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Novel schemes for generating ultralow emittance electron beams have been developed in past years and
promise compact particle sources with excellent beam quality suitable for future high-energy physics
experiments and free-electron lasers. Recent theoretical work has proposed a laser-based method capable of
resolving emittances in the sub 0.1 mm mrad regime by modulating the electron phase space ponder-
omotively. Here we present the first experimental demonstration of this scheme using a laser wakefield
accelerator. The observed emittance and source size are consistent with published values. We also show
calculations demonstrating that tight bounds on the upper limit for emittance and source size can be derived
from the “laser-grating” method even in the presence of low signal to noise and uncertainty in laser-grating

parameters.
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I. INTRODUCTION

Laser wakefield accelerators (LWFA) offer an effective
alternative for efficiently accelerating electrons to GeV
energies within a compact footprint, thanks to their sub-
stantial acceleration gradient ranging from 10 to
100 GV/m [1,2]. In contrast, radio-frequency (rf) technol-
ogy demands several kilometers to achieve GeV-energy
electron bunches, relying on electric field gradients of
10-50 MV/m. The small size and high quality of the
electron beams generated by the laser plasma accelerators
make them an attractive driver for free-electron lasers
(FELs) [3-6], electron-positron particle colliders [7-10],
compact synchrotronlike [11-13], and Thomson sources
[14,15]. The quality of such sources, such as their high
brightness and coherence, is directly linked to the quality of
the electron beam fed into the accelerator. The normalized
brightness B,, of a beam is often expressed by the beam
current and the transverse beam emittance as [16]:
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where I is the beam current, and ¢, and ¢, are the

transverse normalized emittances in both x and y directions,
respectively.

The emittance of electron beams accelerated by lasers
relies on the chosen injection method, such as ionization
[17,18] or downramp injection [19]. These methods deter-
mine the phase-space volume into which electrons are
injected and the field perturbations affecting them.
Consequently, these techniques enable accelerated electron
bunches to attain transverse emittances of a similar order of
magnitude (e.g., €, < 0.2 7 mm mrad) as those observed in
radio-frequency linear accelerators [20].

To enhance the beam quality of laser-plasma acceler-
ators, recent proposals involve methods utilizing plasma
photocathodes and similar techniques [21-25]. These
approaches aim to decouple the plasma wave excitation
from electron bunch generation, resulting in a low initial
momentum spread and improved confinement of acceler-
ated electrons. Consequently, transverse emittances as low
as €, < 0.1 mmmrad are predicted [21]. Achieving such
low emittance values is a significant advance in realizing
the high brilliance beams required for the next generation of
particle colliders [7,26].

Various methods, including transverse deflecting struc-
tures (TDS) [27-33], quadrupole/solenoid scans [20,34,35],
and pepper pot (PP) masks [36—40], have been employed for
measuring the emittance of electron beams. Nevertheless,
accurately measuring the small emittance beams, as pre-
dicted by methods like the plasma photocathode scheme,
remains challenging due to the requirement for large and
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complex experimental setups. For instance, to measure
nanometer-scale source sizes, Shintake monitors can be
employed [41,42]. These monitors utilize Compton scatter-
ing signals generated from the interaction of the electron
beam with laser interference fringes to deduce the beam
waist. However, this method requires scanning the phase of
the interference fringes of the laser relative to the electron
beam over multiple shots.

Recently, a solution to improve the measurement quality
of low-emittance beams has been proposed based on an all-
optical method [43]. This method, namely the laser
interference (grating) method, uses a gratinglike interfer-
ence pattern structure created by two focused lasers under
an angle 9 that modulates the electron beam phase space.
As the electron beam propagates through the interference
pattern, the ponderomotive force associated with this
pattern pushes the electrons away from regions of high
intensity toward the low-intensity areas of the grating
pattern, consequently, modulating the electron beam’s
momentum distribution [43]. The sensitivity of the method
is dependent on the spatial frequency of the interference
pattern and the strength of the modulations generated in the
phase space of the electron beam, allowing beam waists
spanning from nm to pm sizes to be resolved.

