components forming the plasma target used in particle-
in-cell simulations (a). Feric simulation snapshot showing the drive laser, the wake of plasma electrons and the
injected bunch after 8 mm of propagation (b). Longitudinal phase space and sliced properties of the electron

bunch at the exit of the plasma target (c).

FBPIC [70], utilizing machine-learning-based
tools such as Bayesian optimization to find
optimal working points to evaluate perfor-
mance [18, 71, 72]. In the optimization
process, the key parameters of the laser
and plasma source of the LPA were varied
within realistic boundaries to find a design
which maximizes the beam spectral density
around 6 GeV and minimizes the laser en-
ergy, thus maximizing the quality and the
efficiency of the injection in the storage ring.
More details about this optimization process
are given in Appx. A.1. We refer to this op-
timized setup as working point one (WP1),
which we will use throughout this section as
the reference case to assess the performance
and feasibility of the design of the plasma in-
jector. Other working points with different
starting configurations for the laser and the
plasma guiding channel have been explored
as well. In Appx. A.2, we report on a set of
configurations considering narrower guiding
channels and less energetic laser pulses. We
refer to this set as working point two (WP2).
The limits of the LPA design in terms of laser
energy and energy efficiency are explored in
Appx. A3.

The resulting plasma profile
for WP1 is depicted in Fig. 4(a). With a nom-
inal plateau density of n, = 2.0 X 10" cm ™2,
the profile counts on a doped density spike
at the beginning, to trigger density down-
ramp assisted ionization injection [17], fol-
lowed by a 22-cm-long plateau to accelerate
the injected electron bunch to 6 GeV energy.
The doped plasma spike is formed from a
mixture composed of hydrogen doped with

nitrogen at 6.5%. The long plateau con-
sists of pure hydrogen. By independently
adjusting the pressures of the two gaseous
sources, the height and shape of the spike
can be tuned. Injection is triggered by the
high-intensity core of the laser that ion-
izes the two inner electronic levels (K shell)
of nitrogen. With much lower ionization
thresholds, the other electrons present in
the gas mixture were previously ionized by
the laser forefront to form the background
plasma. The plasma density downramp of
the spike facilitates the trapping of the nitro-
gen K-shell electrons and allows for a certain
tunability of the current profile of the wit-
ness beam. The plasma profile ends with a
tailored plasma-to-vacuum transition which
reduces the divergence of the electron beam
and confributes to mitigate the chromatic
emittance growth during the free drift in
vacuum [73-75] (see Appx. B.7).

Transversely, the profile follows a per-
fectly parabolic distribution suitable for
matched guiding of a low-intensity Gaus-
sian laser with spot size w,, = 50 um (see
Appx. B.6). The choice of this value for
the matched spot size is in good agreement
with measurements performed for HOFI
channels [27] at plasma densities around
2 X 10 cm™2 (see Appx. B.6.2).

In the simulations, the laser
pulse was modeled with a flattened Gaus-
sian beam [76] (order 100) with 4, = 0.8 um
wavelength and linearly polarized in the
horizontal direction. This analytical laser
beam approximates accurately the radial in-
tensity evolution produced by actual com-
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mercial Ti:Sa laser systems commonly used
for laser-plasma acceleration [17]. For the
optimization, we kept approximately con-
stant the laser focal spot size, wy = 50 um,
and the laser peak power, R, = 345TW,
which correspond to a peak normalized vec-
tor potential of @y = 2.0; and varied the laser
focal position and the pulse duration (see
Appx. A.1). At the optimal point, the laser
is focused at z = 6.0 mm and has a duration
of 53 fs (fwhm). The initial pulse energy is
therefore 19.6 . In practice, a laser focal spot
of 50 um can be achieved using a 8.8 m fo-
cal length off-axis parabolic (OAP) mirror at
f/55.

Figure 4(a) also shows the evolution of
the laser spot size (fwhm in intensity) along
the propagation through the plasma. De-
spite the initial oscillations, the laser is ef-
fectively guided through the plasma target:
the spot size undergoes damped oscillations
with a period of ~ 3 cm (see Appx. B.6).
Consequently, an oscillating laser intensity
results in a oscillating wakefield strength
along the witness beam. On top of this,
the depletion and dephasing effects (see
Appx. B.4) contribute to a varying wakefield
scenario through the acceleration process.
Figure 4(b) shows the drive laser intensity
profile, the plasma wake and the injected
bunch around the middle point of the ac-
celeration. At this particular point of the
acceleration, the space-charge field of the
electron beam acts on the plasma electrons,
flattening the variation of the accelerating
gradient (see Appx. B.3). However, due to
the evolution of the wakefield, this effect,
known as beam loading, varies over the en-
tire propagation.

The optimization process for
WP1 found configurations where the wit-
ness beam has a negligible energy-position
correlation (chirp) after acceleration -
Fig. 4(c). This is the result of an average
beam loading effect. At the beginning of the
propagation, when the laser is fresh and
its spot-size oscillations are stronger, the
laser-driven plasma wakefield is weaker
on average. At this point, the injected
beam overloads the wakefield and develops
a positive chirp. As the laser spot size
stabilizes and the laser pulse compresses
longitudinally, the increase in laser inten-
sity intensifies the wakefields [77]. From

this point on, the witness beam underloads
the wakefield, which progressively com-
pensates for the previously accumulated
positive chirp while further accelerating the
beam towards the target energy of 6 GeV.
The evolution of key beam parameters such
as its average energy, energy spread and
chirp, throughout the acceleration process
are shown in Fig. 15. This optimal working
point enables the generation of a 6 GeV
electron bunch with 87 pC charge and 0.5%
energy spread (Fig. 4(c)). The energy spread
is defined here as o, = 1.48 MAD, with
MAD being the median absolute deviation
of the beam’s spectrum®. The normalized
emittance in the horizontal plane (4.6 um)
is significantly higher than in the vertical
plane (1.7 um) due to the linear polarization
of the laser, which induces a higher electron
temperature in the horizontal direction.
The beam divergence is 0.22 and 0.12 mrad
in the horizontal and vertical planes, re-
spectively. The total laser-to-beam energy
transfer efficiency is 2.7%. More details
on the optimization process are given in
Appx. A.1.1.

Other working points explored in
Appx. A.2 demonstrate the production
of beams of comparable quality (energy
spread and emittance) with charges in the
50-100 pC range, employing laser pulses
energies between 13 and 17 J. Table 8 sum-
marizes the parameters of a set of selected
working points. While these working points
show the possibility to operate the PIP4 with
lower laser pulse energy, WP1 was chosen
as a conservative reference in the following
sections.

In experimental conditions, the
optimal working point will be affected by
fluctuations in both the laser and the plasma
profile. As shown in Ref. [17], the laser
focal position correlates with the amount
of injected charge, and thus, the opera-
tion at optimal beam loading conditions,
consequently leading to changes in the
beam energy spread and final energy (see
Appx. A.1.2). Variations in the plasma guid-
ing channel will additionally affect the net
beam loading. This combination of dif-
ferent sources of jitter results in a wider

3Note that with this definition the energy spread coin-
cides with the rms value in case of a Gaussian distri-
bution.
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different beamline elements are shown in bottom panel (b). Phase space and sliced quantities of the beam after
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beam spectrum when integrated over many
laser shots, which ultimately translates into
a significant fraction of the beam miss-
ing the momentum acceptance of the ring
and, as a consequence, into a low laser-
to-stored-beam energy conversion efficiency
and higher bunch charge variations. In
Fig. 3 (b) we show a collection of spec-
tra from 1000 LPA acceleration events in-
cluding jitter in the most relevant param-
eters. Triggered by realistic fluctuations in
the laser focal position (0.75 mm rms), the
laser energy (0.75% rms) and the plasma den-
sity (0.75% rms), with respect to the opti-
mal case for WP1, the total projected spec-
trum of the beam yields a central energy
of 5.999 GeV (0.96 % rms) with an average
bunch charge of 86.5 pC varying by 9.8 % rms.
More details about this approach can be
found in Appx. A.1.2.

Direct injection of this beam into the stor-
age ring without additional manipulation
would lead to significant degradation and
beam losses owing to the mismatch of its
phase space to the acceptance of the storage
ring. Therefore, an additional component
is introduced to enable beam capture af-
ter the LPA with minimum chromatic emit-
tance degradation, energy spread and stabil-
ity compression to a sub-permille level, and
finally, a matching of the Twiss optics func-
tions to those at the injection point of PE-
TRA IV. These three functions are performed
by the energy compression beamline, which
we describe in the following section.

3.3. Energy Compression Beamline

In order to reduce the overall energy fluc-
tuations of the LPA beam and increase the
net charge injection throughput into PETRA
IV, we adopt an energy compression and
stabilization strategy proposed recently [29].
The method requires a magnetic chicane to
stretch the bunch and create a linear corre-
lation between particles’ energies and their
longitudinal positions (chirp), and an active
dechirper that applies a linearly varying kick
to adjust all particles to the design energy.
The effect of a dispersive section (e.g. a
chicane) on the phase space of the beam
is described to first order by the Rs4 ele-
ment, which relates shifts in the longitudi-
nal position of the beam’s particles with rel-
ative shifts in energy with respect to a cer-
tain reference energy, E,; Considering a
beam with initial length, o, , relative energy
spread, Ts; and no correlation in its lon-
gitudinal phase space, through the disper-
sive section the beam is stretched to a length
o¢ = Rs605,, while developing a chirp given
by ¥ = Ei/Rs¢ (up to linear order). Thus,
by applying a linear voltage with slope V' =
0V = —x/e the induced chirp can be virtu-
ally removed. After dechirping, the final un-
correlated energy spread of the beam is

u 1
o5 R’ (3.1)
We shall note that these expressions hold
when the stretching factor S = o¢/oy, =~
Rs605,/0¢, > 1. The final mean relative en-
ergy deviation is given by & = ({; — ¢1ef)/Rs6,
with ¢, the zero crossing of the applied volt-
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age and ¢, the position of a virtual refer-
ence particle with energy E,.;. Therefore, by
adjusting {, = (. the final beam energy
can be stabilized to the desired reference
value, regardless an incoming energy jitter.
Thus, the active dechirper compensates for
both the beam energy spread and the jitter
of the central energy. Provided the natu-
ral micron-short lengths of the LPA beams
(Fig. 4(c)), it is clear from Eq. (3.1) that an
Rs¢ of a few centimeters would be enough
to bring the final relative energy deviations
of the beams down to a 10™* level. More-
over, since the high peak currents naturally
produced by LPAs are not desirable for injec-
tion into synchrotron light sources anyway,
it is also convenient to induce a large longi-
tudinal decompression and apply a match-
ing dechirper based on RF technology [25].
Considering the sinusoidal voltage of an RF
accelerating structure, Vg = V& sin[kgg(¢ —
$o)], with Vg, the voltage amplitude and
kg = 27 fge/c the wavenumber of the RF sig-
nal, dechirping the beam after decompres-
sion using the linear part of the RF voltage
around the zero crossing requires an ampli-

tude of
Eref/e

kRFR56 '

In practice, the non-linearity of the RF volt-
age imprints a residual energy-phase mod-
ulation in the beam that results in a larger
correlated energy spread, which can be cal-
culated to leading order for a Gaussian
beam [25] with initial mean energy, E ., to
be

Vl%f = (3.2)

0§ = 0.645 (kgpRs6) 03, - (3.3)

Therefore, the final projected energy spread
of the beam is obtained as the quadratic sum
of the uncorrelated (Eq. (3.1)) and correlated
(Eq. (3.3)) components. The correlated con-
tribution to the total energy spread is the
dominant factor for beams with larger initial
energy spreads, i.e., kgpRs¢0s; 2 1.

The final mean energy jitter is also af-
fected by the correlated contribution arising
from the non-linearity of the dechirper. A
time-arrival jitter, o?, between the RF signal
and the electron beam can further accentu-
ate this effect when kgpcop 2 1. In addition,
the timing jitter would also result in a non-
perfect compensation of the central energy
deviations of the beam, i.e., ag = cotU/R%.
The performance of this scheme applied to

a low-energy plasma injector prototype was
recently demonstrated by means of start-to-
end simulations [25].

The schematic of the proposed energy
compressor beamline is shown in Fig. 5(a).
Figure 5(b) shows the relative strengths
of the different elements of the beamline
(dipoles, quadrupoles, sextupoles and RF
structure) and the design optic functions for
a reference beam with the same statisti-
cal parameters as the one shown in Fig. 4.
First, the LPA beam is captured by a triplet
of strong quadrupole magnets situated as
close as possible to the plasma cell to mit-
igate the chromatic emittance increase of
the LPA beam. The capture triplet is fol-
lowed by a drift space for laser beam re-
moval and diagnostics. Next, an S-chicane
with two sextupoles corrects the chromatic
emittance increase in the horizontal plane,
where the emittance of the beam is higher
by construction. The large g-function in the
horizontal plane allows for an efficient chro-
matic correction by a relatively weak chi-
cane as the required sextupole strength, S,
decreases with the product of the disper-
sion, D,, and the -function of the beam,
By, ie. S « 1/B,D,. At the same time, the
small B-function in the vertical plane mini-
mizes the detrimental nonlinear aberration
of the vertical emittance (Fig. 5 (b)). With
an Ry; = 5mm, this chicane also serves
as a pre-stretcher, increasing the rms bunch
length from ~ 3 to ~ 30 um in order to mit-
igate coherent synchrotron radiation (CSR)
effects in the main chicane (see Appx. A.4).

Capture quads. 50 cm G<82T/m
Optic quads. 40 cm G<12T/m
S-chicane dips. 70 cm B=1.00T
Main chicane dips. 175 cm B=145T
Chromatic sexts. 30cm S =550 T/m?
X-band structure 500 cm V =227 MV

Table 4. Parameters of key beamline elements.

The main chicane is composed of four
strong dipoles with a collimator in the mid-
dle. The large horizontal dispersion allows
for an efficient momentum collimation at
+3%, i.e. 8., = 0.03. The Rs4 of the main
chicane is 10 cm. The combined effect of
both chicanes results in a net R5s = 10.5 cm,
which induces a chirp of 57 MeV/mm on
the beam. Then an X-band (12 GHz) RF
dechirper corrects the energy deviation by
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Figure 6. Geometric emittance of the simulated

bunches in the horizontal (top) and vertical (botton)
planes, before (grey) and after (blue) the energy com-
pression beamline.

applying a voltage of 227 MV in amplitude
(see Eqg. (3.2)). Considering an accelerating
gradient of 60 MV/m, such voltage ampli-
tude would be reached by about 4 m of ac-
tive length*, for the purpose of this report we
assume that the total physical length of the
X-band module would not exceed 5 m. The
wavelength of the RF signal, 13z = 2.5 cm,
is long enough to accommodate all particles
going through the collimator well inside the
linear part of the RF signal, i.e. S Rs¢ <
Agp/4. Finally, the last two quadrupole mag-
nets match the Twiss functions to those of
the PETRA IV injection point. Including the
laserin- and outcoupling segments (~ 18 m),
the total length of the LPA and ECB is smaller
than 50 m. Fig. 5 (b) shows the Twiss optic
functions of the beam through the ECB. The
design parameters of the main components
of the beamline can be found in Tab. 4.

The simulated LPA
beams are further tracked through the
beamline using the particle tracking code
OCELOT [79], taking into account up to
second-order beam optics, RF, collimation,
and CSR effects. Figure 5(c) shows the beam
phase space after the ECB for the optimal
bunch shown in Fig. 4(c). It showcases an
extremely low relative energy spread of
4 x 10™°. Figures 3 (b) and (c) display the
beam spectra before and after the ECB, re-
spectively, for the set of 1000 bunches with
laser and plasma fluctuations included. In
addition to these jitters, random pointing

4The required voltage can be created by one X-band
RF module of CompactLight design, which consists
of four 0.9-m-long X-band cavities and provides up
to 234 MV of accelerating voltage when powered by
a 50 MW RF system [78].
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angle jitters of 0.2 and 0.1 mrad (rms) in the
horizontal and vertical directions, respec-
tively, were introduced in the LPA bunches
right after the plasma exit. The magnitude
of the pointing angle jitter is expected to
be on the same order of the beam diver-
gence [17]. Besides, a realistic timing jitter
of 100 fs rms between the LPA beam and the
RF signal was introduced in the beamline
particle tracking simulations. This level of
synchronization has been demonstrated at
the Polarix TDS at FLASH [80]. As a result,
the projected beam spectral bandwidth is
compressed from an initial 0.96% down to
0.04% (Fig. 3 (c)), which is well below the
momentum acceptance of PETRA IV. The
average bunch charge after compression is
83.5 pC varying by 10.0% rms (Fig. 3 (d)). On
average, only 3.5% of the initial charge is
lost, mainly owing to its location outside the
+ 3% energy-window of the collimator in the
chicane. Thus, the total charge throughput
is 96.5 %, which results in an overall laser-
to-stored-beam energy transfer efficiency
of 2.6%. The geometric emittance of the
1000 bunches is shown in Fig. 6. Thanks to
the chromaticity correction performed by
the S-chicane, the emittance is preserved
in the horizontal plane. The emittance
grows significantly in the vertical plane,
but since it started at a lower value after
the LPA, the final values are still well below
the transverse acceptance of PETRA IV.
Table 5 summarizes the collective electron
beam properties before and after the ECB.
More details about the beamline design and
simulations are given in Appx. A.4.

