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Beam quality degradation during the transition from a laser wakefield accelerator to the vacuum is one of the
reasons that cause the beam transport distortion, which hinders the way to compact free-electron-lasers. Here,
we performed transition simulation to initialize the beam parameters for beam optics transport. This initializa-
tion was crucial in matching the experimental results and the designed evolution of the beamline. We exper-
imentally characterized properties of high-quality laser-wakefield-accelerated electron beams, such as transverse
beam profile, divergence, and directionality after long-distance transport. By installing magnetic quadrupole
lenses with tailored strength gradients, we successfully collimated the electron beams with tunable energies from
200 to 600 MeV.

OCIS codes: 020.2649, 110.2970, 120.3620.
doi: 10.3788/COL201816.040201.

A laser wakefield accelerator (LWFA) is a potential com-
pact electron accelerator supporting an accelerating
gradient of 100 GeV∕m[1]. Electron beams (e beams) gen-
erated from this type of accelerator have unique character-
istics, such as ultrashort durations of 1–10 fs and high
peak currents of 3–10 kA, which enable applications
in laboratory-scale laser-driven undulator synchrotron
X-ray sources[2] and all-optical free-electron lasers
(FELs)[3,4]. However, key problems, such as the substantial
shot-to-shot fluctuation, relatively large energy spread,
large divergence, and transverse emittance growth during
transition[5,6], must be addressed before applying LWFA e
beams. Recent studies have suggested that tailoring
plasma down-ramp profiles can conserve the emittance
at the LWFA exit[7], and several studies have presented
novel schemes, such as beam decompression[8], the use of
a transverse gradient undulator (TGU)[3], and the natural
transverse gradient of a laser undulator[9], to compensate
for the large energy spread of LWFA beams, whereas these
schemes remain at the theoretical and simulation stages
possibly because of the limited electron properties of
the accelerator or the practical parameter mismatch[7,10].
Applying conventional beam manipulation schemes to

the LWFA beams in the experiment is difficult, and one
of the possible reasons is that the beam evolves and
stretches rapidly downstream with an increase in normal-
ized emittance. Thus, the parameters of the beam after a
few distances of free drift at the beamline entrance may

differ from those at the positions where the beam just left
from the laser-plasma-accelerated region. In previous
works, the designed initial parameters for the beamline
were mostly set at the LWFA exit[8–10], which might cause
the mismatch with the actual parameters of beams in the
experiment. Therefore, in this letter, we performed simula-
tions during this transition from the laser-plasma stage to
the vacuum stage to initialize the transport. The letter was
organized as follows. First, we theoretically analyzed the
emittance growth when the beam left the wakefield. Then,
we compared simulated beam parameters at the LWFA
exit with those 1 m downstream after the transition. We
initialized the beam parameters for beam optics transport
based on the simulation after the transition as the beam
entrance. Next, a combination system of four electromag-
netic quadrupole (EMQ) lenses with tailored focusing fields
was employed throughout the transport. We then charac-
terized the beam properties after a 10.3-m-long transport
from a stable LWFA source[11], including the focused beam
profile, beam divergence, and directionality after the long
distance. These experimental results agree well with the
beam transport simulations.

In the laser-plasma-accelerated region, the strong trans-
verse focusing force limits the electrons to a wake period
size of tens of micrometers. Upon entering the vacuum re-
gion without the focusing force, the e beam is no longer
restricted[12] and quickly diverges. Furthermore, the trans-
verse beam emittance tends to increase rapidly during the
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transition from the plasma field to the vacuum drift stage,
because the increasing transverse beam correlation be-
tween position and momentum rapidly becomes the pre-
dominant term in the emittance due to the transverse
phase-space rotation of the electrons[13] and energy
deviation[5]. To theoretically describe the emittance evolu-
tion in the plasma-vacuum transition stage as a function
of the propagation distance, we first present the evolution
of the transverse beam size and beam divergence based on
Ref. [14] as
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where s is the propagation distance from the exit of the
laser-plasma area, ϵ0 is the initial root-mean-square
(rms) trace-space, and σ0 and σ00 are the initial rms trans-
verse size and divergence, respectively, at the exit of
LWFA. If we use the second-order statistical average to
approximate the particles of the e beam coupled with
Eqs. (1) and (2), we can write the normalized emittance
ϵn