II. THEORY

A. Beam emittance definitions

In general, the normalized emittance ¢, is defined as [44]:
en = () (BPr2x7) = (xpyx')?, (2)

where f = v/c is the normalized velocity of the particle, y is
the particle relativistic factor, x represents the particle’s
transverse position, and x’ stands for its divergence. The
notation (-) represents the second momentum of the quantity
within the brackets. In the case of drift without collective
effects, a negligible correlation between energy and trans-
verse position is observed. Consequently, Eq. (2) can be
written as

en = (Fr1) () (x?) = (Br)*(xx'). (3)
Now, if one substitutes the definition of the energy

spread o/ E,
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into Eq. (3) and assumes relativistic electrons, f ~ 1, the
normalized emittance definition becomes

a=2|(F) e ran).

where €., is the root-mean-square (rms) emittance, also
known as geometric emittance [45], which is defined as

€ms = () (¥?) = (xx')? ~ 0305, (6)

where 62 denotes the rms beam waist, while 8, = ¢, stands
for the uncorrelated rms beam divergence in the x direction
(with beam propagation along the z direction). With this
definition, the rms emittance of the beam is equivalent to
the beam emittance in the x direction as €., = €,. We
consider that the beam propagates in z direction in the
entire manuscript.

As the electron beam propagates within the plasma
channel in the laser wakefield accelerator, it experiences
strong focusing forces, maintaining a very small beam
waist while exhibiting a large angular spread [1]. Upon
approaching the plasma-vacuum interface, a downramp
density transition of a few hundreds of micrometers occurs,
weakens the focusing forces acting on the beam. This
results in an increase of the beam waist but a decrease in its
divergence, preserving the beam emittance [20,38].
Therefore, at the exit of the plasma, the beam envelope
is assumed to be at the waist having its transverse size
increased due to its free expansion [44]. Assuming a
sufficiently long propagation length in vacuum after the
beam exits the plasma, one can express Eq. (5) in terms of
the drift length Ly as derived in previous studies [44,46]:

€ = (1) (030 L + €ms)- (7)

For radio-frequency (rf) linear accelerators, where the
energy spread op/E — 0, Eq. (5) reduces to the usual
expression of €, ~ (y)emms. However, as noted in
Refs. [44,46], this approximation does not hold for
laser-plasma accelerated (LWFA) electron beams, since
the first term of the right-hand side becomes much larger
than the second term due to the large energy spread of the
beam. Consequently, the normalized emittance becomes
approximately €2 ~ (y)?6%L3 . (éxms/0,)*, where the nor-
malized emittance depends now on the electron beam
geometric emittance and beam waist since 6, = €./ 0,.

In addition, the geometric emittance represents the area
encompassed by the trace space of the particle beam given
by the position x and the divergence x’ of the particles
within [37,47,48]. The area of the particle trace space is
approximately the product of the source size o, of the beam
in its waist and its divergence 6. Hence, by measuring the
geometric emittance of a beam and its divergence, it is
possible to estimate its source size. Conversely, the emit-
tance may be calculated by measuring both the divergence
and the source size as in the laser interference method
discussed below.
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B. The laser interference method

In this section, we briefly review the theory of the laser
interference method used in this work to estimate the
emittance and source size of laser-accelerated electron
beams with a particular emphasis on the robustness of
the measurement process.

We take as the starting point of our consideration the
beam waist of the electron beam (or the effective source at
the output of the laser-wakefield accelerator prior to free
expansion). We model the beam as uncorrelated Gaussian
distributions with a spatial (rms) source size o, and
momentum rms width 6,. The beam is then transported
to the location of the laser grating, which we assume here as
a free drift space of length z4;4. This tilts the beam ellipse,
which has a slope dp,/dx = 1/L, where L = z4.s/p-
represents the drift space parameter, where p, and p, are
the normalized momenta in x and z directions, respectively,
given as p, . = yf,. with y as the Lorentz factor of the
particle. The left panel of Fig. 1 illustrates the rotation of
the phase-space ellipse due to the free drift of the particles
for L = 10 pm.