Plasma cell exit After beamline

Charge 86.5 pC 83.5 pC
Charge spread 9.8% 10.0%
Energy 5.999 GeV 6.000 GeV
Energy spread 0.96% 0.04%
Emittance (x, y) 0.40,0.16 nm  0.40, 0.58 nm

Table 5. Collective beam parameters at the plasma cell
exit and after the ECB.

3.4. Injection into PETRA IV

After energy compression, the electron
beam shall be delivered to the PETRA IV stor-
age ring. This can be done using a stan-
dard transfer line consisting of a set of dipole
and quadrupole magnets arranged in a sim-
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ple FODO lattice. The particular design for
the transfer line will depend on the final lo-
cation of the plasma injector and the exact
geometry of the tunnel infrastructure con-
necting the plasma injector with PETRA IV.
In Sec. 4.4, we provide more details about a
concrete solution for the PIP4 location and
its transfer line. After the beam transport,
the Twiss functions of the beam have to be
matched to those of the PETRA 1V injection
point, which can be done readily by tun-
ing the last few quadrupoles in the trans-
port line. In the current design, these are
B, = 46.0m, ,@y = 6.8m, and d,, =
0. Since after the ECB the electron beams
have been largely decompressed longitudi-
nally and compressed in energy, no spurious
effects such as CSR and chromatic emittance
growth are expected along the transport. For
this reason, in the start-to-end simulations,
we proceed with the storage ring tracking
simulation right after the ECB.

The injection effi-
cacy is verified by using element-by-element
beam ftracking in the storage ring with EL-
EGANT [81]. A comprehensive study with
a realistic aperture model, wakefields, syn-
chrotron radiation, and optics errors found
no significant beam charge losses for a con-
servative 5% rms -beating [82]. Thus, the
simulations predict a 99.99% injection ef-
ficiency in the storage ring for the beams
emerging from the plasma injector after
energy compression. Figure 7 shows the
phase-space evolution of the exemplary LPA
beam (also shown in Fig. 5 (c) after the
ECB) after injection into PETRA IV over 8000
turns, which corresponds to about 3 syn-
chrotron radiation damping times (the radi-
ation damping time of PETRA IV is 20 ms).
Following the standard off-axis injection
scheme foreseen for PETRA IV (see Sec. 2.1),
the beam starts with a 6 mm injection off-
setin the horizontal plane. The particles are
then rapidly brought to the reference orbit
by synchrotron damping. In the longitudinal
plane the injected beam quickly assumes an
equilibrium distribution within the potential
well. Compared to the RF injector chain, de-
scribed in Sec. 2.2, the plasma injector could
offer an order of magnitude lower transverse
emittance: ~ 1 vs 20 nm. This removes the
need for further beam manipulation such as
aperture sharing in the storage ring [50] (that

Tun 0 time = 0.0 ms

%6.03 B
Q K]
%6.00— £ 00 °
8 pC MoV *
Y97 - -0.1
_6.03 Tum 600 el : 0.1 ‘: k“ 44—-!!-,-?__21"5:4‘6 ms
@6.00 o £ 00 \h‘j
2 2 Ej x /
M 5.97 {cien } - 01 e
Turn 3000 0.0 i =231
SGIOS urm 01 \v'— \“‘ ime ms
[0 = £=28.505 nm
< B )
6.00 £ 00 ()
5 E @)
2 <
= Gy 01
0.0 time = 61.5 ms
0.11{p=46.9r
%6.03 . s
[ 5 £-0.306
5600 £ 00
SCj pC/Me! s
5.97 0.1
-50 0 50 -5 0 5
¢ (mm) X (mm)

Figure 7. Phase-space evolution of the plasma injector
beam in the PETRA IV ring.

could lead to injection losses, as mentioned
in Sec. 2.2) or beam rotation in the transfer
line.

3.5. Operational requirements

The start-to-end simulations for the plasma
injector (LPA + ECB) shown throughout
Secs. 3.2 and 3.3 demonstrate competi-
tive beam parameters for injection into PE-
TRA 1V, with ~84 pC charge per bunch on av-
erage, an overall relative energy variation of
0.04% (rms) and ~0.5 nm emittance in both
transverse planes, with all relevant sources
of jitter considered. After the ECB, the in-
tegrated beam spectrum produced by the
LPA is effectively compressed by a factor
24 (Fig. 3 (c)), elevating the charge injection
throughput to 97%, accounting for realistic
jitters. These simulation results showcase
the expected efficacy of the ECB to compress
the LPA beam energy output to maximize
the injection efficiency. Besides, the ECB
plays an important role preventing sizeable
bunch charge fluctuations resulting from an
aggressive acceptance cut for uncompressed
LPA beams (see Fig. 3 (b)). There is however
an intrinsic shot-to-shot LPA charge varia-
tion resulting from jitters on the laser and
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plasma parameters’. Fig. 3 (c) shows the dis-
tribution of the accepted bunch charge with
84 pC on average and 10% rms variation. In
what follows, we discuss the details of oper-
ating PETRA IV for the initial filling and for
top-up operation using the reported values
of the average shot charge provided by the
plasma injector.

Initial filling

As discussed in Sec. 2.1, filling the PE-
TRA IV ring in Brightness (Timing) mode in
Tgy = 10 min requires an average charge in-
jection rate of Q = 2.6 (1.1) nC/s. Consider-
ing for simplicity that the average charge per
shot from the plasma injector is Q, = 80 pC,
the LPA drive laser would need to operate
at a minimum of about 32.0 (13.3) Hz to
fill the ring with 1536 (640) nC in Bright-
ness (Timing) mode, in less than 10 min-
utes. Figure 8 shows different minimum in-
jection rates for different filling times and
LPA bunch charges, for the more charge-
demanding Brightness mode. Filling the ring
in Brightness mode thus sets the minimum
repetition rate for the laser. Assuming a rep-
etition rate of 32.0 Hz also for Timing mode,
the ring would be filled in 4 minutes 10 sec-
onds (250 s). Independently of the filling
time and the injection frequency, the total
number of shots during the initial filling is
19200 (8000) in Brightness (Timing) mode.
Table 6 summarizes the main injection pa-
rameters for the initial filling.

The injection frequency needs to be fine-
tuned to the desired injection sequence
(see Sec. 2.1). For Q; =80pC, the num-

>The shot-to-shot charge variations are ultimately lim-
ited by the stability of the laser.
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Operational parameter Brightness

Number of bunches 1920 80
Bunch charge/ nC 0.8 8.0
Total charge / nC 1536 640
Initial filling
Shot charge / pC 80 80
Injector frequency / Hz 32 32
Number of shots 19200 8000
Filling time / s 600 250
Top up
Shot charge / pC 80 80
Injector frequency / Hz 32 32
Number of shots 192 80
Top-up time / s 6 2.5
Top-up period / s 360 180
Duty cycle 1/60 1/72
Table 6. Operational injection parameters of the

plasma injector in Brightness and Timing modes.

ber of sweeps needed to fill the ring
is Ngyweep = 10 (100) in Brightness (Timing)
mode. Because in Brightness mode the in-
jection period (30 ms) is on the order of
the beam damping time (20 ms) and the
bunches are closely spaced in the ring (4 ns),
it is necessary to select a bunch delay fac-
tor k such that Tyq. < kTgg. Selecting
k = 7 brings the condition on the kicker
duration to be smaller than 28 ns. In Tim-
ing mode, the bunch spacing is sufficiently
large (96 ns) to operate with k = 1. With k
fixed, we can calculate from Eq. (2.3) the ex-
act injection period (frequency) to complete
the filling sequence in 10 minutes, which
yields 31257628 ns (31.992190834 Hz) and
75002976 ns (13.332804288 Hz) for Brightness
and Timing modes, respectively®.

Top-up operation

The minimum injection rate would decrease
substantially during top-up operation, as
only 1% of the initial ring’s charge needs be
replenished as it decays (see Sec. 2.1). Con-
sidering a beam lifetime of 10 (5) hours in
Brightness (Timing) mode [46, 47], the time it
takes for the stored charge to decay by 1% is
T4 = 6 (3) minin Brightness (Timing) mode.
Thus, the average charge injection rate dur-
ing top-up operation should be at least 43
(36) pC/s. Assuming that the same charge
per shot is provided by the LPA, in princi-
ple, the plasma injector could be operated

6Because the PETRA IV storage ring operates with an
RF frequency (period) of 500 MHz (2 ns), we keep dec-
imals up to nanosecond level timing precision.
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Figure 9. Simulated PETRA IV bunch charge distribu-
tion in Brightness (top) and Timing (bottom) modes af-
ter the initial filling and 100 additional top-ups, with a
shot charge of 80 pC on average and 10% rms. The color
code used for different top-up sequences cycles after 10
iterations.

at a rate as low as 0.5 (0.4) Hz in Brightness
(Timing) mode. However, changing signifi-
cantly the repetition rate of the laser system
is not convenient in practice as it would dra-
matically affect its thermal properties and,
in turn, the stability of the LPA. The repeti-
tion rate of the LPA during top-up, R, shall
not be much different to that used during
the filling, Rg).

At least two strategies can be followed for
top-up:
Continuous top-up: The shots are distributed
over Ty, = 6 (3) minutes in Brightness (Tim-
ing) mode. This means that only one every
(100 Ty4,/ Tip) X (Ryop/Rs1y) LPA shots goes to
the ring. A downside of continuous top-up
is that it leads to continuous perturbation
of the stored beam.
Timed top-up: A different approach would
consist in top-up every T,q4. This would
result in stronger, but shorter in time,
perturbations to the users. In this case, all
the LPA shots are injected during a reduced
time, (Tgp/100) X (Ren/Riop), to complete
the top-up sequence.

In both cases, the duty cycle, de-
fined as the fraction of the time that
the injector is shooting in the ring,
is  1/[(100 T14/Tsn) X (Riop/Ren)]- With
Rtop = Rfﬂl =32 Hz, Tfill = 600 (250) S, and
the duty cycle is 1/60 (1/72) in Brightness
(Timing) mode. Table 6 shows the injection
parameters in timed top-up operation at
32 Hz for Brightness and Timing modes.
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Figure 10. Simulated PETRA IV bunch charge rms vari-
ation in Brightness and Timing modes, for a shot charge
of 80 pC on average and 0%, 5% and 10% rms.

Charge variations

After the initial filling, every bunch in PE-
TRA IV comprises ng = Qz/Qs injector shots.
Since the injector bunch charge fluctuations
are random, the PETRA IV relative bunch
charge variation will be a factor \/n_S lower
than that of the injector shots. For an injec-
tor shot charge variation of 10% and using
n, = 10 (100) in Brightness (Timing) mode,
the PETRA IV charge variation after the ini-
tial filling will be 3.2% (1.0%). This num-
ber slightly diminishes as more shots are in-
jected during top-up operation.

During top-up operation, not every PETRA
IV bunch needs to be replenished after T,
to keep the total charge above 99%. For ex-
ample, with Q, = 80 pC, a top-up sequence
would inject into 10 (100) % of the bunches
available in Brightness (Timing) mode. This
implies that there can be relative differ-
ences in charge from bunch to bunch up to
a Q./Qy factor. These differences are more
pronounced in Brightness mode, where the
relative rms (peak-to-peak) differences can
reach a 5% (10%) of the total bunch charge,
even when assuming a negligible injector
shot charge variation. To quantify this ef-
fect we have calculated the evolution of the
stored bunch charge (Fig. 9) and its varia-
tions (Fig. 10) during operation.

Bunch-to-bunch charge variations up to
nearly 6% (rms) are computed for PETRA IV
in Brightness mode when using an average
injector shot charge of 80 pC with 10% rms
fluctuation (Fig. 10). This is just slightly
above the 5% (rms) obtained for a non-
fluctuating injector shot charge. The oscil-
lation in bunch charge variation in Bright-
ness mode observed in Fig. 10 is the result
of toping up different PETRA IV bunches at



different times. It reaches its maximum
(minimum) when half (all) the PETRA IV
bunches have been refilled. With a char-
acteristic time given by the beam lifetime,
the oscillation in bunch charge variations
damps towards the equilibrium value, which
for a non-fluctuating shot charge, yields
(QS/QB)/Z\/E =2.9%, in Brightness mode.
The contribution from a fluctuating shot
charge to the total bunch charge variations
can be added in quadrature. For 10% rms
shot charge fluctuation, the bunch charge
rms spread converges to 3.5% (Fig. 10).

In conclusion, although the plasma injec-
tor generally operates with less charge per
shot than the RF injector, the required filling
times can be achieved with a higher repeti-
tion rate. In top-up operation, also the RF
injector operates with less charge per shot,
and the performance of the plasma injector
does not differ significantly. Despite an in-
trinsic shot charge variation in the plasma
injector, the bunch-to-bunch charge varia-
tions of the storage ring are dominated by
differences in the top-up time of different
bunches.

3.6. Power consumption

The total energy consumption of the PE-
TRA IV plasma injector can be broken down
in its two essential components: the laser
with the plasma accelerator module and the
transport beamline with the energy com-
pressor.

3.6.1. LPA power consumption

The LPA produces the required beam current
at 6 GeV energy within the 3% energy accep-
tance of the energy compression beamline.
As reported in Sec. 2.1, filling the PETRA IV
ring in 10 minutes in Brightness mode sets
the charge injection rate at Q@ = 2.6 nC/s. For
top-up operation, an injection rate as low as
Q = 42 pC/s would suffice. The total average
beam power required to fill (top up) the ring
is then Pyeam = 6 GeV Q/e = 15.6 W (0.25 W).
The average power consumption of the LPA
can be expressed then as

Prpa = ?beam/ga (3-4)

where & stands for the total efficiency of the
LPA system producing the beam. Consider-
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ing that the vast majority of the energy in-
vested for the LPA system is expended on the
drive laser, the total efficiency can be fur-
ther broken down in two contributing fac-
tors, the laser wall-plug efficiency &, and
the laser-to-beam efficiency &p. The for-
mer is the measure of how efficiently a laser
source is converting electrical power into us-
able optical power. The latter refers to the
percentage of the laser energy that is trans-
ferred to the electron beam which is finally
stored in PETRA IV. Knowing the laser-to-
beam efficiency, the required average laser
optical power can be then simply calculated
as Plaser = Pream/ -

Simulations for the
described LPA design have shown laser-to-
beam efficiencies of a few percent, com-
parable to the highest energy transfer effi-
ciencies measured in LPA experiments [83,
84]. In particular, the start-to-end simula-
tion shown throughout Secs. 3.2 and 3.3 for
WP1 yielded &y, = 2.7%. This case employed
a laser pulse energy of 19.6 J to produce a
6-GeV electron bunch with 87 pC. Consider-
ing a realistic jitter and the energy collima-
tion in the ECB, the final bunch charge in-
jected into PETRA IV is 83.5 pC on average
(Tab. 5), which results in a final average ef-
ficiency of 2.6%. Other working points have
been explored in Appx. A.2 considering nar-
rower guiding channels: Laser-to-beam effi-
ciencies in the 2.6-3.6 % range were obtained
in simulations employing laser pulses ener-
gies between 13 and 17 J. Additional simu-
lation studies, performed to explore the ef-
ficiency limits of the LPA, reveal further op-
timization potential: by improving the laser
matching to the plasma guiding channel, in-
troducing the option of linear plasma chan-
nel tapering, and allowing for a tunability of
the current profile of the accelerated beam
by means of laser and plasma parameter
changes, efficiencies up to 15% were ob-
tained with laser energies as low as 10] (250
pC bunches at 6 GeV) (see Appx. A.3).