[14] nearly as
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where δE is the rms relative energy spread, hγBi is the aver-
age relativistic energy factor of the beam, and ϵ is the
transverse trace-space emittance. Equation (3) is related
to the initial beam parameters and the propagation dis-
tance from the accelerator. For laser-plasma-accelerated
beams, the energy spread δE is much larger than that
in the conventional linac, which should not be neglected.
Therefore, as the propagation distance s increases, the dif-
ference between ϵn and hγBiϵ will increase.
At the LWFA exit, in view of the presence of a beam

waist, the correlation between the position and momen-
tum is nearly zero (ϵ0 ≈ σ0σ

0
0)

[14]; most studies[15,16] approx-
imately estimated the normalized emittance ϵn0 as
hγBiσ0σ00 and regarded it as the initial parameters for

the beamline entrance. However, since there are inevitably
some distances between the LWFA exit and the beamline
entrance, low emittance at the LWFA exit will not be
maintained, and the common estimation ϵn ¼ hγBiσxσ0x
is inefficient at the entrance of the beam line.

Figure 1 presents a simulation of the emittance evolu-
tion with three-dimensional (3D) particle-in-cell (PIC)
code from the LWFA stage to the vacuum stage and
ASTRA code[17], including the high-order collective
effect that is also added. The simulation revealed that
the normalized emittances, represented by the red (blue)
solid line simulated by the PIC (ASTRA) code, both in-
creased from approximately 0.1 mm·mrad at the
LWFA exit to approximately 1.3 mm·mrad at 1 m
downstream. Comparing ϵn with hγBiϵ, represented by
the green solid line in Fig. 1, demonstrates that the
deviation between the two increased, which also confirms
that the energy spread δE and the correlation term
[σ0σ00 þ ðϵ02∕σ20 þ σ00

2Þs] become the dominating terms of
the transverse normalized emittance ϵn as the propagation
distance increases. The theoretical normalized emittance
according to Eq. (3), represented by the black dotted line
in Fig. 1, is approximately in accordance with the PIC and
ASTRA simulations. The minor deviation between the
equation and the simulation might come from the approxi-
mation formula with ignored correlations between the
longitudinal momentum and the transverse position[5].

In addition to the emittance, other parameters have also
changed along the drift. Table 1 compares the detailed

Fig. 1. Transverse normalized emittance evolution along a drift
of 1 m downstream of the LWFA source simulated by PIC code
(red solid line) and ASTRA code (blue solid line), as well as the
theoretical normalized emittance according to Eq. (3) (black
dotted line). The simulated trace-space emittance ϵ multiplied
by the average relativistic energy factor hγBi is shown for
comparison (green solid line).

Table 1. Parameters of the Beam (PIC Simulations)

Parameter Symbol Value (LWFA Exit) Value (Beamline Entrance) Unit

Average energy hγBimc2 500 500 MeV

Normalized emittance ϵn 0.14 1.3 mm·mrad

Trace-space emittance ϵ 0.14 1.0 μm·mrad

Transverse rms size σx 0.7 284 μm
rms beam length σs 1.8 2.26 μm
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simulated beam parameters from PIC codes that are close
to our experimental conditions at two different positions.
The first position is the LWFA exit, and the second posi-
tion is 1 m downstream, which is the entrance of the beam-
line in our experiment. We only consider the x transverse
coordinate, because the beam is assumed to feature cylin-
drical geometry. From Table 1, it is indicated that the
e beam at the LWFA exit has an ultralow normalized
emittance of 0.14 mm·mrad with a beam transverse size
of 0.7 μm and a beam length of 1.8 μm. Whereas at the
beamline entrance, the emittance is increased by ten times
with the increasing size of 284 μm, and the beam length is
also stretched to 2.26 μm. In addition, transverse phase-
space rotation of the electrons[5,13] in vacuum will also
result in the different phase-space beam distributions be-
tween two positions. All of the above have explained that
the beam information at the LWFA exit is not supposed to
be applied to the beamline entrance anymore[15,16] in order
to avoid the mismatch if there are a few distances between
two positions. Here, we initialize the particle parameters
by using the results of simulation at 1 m downstream as
the entrance of beam optics transport.
The layout of the assembled cascaded LWFA-driven

beam manipulation line is illustrated in Fig. 2. In the
LWFA stage, a 33 fs, 120 TW, 800 nm Ti:sapphire linearly
polarized laser pulse[18] was focused onto the structured
two-stage He gas jets to generate high-brightness
e beams[11]. Laser light and plasma emission were blocked
by an 80-nm-thick Al foil.
In the beam transport stage, four 10 cm EMQs with

maximum tunable magnetic field gradients of 80 T/m
were installed to collimate and focus the e beams in the