The intensity grating generated by the laser interference
pattern pushes the electrons from the pattern’s high-
intensity peaks toward the low-intensity regions due to
the ponderomotive force. This creates modulations in the
density distribution of the electron bunch after the laser-
electron interaction as

n(x,py) = ng exp [— - L(l;;; 5[&)]1

(P + 5px)2] 7

2
20p

X exp [— (8)

where 6p,(x) = Usin(kgx + @) is the periodic ponder-
omotive kick that depends on the grating wave vector kg
and a phase offset ¢ which will be set to zero in the
following. The parameter U = max,[(Fpona) fine] parametr-
izes the strength of the ponderomotive scattering, and it
depends on the maximum of the ponderomotive force
Foong» and the interaction time 7, between the electron
beam and the laser grating. According to Eq. (8) the
modulations due to the laser grating have a periodicity
of Ag =2n/kg =2, /(2 cos 9) in x and a periodicity of
Ac/L in p,, where 4, is the wavelength of the laser used to
produce the interference pattern with a crossing angle J.

To illustrate the impact of the laser grating on the phase
space of an electron beam, consider the rotated phase space
ellipse after a free drift as shown in the left panel of Fig. 1.
Propagating this beam through a laser grating with intensity
parameter k = 1 and a wave vector of k; = 0.8/um, the
modulated phase space is presented in the right panel of the
same Fig. 1. The parameter x represents the grating
intensity in relation to the theoretical matched laser

E <
< €
_2,
—4
—20 -20 0 20 40 —20 -20 0 20 40
X (Um) X (Um)
FIG. 1. Comparison between the phase-space distributions

n(x, p,) of the electron beam directly before (left) and after
(right) its interaction with the laser interference pattern with
intensity of x = 1 and wave vector of k; = 0.8/pum. The initial
electron beam parameters used for this simulation were as
follows: 6, =2 pm and 6,/m,c = 2, and L = 10 pm yielding
in a ratio 0,/Ag~0.25. Blue curves show the integrated
momentum distributions N(p,). The max, and min, of
F(py, a) used for estimating the Ry ratio as given in Eq. (11)
are shown in the modulated signal in the left panel.

intensity. This parameter will be discussed in detail further
below.

Such modulations in the phase space of the electron
beam are detected via position-integrated transverse
momentum  distributions N(p,) = [dxn(x,p,). The
strength of the modulation depends on the parameter
a=LU/o,, such that N(p,) = N(p,,a). Note that the
limit @ — 0 corresponds to the absence of the laser grating
and the electron momentum distribution is then reduced to

N(p,.0) = V276, /> As was shown first in
Ref. [43], measuring N(p,, a), in particular its modulation
depth, allows to infer the electron beam source size o, and
hence the beam emittance.

To determine the source size of the electron beam, it is
convenient to work with the ratio between the modulated
and the nonmodulated electron densities,

N(p.a)

F(py. ) = N(p.0)

©)

Note that, for the case where the copropagating laser is
not present, i.e., a = 0, F(p,,0) = 1; there is no modu-
lation of the electron beam. With the reasonable assumption
that 6, < Ag/L, the modulation depth function F can be
approximately written as

Flpoa) = [ mexp[—lm asm@} (10)

where we introduced the normalized integration variable
n= ()C - pr)/ax and ¢ = kgo,n + kgLpy.

From the analysis of the experimental electron scattering
data at a plane far from the laser interaction, the maxima
(P max) and minima (P,,;,) of the measured electron beam
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distribution N(p,) can be directly obtained. By comparing
the experimental peak-to-valley ratio, Ry; = Ppax/Pumins
with the corresponding theoretical expression Ry, = R,
with

max, F(p,.a)
= (11)

min, F(p,,a)
we are able to extract the electron beam source size o¢,. For
instance, for small values of a and x = kLU, the integral
in Eq. (10) can be solved perturbatively yielding
Ry~ 1+ 2ke *%/2 If « is not small, Eq. (11) can be
solved numerically for the electron beam source sizes o,
given the laser grating wave vector kg = 2x/1g (with laser
grating wavelength A;), drift length parameter L, and
grating strength U are known.