The laser wall-plug
efficiency is subject of intense research
and development [85]. Conventional Ti:Sa,
flashlamp-pumped, high-peak-power lasers
typical for LPAs such as BELLA and ANGUS,
the LUX drive laser, feature a low wall-plug
efficiency of order 0.1%. A path to higher ef-
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ficiencies is the deployment of a new genera-
tion of diode-pumped lasers in Ti:Sa systems
that allow to surpass the 1% [68] wall-plug
efficiency threshold. Such systems are in
operation, e.g., the High-repetition-rate Ad-
vanced Petawatt Laser System (HAPLS) [86]
developed by Lawrence Livermore National
Laboratory (LLNL) and installed in the Ex-
treme Light Infrastructure (ELI) makes use
of high-power diode array technology to de-
liver 30 J, 30 fs laser pulses at 10 Hz with a
wall-plug efficiency of 1% [87]. According to
our simulations, the pulse specifications of
HAPLS surpass the requirements for produc-
ing 6 GeV bunches with about 80 pC charge
within the acceptance, however the repeti-
tion rate would be insufficient to fill the ring
in 10 minutes: the laser would need to op-
erate at 32 Hz to achieve the required charge
injection rate. To circumvent this limitation,
either the filling time needs to be relaxed by
a factor 3 (needing 30 minutes to fill the ring
and lowering the availability of the ring by
1%) or the repetition rate increased by the
same factor. For the latter, the HAPLS tech-
nology could still be used if the number of
amplifiers is increased accordingly to oper-
ate in sync to provide the required repetition
rate. A more interesting solution, adopted
in the implementation plan (Sec. 4.2), is
to develop new diode-pumped amplification
stages for KALDERA [28] that directly run
at 32 Hz. Using KALDERA as a seeder not
only will benefit from its exceptional laser
beam quality and operational performance,
but will share construction and energy con-
sumption costs: only 1 every 30 laser pulses
produced by KALDERA will be amplified sep-
arately for PIP4.

Using Ppeam = 15.6 W for the av-
erage beam power needed to fill the ring in
Brightness mode in 10 minutes, and &, =
2.6% for the conservative laser-to-beam effi-
ciency demonstrated in the simulations for
WP1, the required average optical power is
Praser = 0.6 kW. The baseline design of
KALDERA aims to deliver 100 TW peak power
(3Jin 301s) laser pulses at repetition rates up
to the kHz level, i.e., 3 kW of average optical
power. This is about 5 times higher than re-
quired to operate the plasma injector for the
ring’s fillings, albeit with substantially lower
energy per pulse. Considering &, = 1% for
the wall-plug efficiency of a diode-pumped

laser system, such as KALDERA or HAPLS,
we obtain from Eq. (3.4) Ppa = 60 kW for
the average power consumption of the LPA
while filling the ring in Brightness mode. By
keeping the same average power, in Timing
mode, the plasma injector would complete
the initial filling in about 4 minutes.

During top-up, provided
that the average beam power to deliver de-
creases substantially to only Ppeam = 0.25 W,
the average power consumption of the LPA
could be, in principle, as low as Ppy =
1.2 KkW. However, as indicated in Sec. 3.5, the
repetition rate of the laser in top-up mode
shall not differ substantially from that used
during the filling, in order to avoid stability
issues. This implies that, during top-up op-
eration, the plasma injector would run at full
power during a short period of time, i.e., with
a reduced duty cycle (see Tab. 6). As for the
case of the RF injector in Sec. 2.2.1, it is yet
to be investigated a low-power-consumption
standby mode for the plasma injector, which
allowed us to save energy between top-ups.
Another possibility to take advantage of the
reduced duty cycle between top-ups, is to
use the LPA beam to feed another beamline
to run parallel applications.

Apart from the electrical en-
ergy required to power the laser, a sub-
stantial contribution to the total power con-
sumption comes from its cooling system
(to operate at a stable temperature)’. In
case of a diode-pumped laser system with
an efficiency-optimized cooling solution, the
estimated power consumption for cooling is
40 kW, about 66% of the total electric power
employed by the laser system?.

Another separated and sub-
stantial contribution to the total power con-
sumption of the plasma injector is asso-
ciated with the laser lab. This includes
AC to stabilize air and humidity, and all
the system-helper devices, such as racks,
servers and motors. Based on the expe-
rience operating the ANGUS laser lab for

7This contribution to the total power consumption is
separated from what is accounted through the wall-
plug efficiency in Eq. (3.4).

8A similar ratio between cooling and electric power,
~60%, was employed during LPA experiments with
the petawatt-class, flashlamp-pumped, BELLA laser
at LBNL.



LUX and on the current commissioning of
KALDERA, we estimate 50 kW for the aver-
age power consumption of the laser lab.

As in the case of the RF injec-
tor (Sec. 2.2.1), a number of redundancies
would be required for the plasma injector to
deliver high availability and long mean time
between failures. However, this aspect of
the design has not been studied yet, and it
is not possible at the moment to estimate
its influence on the average power consump-
tion.

3.6.2. Beamline power consumption

The power consumption of the electron
beamline can be estimated by analyzing the
performance of similar systems already in
operation at DESY. There are three major
systems that have to be evaluated: magnets,
vacuum, and RF. Overall, the plasma injector
beamline will be comparable in size to and
will have a similar number of magnets as the
existing LUX beamline [16]. The latter uti-
lizes between 2 and 4 kW for its dipoles and
quadrupoles, when operating with electron
energies between 200 and 400 MeV, or 10 kW
per GeV. This number can be used as an es-
timate for the magnet power consumption,
amounting to the total of 60 kW for the mag-
net system. Owing to a large pressure gradi-
ent from the plasma cell, the LPA beamline
contains a differential pumping system with
a relatively large number of vacuum pumps,
most of which improve the vacuum in the
vicinity of the plasma cell. Itis expected that
the plasma injector beamline will consume
less than 20 kW for its vacuum pumps in full
operation. The 50 MW peak power X-band
RF system needed for the active energy com-
pression is to consume about 40 kW on av-
erage, based on the available data from simi-
lar systems at FLASH and ARES at DESY [88].
Finally, there are a couple of minor power
consumers that can also be accounted for.
Temperature stabilization of the RF cavities
and water cooling of magnet coils will take
several kilowatt. As a conservative estimate,
we can consider that the necessary cooling
power might reach up to 15% of the electri-
cal power, assuming cooling with 30° C wa-
ter [89]. About 10 kW will be needed to power
the control electronics: PCs, switches, etc. In
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Figure 11. PIP4 alternative conceptual schematic. The
plasma injector system would fit in an existing tunnel
at DESY (G-weg), which can seamlessly connect with
the main PETRA IV injection channel. This option min-
imizes the need for civil engineering interventions and
enables near-term implementation. Ideally, locating
the plasma injector next to the ring would eliminate
the need for an extended beam transport line (compare
Fig. 1)

total, the power consumption of the beam-
line can be estimated at about 145 kW.

Thanks to its comparably small
footprint, a plasma injector would be ide-
ally located directly next to the storage ring
(Fig. 1). However, to implement a plasma in-
jector without the need for significant new
civil construction, we also consider locating
the plasma injector next to the KALDERA
laser lab, and reusing existing buildings to
reduce expenses (Fig. 11). Transferring the
beam from the suggested location at G-Weg
to the PETRA IV injection point can take a
substantial fraction of the energy consump-
tion, depending on the number and strength
of the magnets required to transport and
steer the 6 GeV beam. Specifically, around
200 m needs to be covered by the transfer
line before the beam reaches the PETRA IV
storage ring. The exact path of the transfer
line is not yet established, nor is the extent
to which it can be shared with the RF injec-
tor. For reference, we quote the expected

25



The Plasma Injector | Power consumption

26

power demands of the transfer line for the
RF injector system, which amounts to 320
kW (Sec. 2.2.1). This value is comparable
to the estimated power consumption of the
whole plasma injector, including the laser
system, the laser lab, and the X-band energy
compression beamline.

Laser system 60 kW
Laser cooling 40 kW
Laser lab 50 kW
Magnets 60 kW
RF system 40 kW
Magnets & RF cooling 15 kW
Vacuum system 20 kW
Miscellaneous 10 kW
Sum 295 kw

Table 7. Power consumption of the plasma injector
when filling the PETRA IV storage ring at 32 Hz with a
diode-pumped laser system.

Conclusion

Adding the LPA and beamline estimates,
we expect the power consumption of the
plasma injector, when filling the PETRA IV
storage ring, to be around 295 kW (Table 7).
Approximately half of this power would be
used by the laser, including the lab and
its cooling system. This value should be
seen as a final attainable goal for a future
Petawatt-class, diode-pumped laser system,
which efficiently delivers the necessary op-
tical power and repetition rate to fill the ring
from scratch. In practice, the power con-
sumption will be higher once the transfer
line expenses and necessary redundancies
to ensure high beam availability are factored
in. Nevertheless, considering the 2.7 MW
peak power consumption of the RF injector
system for PETRA IV (Section 2.2.1), we con-
clude that the plasma injector has the po-
tential to become an energy-efficient alter-
native.









4. Implementation roadmap

The simulations performed for the design
of PIP4 described throughout Sec. 3 yielded
promising results, demonstrating that the
proposed design can be a competitive and
compact solution for the future. For such a
design, we rely on short-term perspectives
for the technological development of the dif-
ferent components. The design thus ex-
trapolates from what has been proven to-
day to provide a promising solution for the
future. To experimentally deliver the sim-
ulated beam parameters, it will be neces-
sary to actively engage in the development
of the key elements of the design, as well as
to prepare the terrain for the implementa-
tion in the PETRA IV injection complex. In
this chapter, we outline the roadmap for the
development of the required technology and
the implementation of the different compo-
nents of the plasma injector for PETRA IV.

4.1. Project phases

The PIP4 implementation roadmap is orga-
nized into three progressive phases, each
building upon the previous one and in-
creasing in technological complexity. These
phases are outlined in Fig. 12 and briefly de-
scribed below:

In this
initial phase, the key components of the
plasma injector will be demonstrated indi-
vidually. The first models of the plasma
target, integrating laser guiding and con-
trolled injection, will be tested on a low-
energy testbed system. This step serves as
a precursor to the development of a scaled-
down version of the PIP4 target, which will
be driven by the KALDERA laser system. Ad-
ditionally, a low-energy version of the en-
ergy compression beamline, utilizing an S-
band RF structure, will be installed in the
LUX system. This setup aims to reduce the
energy spread and jitter of the electron beam
by more than a factor of 10, achieving the
energy bandwidth and stability levels neces-
sary for the plasma injector.

Building
on the successes of Phase 1, the individ-
ual technologies will be integrated to form a
complete plasma injector prototype, driven
by the KALDERA laser system. Although
this prototype will target a lower beam en-
ergy range (0.4 — 1.0 GeV), it will include all
the critical components of the final PIP4 de-
sign. The plasma injector prototype could
be installed in G-Weg. This strategic place-
ment will allow it to be connected to the
main beam transfer line from LINAC II to
DESY II in L-Weg (see Fig. 13), enabling the
possibility of early injection experiments in
DESY II (see Fig. 12). As the commissioning
of the plasma injector prototype progresses,
operational injection tests would naturally
follow, including running injection for ex-
tended periods of time. These operational
tests will be key to providing further insight
to assess the readiness of the technology for
operation under realistic conditions.

The next
step is to set up a dedicated plasma accel-
erator to directly inject electrons into PE-
TRA IV at 6 GeV energy, with the ultimate
goal of achieving full operational capability.
The plasma injector for PETRA IV would be
driven by a new laser system capable of de-
livering the required pulse energy, repeti-
tion rate and stability. This laser system, in-
cluding the necessary redundancies to en-
sure high availability, shall be located in a
dedicated new building next to the storage
ring, as indicated in Fig. 1, thereby eliminat-
ing the need for an extended beam trans-
port line. The preparatory phase for the de-
velopment of this laser should start well in
advance, running in parallel with Phase 2
(see Fig. 12). Alternatively, if more devel-
opment time is required, we could upgrade
KALDERA with a PW amplifier to meet the
requirements of the plasma injector. This
plasma accelerator would then be installed
in G-Weg, and the 6 GeV beams would be
transported, as shown later in Fig. 13, to the
PETRA 1V injection point. In any case, the
plasma target would be upgraded to sup-
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of the PIP4 project (as of early 2024). External constraints

such as the development of KALDERA and the PETRA IV installation shutdown are also shown.

port extended acceleration, and the energy
compression beamline would be built using
X-band RF technology to enable a compact
setup.

4.2. Work packages

The tasks to develop throughout the differ-
ent phases of the project are divided into
three work packages: laser systems, plasma
sources and beamline systems, that we dis-
cuss in the next sections.

Work package 1: laser systems

To achieve 6 GeV electron beams suitable
for injection into PETRA IV, high-energy
laser pulses with order 20] are needed
(Sec. 3.2). At those pulse energies, operating
the plasma injector at a competitive level,
capable of replacing the RF injector for rapid
fillings of the storage ring, requires a rela-
tively high repetition rate of 32 Hz (Sec. 3.5).
Besides, the laser system must have a high
wall-plug efficiency equal or greater than

1% to enable an energy-efficient plasma in-
jector (Sec. 3.6). Last but not least, satis-
fying the high operational demands of PE-
TRA IV requires exceptional stability to en-
sure high availability and long mean time
between failures (MTBF)!. Such a system is
not available today at DESY and developing
a laser system capable of fulfilling all these
requirements is one of the most challenging
aspects of PIP4.

However, the KALDERA project sets the
basis for the needed technological advance
in this direction. KALDERA is DESY’s new
flagship LPA drive laser currently under de-
velopment. It is based on Ti:Sa laser tech-
nology and will deliver 100 TW peak power
(3] in 30fs) laser pulses, at repetition rates
up to the kHz level. The very high repeti-
tion rates of KALDERA will allow the deploy-
ment of active stabilization and feedback
systems, as they are commonly used in ev-
ery modern accelerator today. KALDERA will
be fully integrated into DESY’s accelerator
controls system. As a result, we expect laser

1The present storage ring, PETRA III routinely demon-
strates 98-99% availability [90]. 99% availability and
over 50 h MTBF seem reasonable goals for PETRA IV.



pulses of unprecedented reliability, repro-
ducibility and quality, to drive application-
ready, next-generation laser-plasma accel-
erators. In particular, KALDERA will be the
driver of the first down-scaled version of
PIP4, aiming to test the full-technology chain
of the plasma injector during the Phase 2,
culminating with the first injection perfor-
mance tests in DESY II, with a reduced elec-
tron beam energy (0.4 - 1.0GeV). For this
reason, the development of the PIP4 project
is closely entangled with that of KALDERA
(see Fig. 12). Demonstrating injection into
DESY II will be an outstanding milestone
that will allow us to fully assess the perfor-
mance of all the essential technology blocks
of the PIP4. After this, the project will be
ready to engage into the Phase 3: the devel-
opment of the actual 6 GeV plasma injector
for PETRA IV.

Ideally, upon successful completion of
phase 1 and 2, a dedicated laser would be
built to drive a plasma injector capable of
supporting full PETRA IV operation, includ-
ing filling and top up of the ring. To make
this possible, a preparatory phase for the
development of a future high peak power
laser should start well ahead in time, aim-
ing at being ready for the final implemen-
tation of the plasma injector for PETRA IV.
This phase will push the boundaries of cur-
rent laser technology, focusing on achieving
the necessary pulse energy, repetition rate?,
and stability required for the final plasmain-
jector.

However, if we find that even more de-
velopment is required to address open
questions discovered in earlier phases, we
can also foresee to upgrade the existing
KALDERA laser with an additional ampli-
fier stage operating at a reduced repeti-
tion rate, using KALDERA as a seed laser.
The Petawatt-class upgrade of KALDERA
(KALDERA+) could take place in an exten-
sion of the current lab currently under de-
velopment. Considering that the plasma
injector will not necessitate the very high
repetition rates of KALDERA (1 kHz), only
a reduced fraction of the KALDERA pulses
would be diverted to the KALDERA+ exten-
sion lab for further amplification at about
30 Hz. Nevertheless, the much higher rep-
etition rates of KALDERA acting as frontend

2For example, 20 J pulse energy and 32 Hz repetition
rate for the working point shown in Sec. 3.2

would allow us to implement active stabi-
lization and feedback throughout the whole
amplification chain, thus providing a signif-
icantly more stable system. The last laser
pulse energy amplification stage would still
be based on diode-pumping technology, in
order to deliver the required levels of repeti-
tion rate and wall-plug efficiency.

Work package 2: plasma sources

The experimental realization of the plasma
source for PIP4 will require careful tailoring
of the 3D plasma density structure. Shap-
ing the longitudinal plasma density profile is
crucial for initiating the injection of a high-
quality electron beam at the start of the ac-
celerator, while creating appropriate plasma
waveguides for guiding the laser is neces-
sary to reach multi-GeV acceleration. As dis-
cussed in 3.2, HOFI waveguides [26] pro-
vide a good foundational technology around
which to base the plasma source owing to
their ability to guide a spot of a few tens of
microns over several hundred millimeters at
densities of order 10Y cm™3 [91, 92]. There
has already been promising results demon-
strating the addition of a controlled injec-
tion structure into such an optically formed
channel [60]. However, in the case of PIP4,
significant further development will be re-
quired to increase the electron beam energy,
quality, reliability and stability while also
operating within a series of additional con-
straints such as the accelerator vacuum en-
vironment.