vacuum pipe with an inner diameter of 1.5 cm. As shown
in Fig. 2, the detailed positions of the elements and the
distances between the quadrupoles were designed in ad-
vance using the MAD code[19]. The EMQ field gradients
were set to −6.00, −6.64, þ6.64, and −4.46 T∕m, with
a reference energy of 500 MeV for the e beams. For elec-
trons with other energies, the magnetic parameters can be
adjusted appropriately to match them. Then, tracking
simulations of the e beams were performed using the
ELEGANT code[20]. A removable Lanex phosphor screen
(S2) was placed 10.3 m behind the four EMQs to measure
the e-beam profile using an intensified charge-coupled
device camera. The minimum resolution of the size is es-
timated as 0.02 mm. The mean rms transverse size of the
focused beams with a central energy of 500� 23 MeV was
measured to be ð0.67� 0.10Þ mm× ð0.65� 0.12Þ mm
(x × y) [Fig. 2(a)]. Two tunable bending magnets were
placed at 3.6 and 16.8 m, respectively, away from the
gas-jet targets to deflect the generated e beams to analyze
the energy spectra before and after manipulation on S1
[Fig. 2(b)] and S3 [Fig. 2(c)], respectively. The energy res-
olution at 500 MeV is 0.2%.

For the beam focused on S3, the divergence changes
after passing through an EMQ; thus, we measure
the rms transverse sizes on S2 and S3 in the upright
direction, and the divergence on S3 is estimated as
Δx∕Δs ¼ ðσ3 − σ2Þ∕ðs3 − s2Þ. According to Figs. 2(b)
and 2(c), the mean rms divergences measured on S1
and S3 are 0.2 and 0.06 mrad, respectively. The minimum
resolution of the divergence is estimated as 0.02 mrad. The
typical energy spectra of Figs. 2(b) and 2(c) indicate that
after modulation by EMQs with tailored focusing fields,
the e beam is considerably focused and has a much smaller
divergence.

To explore the transverse properties of the e beams be-
fore and after manipulation, we first produced e beams
measured on S1 with tunable mean peak energies at
250, 340, 380, 470, and 515 MeV by adjusting the accel-
erating length in Fig. 3. The corresponding energy spreads
are 2.1%, 2.6%, 2.4%, 1.8%, and 0.8%, respectively.
Complete details of how to adjust the acceleration length
to generate tunable beams are presented in Ref. [11].

Fig. 2. Layout of the experimental setup for the LWFA-driven
beam transport line. Two-stage gas jets are magnified in the
dashed box. (a) Typical focused beam profile obtained on the
removable phosphor screen (S2) with a peak central energy of
500 MeV. (b) Typical energy spectrum of one e beam obtained
on S1 before manipulation with main peak central energy, rms
relative energy spread, and rms divergence of 515 MeV, 1.1%,
and 0.24 mrad, respectively. (c) Typical energy spectrum of
one e beam obtained on S3 after manipulation with main peak
central energy, rms relative energy spread, and rms divergence of
517 MeV, 0.9%, and 0.06 mrad, respectively.

Fig. 3. Peak energy (blue) and energy spread (red) measured on
S1 against accelerating length. The error bars represent the stat-
istical discrepancy in each direction.
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The beam patterns under the quadrupole manipulation re-
corded on S2 are shown in Figs. 4(b)–4(f) with the
corresponding five peak energies in Fig. 3. In comparison
with the 500 MeV beam profile with an rms size of 2.92�
0.34 mm produced by the free-vacuum drift in Fig. 4(a),
the beam profiles with mean energies of 380, 470, and
515 MeV in Figs. 4(d)–4(f) after beam manipulation have
much smaller horizontal (x) rms sizes of 0.87� 0.12,
0.61� 0.08, and 0.79� 0.04 mm and vertical (y) rms sizes
of 0.52� 0.08, 0.63� 0.06, and 0.69� 0.04 mm. The
250 MeV pattern in Fig. 4(b) has a stretched horizontal
size considerably larger than that of the free pattern in
Fig. 4(a) with sizes of larger than 40 mm (horizontal)
and 0.36 mm (vertical), which is attributed to the selective
effect of quadrupoles on the electron energy, referring to
Fig. 5(c).
In addition to the experiment, we present corresponding