C. Robustness of the method
1. Optical grating strength

While the parameters A5 and L are relatively straightfor-
ward to determine experimentally with good accuracy, the
grating strength U, or k, can be much more challenging to
measure precisely. The meaning of the parameter « is the
ratio of the laser grating intensity Z to the matched intensity
Ty [43], «k =T/, for which the modulated phase-space
ellipse exhibits horizontal tangents after its interaction with
the ringlike laser beam, see Fig. 1. The condition when this
is satisfied is determined by kLU = 1, which implies for
the matched laser intensity

2/12
G (12)

Z,[10' W/cm?] = 0.277 x A2 [um] ,
Zdrife € Lint

where y is the Lorentz factor of the electron beam, and ¢ is
the speed of light in vacuum.

In Fig. 2, we show a numerical calculation for the peak-
to-valley ratio Ry, Eq. (11), as a function of k. The different
curves are for various values of the dimensionless ratio
0,./Ag. For small k, the peak-to-valley ratio rapidly
increases above unity and then peaks at around x =~ 2 for
the depicted o, /. For even larger k, the value of Ry drops
again and then oscillates.

In Fig. 3, we show in the upper panel the value of « that
yields the largest peak-to-valley ratio of the modulated
electron beam at a given source size ¢, /4. We find that
only for very small 6,/45, the most sensitive value of x
approaches 1. However, for all experimentally relevant
values o0,/ > 0.1, we find x~2 gives the highest
modulation on the electron beam. In the lower panel of
Fig. 3, we also show the maximum achievable R7 (i.e., for
the x from the upper panel that maximizes the modulation)
for given source size 6, /1. Additionally, we plot the peak-
to-valley ratios for k = 0.2, 1, 2, showing that k = 2 yields
almost the same maximum Ry for all but very small source

3.0 — Ux//\G =1/5
— Ox/Ac = 1/4
— gAs=1/3

N
w
!

OxlAG =1/2

peak-to-valley ratio Rt
= N
w o

FIG. 2. Theoretical calculation of the peak-to-valley ratio R of
the modulation as a function of « for various source sizes o,. The
triangle marker represents expected peak-to-valley ratio Ry for
the simulated modulation in the beam distribution shown
in Fig. 1.

sizes. For the latter, k = 1 is an optimal choice due to its
high sensitivity for small source sizes.

The influence of the grating strength x on the inferred
value of o, for a given peak-to-valley ratio can be more
clearly seen in Fig. 4. In this plot, the various curves
represent how a measured value of R, maps to a source
size o, for various values of k. Clearly, the curve for k = 2
gives an upper limit for the possible source for any given
experimentally determined peak-to-valley ratio. The most
precise estimate is possible for a known x; however,
analyzing any given dataset under the assumption provides

2.0
< 154
k for max Rt
Kk from upper panel
1014\ —_——— k=2.0
- Hat —-— k=10
«
] Kk=0.2
100 T T T : r
0.0 0.1 0.2 0.3 0.4 0.5 0.6
0xlAg
FIG. 3. Upper panel: grating intensity parameter x that max-

imizes the peak-to-valley ratio Ry of the modulated electron
beam as function of various source sizes (solid red curve). Lower
panel: maximum Ry achievable for given source size for various
k. In addition to the x from the upper panel, the purple dashed
curves correspond to the case of k = 2, green is for k = 1, and the
yellow dotted curve corresponds to k = 0.2. The values of Ry at
x = 2 and the maximum are extremely close except for very small
source sizes.
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FIG. 4. Influence of the laser grating strength x on the source
size inference for given peak-to-valley ratio R,.

an upper bound for the true source size o,, limiting the
importance of accurate knowledge of the grating strength.
In situ determination of « is of course possible by scanning
the laser energy and deriving « from the predicted Ry ()
shown in Fig. 2. This approach is applicable for
all o, > 0.145.

2. Influence of background noise

Generally, background noise or background originating
from electrons that may not have interacted with the laser
grating can affect the peak-to-valley ratio Ry. This is
particularly important for electron beams that are not
monoenergetic such as the ones in the test experiment
described below. Lower energy particles slip backward
compared to the main spectral peak and hence may interact
less with the laser grating beam. Consequently, they do not
contribute to the modulation depth but rather manifest as
background signal in our measurements, thus effectively
reducing the observed peak-to-valley ratio.