The plasma source for PIP4 will undergo
staged development. Initially, a low energy
300 MeV prototype plasma source will be de-
veloped to test key concepts relating to accu-
rately producing the plasma waveguide and
injection structure. Several methods of tun-
ing the plasma source will be investigated
and compared before down-selecting. At
this stage (Phase 1), the method of gener-
ating the injection structure will also be se-
lected. Next, the most promising technolo-
gies will be incorporated into a scaled-down
version of the PIP4 plasma source aiming at
electron energies in the (0.4 - 1.0 GeV) range,
using KALDERA as the drive laser (Phase
2). Finally, the full energy, 6 GeV, plasma
source will be constructed building on the
learnings from the two prototypes (Phase 3).
In all cases, the LPAs associated to these
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plasma sources will aim to generate electron
beams with an energy spread of 1% of the
peak energy. Combining robust operation
at high repetition rates and developing im-
proved tunability will be a central focus of
these efforts, as this will allow us to lever-
age machine-learning-driven experimental
optimization techniques, which have shown
great promise for capitalizing on the full po-
tential of LPAs [18, 56].

Work package 3: beamline systems

The energy compression beamline designed
for the plasma injector will be tested prior
to the start of the PETRA IV project dur-
ing the technology demonstration Phase
1 (Fig. 12), in an independent proof-of-
principle experiment that is currently in
preparation at DESY. This demonstrator ex-
periment will utilize the LUX LPA [17] to
generate ~300 MeV average energy electron
beams with a few per cent energy spread
and stability. The demonstrator aims at val-
idating the concept of energy spread reduc-
tion and stabilization by means of an active
RF dechirper. It is expected from simula-
tions that the addition of a chicane and an
RF energy compressor to LUX will result in
a permille-level of energy spread and energy
stability, reducing the spectral bandwidth of
the LPA beams by an order of magnitude. For
convenience, we plan to utilize the readily
available S-band (3 GHz) technology at DESY
for the RF structure. Hardware installation
is expected to start in spring 2024 with com-
missioning and data acquisition planned for
2025. This S-band RF based energy compres-
sion system could be reutilized in the low-
energy plasma injector planed for Phase 2 of
the project (see Fig. 12).

For the final 6 GeV plasma injector beam-
line (phase 3), we will use X-band tech-
nology due to its shorter wavelength and
higher accelerating gradient, which enables
the use of a comparably short RF structure
(see Fig. 3). DESY already has experience op-
erating X-band RF structures at ARES and
FLASH [80]. Besides, additional experience
could be gained by upgrading the RF struc-
ture to X-band for the plasma injector pro-
totype of Phase 2. A setup using an X-band
RF dechirper could make use of a 75-cm-long
cavity similar to the CLARA-type 12 GHz ac-
celerating structure [93, 94], powered by a

6 MW klystron and pulse compressor in a
setup similar to the X-band TDS experiment
at the ARES accelerator [95].

The 6 GeV plasma injector beamline will
share the design of many components, such
as magnets, instrumentation, kickers with
the rest of the PETRA IV project. This ap-
proach allows saving the time and effort on
the design of the hardware.

4.3. Risk assessment

Developing an ef-
ficient, high-peak-power, high-repetition-
rate laser system capable of operating the
plasma injector during the fillings of the
storage ring is one of the most challeng-
ing aspects of the project. Although laser
systems with similar specifications are be-
ing developed today in some selected facili-
ties such as the European Extreme Light In-
frastructure (ELI) [86], the technology is not
yet on par with the high operating demands
of a world-class scientific instrument such
as the proposed PETRA IV. However, with
the development of KALDERA, DESY is tak-
ing a leading position to engage the devel-
opment of the next generation of laser sys-
tems for plasma acceleration. Despite this
progress, there remains a high risk in achiev-
ing the final laser performance required to
completely replace the RF injector system.
Considerable efforts, including collaboration
with industrial partners, will be necessary to
mature the laser system to a reliable opera-
tional state. For top-up operation, however,
the risk is significantly lower because the re-
quirements on the laser system are largely
relaxed in terms of repetition rate, and laser
systems with these characteristics are com-
mercially available.

The development of a tailored
plasma source is crucial to fulfill the min-
imum requirements of a high performance
plasma injector. Generating a transverse
plasma density structure suitable for guid-
ing relatively small laser spot sizes will en-
able operation of the injector with lower en-
ergy pulses, which, in turn, will facilitate
running the laser system at higher repe-
tition rates. Besides, using an all-optical
technique to generate the plasma structure
will enable the accelerator to operate for



extended periods of time. For these rea-
sons the plasma source development will
be based around a HOFI plasma channel,
as it is today the only technique that has
demonstrated parameters compatible with
the needs of PIP4. Currently, the develop-
ment of HOFI channels is advancing at a high
pace and encouraging milestones such as
the acceleration of electrons to 5 GeV en-
ergy with <15] energy pulses [61] have been
recently demonstrated. There is a moder-
ate risk, however, that the real laser guiding
will differ from the idealized simulations,
for example with higher-than-expected en-
ergy loss of the pulse during propagation
due to leakage through the walls of the
waveguide structure. Additionally, the frac-
tion of energy coupled into the lowest or-
der mode may differ from that in simula-
tions. Both of these outcomes would ne-
cessitate a higher initial laser pulse energy
to achieve the desired electron beam pa-
rameters. This effect has a direct impact
on the overall energy efficiency of the sys-
tem and on the feasibility of a plasma in-
jector capable of filling the storage ring at a
high repetition rate. Additionally, it is cru-
cial to realize specific longitudinal profiles
that allow for controlling the properties of
the electron beams. Combining both trans-
verse and longitudinal profiling with the de-
sired performance is yet to be developed,
and therefore, it brings an associated risk.
However, first promising experimental re-
sults have already demonstrated the con-
trolled injection of electron beams within a
HOFI plasma waveguide [60]. With the devel-
opment of PIP4, DESY engages a strong ex-
perimental program pursuing the develop-
ment of optical plasma shaping technology,
including HOFI plasma channels and profile
tailoring for injection, which is designed to
ensure that the required level of maturity for
the plasma sources is achieved.

Achieving sufficient
beam charge stability from the LPA is of ut-
termost importance. For up to few percent
energy fluctuations, the energy compression
beamline (ECB) has been proven to be effec-
tive in simulations to significantly increase
the charge throughput and reduce the bunch
charge fluctuations, which would otherwise
result from an aggressive momentum accep-
tance cut in the storage ring. The confi-

dence on the conventional elements of the
beamline is high and no significant risk is
expected for this component of the plasma
injector. However, while the ECB can signif-
icantly reduce the energy fluctuations of the
beam, the intrinsic bunch charge variation
resulting from jitters of laser and plasma pa-
rameters cannot be compensated, and miti-
gation can only be applied upstream. Thus,
there is a moderate risk that the final per-
formance of the LPA in terms of bunch-to-
bunch charge fluctuations could be insuffi-
cient to comply with the PETRA IV require-
ments. The promising experimental results
achieved recently at LUX for enhanced LPA
beam stability and the prospects for yet
better performing LPAs running at higher
repetition rates and deploying active stabi-
lization and feedback systems, offer great
promise for a largely improved beam charge
stabilization in the future.

At the moment, DESY
has a limited experience designing and op-
erating X-band accelerating structures with
the only exceptions being the TDS systems
at FLASH and ARES. The cavities and RF
hardware for these systems have been de-
veloped elsewhere, i.e. at CERN and PSIL
Thus, using a relatively novel (for the labora-
tory) RF technology poses a minor technical
risk. It can be mitigated by first gaining ex-
perience with commissioning and operating
an X-band cavity in the scope of the plasma
injector prototype for DESY II.

Achieving the re-
quired 100 fs rms level of synchronization
between the laser and the X-band RF system
could be technically challenging in view of
timing jitters and temperature fluctuations
in the tunnel [96]. This poses a minor risk to
the overall final beam quality and injection
efficiency. A technical design of the subsys-
tem that takes into account the positions of
the laser and the RF systems, tunnel layout
and infrastructure is needed to confirm at-
tainability of the synchronization.

4.4. Integration into the PETRA IV
complex

Since the PETRA IV baseline foresees inject-
ing single electron bunches and not bunch
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trains, operation with the plasma injector
will not drastically differ from that with the
RF injector chain. Yet, the low charge and
high repetition rate of bunches from the
plasma injector, when filling the ring, might
pose additional requirements for the hard-
ware of the synchrotron and its injection
lines.

The design of PE-
TRA IV fast stripline injection kickers seems
optimal for injection of single plasma injec-
tor bunches into the storage ring. The base-
line, commercial kicker pulsers are capable
of operating at repetition rates higher than
the required 32 Hz for filling the PETRA IV
ring with the plasma injector. Due to the
very short kicker pulse lengths of <3 ns no
significant heat load on the injection kickers
is to be expected at an increased repetition
rate.

PETRA IV uses a series of
two injection septa to achieve small beam
separation and high injection efficiency:
first, a DC Lambertson septum, and then a
thin pulsed septum. The design of the DC
magnet is not affected by the presence of the
plasma injector option. The pulsed septum,
on the other hand, has to be capable of with-
standing the additional heatload on the sep-
tum blade when operated at 32 Hz repetition
rate. It is foreseen that the PETRA IV pulsed
injection septum design, which is currently
under development, will include the possi-
bility to provide sufficient cooling to handle
such increased repetition rates. The pulse
electronics of the septum are also foreseen
to be capable of operating at a repetition rate
of 32 Hz.

Since the plasma injec-
tor beams are expected to have smaller
transverse emittance than the beams from
DESY IV there are no additional require-
ments on the physical aperture of the D-Weg
transfer line and injection devices.

Standard button BPMs are ex-
pected to be capable of measuring the 80 pC
plasma injector bunches [97]. No additional
beam diagnostics is therefore required in the
D-Weg transfer line or the storage ring.
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Figure 13. Preliminary layout of a transfer line for the
6 GeV LPA electron beam, when starting from its alter-
native position in G-Weg. Ideally, locating the plasma
injector next to the ring would eliminate the need for
an extended beam transport line {compare Fig. 1).

Ideally, the plasma
injector would be located in its own building
close to the storage ring to free up real estate
on campus and save the energy-consuming
electron beam transfer line (Fig. 1). Al-
ternatively, the G-Weg tunnel at DESY has
been identified as a possible location for the
plasma injector (Fig. 13). The total length of
G-Weg is ~90 m end to end, ample enough
to accommodate both the LPA and the ECB
plus the assisting components (diagnostics,
cooling, electronics, X-band RF system, etc.).
The drive laser can be transported into G-
Weg from the nearby KALDERA laboratory,
installed in the SINBAD hall. After the
plasma injector, the transport beamline fol-
lows the G-Weg tunnel, bypasses DESY IV,
and merges with the D-Weg beamline from
DESY IV to PETRA IV - Fig. 13. The plasma
injector beam would share the D-Weg trans-
fer line and the injection hardware with the
RF injector chain. Following the D-Weg line
the beam can be injected into the storage
ring using the same injection kickers as the
electron beam from the RF injector chain.
The LPA transfer beamline would not inter-
fere with other beamlines or experiments.
This solution for the location of PIP4 and the
beam transfer line to the storage ring utilizes
existing halls as much as possible and de-
pends on a minimum amount of civil engi-
neering. The necessary works to connect the
plasma injector with the transfer line will
need to be conducted during the PETRA IV



installation period, the so-called dark time,
during which the whole PETRA III will be
shutdown for the upgrade (see Fig. 12). The
necessary magnets, bending dipoles and fo-
cusing quadrupoles, share the design with
PETRA IV magnets to lower the costs. The
standard PETRA IV diagnostics hardware is
compatible with the LPA beam parameters
and can be reused [97].
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5. Summary and Conclusion

We have presented the conceptual design
of a future injector for PETRA 1V, based on
plasma acceleration technology. The de-
sign relies on a state-of-the-art laser-plasma
accelerator (LPA) to provide electron beams
with ~80 pC charge at 6 GeV and 1%-level
energy deviations, considering realistic jit-
ters. Such design for the LPA combines pre-
cise longitudinal and transverse tailoring of
the plasma profile to control the injection of
suitable electron beams and guide the laser
over extended distances to achieve high en-
ergy gain, respectively. The LPA is followed
by a novel energy compression beamline
(ECB) based on X-band RF technology to fur-
ther reduce the overall energy fluctuations
and the energy spread of the beam to an un-
precedented sub-permille level, thus maxi-
mizing the charge stability and throughput
into the storage ring. Altogether, the pro-
posed plasma injector (LPA + ECB) takes less
than 50 m and can be installed, ideally, in
a dedicated building next to the injection
point or, alternatively, in an existing tunnel
at DESY, which conveniently connects with
the PETRA IV storage ring.

Start-to-end simulations for a particular
working point (obtained through Bayesian
optimization), employing 20 ] laser pulses
to drive the LPA, demonstrate the feasibility
and the performance of the design. We have
estimated the average power consumption
of the plasma injector running at 32 Hz to
perform the most demanding task for PE-
TRA IV: filling the ring from scratch with
maximum charge. Considering the new gen-
eration of diode-pumped lasers in Ti:Sa sys-
tems with a wall-plug efficiency of 1%, we
calculate 60 kW of average electric power
consumed by the drive laser while filling the
ring, just the 20% of the total 295 kW esti-
mated for the power consumption of the en-
tire plasma injector complex (Lab cooling, RF
operation, magnets, vacuum system, etc.).
In comparison with the RF injector system
(LINAC + DESY IV), our design for the plasma
injector could reduce significantly both the
spatial and the energetic footprint of the in-
jector complex, potentially enabling a more

sustainable alternative for the future.

The operation of the plasma injector un-
der optimal conditions relies on an efficient
laser system to provide high-energy pulses
at an elevated repetition rate. Although
laser systems with similar specifications al-
ready exist, they are not yet ready for high-
performance, routine operation as required
for PETRA 1V. For this reason, we first envi-
sion, as an intermediate step, the develop-
ment of a plasma injector prototype - driven
by KALDERA - capable of conducting first in-
jection performance tests using DESY II as
the target storage ring. These tests will pro-
vide further insight to assess the readiness
of the technology for operation under realis-
tic conditions.

Running the plasma injector at a high rep-
etition rate with laser pulses around 20 ]
is identified as the most challenging as-
pect of the design. However, there is po-
tential for improving the LPA parameters.
By better matching the drive laser to nar-
row plasma channel waveguides and de-
ploying optimized plasma density tapers, we
have simulated working points that enable
suitable electron beams with significantly
improved efficiency, using only 10 ] laser
pulses. These reduced laser energy require-
ments will greatly facilitate the efficient op-
eration at high repetition rates. Achieving
competitive performance with the plasma
injector will, therefore, require further ad-
vancements in high-power laser technology
and additional optimization of the LPA. To
address this, we plan to actively develop the
key elements of the plasma injector through
a dedicated R&D program following the con-
ceptual design phase.

In conclusion, the hereby presented
conceptual design of the plasma injector
for PETRA IV demonstrates that high-
accelerating-gradient LPA technology is
at a stage where it warrants serious con-
sideration as a compact and sustainable
alternative to RF technology for cutting-edge
scientific applications such as PETRA IV.
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A. Simulations

The scaling laws for LPAs operating in the
blowout regime reviewed in Sec. B are use-
ful expressions for quick design consider-
ations. However, LPAs involve a range of
physical processes, including laser-plasma
interaction, ionization dynamics, electron
beam injection, acceleration and transport,
that are highly nonlinear and can be diffi-
cult to model analytically. Numerical sim-
ulations are therefore powerful and indis-
pensable tools for modeling LPAs and un-
derstanding their complex physics. Specif-
ically, particle-in-cell (PIC) simulations pro-
vide an adequate insight into the underly-
ing mechanisms of LPAs, allowing us to opti-
mize laser and plasma parameters, and pre-
dict the properties of high-energy electron
beams. PIC simulations require high tem-
poral and spatial resolution and are com-
putationally expensive. Optimizing LPAs
for the production of suitable beams un-
der the right conditions requires a careful
balancing of multiple parameters and, in
principle, a large number of computation-
ally demanding PIC simulation to converge
to an optimum. Bayesian optimization (BO)
is a method designed to reduce the num-
ber of simulations required to find the best-
performing configuration and therefore is
well suited to optimize the complex param-
eter space of particle accelerators. In recent
times, BO has gained popularity within the
accelerator community and, in particular,
has been proven tremendously useful for op-
timizing LPAs with PIC simulations [18]. We
have fully adopted this approach for the sim-
ulation studies performed for the PIP4 con-
ceptual design and contributed in the pro-
cess to further sharpen BO methods for the
LPA community [71, 72].