numerical simulations based on the above parameters.
The evolution of the transverse beam envelopes along
the longitudinal propagation is illustrated in Fig. 5(a)
with the corresponding peak energies (lines) and spreads
(shading bands) for the beams shown in Figs. 4(b)–4(f).
The size of the beam evolves with the force of the quadru-
pole. The optimized divergence and size also depend
largely on the beam energy; the final envelope of beam
b (250 MeV) in the x direction is substantially larger than
that in the y direction. These results are consistent with
the experimental results presented in Fig. 4.
As a function of energy at a distance of 10 m, the simu-

lated transverse divergences in Fig. 5(b) indicate that
the smallest divergence in the x ðyÞ direction is 0.06
(0.08) mrad at an energy of 515 (296) MeV. The energy
range for the smallest beam size in Fig. 5(c) differs from
that in Fig. 5(b). By adjusting the strengths of the four
quadrupoles, we can match the optimal beam sizes and
divergences in both directions. As shown in Fig. 5(c),
the sizes of beams with corresponding energies in
Figs. 4(b)–4(f) are represented by shading bands in

accordance with the experimental results. In addition, it
is indicated in Figs. 5(a)–5(c) that the energy spread or
fluctuation deteriorates the beam evolution. Therefore,
only electrons with a particular energy or small energy
spread can be successfully collimated due to the chroma-
ticity of the lenses[14].

Additional transverse properties, such as pointing
fluctuations, were also investigated. Figure 6(a) shows
29 consecutive shots of 500 MeV e-beam profiles and
the respective central positions of their profiles without
EMQs. The shot-to-shot pointing fluctuation and the
beam divergence result in a considerably larger full width
at half-maximum (FWHM) size of 18.62 mm× 22.58 mm
(x × y). The summed divergence is approximately
1.84 × 2.23 mrad. Figure 6(b) shows 24 consecutive shots

Fig. 4. Raw beam patterns recorded on S2 with different e-beam
energies and the corresponding electron spectra on S1. (a) Typ-
ical 500 MeV beam pattern without manipulation after 10.3 m
free-vacuum drift. (b)–(f) Manipulated beam patterns after
10.3 m with mean peak energies of 250, 340, 380, 470, and
515 MeV, respectively. The EMQ parameters are established
for 500 MeV e beams.

Fig. 5. Tracking simulations of the beam line for experimental
beams. (a) Evolution of the horizontal (upper lines) and vertical
(lower lines) beam sizes along the longitudinal propagation
with the corresponding central energies for beams shown in
Figs. 4(b)–4(f). The shading bands represent the energy spreads.
The lattices of the quadrupoles are represented by the blue
boxes. (b), (c) Simulated transverse divergence and size at the
end of the line as a function of electron energy. The colored shad-
ing bands denote the beam energy with corresponding spreads in
Figs. 4(b)–4(f).
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with focusing lenses. The summed FWHM e-beam
size is estimated as 3.77 mm × 4.56 mm, which is six
times smaller than that obtained without focusing.
Figures 6(a) and 6(b) also show the central positions of
the focused and unfocused e beams for all shots, in which
the manipulated beam distribution is more concentrated
than that without EMQs. The experimental pointing fluc-
tuation is estimated as 0.54 mrad in a free vacuum, which
is then reduced to 0.14 mrad with EMQs. The e-beam fluc-
tuation is attributed to the initial laser pointing fluc-
tuation[18] and the betatron oscillation of the e beam in
the focusing laser-driven wakefield. These results indicate
that the shot-to-shot pointing fluctuation can be strongly
suppressed when these EMQs are activated in the trans-
port beam line. This condition is similar to the object–
image relationship of the geometrical focusing beam
system, in which the magnetic lenses can cause consider-
able deflection of the beam. Therefore, this set of experi-
mental EMQ parameters can reduce the off-axis angle of
the propagation.
In conclusion, we characterized long-distance e-beam

properties after beam extraction from an LWFA. The
transition simulations employed to initialize the beam
parameters during transition from the laser-plasma to
the vacuum stage were crucial in matching the experimen-
tal results and the beamline design. In addition, because of
the small energy spread resulting from the cascaded
LWFA, the high-quality e beams exhibited the antici-
pated properties. The minimized controlled rms beam di-
vergence at the end of the beamline was measured as
around 0.06 mrad. Moreover, by collimating and focusing
the e beams, the rms shot-to-shot pointing fluctuation was
considerably reduced from 0.54 mrad (in free vacuum) to
0.14 mrad. The results reveal that with the improvement
of the beam divergence and pointing fluctuation after
the manipulation, the beam can be transported for a
longer distance of tens of meters maintaining the qualities,

which is a step forward for subsequent several-tens-of-
meters undulator radiation to achieve high-gain FELs.
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