Let us assume that a fraction vy of all electrons
constitutes a uniform level of the background signal across
the modulations. Then, the observed peak-to-valley ratios
are related to the theoretical modulation depth F via the
weighted sums Py = [(1 —vp) max F + v3]N(0) and
Vi = [(1 —=vg) minF + vg]N(0), where N(0) is the total
unmodulated signal. Thus, we obtain the modified peak-to-
valley ratio

Py maxF+B 13
Vy minF +B’ (13)
where B = vp/(1 —vp).

To closely examine the impact of background noise,
Fig. 5 illustrates the influence of different background noise
ratios when estimating the source size. The results dem-
onstrate that neglecting background in the data analysis,
i.e., setting vz = 0 and B = 0, leads to an apparent value of
o, that represents an upper limit of its true source size,
represented in Fig. 5 by the dashed black line.

0.5
=mm mmm 3pparent source size ve=0.2
— 15=0.0 vp=0.4
Snn 0.4 — Jp=0.1 vg=0.6
&
803
w
1]
o
3 0.2
1%}
9]
=
s 0.1
0.0 T T T +
1.0 1.2 1.4 1.6 1.8 2.0

measured peak-to-valley ratio Ry

FIG. 5. Effects of the background noise on the estimation of the
source size of the electron beam calculated for x = 2. When
setting B =0, i.e., vg = 0, no background noise is present, the
apparent source size value is maximum representing an upper
limit of its true value.

3. Effects of large electron beam energy spread

The theoretical framework developed for estimating the
source size using the laser grating method, as presented
earlier, considers specifically monoenergetic electron beams.

To assess the impact of broad energy bandwidth beams,
we conducted particle-in-cell (PIC) simulations with
parameters closely resembling those of the electron beam
and the laser grating strength employed in the experiment
described in this work. The results of these simulations with
large energy spread electron beams are given in
Appendix A. From results of these PIC simulations, the
modulated signals of the electron beam do not present any
significant differences for various energy spreads.

Consequently, employing the monoenergetic theory, as
previously detailed in this section, for an electron beam that
is, in reality, broadband is completely valid to infer the source
size and emittance of laser-accelerated electron beams.

We note therefore that over a very wide range of
conditions with regard to electron beam spectrum, back-
ground levels, or laser grating strength, the method is robust
with regard to determining an upper limit for the source
size. Very tight upper bounds can be determined in the limit
of small laser grating parameters Ag.

III. EXPERIMENTAL SETUP

To demonstrate the principle of emittance and source
size measurements using laser gratings, we conducted an
experiment at the Helmholtz Institute Jena using the
JETi200 laser system (7.2 J, 800 nm center wavelength,
and 23 fs pulse duration). The experimental setup is shown
in Fig. 6. During the experiment, the JETi200 laser beam
was split into two beams: the central beam, with a diameter
of 60 mm, which is used to accelerate electron beams via
the LWFA, and a fraction of the remaining outer ring which
is employed to create the grating pattern and modulate the
electron beam.
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JETi200 laser beam

|

Splitting
Mirror 1

\ &
-

Grating OAP

Main OAP

y-
|

Delay linear stage

Gas jet
nozzle

Scintillation
Screen

FIG. 6. Experimental layout for laser interference method test. The laser interference pattern was generated by focusing the ring laser
beam by an off-axis parabolic mirror (grating OAP). The electron beam (blue) was modulated after the interaction with the laser grating
and then propagated to a scintillation screen, which was imaged onto a CCD camera.

The central beam was focused by an off-axis parabolic
mirror (OAP) of f-number = 16.7 to an elliptical spot with
major axis of (23.7 + 1.8) pm (FWHM), corresponding to
an intensity of 7 x 10'® W/cm?, into a supersonic gas jet
(mixture of 95% He and 5% N,) generating an underdense
plasma with an electron density of 1.1 x 10" cm™ in the
plateau region. For these parameters, injection via ioniza-
tion in the plasma bubble is the dominant injection
mechanism [49].

The ring laser beam underwent focusing using an off-
axis parabolic mirror (grating OAP) with a focal length of
40 cm. This focusing occurred approximately zgu; =
34.4 mm downstream of the gas jet nozzle, where the
produced interference pattern interacted with the electron
beam. The resulting laser interference pattern, generated by
the focused ring-shaped beam, is depicted in Fig. 7.