In the following sections, we provide addi-
tional details on the simulations performed
to assess the design of the PIP4. In Sec. A.1,
we describe the process that led to the pro-
curement of the simulated working point
described through Sec. 3.2, which serves as
the numerical basis of this conceptual de-
sign. In addition, we report in Sec. A.2
about additional working points obtained

with narrow guiding channels compatible
with the HOFI technique, which allow us
to increase the energy transfer efficiency of
the LPA and decrease the demands on laser
pulse energy. In Sec. A.3, we further ex-
plore the limits of the energy transfer effi-
ciency by performing extensive optimization
scans under quasi-ideal conditions. Finally,
Sec. A.4 includes additional details about the
design of the energy compression beamline.

A.1. Working Point One (base case)

Working point one (WP1) is the baseline
setup for the LPA described through Sec. 3.2.
The procurement of WP1 starts by consid-
ering the setup implemented in LUX [17] as
the best suited reference for the simulation
studies for the PIP4. In order to achieve
6 GeV beams, the LPA setup needs to be
scaled to lower densities, and laser guiding
capabilities have to be added (Sec. B.5). Ac-
cording to Eq. (B.7b) for the electron energy
gain in a depletion limited scenario, reach-
ing 6 GeV energies would require to operate
around n, ~ 2.0 x 10 cm™ plasma density.
Due to the increase of the plasma oscillation
wavelength « n; /2 (Sec. B.3), the laser pulse
length and spot size are scaled accordingly,
while keeping the same laser peak intensity.

The plasma target setup uses
as a basis the design utilized at LUX for op-
timal beam-loading demonstration [17, 18].
This plasma target consists of two sections:
first, a gas mixture of hydrogen and nitro-
gen forms a density spike where electron
beam injection occurs, and second, a longer
and uniform hydrogen gas section, which
sustains the plasma wakefield for the accel-
eration of the beam up to the design en-
ergy. After the acceleration, the electron
beam is released through a tailored plasma
density downramp to reduce its divergence
and mitigate the chromatic emittance in-
crease during the free drift toward the beam-
line (Sec. B.7). As mentioned earlier, to reach
6 GeV, the plasma density is downscaled by
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a factor 5. Accordingly, the length of the

profile is scaled by a factor \/E (this affects
the scale length of the density transitions,
ie. the ramps). In addition, the plasma
plateau length was set to 28 cm to allow
for reaching beyond laser pulse depletion at
this plasma density (see Sec. B.4). This re-
scaling of the system provides an appropri-
ate starting point, but the actual values of
the plasma density and other plasma target
parameters are determined through the op-
timization process described in Sec. A.1.1.
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Figure 14. Configuration of the plasma target provid-
ing optimized electron beams at 6 GeV. The longitudi-
nal distribution of the different gaseous species forming
the target and the resulting plasma density are shown
together with the laser spot size evolution in vacuum
for the first 3 cm of the plasma target.

A parabolic transverse mod-
ulation is added to plasma target profile ac-
cording to the formula: n,(z,r) = n, ((2)[1 +
r?/(ztr,ny, gws)], where r, is the classical elec-
tron radius and w,, is the matched spot
size. As discussed in Sec. B.6, this is
the appropriate shape to match a Gaus-
sian laser pulse driving a plasma wake in
the linear regime. The matched spot size
of the parabolic channel is set to w, =

50 um/\/np,O(Z X 1017 cm~3).
sion follows the scaling of w,, with the on-

axis plasma density found experimentally
for HOFI channels in [27] (see Sec. B.6.2).

This expres-

The laser pulse is modeled with
a flattened Gaussian beam [76] (order 100)
with 45 = 0.8 pum wavelength and linearly
polarized in the horizontal direction. The
starting values for the laser parameters are
the result of rescaling the system to lower
densities as described above. Thus, the laser
pulse has peak power R, = 345 TW, spot size
wg = 50um = wy, Rayleigh length zx =
9.8 mm and peak vector potential at focus
ay = 2.03. The starting laser duration was
7 = 63.5 fs (74.7 fs in fwhm) and the energy

27.5], but these will be varied during the op-
timization process.

Individual simu-
lations are performed with the spectral,
quasi-cylindrical PIC code rBPic [70] in a
Lorentz-boosted frame [99, 100] (Vpoost = 13)
with two azimuthal modes. The grid resolu-
tion was fixed to Az = 0.15/k, = 0.02 um in
the longitudinal direction, with k; the laser
wavenumber. In the transverse direction,
the resolution was set to Ar = 0.15/k,,
depending on the plasma density. The hy-
drogen and nitrogen species were simulated
using 24 and 384 macro-particles per cell
respectively. The length of the simulation
box was fixed to 134 pm in all simulations.
Because the laser focal position, zg,., will
vary, the size of the box is set to 2.65 Wgart,
wWith Weare = WeV 1+ (Z5c/2g)?, the laser
spot at the start of the simulation and zy
the laser Rayleigh length.

A.1.1. Bayesian optimization

While the scaling discussed in the previous
section provides correct orders of magnitude
for laser and plasma parameters, it is nec-
essary to tune the parameters of the simu-
lation to provide beams with exactly 6 GeV
energy, at optimal beam-loading conditions
to achieve high efficiency and low energy
spread. Also, in order to facilitate the oper-
ation at a relatively high repetition rate, it is
important to minimize the laser energy em-
ployed in the LPA. To achieve this task, the
key parameters of the plasma target and the
drive laser have been subjected to a Bayesian
optimization procedure [18] using FBPIC sim-
ulations and the highly scalable optimiza-
tion library opTIMAS [71, 72, 101], which uses
Ax [102] for the Bayesian optimization algo-
rithms and LIBENSEMBLE [103] to coordinate
the simulation batches.

Five parameters were exposed as input pa-
rameters for the optimization: the reference
plasma density value n,, the peak density
of the first plasma spike n,,, the nitrogen
dopant concentration Ny, the focal longi-
tudinal position zg,. and the energy of the
drive laser pulse E,, are scanned to find the
point in parameter space which maximizes
the objective function

f=5al6,/E,, (A1)



where Sy = Qa/Ap is the average spec-
tral density of the beam, with Q4 the charge
of the beam in the momentum interval Ap.
The momentum interval Ap used in the
analysis is defined as Ap = 2.35 g, with
g, = 1.48 gy"P, and P the median ab-
solute deviation of the momentum distribu-
tion. It shall be noted that with this defini-
tion o, (Ap) coincides with the rms (fwhm)
when the distribution is Gaussian. The rel-
ative average deviation with respect to the
goal momentum pg., = 6 GeV/c is defined

as 6, = \/(O'p/p_)z + (1 — p/Ppgoar)?. Finally,
E; is the laser energy relative to the base
case, e.g., E, = 0.5 means that the laser
pulse has half the energy of the base case.
With this definition for the objective func-
tion (Eq. (A.1)), the optimizer will search the
parameters that yield beams with narrow
and dense spectra peaked at 6 GeV, favoring
a reduced laser energy.

In a first
optimization pass, the total length of the
plasma plateau was set to a sufficiently large
value (28 cm) so that the LPA beam would
reach 6 GeV before the end of the plateau.
No exit ramp was simulated in this case,
and the simulations stopped at the end of
the plasma plateau. For each simulation,
the witness beam was analyzed at differ-
ent z positions along the propagation to de-
termine the point at which the objective
function f is at its minimum. By con-
struction, in all practical cases, this is the
point at which the beam reaches 6 GeV. For
this optimization task, we chose to mini-
mize the laser energy by adjusting the laser
duration while keeping the peak intensity.
The laser peak intensity primarily governs
the plasma wakefield excitation regime and,
to some extent, the properties of the in-
jected beam. Additionally, since the laser
depletion length depends directly on the
laser duration (see Sec. B.4), minimizing 7
is an effective way to match the accelera-
tion length to the depletion length, ensur-
ing that all the laser energy available to ef-
ficiently drive the wakefield is exploited for
the acceleration of the witness beam. For
this pass, the parameter space was relatively
wide with n, € [1.97,2.36] X 10V cm~3,
Mpeak € [1.05,1.15] ny, Ngo, € [0.1,20] %,
Ztoe € [0,18] mm and 7 € [31,63]fs (E, €
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[13.8,27.5] ]). A suitable optimum was found
after around 300 simulations with the fol-
lowing parameters: n, = 2.02 X 10" cm™3,
Npeak = 1.07 1y, Ngop = 5.6 %, Zgpe = 7.4 mm
and Tgypm = 53.3 fs (B, = 19.6)).

In a second pass,
the exit ramp is added to simulate the beam
release into vacuum. This ramp is identical
in shape to the LUX case, but its length was
increased proportionally to the increase in
betatron wavelength of the 6 GeV beam, i.e.

x 4/7/n,. The length of the plasma plateau

was added as an optimization parameter,
varying around the previously found opti-
mal value, to provide certain flexibility to
reach the goal energy after the inclusion
of the ramp. The rest of key parame-
ters governing the LPA beam were further
constrained around the optimal case found
during the first pass: the laser focal posi-
tion z¢. € [3.9,7.9] mm, the laser energy
E;, € [19,21]], the plasma density n, €
[1.95,2.10] x 10 cm™3, the plateau length
Lpae € [21.5,21.8] cm and the dopant con-
centration Ng,, € [5.5,7.5]%. The laser
pulse duration was kept fixed to the previ-
ously found optimal value of 53.3 fs (fwhm),
and thus, the laser energy variations in this
optimization run are directly related with
changes in the laser peak intensity. This
optimization run performed a total of 480
simulations using the same Bayesian opti-
mization algorithm as during the first pass.
The values of the parameters at the opti-
mum are: Zzg;. = 5.95mm, E; = 19.6],
n, = 2.02 X 10" cm™3, Ly, = 21.7 cm and
Ngop = 6.5 %. Figure 14 shows the optimal
plasma target profile and laser focal position
for the first 3 cm.

The phase space of the result-
ing beam is shown in Fig. 4(c). It features
87 pC of charge and 0.5% energy spread.
Its normalized emittance in the horizon-
tal (vertical) plane is 4.6 um (1.7 um). The
beam divergence is 0.22 and 0.12 mrad in the
horizontal and vertical planes, respectively.
The total laser-to-beam energy transfer ef-
ficiency is 2.7%. As discussed in Sec. 3.2,
the low energy spread of the optimal beam
is the result of a net integrated beam load-
ing effect after the acceleration, which re-
sult in a negligible energy-time correlation
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Figure 15. Plasma density profile (a). Average longi-
tudinal momentum of the beam (b). Relative energy
spread (c). Chirp (d). Sliced quantities are shown in col-
ors, overall properties in black.

(chirp) in the longitudinal phasespace of the
beam. The evolution of the average momen-
tum, the relative energy spread and the chirp
versus the propagation distance is shown in
Fig. 15 (d). The beam accumulates a positive
chirp in the early stages of the acceleration,
which is progressively compensated for as
the power amplification of the laser inten-
sifies the plasma wakefield.

A.1.2. Jitter and tolerance analysis

By construction, the simulation data ob-
tained during the optimization process of-
fers a sensible and efficient sampling around
the optimum. To implement jitter anal-
ysis capabilities, the information provided
by the simulations was analyzed to ob-
tain a functional dependency between the
relevant beam parameters (average energy,
energy spread, charge and chirp) and the
varying input parameters. This relation-
ship between inputs and outputs was mod-
eled using Gaussian process regression [104].
The obtained surrogate models capture with
high fidelity the response of the beam pa-
rameters to variations on the input param-
eters around the optimum, and hence, al-
low us to investigate the impact of different
degrees of jitter on every possible combina-
tion of the input variables, without the need
of performing additional costly PIC simula-
tions.

To evaluate the effect of the input jitter on
the LPA beam and estimate the tolerances

of our setup, we proceeded first consider-
ing only the statistical moments of the beam
spectra, as given directly by the surrogate
models. By independently varying the jitter
of each input parameter, we generated dif-
ferent random (Gaussian) sets of beam spec-
tra to calculate the average charge through-
put and bunch-to-bunch charge variation for
each jitter set. On the one hand, the charge
throughput is directly related with the over-
all energy efficiency of the plasma injector
(see Sec. 3.6). On the other hand, the bunch-
to-bunch charge variation has a direct im-
pact on the bunch-to-bunch charge variation
of the stored beam in PETRA IV (see Sec. 3.5).

This jitter analysis, enabled by the surro-
gate models, allowed us to determine a set of
jitters on the most important input variables
that represents the expected (and tolerable)
beam stability of the LPA. The selected jitter
sample consists on a multi-variate Gaussian
distribution centered at the optimal values
with standard deviations 0.75 mm, 0.75%
and 0.75% in the laser focal position, the
laser energy and the plasma density, respec-
tively. Fig. 16 shows the result of evaluating
the four surrogate models for the beam av-
erage energy, relative energy spread, charge
and central chirp, over a generated jitter
sample of 1000 points. Figure 16 also shows
the models when only one input parame-
ter is varied at a time. Variations in the
laser energy and the plasma density have a
similar effect: increasing (decreasing) their
value with respect to that of the optimally
beam-loaded case results in injecting more
(less) charge in the witness beam. In turn,
the excess (lack) of charge in the witness
beam results in a higher (lower) degree of
beam-loading, and thus, in a positive (nega-
tive) chirp, a lower (higher) net energy gain
and a higher projected energy spread. Al-
though the effect of the laser energy and
plasma density jitter is qualitatively compa-
rable, we observe a higher dependency of the
energy of the beam on the plasma density,
which dominates the fluctuations on the av-
erage energy of the beam for the jitter sam-
ple shown in Fig. 16. The effect of a vary-
ing laser focal position on the beam param-
eters is more intricate, as it affects the guid-
ing of the drive laser, and thus, the aver-
age wakefield witnessed by the beam and, as
a result, the integrated beam-loading effect
over the acceleration length. The injected
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Figure 16. Surrogate models for the beam average en-
ergy, relative energy spread, charge and central chirp,
evaluated over a random sample on three of the input
parameters: the laser focal position, the laser energy
and the plasma density. The dashed lines show the
model when only the corresponding parameter is var-
ied. The grey shades represent the uncertainty of the
models. The position of the optimum is shown by the
dot.

charge is maximum at the optimal point and
decreases slightly when the focal position
moves forward or backward. The opposite
effect is observed in the beam energy and
the energy spread, which reach a minimum
at the optimal point. The central chirp, how-
ever, is slightly positive (negative) when the
focal position is advanced (delayed).

The approach described above has also
been used to model the effect of LPA jit-
ters on the beam transport and injection
into the ring, without resorting to expen-
sive PIC simulations. To this end, the nom-
inal WP1 beam is modified at the end of
the LPA to artificially include the jitters on
the four beam properties shown in Fig. 16
(based on the surrogate models). The to-
tal projected spectrum of the beam collec-
tion has an average energy of 5.993 GeV and
1.04 % rms, with an average bunch charge of
87.6 pCand 9.7 % rms. The generated beams
are further tracked through the energy com-
pression beamline as described in Sec. 3.3 to
yield the final spectra of the beams that go
to the PETRA IV ring. In the process, an ad-
ditional pointing angle jitter of 0.2 (0.1) mrad
rms was introduced in the horizontal (verti-
cal) plane, and a timing jitter of 100 fs rms
between the LPA beam and the RF signal. As
a result of all the jitters at play, the simu-
lated LPA bunch charge distribution inside
the PETRA IV acceptance has 83.2 pC aver-
age and 10.7 % rms (see Sec. 3.3). The total
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charge throughput into PETRA IV is 95.0 %.
This result is in agreement with the one ob-
tained by just considering the statistical mo-
ments of the beam’s spectra.

The results of the jitter analysis using sur-
rogate models have been validated by per-
forming a set of 1000 PIC simulations fol-
lowed by their corresponding tracking simu-
lations through the beamline. After the LPA,
the total projected spectrum of the simu-
lated beam collection has an average energy
of 5.999 GeV and 0.96 % rms, with an aver-
age bunch charge of 86.5 pC and 9.8 % rms.
Figure 3 (b) shows the spectra of the collec-
tion of 1000 beams simulated with rBpIC. Af-
ter the ECB, the fully start-to-end simulation
jitter sample result in an averaged injected
charge of 83.5 pC with 10.0 % rms and a to-
tal charge throughput of 96.5 %, with all jit-
ters included as before. These numbers are
very close to those obtained with the surro-
gate modeling approach, thus validating its
applicability to the jitter tolerance analysis.
Figure 3 (c) shows the final spectra of the
beams that go to the PETRA IV ring.

In summary, we have exploited existing
simulation data from Bayesian optimization
to build surrogate models for the beam pa-
rameters, using Gaussian processes. This
approach allowed us to study the impact of
the different combinations of jitters to de-
termine a representative set for the expected
performance of the setup. Encouragingly, all
the selected values of jitter seem to be well
in reach of what has been already demon-
strated experimentally. At LUX, a focal posi-
tion jitter of ~ 150 um (rms) was measured
in experiments [17]. This jitter is expected
to scale as the Rayleigh length of the laser,
which will be about five times longer for the
PIP4, matching the 0.75 mm that we consid-
ered. The laser pulse energy jitter measured
at LUX was 0.6 % (rms), which is slightly
smaller than the 0.75 % considered here. Fi-
nally, a jitter in plasma density <1 % will be
required. The experimental jitter analysis
performed for LUX indirectly suggests that
variations in plasma density can be kept well
below this limit.
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Figure 17. Optimized longitudinal phase-space of the beam right after the LPA (top) and after the ECB (bottom),
for three different laser energies: 17.1] (left), 14.8 ] (middle) and 13.1 ] (right).

A.2. Working Point Two (narrow
channel)

Additional optimization runs were per-
formed using FBPIC simulations for the same
LPA setup of Sec. A.1, except for a narrower
guiding channel of matched spot size w,, =
40 um. This choice is in good agreement
with experiments exploring laser guiding
with HOFI channels [27] for plasma densi-
ties around 2 x 10" cm™3. Accordingly, the
drive laser focal spot size was adjusted to
wy = 40 um = w,,. This allows for either
maintaining a similar a, with reduced laser
pulse energy or for increasing a, with equal
laser energy’. In either case, a narrower
guiding channel was chosen to reduce the
laser energy required to reach 6 GeV and to
improve energy-transfer efficiency. For this
purpose, a new Bayesian optimization scan
to optimize the injection and the plateau
length was done as in Sec. A.1.1, with a rel-
atively wide range of varying parameters:
the laser focal position zg,. € [0,10] mm,
the laser energy E; € [14,20]], the plasma
density n, € [1.8,2.2] x 10" cm™ and the
dopant concentration Ny, € [0.1,20] %. The
peak density of the first plasma spike was
fixed to npear = 1.10 n, and the laser pulse
duration was fixed to 53.3 fs (fwhm). For this
optimization we changed the objective func-

1To conveniently resolve the plasma wake of this nar-
row channel and potentially more intense regime
(with higher ag), the grid spacing in radial direction
was set to Ar = 0.06/kp,.

tion to
f=VQu/E2/5,.
We would like to note that the energy effi-
ciency of the LPA goes as Qa/E;. However,
in Eq. (A.2), we take the square root of the
charge in the numerator and the laser pulse
energy squared in the denominator. This
choice for f maximizes the efficiency while
prioritizing a reduced laser energy over an
increased bunch charge. Operating with
lower energy pulses would facilitate reach-
ing the required average power to fill the
ring (see Sec. 3.6.1). The factor &, in the de-
nominator ensures maximizing the spectral
density around 6 GeV, as in Sec. A.1.1.
This optimization run performed a total
of 480 simulations. The best ranked simu-

(A2)

Working points WP1 WP2a WP2b WP2c

Laser
Energy /] 196 171 14.8 13.1
Spot size / um 498 391 416 392
Duration / fs 533 533 533 533
ao 20 24 21 21
Focal pos. / mm 6.0 5.1 6.9 5.8
Plasma
Density / 10Y cm ™3 20 21 1.9 2.1
Length / cm 21.7 169 231 225
Beam
Energy avg. / GeV 6.0 6.0 6.0 6.0
Energy spread/ % 048 047 062 046
Charge / pC 87 104 71 57
Emittance x / pm 4.6 6.9 6.1 9.7
Emittance y / pm 1.7 2.8 1,9 2.2
Efficiency / % 2.7 3.6 2.9 2.7
Table 8. Summary of parameters for the selected

working points.



lated beam is shown in Fig. 17 (left). With a
score of f = —2.6, the beam features a rela-
tively high charge 104 pC and a narrow en-
ergy spectrum at 6 GeV with relative spread
equals to 0.5%. The employed laser energy is
17.1], which substantiates a considerable to-
tal laser-to-beam energy transfer efficiency
increase to 3.6%, about 40% more than that
of the working point shown in Sec. A.1. This
optimal case is followed by another one scor-
ing f = —2.3, and featuring significantly less
laser energy, 14.8 J, albeit a reduced beam
charge, 71 pC, and slightly higher relative
energy spread, 0.6% (Fig. 17 (middle)). The
efficiency is 2.9% in this case. Both beams
have been tracked through the ECB to yield
a highly compressed energy spectrum with
0.002% and 0.003% relative spread, respec-
tively, and no significant emittance deterio-
ration. The charge throughputis 88% in both
cases.

A final optimization run was performed
to push the laser energy to the minimum.
In this case we changed the scanned laser
energy range to E; € [12,18]] and added
the plasma peak as a varying parameter,
Npeax € [1.02,1.12] np, to give more flexi-
bility to the witness beam injection. With
a total of 480 simulations, the best scor-
ing beam of this optimization run yielded
f = -3.1, featuring 57 pC charge, 0.5%
relative energy spread and 13.1 ] laser en-
ergy (Fig. 17 (right)). The laser-to-beam en-
ergy transfer efficiency is 2.7%, which is at
the same level than the working point in
Sec. A.1, but using 35% less laser energy. The
tracking simulation through the ECB yielded
a final energy spread of 0.010% and a charge
throughput of 88%.

These results substantiate that, by deploy-
ing narrow guiding channels, a significant
reduction of the laser pulse energy require-
ments can be achieved, which will facilitate
the operation at high repetition rates.

A.3. Limits of energy efficiency

The working points shown in Secs. A.1 and
A.2 are the result of the optimization of the
beam energy spread and the energy trans-
fer efficiency of a specific LPA setup, rep-
resenting the foreseeable state of the art.
We have shown that, providing that effective
HOFI plasma waveguides are deployed for
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Figure 18. Waxe-T simulation snapshot showing the
envelope of the drive laser, the wake of plasma elec-
trons and the injected bunch after 82 mm of propaga-
tion. This case corresponds to a 19.5] laser pulse and a
matched spot size of 50 pm.

the guiding of 13-20J laser pulses under 40-
50 um matched spot sizes, suitable electron
bunches with 50-100 pC charge could be pro-
duced and delivered to PETRA IV (Sec. A.2).
However, the operational requirements of
PETRA IV (see Sec. 3.5) would prescribe run-
ning such LPA at ~30 Hz during the ini-
tial filling, which is a challenge from the
laser technical side. The Petawatt-class laser
HAPLS [86] installed at ELI, for example, is
expected to deliver 30 J pulses at 10 Hz, but
as of today, only about 3 Hz has been demon-
strated. On the other hand, the KALDERA
laser, currently being assembled at DESY, is
designed to deliver 3 ] energy pulses at up to
1kHz. Soit seems much more feasible to run
lower energy laser pulses at high repetition
rate with the current technology. For this
reason, it is relevant to explore what could
be improved in the LPA design to enable the
use of lower-energy pulses that can be oper-
ated at a higher repetition rate.

In this Section we report on dedicated
optimization studies performed with
WAKE-T [105], with the aim to study the
theoretical limits of the LPA to provide
suitable beams for PETRA IV at 6 GeV.
WAKE-T is a fast particle tracking code
for plasma-based accelerators that allows
for inexpensive simulations (few minutes
on a single CPU core) by using a gridless
guasistatic plasma wakefield model with
2D cylindrical symmetry [106] and a laser
envelope model [107]. Thus, extensive
WAKE-T simulation scans and optimiza-
tions can be carried out in just a few hours
on modern high-performance computing
nodes, where 10s of simulations can be
executed concurrently on the many CPU
cores available.

Our case study consists of a Gaussian laser
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driver focused down to the matched spot
size of a perfectly parabolic plasma profile,
transversely, and perfectly flat-top, longitu-
dinally. With this configuration, the laser is
expected to be optimally guided (matched)
through the entire plasma target. The wit-
ness beam features a longitudinally trape-
zoidal profile with variable front and rear
currents. The length of the beam is fixed
to 10 um. The witness beam is artificially
injected at a variable phase position within
the plasma wakefield at the beginning of the
plasma target, and matched to the focus-
ing strength of the plasma blowout (the ion
channel). With this configuration, the sys-
tem is designed to operate under quasi-ideal
conditions in order to explore the theoretical
limits for achieving 6 GeV beam energy with
minimal energy spread and maximal energy
transfer efficiency. For a given set of laser
and plasma parameters, each optimization
task searches the witness beam parameters
that minimize the quantity f = —Qa/6, (see
definitions in Sec. A.1.1), by varying the front
and rear currents, and the phase position
of the beam. Fig. 18 shows a representative
snapshot of one of the optimal simulation
cases.

Three sets of optimization tasks have been
performed for three laser guiding channels
with matched spot sizes of 80 um, 50 ym and
40 pm, all of them at a plasma plateau den-
sity of 2 x 10”cm™2. The 80 yum case repre-
sents the maximum waveguide strength at-
tainable by a capillary discharge at the de-
sign density. The 50 um and 40 pum cases
are representative of the higher waveguide
strength attainable with HOFI channels. For
each set, different optimization tasks were
performed for different values of the laser
pulse energy. The laser pulse duration was
fixed to 33.6 fs (fwhm) and the initial length
of the witness beam to 10 pm in all cases.
Fig. 19 shows a summary of the results. For
all cases shown, the final average energy of
the witness beam is 6 GeV and the relative
energy spread is below 0.5%. We observe a
clear dependency of the energy transfer ef-
ficiency on the initial peak vector potential
of the drive laser. Above 5% efficiency is
achieved at a; ~ 2.5 for the 40 and 50 pm
matched spot size cases, which corresponds
to a laser energy of 12 J and 19, respectively.
The cases with 80 um spot size did not reach
a high efficiency in the laser energy range
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Figure 19. Summary of the optimizations performed
with Wake-T. Witness bunch charge (top), energy trans-
fer efficiency (middle) and initial peak vector potential
of the laser (bottom), as a function of the initial laser en-
ergy, for 80 um, 50 pm and 40 pm matched spot sizes.
An additional case with a 40 um matched spot size and
a linear density taper is also shown.

below 35 J. This result demonstrates the im-
portance of narrow HOFI channels to reach
a high energy efficiency with a reduced laser
pulse energy.

In order to further exploit the limits on
laser energy to achieve 6 GeV energy beams
with low energy spread and high energy
transfer efficiency, we added a linear plasma
density taper as variable parameter to the
optimizations for the 40 um matched spot
size case. The results are also shown in
Fig. 19 as a function of the laser energy.
Because the plasma wavelength scales in-
versely proportional to the square root of the
plasma density, tapering the plasma density
allows the witness beam to stay longer in
the highly-accelerating phase of the wake-
field, partially compensating for the dephas-
ing effect. In this way, higher energy gains
can be attained with lower energy lasers and
more charge can be accelerated under aver-
age beam-loading conditions. The simula-
tions show that efficiencies above 5% could
be achieved with 8 J laser pulses.

These idealized simulations confirm our
previous findings that narrow plasma chan-
nels enable higher efficiency (see Sec. A.2).
Furthermore, they demonstrate that adding
a longitudinal taper to the density profile
would allow for a substantial increase of the
energy-transfer efficiency.



A.4. Beamline design

Tracking of the LPA beams through the
beamline has been performed using the
oceLoT tracking code [79], taking into ac-
count up to second-order beam optics, REF,
collimation, and coherent synchrotron ra-
diation (CSR) effects. The beams are mod-
eled as an ensemble of macroparticles of
variable charge, imported directly from the
FBPIC [70] LPA simulations. Lattice elements:
guadrupoles, dipoles, sextupoles, and the RF
cavity were modeled by linear and second
order maps with the transverse focusing of
the RF taken into account. For the present
conceptual design we neglected magnetic
errors and imperfections. Lattice layout and
optics functions are shown in Fig. 5(b). CSR
effects were simulated using a ‘projected’ 1D
model [108] which calculates the longitudi-
nal wakefield of the beam by projecting the
real 3D beam distribution onto the reference
trajectory. The space charge (SC) interac-
tion of the beam is negligible at 6 GeV en-
ergy. At the exit of the LPA the SC parame-
ter (SC tune shift per unit length) is already
8Qsc < 107 m™! and rapidly decreases as
the beam expands into free space. Thus, SC
is not expected to play a significant role, af-
ter the beam exits the plasma cell.

Both permanent and electro-
magnetic (EM) quadrupoles have been con-
sidered for beam capture. In our design we
have chosen a triplet of conventional high-
field EM quadrupoles, which are now becom-
ing readily available thanks to their usage
in advanced 4th generation light sources,
such as ESRF-EBS or PETRA IV. With con-
ventional EM quadrupoles the full beam ra-
dius does not exceed 2 mm in the capture
triplet (Fig. 20). This is well within the phys-
ical aperture and the expected good field re-
gion of high-field capture quadrupoles. For
comparison, ESRF-EBS quadrupoles have a
good field region radius of 7 mm where the
relative deviation of the focusing gradient
AG/G < 1072 [109]. This justifies our ideal-
ized lattice model. A more thorough anal-
ysis of the capture process including multi-
pole errors and misalignment can be done at
the technical design stage.

Strong focusing inside the plasma cell to-
gether with a large energy spread might
lead to a considerable chromatic emittance
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Figure 20. Evolution of the transverse beam size in
the capture triplet. 5 rms beam radii are plotted to-
gether with locations of triplet quadrupoles Q1-3. The
transverse size remains relatively small during the cap-
ture process allowing using conventional electromag-
netic quadrupoles.

growth in the capture triplet. To highlight
this issue its impact has been simulated
for three non-baseline early estimate beam
distributions of different initial transverse
emittance and divergence. The distribu-
tions were modeled as Gaussian beams with
the relative energy spread being a free pa-
rameter. Figure 21 shows the resulting rel-
ative increase of the transverse emittance
in the capture triplet. As expected from
Eg. (B.11), it is quadratic with relative en-
ergy spread and y,. Therefore, in order to
keep the chromatic emittance growth under
control, the LPA must be optimized to pro-
vide small energy spread and small diver-
gence beams. The former can be achieved
by meeting the average beam-loading con-
ditions to minimize the energy chirp of the
beam. For the latter, appropriate plasma exit
downramps shall be deployed to minimize
the divergence of the beam at the exit of the
plasma cell (see App. B.7).

The chromaticity in the
capture triplet can significantly degrade the
beam emittance (Fig. 21). To keep the emit-
tance growth under control one has to en-
sure both small energy spread and small
beam divergence. On top of that, several
chromatic correction options have been con-
sidered. The overall chromatic correction
strategy is to minimize the increase of the
larger horizontal emittance, while limiting
the increase of the vertical emittance and
keeping the footprint of the chromatic cor-
rector compact. Two designs were studied:
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Figure 21. Chromatic emittance increase as a func-
tion of relative energy spread for different initial Twiss
7 beam parameters. Twiss 7, is related to beam diver-

gence as 0 = /€57 (for more detail see Sec. B.7). The
orange line corresponds to Py of the simulated baseline
LPA beam (Fig. 4).

a C-chicane and an S-chicane (Table 9). The
optimized designs for our beam parameters
are shown in Fig. 22(a, b). The S-chicane,
while slightly larger, offers a cancellation of
nonlinear aberrations to a higher order.

Numerical tracking with semi-realistic
electron beam distribution has demon-
strated that the S-chicane has overall a
larger tolerance to higher energy spread
from the LPA [Fig. 22(c, d)]. In this study only
the energy spread of the beam was varied by
adjusting the energy deviations of individ-
ual macroparticles, while keeping the rest of
the beam parameters, such as emittance or
bunch length, fixed.

Rsg 5 mm 5 mm
Bending angle 2.7 deg 2.0 deg
Max dispersion 6 cm 4cm
Max sext. field 670 T/m? = 550 T/m?
Total length 6 m 85m

Table 9. Summary of chromatic correction options

An important physical ef-
fect that might change the quality of the
electron beam is CSR. Its characteristic scale,
the energy change per unit length, can be es-
timated as [110]:

2/3
— 2 x
Wesg = mce” Ny, <—2> ’ (A3)
Oz
with N, the number of electrons in the
bunch, r, the classical electron radius, x the

curvature of the bending field and o, the
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Figure 22. layout and optics functions (a, b) and fi-
nal rms physical emittances (c, d) for an S-chicane and
more compact C-chicane vs the initial rms relative en-
ergy spread. The S-chicane offers a better correction
of the chromatic emittance increase in the horizontal
plane. CSR effects included in the simulation.

bunch length. For an un-stretched bunch,
Eqg. (A.3) predicts a non-negligible CSR wake-
field of ~3 MV/m in the strong dipoles of the
main chicane. For a dipole length of 175 cm,
the CSR wakefield would induce an energy
kick of ~5MeV in the tail of the un-stretched
bunch. Although the magnitude of the en-
ergy variation induced by CSR is at the per-
mille level, it could have a sizeable effect in
the energy spread of the bunch after energy
compression. In addition, CSR could have an
additional impact on the beam’s emittance,
not accounted for directly by Eq. (A.3).

| Parameter | Chicane |

Chromatic Main
Bending angle / deg 2.0 7.25
Bending field / T 1.0 1.45
Dipole length / cm 70 175

direct  prestr.