It is important to note that due to limitations in the
experimental setup, the focus spot of the ring laser beam
is not diffraction limited. This limitation arises from the
wavefront optimization that was set for the LWFA beam.
Consequently, wavefront distortions remained and occurred
at the edges of the splitting mirror and the diamond-turned

20 10.0

10

y-position (um)
o

~

U

w
o
x10%8 (W/cm?)

N
w

-20 -10 0 10 20
X-position (um)

FIG. 7. Focal spot of the ring laser. An interference pattern with
amean distance between peaks of 1; = (4.2 £0.1) pm and peak
intensity of ~#10'” W/cm? is observed. The interference pattern
shown here is used to modulate the electron beam transverse
phase space for obtaining the source size and emittance of the
electron beam.

parabola resulting in nonideal focusing visible in Fig. 7. As a
consequence of wavefront distortions, the ring laser displays
several vertical and concentric fringes. During data evalu-
ation, we focus on the region where the vertical fringes
interact with the electron beam. In this area, the vertical
fringes induce also modulations in the electron beam density
in the same direction, along the y axis. Consequently, we are
able to evaluate the beam waist perpendicular to the fringes,
denoted as o,. On the other hand, to measure the vertical
beam waist and emittance, the interference pattern of the laser
beam must be oriented horizontally, i.e., along the x
direction.

For our experimental conditions, the focus of the ringlike
laser beam (focal diameter on the order O ~ 20 pm) was
significantly smaller than the electron beam (O ~ 180 pm).
The electron beam was therefore always interacting with
the full range of intensities up to the maximum value,
implying that the strongest modulation visible will auto-
matically correspond to x = 2.

Performing a vertical integration around the highest peak
intensity in the y direction of the focal spot with the
interference pattern, we obtain a mean peak-to-peak distance
of A = (4.2+0.1) pm between the fringes in the ring
beam, leading to a grating wave vector kg = 27/l ~
(1.5+0.1)/pm.

The electron beam is detected by a YAG:Ce scintillation
screen of 100 pm thickness placed about L4 & 1415 mm
downstream of the focal spot of the ring laser. The
scintillator converted the electron beam profile into a
similar radiation signal at a wavelength of 550 nm. The
screen was imaged with a resolution of 18.5 pm by an
Andor Marana camera, model 4.2B-6 (16-bit, quantum
efficiency of approximately 95% at 550 nm) [50].

IV. EXPERIMENTAL RESULTS
AND DISCUSSIONS

The test electron beams exhibited a wide energy spec-
trum (from 4 to 120 MeV) with an average charge of
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FIG. 8. Electron beam energy spectra taken from three shots

with the same experimental settings.

(5.6 £0.7) pC per bunch. The weighted mean of the
electron beam energy is calculated to be approximately
73 MeV, which leads to a weighted mean Lorentz factor of
(y) =~ 143, which was used later to evaluate the normalized
emittance as given in Eq. (5).

The energy spectra of the three representative shots taken
during the experiment are shown in Fig. 8. The spectral
diagnostic installed on the experiment was capable of
characterizing electrons with kinetic energies above
approximately 50 MeV, which was sufficient to determine
the significant energy spread of the beam. A low energy
(few-MeV) spectral component is also expected to be
generated due to the injection mechanism employed on
the laser wakefield accelerator [17,18]. These particles have
a large angular spread and do not contribute significantly to
our measurements, only as background signal on the
measurements that were taken into account during the
evaluation process. From the energy spectrometer mea-
surements, a weighted average energy spread of op/FE =
(27.3 £4.8)% was obtained. In addition, an average rms
divergence of unmodulated electron beams of 0, ~ (2.6 +
0.4) mrad was evaluated for 130 shots. To experimentally
determine the rms divergence 6., the ring laser was
switched off (blocked) to avoid any modulation on the
electron beam to be created. With the ring laser switched
off, the beam profile was recorded on the scintillation
screen, and the rms divergence was retrieved through
Gaussian fitting on each recorded shot. We assumed that
the divergence remained constant throughout the entire
experimental conditions.