Bunch length / um 3.2 3.2 30
CSR wake / MV/m 2.1 2.7 0.14
CSR kick / MeV 1.5 4.7 0.2

Table 10. Steady-state CSR-kick estimate in the first
dipole of the main and chromatic chicanes, respec-
tively. For the main chicane two cases are shown: with
and without a previous bunch stretching in the chro-
matic chicane.

Nevertheless, by lengthening the bunch
before it reaches the first strong dipole of
the main chicane, the chromatic chicane al-
lows for a significant mitigation of the CSR
effect. Since the chromatic chicane does
not need a large Ry, it is made of rela-
tively weak dipoles, with a smaller ¥ and
shorter in length (Tab. 10). Thus, the inte-
grated CSR kick after the first dipole of the
chromatic chicane is just ~1.5 MeV, a 70%
smaller than that calculated for the main
chicane. With an Ry, = 5 mm, the chro-
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Figure 23. The final energy spread increases and the
charge transmission decreases with the initial energy
spread. No variation of the initial beam energy is as-
sumed.

matic chicane stretches the bunch longitu-
dinally by a factor 10 (from ~ 3 to ~ 30 um),
rendering negligible the CSR effects in the
main chicane: a factor 10%? smaller after
pre-stretching in the chromatic chicane.

With the chromatic
correction and CSR suppression in place the
beamline features a relatively large toler-
ance to the initial energy spread from the
plasma cell. In order to test the limits of ac-
ceptable energy spread we performed a nu-
merical study artificially scaling the energy
spread in a realistic LPA beam, while keep-
ing all the other parameters constant. The
results show an acceptable permille-level fi-
nal energy spread and beam transmission of
~80%, for up to 2% relative energy spread in
the initial LPA beam (Fig. 23).
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B. Laser-plasma accelerators

B.1. Overview of experiments

In 1979, Tajima and Dawson first proposed
the idea of using a laser pulse to accel-
erate electrons in a plasma medium. In
their seminal paper [5], they showed that
an intense electromagnetic pulse can cre-
ate a wake of plasma oscillations through
the action of the ponderomotive force. Laser
pulses with a central wavelength of about
1 um and peak intensities above 10 W/cm?
could be used to generate large electric am-
plitude wakes of ~30(100) GV/m in plas-
mas of 10Y (10'®) cm~2 density, suitable for
the acceleration of electron bunches up to
10 (1) GeV energy over 30 cm (1 cm) distance.
This new type of laser-plasma accelerator
(LPA) outperforms the accelerating gradient
of RF-based technology by several orders of
magnitude, thus opening the possibility for
accelerator facilities with a much-reduced
size and cost.

LPAs were proposed over 40 years ago, but
it was only after the invention of chirped
pulse amplification (CPA) [111] and the rapid
progress in high-power laser technology,
that relevant experimentation with LPAs
could prosper. In particular, the use of mod-
ern titanium-doped sapphire (Ti:Sa) lasers
with ~800 nm wavelength, short pulse dura-
tions of ~30 fs and moderate energy around
1], led to a series of milestone experiments
during the early 2000’s, demonstrating ex-
treme accelerating gradients of > 100 GV/m,
and the production of electron bunches with
~100 MeV energies [112] and few-percent
energy spread [9-11]. In the subsequent
years, the development of plasma targets
embedded in gas-filled capillaries enabled,
on the one hand, laser guiding capabili-
ties through a capillary discharge waveg-
uide for the generation of GeV-class electron
beams [6]; and on the other hand, largely
improved stability of the produced electron
bunch parameters [113]. Besides, improved
control over the electron bunch injection
event was attained through newly designed
techniques [114-120], and beam emittances
comparable or superior to state-of-the-art

RF accelerators were demonstrated [12-15].

During the next decade (2010’s), new LPA
experiments powered by higher-power laser
systems (subpetawatt class) with pulse en-
ergies in the tens of joules range demon-
strated up to 2 GeV energy gain in the self-
guided regime [121, 122], and 4.2 GeV by de-
ploying capillary discharge waveguides [7].
The current energy gain record of 7.8 GeV
was demonstrated later on by increasing
the focusing strength of the waveguide us-
ing a capillary discharge in conjunction with
a laser heater [8]. Few years ago, a new
technique using hydrodynamic optical-field-
ionized (HOFI) plasma channels for guid-
ing high-power lasers was proposed and
demonstrated [26, 27, 58, 59]. First exper-
imental results for LPAs using HOFI chan-
nels were published in 2022, demonstrating
electron beams at 1.1 GeV using 1.7 ] laser
pulses [60] and up to 5 GeV with 11 ] [61].

Despite these major advances, a number
of challenges still remain which prevent the
use of LPAs as a viable alternative to RF tech-
nology. One of the current most pressing
issues is achieving beams with sub-percent
energy spread, as required by applications
such as free-electron lasers (FELs) or storage
rings. Recently, free-electron lasing by an
LPA beam has been demonstrated in a land-
mark experiment [22], by virtue of its excel-
lent beam quality: average energy 490 MeV
with a spread of 0.5% and an average inte-
grated charge of around 30 pC. Equally cru-
cial for applications are the shot-to-shot sta-
bility of the LPA beams, the reproducibility
of the results and the capability for contin-
uous operation. Recent LPA experiments at
LUX (DESY) have shown enormous progress
towards enhanced beam quality and practi-
cal functionality; demonstrating 1% energy
spread at ~300 MeV [17] and a continuous
energy stability of 1.8% for about 29 consec-
utive hours [16].
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| Experiment | laser | __ Plasma__ | Electron bunch

Energy (J) Duration (fs)

Mangles (2004) [9] 0.50 40
Geddes (2004) [10] 0.50 55
Faure (2006) [11] 0.72 30
Leemans (2006) [6] 1.5 38
Osterhoff (2008) [113] 0.85 42
Kneip (2009) [123] 10 55
Wang (2013) [122] 100 160
Leemans (2014) [7] 16 40
Couperus (2017) [83] 2.5 30
Gonsalves (2019) [8] 31 35
Gonsalves (2019) [8] 31 35
Wang (2021) [22] 2.0 25
Kirchen (2021) [17] 2.5 33
Oubrerie (2022) [60] 1.7 30
Miao (2022) [61] 11 45
Grafenst. (2023) [124] 6 30

Table 11. Summary of LPA experiments.

B.2. Working principle

In a LPA a high-intensity laser pulse excites
wakefields in a plasma by means of its pon-

deromotive force [62, 63],

2
, Va

Fp = —mc 2y

>

where a = eA/mc? is the normalized am-
plitude of the vector potential of the laser?,
¥ = \/1+ (p/mc)? + a2 is the relativistic fac-
tor of a plasma electron with momentum p
and rest mass m, e is the elementary charge
and cis the speed of light in vacuum. The in-
tensity of the laser pulse is related with a by
I = (Po/87) k3a?, with ko = 27/1, the laser
wavenumber and A, the laser wavelength.
P, = I,(mc*/e) ~ 8.7 GW is a constant
with units of power and I, = 4megmc’/e ~
17 kA is the Alfven current, with ¢, the vac-
uum permittivity. The ponderomotive force
can be viewed as radiation pressure (i.e., the
gradient of the electromagnetic energy den-
sity, F, « —VI). Hence, the laser pushes
away the plasma electrons from its high-
intensity center as it propagates through the
plasma with a group velocity given by v, =

¢/ 1= (kp/ko)?, where k, = /n,e?/meyc? is

the plasma wavenumber associated to n,,
the density of the unperturbed plasma.

As the laser passes, the pushed electrons

1The vector potential of a linearly polarized laser prop-
agating in the z direction can be decomposed into
a fast phase and a slow envelope according to A =

A cos(kz —wt) X
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Density (108 cm~3)  Energy (MeV) Spread (%) Charge (pC)

20 70 3 22
45 86 2 320
7.5 125 9 25
43 1000 2.5 30
7.3 200 6 32
5.5 800 10 250
0.48 2000 6 63
0.70 4200 6 6
4.40 310 6 300
0.27 7800 10 5
0.34 6000 10 62
2.0 490 0.5 30
1.0 282 1.2 44
1.4 980 2 12
0.16 5000 15 10
1.0 1000 10 92

are attracted back by the space-charge field
of the plasma-ion background?, generating
in this way a trailing plasma wake of elec-
trons (see Fig. 24) with highly intense asso-
ciated wakefields. These wakefields propa-
gate at the velocity of the drive laser and os-
cillate at the plasma frequency, w, = kjc.

The laser envelope is usually
modeled as a Gaussian beam
w r? &2
a=ag (wo) exp <_W - @7)’ (B.2)

where { = z — ct is the (speed-of-light) co-
moving variable. w = w(z) is commonly
used as the definition of the laser spot size,
with w, its value at focus (waist). In vac-
uum, the laser spot size evolves as w(z) =
wo\ 1+ (z/zg)?, with zg = ww3/A, known
as the Rayleigh length — the distance from
the beam waist at which the laser intensity
halves. 7 refers to the laser pulse duration
and equals to two times the rms pulse length
of the intensity®>. The peak power of the
laser beam is given by B, = (7/2) Iyw} =
(PA/16) (kowg)? a3 and the total energy con-
tained in the pulse by &; = (27/2) By

2The ions, being much more massive than the elec-
trons, can be considered immobile during the time
scale of the plasma oscillation period

3The FWHM of the intensity, Teyhm = V2In27 =
1.12 7, is used more frequently as the pulse duration.
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Figure 24. Schematics of a generic LPA. A laser is strongly focused into a plasma target to excite a strong elec-
tromagnetic wake for the acceleration electron beams to GeV energies within cm-scale distances.

B.3. The blowout regime

Sufficiently intense lasers (a3 > 1) excite the
wakefields in the so-called blowout regime,
completely expelling all plasma electrons
from their propagation path, and forming
a clear ion cavity (or ion channel) sur-
rounded by a sheath of plasma electrons
(see Fig. 24). The length of this cavity is
given approximately by 4, = 2n/k, =~
33 um n,(10% cm™3)"Y2, while its width,
commonly referred to as the blowout radius,
Ry, is approximately defined by the radial
extent of the laser, wy. Inside this cavity
accelerating fields exceeding the cold non-
relativistic wave-breaking limit,

Ey = (mc?/e) k,
(B.3)
~ 96GV/m

np[10%8em=3],

are generated, as well as an uniform
focusing gradient K = (mc/2e)ky =
30 MT/mn,[10'%cm™2], enabling ideal con-
ditions for the acceleration and transport
of electron beams [64-66] to GeV energies
within cm-scale distances [125]. Operat-
ing in the blowout regime is therefore con-
venient for an efficient, emittance preserv-
ing, acceleration. Reaching af > 1 with
the commonly used Ti:Sa laser systems
(1o = 800 nm) requires peak intensities I, >
2.1 X 10" W/cm?.

The wakefield is driven most
efficiently when the laser pulse length, cz,
is comparable but shorter than the plasma

wavelength [63], 1.e. ¢t < 4,. For the Gaus-
sian beam of Eqg. (B.2), 1t was found that,
for a2 ~ 1, an optimal accelerating gradi-

ent [126, 127] is reached when kycr = 2y/2.%

Full electron plasma cavita-
tion by means of the laser ponderomotive
force occurs when this becomes stronger
than the attraction of the ion channel. Eval-
uating Eq. (B.1) for the Gaussian beam of
Eg. (B.2) at the radial position r = w, and
equaling to the electrostatic force of the ion
channel Fy,,(r) = —(mc’k3/2)r at the same
position, itis found that k,w, = 2y/a,. It has
been shown that this condition leads to the
self-guided propagation of the laser beam,
without significant variations of the pulse
profile over the interaction distance [125].
Therefore, the laser spot size that satis-
fies this condition is usually refer to as the
matched radius. In terms of the peak power,
R, the matching condition can be written as
ay, = 2(R/P.)Y? with
k0>2 _ 30TW

k,) — mp[108cm—3]

P ~17.4GW ( , (B.4)

the critical power for relativistic self-
focusing® [128, 129].

4Maximizing the accelerating amplitude for a fixed a,
in the linear regime, yields k¢t = 2, which is per-
haps more often quoted as the resonant length.

>Self-focusing occurs as a result of an increase of the
wave refractive index arising from two effects: the
mass increase of electrons caused by their relativis-
tic quiver velocity in the light wave, and the reduc-
tion of the electron density as a result of pondero-
motive force expulsion of the electrons.
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Inside the blown-out region, free
of plasma electrons, a constant focusing
strength is generated by the uniform back-
ground of ions [64], such that W, = E, —
cBy = cKr for all {. Therefore, by virtue
of the Panofsky-Wenzel theorem [130], in-
side the cavity, the longitudinal electric field
is uniform along the radius, i.e. = 0,E, =
9¢W,. = 0. The calculation of E, as a func-
tion of ¢ inside the cavity is non trivial as
it directly depends on the dynamics of the
plasma electron current, j,, in the plasma
sheath [65]: E, = —jg)oo(jp,r/ceo) dr. Several
models to calculate E, in the blowout exist in
literature [65, 66, 131, 132]. It was shown in
[133] that for sufficently intense laser drivers
(ap 2 4) at approximately the matched ra-
dius, the sheath of plasma electrons approx-
imates a sphere around its center and E, ~
(Eo/2) kp(§ = &), with ¢ the longitudinal po-
sition of the cavity center. Evaluating E, at
one blowout radius upstream the cavity cen-
ter and using the matching condition k,R; =
k,wqo = 24/ao, one gets the following estima-
tion for the maximum accelerating field that
is reached at the back of the cavity

Ez,max = _EO V Qg - (B‘S)

In the blowout regime, the
plasma electrons acquire relativistic veloci-
ties. In particular, they feature highest lon-
gitudinal momentum after the first oscil-
lation, where the plasma electron sheath
closes at the end of the ion cavity. When
these electrons become faster than the
wake, they can be trapped into the cavity
forming a witness beam that can be further
accelerated to high energies. This process
is referred to as wave-breaking [134, 135] and
it has been the mechanism behind the pro-
duction of first high energy electron beams
from LPAs [9-11, 112]. However, relying
on wave-breaking to control the properties
of the witness beam is cumbersome and
more refined techniques to control the in-
jection of witness beam have been devel-
oped with the years. Among these tech-
niques, we highlight density downramp in-
jection, which confines wave-breaking to a
sharp, localized, downward density transi-
tion [115, 118, 119, 136]; and ionization in-
jection, where injection is triggered by ion-
ization of deeper electronic levels contained
in a dopant species [83, 116, 117].

The space-charge field of the
witness beam acts on the plasma elec-
tron current thus modifying E,. This ef-
fect is known as beam loading. In princi-
ple, it is possible to find a certain current
profile for the witness beam that flattens
E, along its length. This optimal beam
loading leads to an uniform acceleration of
the witness beam and therefore to a vir-
tually zero correlated energy spread. For
the strong blowout regime described in [66],
such optimally beam loading profile was
calculated [137] to be trapezoidal with the
peak current (at the front) given by I .y =

(IA/2) (Ez,b/E0)4 + (kpr/2)4, with Ez,b the
accelerating field at the front of the wit-
ness beam. The total charge in the witness
bunch, Q,, which optimally loads the wake-

field in this regime satisfies the following re-
lation [137]

Iyme (kpRp)*

E, ., =
Qb Z,b e 64

(B.6)

Using Eq. (B.5) for E,;, and matching condi-
tions for the laser spot size in Eq. (B.6), we
get the following expression for the beam-

loading charge: Qp, = IAGS/Z/ZCkp o8 a(3)/2”51/2'

B.4. Acceleration length

The energy gain of the witness beam is lim-
ited by the distance at which the conditions
for the acceleration can be maintained.

Primarily, the acceleration dis-
tance is limited by the natural diffraction
of the laser. Although the relativistic self-
focusing effect can help to extend the ac-
celeration for a few Rayleigh lengths, it is
ineffective for short pulses [62] °, such as
those needed to resonantly driver a wake.
The acceleration process in this case will be
still limited by diffraction to a characteris-
tic length given by: Lagg ~ 2z = wik,.
To maintain the acceleration far beyond the
diffraction length, external guiding channels
shall be deployed (see Sec. B.6). However,
the eventual energy gain of electrons by the
wakefield is limited either by depletion or by
dephasing of the driving laser pulse.