A. Source size and emittance evaluation

To evaluate the source size and emittance of the electron
beams generated during the experiment, we proceeded with
the procedure explained in Sec. III. As soon as both, spatial
and temporal, overlaps between the electron beam and
ringlike laser pulse were achieved, the modulated electron
beam propagated toward the scintillation screen. The left
panel in Fig. 9 shows an example of the modulated electron
beam on the screen.

An integration along the fringes within the region-of-
interest (upper right panel in Fig. 9) was performed to
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FIG.9. Modulated electron beam due to the interaction with the
interference fringes of the ring laser beam at the focus. Left panel:
electron beam was imaged with a YAG:Ce scintillation screen
and has a mean peak-to-peak distance between the fringes of
about (330.1 £ 6.6) pm. Upper right: enlarged image at the
region of interest where the modulations were taken for data
analysis. Lower right: integrated peak-to-valley ratio modulation
used for the source size analysis using the laser grating method.
The divergence in the x direction 6, is utilized for inferring the
beam waist using the laser-grating method. The vertical diver-
gence, i.e., in the y direction, is denoted as 6.

obtain the baseline that represents the unmodulated electron
beam N(p,,0). The region of interest (ROI) for the
data analysis was chosen where vertical fringes were
observed, allowing us to assess the horizontal beam waist
o,, and subsequently, the horizontal geometric emittance
(émms = €,). Additionally, as long as the fringes are verti-
cally oriented, the inferred values of ¢, should be inde-
pendent of the selected ROI, as all experimental parameters
remain constant, especially the grating wavelength which is
crucial for the inference of the emittance later.

The peak to valley of the signal was then determined to
evaluate the source size of the electron beam. In the lower
right panel of Fig. 9 is shown an example of an integrated
signal of a modulated electron beam recorded in the
experiment (upper right panel of Fig. 9). The integrated
signal represents the modulation on the electron beam as
described in Eq. (9), allowing us to extract the maximum
and minimum of the density modulation to evaluate the
beam waist as in Eq. (11). By analyzing a total of 184 shots,
an average peak-to-valley ratio of about (1.09 £ 0.04) for
our experimental conditions was obtained.

The experimental peak intensity in the interference
pattern, exceeded the critical laser intensity, as defined in
Eq. (12) significantly. For our conditions, the intensity
corresponding to k=2 is evaluated as Z, = 6.4x
10" Wem™2/t,[fs] ~ 1.1 x 10'© W/cm?, for an interac-
tion time of #;,, = 582 fs. The interaction time was deter-
mined using the geometry of the experiment. For details
on the calculation of the interaction time, please see
Appendix B.
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FIG. 10. Histogram transformation of the measured peak-to-
valley ratios of 184 shots (gray histogram on bottom axis) into
inferred electron beam source size distributions at different
grating strengths « (histograms on left axis). The purple curve
and histogram correspond to the absolute upper limit for the
inferred o, (see discussion in text), while yellow corresponds to
the measured grating strength of x = 0.2.

As the larger electron beam sampled the full range of
laser grating intensities, we take the maximum modulation
depth to have been generated by the optimal intensity, i.e.,
we estimate the electron beam’s source size and its
geometrical emittance by taking the strongest modulation
visible correspond to k = 2. As depicted in Fig. 10, we
observe that the inferred source size is constrained by this
assumption as detailed in Sec. II.

Assuming x = 2, the root-mean-square (rms) source size
of the LWFA electron beam is ¢, ~ (1.7 £ 0.2) pm, with a
corresponding geometric emittance of €, ~ (4.4 + 0.9)x
1073 7 mm mrad.

To illustrate the weak dependence on precise value of «
for our parameters, we also include a simulation using a
smaller values of the grating strength parameter x = 0.2.
Even with this much lower interaction strength, the
resulting source size estimate would only shift to
(1.2+0.4) pm, and a geometric emittance of approxi-
mately (3.1 4 1.2) x 107> z mm mrad. Hence, it is note-
worthy that despite the order of magnitude difference in
intensity between both emittance estimations with k = 2
and 0.2, the source size and geometric emittance
exhibit low sensitivity to x. This shows that source size
measurements depend only weakly on the precise grating
strength for small modulation depths Rj,. The source size
derived from the laser grating experiment aligns with
reported values in the literature for LWFA electron beams,
typically in the range of a few micrometers, as reported in
Refs. [51-53]. We note that in situ calibration of k would be
possible in experimental configurations where the laser
grating pulse energy can be continuously varied and the
pulse energy corresponding to x = 2 determined by com-
parison with the scaling shown in Fig. 2.