6The diffraction of the frontal edge weakens the
strength of the waveguide.



The energy gain is ultimately lim-
ited by the distance at which the drive laser
(the pump) can still transfer energy to the
electron beam through the plasma in an ef-
fective way. As the laser drives the wake-
field, local pump depletion occurs at the
front of the pulse and the laser evolves to
have a sharp rising edge, which etches back
through the pulse [77, 138, 139], causing
pulse length compression and power am-
plification [77]. After the pulse reaches a
minimum length, it rapidly lengthens, los-
ing resonance with the plasma [139]. At this
point, the conditions for the acceleration of
the witness beam are terminated’. An es-
timation of the depletion length can be ob-
tained by considering the etching velocity of
the laser pulse [138], Vgen = c(kp/ko)?, and
the distance needed for the pulse to etch
over its length [125], Lgep, ~ ct (ko/kp,)?.

Dephasing occurs when the
highly relativistic witness beam (moving at
~ ¢) outruns the accelerating region of the
plasma wake. It is is usually said that the
plasma wake moves at the group velocity
of the drive laser, vy, = c¢4/1—(ky/ko)?.
However, because of pulse front etching,
the effective laser pulse velocity is reduced,
such that the plasma wave phase velocity
becomes Uy = Vg—Verch = ¢(1—(3/2)(kp/ko)?).
Thus the dephasing length becomes
Ldeph ~ (2/3)(k0/kp)2Rb~

B.5. Energy gain

The energy gain of the witness beam is given
by AW = —eE, ,L,., where E, ;, is the accel-
erating field on the witness beam averaged
over the acceleration distance, L,... The fol-
lowing equations are estimations for the en-
ergy gain when the acceleration is limited
by diffraction, depletion and dephasing, re-

’Numerical solutions indicate that significant deple-
tion (~ 50%) is possible for ayg ~ 1-2 before
pulse lengthening causes loss of resonance with
the plasma, a reduction in the plasma wave am-
plitude and a complete detuning with the witness
beam [139]
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Figure 25. Basic scaling of the electron energy gain
with the laser peak power in the diffraction limited
(dashed line) and the depletion limited (crimson line)
regimes. The operating plasma density scales inversely
proportional to the laser power. Results from key ex-
periments are shown as dots for a reference. The star
indicates the base design power of PIP4.

spectively

AWy = mc? \[aq (kpwo)? (ko/ky).  (B.72)

AWgept & mc? (yao/2) (kpet) (ko/kp) -
(B.7b)

AI/Vcleph ~ mc? (\/a_0/3) (kpr) (ko/kp)Z .
(B.7¢)

We shall note that E, ,, ~ —E,+/a, is used in
Eg. (B.7a), as no significant dephasing hap-
pens by the diffraction length®. By contrast,
the depletion length is comparable to the de-
phasing length and we use E, j, ~ —E, \/a_o/z
in Egs. (B.7b)-(B.7c).

The Egs. (B.7) are useful to es-
timate the energy gain achievable by an LPA
driven by a laser pulse characterized by its
peak intensity, ay, and normalized sizes,
kpwo and kpcr, at focus. Fixing these pa-
rameters and scaling the plasma density,
we have that the peak power of the laser
goes as By « ajwj « ny' and its energy
as & « ajwdcr « ny¥2. The energy gain
scales as AW « nl;l, when the acceler-
ation length is limited by depletion. The
energy gain relative to the initial laser en-
ergy goes as AW/&; « n}/?, while the wit-
ness beam charge that can be accelerated at
optimal beam loading conditions scales as
Qp 1y /2 (from Eq. (B.6)). This means that
the total energy transfer balance (efficiency),
QpAW/E;, does not change with the plasma
density.

We use these ba-
sic scalings to estimate the leading param-

8The diffraction length is much smaller than the de-
phasing length for the parameters of interest
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eters of the LPA that will be needed to
produce 6 GeV beams for PIP4: Imposing
matching conditions for the laser driver at
focus (kper = 2 and kyw, = 24/ao), a
moderately high peak intensity of I, =
1x 10® W/em? (a, = 2.2), and a plasma
density of n, = 2x10Y cm™, Eq. (B.7b)
can be used to estimate an energy gain of
6.5 GeV. With these parameters, the energy
content of the laser pulse would be 20 J and
its peak power 202 TW. The total accelera-
tion length is limited by dephasing in this
case to 20 cm. The charge of an optimally
loaded witness beam can be estimated® us-
ing Eq. (B.6) to ~500 pC, which would result
in an energy transfer efficiency of 16%.
Another example of interest that we use
for reference (see Sec. A.1) results from re-
scaling the laser parameters of the LUX ex-
periment in [17] to a plasma density of n, =
2 x 10Y cm™3, i.e., 5 times smaller than the
original. With ay, = 2.0, wg =50 um and 7 =
63 fs, the laser pulse energy is 27.5 ] and the
peak power 345 TW. In this case, the acceler-
ation distance is limited by laser depletion to
19.5 cm. The energy gain given by Eq. (B.7b)
is 6.0 GeV. Figure 25 shows the scaling of the
energy gain with the peak power of the laser
(inversely proportional to the plasma den-
sity), taking this case as reference, and using
Egs. (B.7a) and (B.7b) for a diffraction and de-
pletion limited scenario, respectively.

B.6. Laser guiding channels

In order to extend the acceleration up to
the depletion length, the laser must remain
tightly focused and intense over distances
far exceeding the Rayleigh length. External
guiding is the preferred method of extend-
ing the acceleration length owing to its abil-
ity to produce multi-GeV energy gains from
LPAs driven by sub-petawatts class lasers
with pulse energies in the 10-20 ] range (see
Fig. 25).

A parabolic plasma density profile of the
type ny(r) = npo + An (r/w,,)? is shown to
optimally guide Gaussian beams [140] (in the
low intensity limit) when wy, = w,, and An =
An, = 1/mrw3, with 1, the classical elec-
tron radius. When this condition is fulfilled

9This expression for the beam-loaded charge is ob-
tained for the strong blowout regime (ay > 1) and
it is known to overestimate the charge amount for
milder regimes (ag < 2).
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Figure 26. Simulated evolution of the plasma den-
sity profile generated in a hydrogen-filled capillary of
radius Ry = 175 um by an electric discharge. (a) The
plasma density profile as a function of time (colored
lines) calculated using the QUEST model [142]. The
ideal parabolic profile with npo = 2 X 10" cm™ and
Wy, = 80 um is also shown (dashed line) for reference.
(b) Electric discharge current.

the laser propagates at waist with no trans-
verse oscillations of the envelope: the laser
beam is said to be matched to the guiding
channel. When the laser is not matched,
its spot size oscillates between w = w, and
w = y/An./An(w/w,) with a period given
by Apse = mzgy\/ An./An [141].

There are several methods of guiding
high-intensity laser pulses, although two
guiding techniques stand out for their suit-
ability to multi-GeV electron acceleration
and have experimentally demonstrated the
generation of such beams. Capillary dis-
charge waveguides were the basis of the
first multi-GeV gain LPA experiments at
LBNL [6-8]. Hydrodynamic optical-field-
ionized (HOFI) waveguides have been devel-
oped more recently for LPAs [26, 27] and first
experiments demonstrating multi-GeV ac-
celeration have been published [60, 61].

B.6.1. Capillary discharge waveguides

In this method, an electric current of
few hundred amperes discharges over a
gas-filled capillary (typically with hydro-
gen), inducing ionization and Ohmic heat-
ing of the plasma, and thus generating a
radial temperature gradient between the
on-axis plasma and the cooler capillary
walls. In quasistatic equilibrium, the bal-
ance between Ohmic heating and bound-



ary heat loss results in distinctive temper-
ature and electron density profiles, which
can be exploited for guiding high intensity
laser pulses [143]. Near the capillary axis,
the electron density profile approximates a
parabolic shape parameterized by its on-axis
value, p.0s and curvature, ”1/;,0- The focus-
ing strength of the waveguide is character-
ized by the matched spot size, w,, which re-
lates to the curvature by w,, = (2/7rrenl’,’,0)1/4.
A useful approximate expression for w,, in
the steady state equilibrium of the plasma
after the discharge is given in [143] as

Ro[pm]

w m|~148x10°——~""- |
mlum] (ny olcm—2])173

(B.8)

This equation stress the importance of the
capillary radius, R, to achieve a small w,,
suitable for the guiding of high-intensity
laser pulses. As an example of interest, for
n,o = 2% 107 cm™ and R, = 130 um, we
get w, = 80 um from Eq. (B.8). Due to the
proximity of the match spot size to the cap-
illary radius, this configuration is suscep-
tible of causing laser damage in the cap-
illary [7]. Recently, cryogenically formed
discharge waveguides have been proposed
as a way to adjust the capillary radius in
situ, alleviate the laser damage and increase
the waveguide lifetime [144]. However, as
it can be seen from Eq. (B.8), achieving yet
smaller matched spot sizes for the plasma
densities of interest would require capillar-
ies smaller than the matched spot size. Fig-
ure 26 shows an example of the evolution of
the plasma density radial profile inside a hy-
drogen discharge capillary, calculated using
an accurate reduced model recently devel-
oped (QUEST) [142].

B.6.2. HOFI channels

This method utilizes an auxiliary low-energy
laser to generate and heat a long and thin
column of plasma by optical field ioniza-
tion. This column expands hydrodynami-
cally into the surrounding cold, unionized
gas, driving a radial shock wave and form-
ing a plasma channel along the axis of the
plasma column. Near the axis, the radial
profile of the plasma channel has a quasi-
parabolic shape suitable to guide the drive
laser for plasma acceleration [26, 27]. Chan-
nels of this type are a promising solution

Laser guiding channels | Laser-plasma accelerators
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Figure 27. Measured plasma density profiles gener-
ated using the HOFI technique in [26]. (a) Electron den-
sity 3.9 ns after ionization for a range of different cell
fill pressures (shaded dotted lines). Analytical fit to the
measurements (solid lines). (b) Matched spot size ver-
sus on-axis electron density extracted from fits to the
measurements.

for practical plasma accelerators capable of
operation at high (multi-kilohertz) repetition
rates, since the plasma channels are isolated
from any physical structure which could
be damaged by the driving laser pulse [26,
27]. Moreover, triggering the plasma chan-
nel formation by means of optical field ion-
ization permits operation at relatively low
axial plasma densities and so the generation
of channels with a sufficiently low matched
spot size.

Figure 27 (a) shows a series of HOFI plasma
channels generated experimentally at Uni-
versity of Oxford [26] in hydrogen gas at dif-
ferent pressures. All profiles are measured
3.9 ns after ionization. By fitting the pro-
files near the axis to a parabolic function,
the matched spot size, w,,, can be obtained
as a function of the on-axis plasma density,
npo (Fig. 27 (b)). For example, for n,, =
2 X 10 ecm™2 waveguides with w,, ~ 50 um
were generated [26].

Subsequent experiments with HOFI chan-
nels at Rutherford Appleton Laboratory [27]
have demonstrated matched spot sizes of
40 um for on-axis densities as low as
1.5x 10 cm™.  Fits of the measured
matched spot size as a function of the gas
pressure revealed a wy, « n, (1)/ % scaling. This
scaling is ideal to keep the appropriate laser
spot size, relative to the plasma wavelength,
for a large range of plasma densities. Be-
sides, it is also shown in [27] that, by adjust-
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ing the initial gas pressure and the delay af-
ter the arrival of the channel-forming pulse,
the matched spot size can be tuned.

B.7. Witness beam dynamics

The motion of a relativistic electron sub-
ject to the wakefields in the blowout cav-
ity (see Sec. B.3) is ruled by the equations
Y = —(e/m)E; and X" + (y'/y) X' + ki x = 0,
which describe the transverse betatron oscil-
lations of the electron with wavenumber

eK kp
k=, —=—. B.9
s mer = 2 (B.9)
Analytical solutions are known when

kg is a slowly varying function, ie,
X = A, (r/70)™V* cos(¢+ ¢p), with
¢ = jz)z ksg(z')dz', the phase advance.
The amplitude of the oscillation is given by
Ay =
the initial transverse position and velocity
of the electron, respectively.

The dynamics of an electron beam is usu-
ally characterized by the evolution of its sta-
tistical moments, which can be obtained
from the one-particle solutions to the equa-
tions of motion [145]. Considering a mono-
energetic slice of the beam, the centroid po-
sition, X = (x) (first beam moment), behaves
analogously to a single particle, describ-
ing transverse betatron oscillations with fre-
quency wg and an amplitude defined by its
initial offset. The transverse size (rms) of
the slice (second beam moment), o, = 1/(x2),
obeys the so-called beam-envelope equa-
tion [145]

\/X(Z) + (Ux,0/wg )% With xo and vy

oy + (kg - %) o, =0, (B.10)

P
with, §, = o2/e,, the beta function of the

ofc — o2

beam and ¢, = N
space emittance. Provided that the focus-
ing strength, K = (mc/2e)k2, is constant

in the blowout, the normalized emittance,

€nx = 1/ 0%0p, —OFp./mc =~ ye, of the

mono-energetic slice is preserved through
the acceleration process. In general, the
solution to Eq. (B.10) describes the oscilla-
tion of the beam envelope with a spatial pe-
riod equal to half the betatron wavelength.

its trace-

In phase-space, the motion is characterized
by the (rigid) rotation of the beam distri-
bution at the betatron frequency. Such ro-
tation is usually described by the Courant-
Snyder phase-space ellipse [146], parameter-
ized by the quantities (usually referred to as
Twiss parameters) &, = Oyy//€x, By = 02/6x
and p, = o2 /ey, which satisfy the relation
Bx?x - c,:C)zc =1land BJ’C = —2qy.

A real beam can be thought as a collection
of different mono-energetic slices. Thus, be-
cause the betatron frequency wg = ckg o
y~Y2 is energy-dependent, beams with a
sizeable energy spread experience the de-
tuning of different mono-energetic phase-
space ellipses, resulting in a projected emit-
tance growth [147]. However, for a matched
beam such that, B, = kz' = /2y k'
and oy, = 0 (or & = 0), it can be seen
from Eq. (B.10) that there are no oscilla-
tions of the envelope and the projected emit-
tance growth is effectively suppressed, even
for a finite energy spread. Besides, it has
been shown that adiabatic changes of the
betatron frequency will not alter the match-
ing conditions® and thus not lead to emit-
tance growth through the acceleration [147].
If the beam is not matched, however, the
emittance will increase to a saturation value
given by €£1,x = (enx/2) (1 + é‘x,o)/kﬁﬁx,o +
kﬁéx’o), which is reached when the differ-
ent mono-energetic slices completely de-
tune (full decoherence or full phase mixing).
This phase mixing process will eventually
match the beam at 3, = 1/kg = \/Z_y/kp and
&, = 0 with the new saturated emittance
value.

Chromatic emittance growth can also oc-
cur after acceleration, when the beam leaves
the plasma. For a beam with finite relative
energy spread, o, the normalized emittance
is related to the trace-space emittance [148,
149] by €2n,x = 72(0}%03%0)%' +€J2c) = 726-)2((0}%B\x77x+
1). Since in a free drift, §, = 8 + (z — 20)%/5:
and 7, = 1/ with 8 the value of the beta-
function at waist!!, we have for the relative

10This means that the beam envelope evolves as &, =

\/Enx/v kg oy V4

!Note that B§ = €,/02,, inversely proportional to the

beam divergence squared.



normalized emittance growth

f 2
en,x _ 2 L2 ~ ]. 2 L
c = 1+Uy<1+TZ N1+§GVT2’
n,x ,Bx :Bx

(B.11)
with L the free drift distance. The approx-
imation holds for o,L/8; < 1; it remains
valid for all practical cases where L < 1m,
considering o, ~ 107 and 8§ ~ 1cm. As-
suming that the beam is matched to the
local density when it leaves the plasma,
we can take i = kg = \/2—y/kp x

\/7/n, in Eq. (B.11) to estimate the emit-

tance growth. Clearly, increasing 8% at the
exit of the plasma is key to mitigate the
chromatic emittance growth in beam trans-
port sections that follow. Deploying prop-
erly tailored plasma-to-vacuum transitions
(or plasma down-ramps) has been shown to
be an effective method [73-75] to reduce S
and the emittance growth. Another option is
to install focusing elements that reduce the
beam divergence as close as possible to the
plasma exit. Such elements include com-
pact permanent magnet quadrupoles [150,
151] and plasma lenses [152-154]. Finally,
reducing the relative energy spread is cru-
cial to minimize the chromatic emittance
growth.

Witness beam dynamics | Laser-plasma accelerators
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