The measurement of very small source sizes will react
most sensitively to changing the grating wavelength 15 and

that obtaining strongly modulate electron beams with high
peak to valley is unique to beams with very small (<« pm)
sources sizes.

For completeness, the normalized emittance, assuming
k = 2 and taking into account the electron energy spread
obtained during the experiment with a drift length
Lgire = 1415 mm, is calculated as €, ~ 380 z mmmrad.
This value simply highlights the fact that the normalized
emittance is primarily influenced by the energy spread for
broadband electron beams. Measurement of the normalized
emittance for broadband beams is therefore best performed in
conjunction with a dipole magnet to provide spectral
resolution. Finally, we note that a direct comparison of the
laser-grating method with traditional methods such as the
pepper pot highlights the enhanced accuracy of the laser-
grating method. For our experimental conditions, the pepper-
pot method returns a geometric emittance of approximately
43 x 107 zmmmrad, as detailed in our publication in
Ref. [54], far above the literature values for LWFA beams
obtained with quadrupole scans, due to the limitations of the
pepper-pot method for beams with small source sizes.

The source size derived from the laser-grating experi-
ment aligns with reported values in the literature for LWFA
electron beams, typically in the range of a few micrometers,
as reported in Refs. [51-53]. Our work shows that precise
measurements of ¢, and tight upper bounds for electron
beams with extremely small source sizes are possible using
the laser interference method, in particular if the grating
strength (ideally at x = 1) is characterized in situ and
background noise is kept to a minimum and the smallest
appropriate Ag is chosen.

V. CONCLUSIONS

Here, we presented the first experimental demonstration
of the laser-grating method for emittance and source size
measurements. The source size and emittance for laser
wakefield accelerator (LWFA) electron beam are deter-
mined to be (1.7 £ 0.2) pm, and the geometric emittance is
(4.4 +£0.9) x 107 zmmmrad. This corresponds well to
published values [51-53] for comparable LWFA acceler-
ators, e.g., using quadrupole scans. We detail the scaling of
the method with respect to grating strength and background
noise and conclude that tight upper bounds can be
determined and small source sizes accurately measured.
This is true even if there are uncertainties in the grating
intensity and in environments with low signal-to-noise
ratio. Hence, the laser-grating method is a robust and
sensitive approach to characterizing electron beams with
very low emittance and small source size in single shots.
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APPENDIX A: EFFECTS OF LARGE ENERGY
SPREADS ON THE SOURCE SIZE ESTIMATION

To illustrate the distinction in transverse momentum
among electron beams with varying energy spreads, we
conducted particle-in-cell (PIC) simulations using the
SMILEI code [55]. In these simulations, a particle beam
with a mean energy of 75 MeV with various energy
bandwidths, and an initial beam waist of ¢, = 0.5 pm
propagated through a laser grating produced by a laser of
Ap = 0.8 pm with a peak-to-peak distance of 1z = 1.5 pm,
a duration of 30 fs, and a strength of the grating of
ag = 0.6. The momentum and divergence of the beam
were recorded following the interaction.

In Fig. 11, the transverse momentum spaces of distinct
electron bunches after the laser-particle interaction are
illustrated. The simulation results indicate that, despite
the varying energy spreads of the beam, the peak-to-valley
modulations remain constant.

To understand why the modulations do not exhibit
significant differences for various energy spreads, we
can contrast the phase and trace spaces of the broadband
beams after their interaction with the optical grating.

In the phase space of two different beams as depicted in
Fig. 12 (upper panels), we observe an increase in emittance
for the beam with a large energy spread of 20% (upper right
panel) compared to the one with only a 1% spread (upper left
panel). Due to free drift, individual particles rotate with
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FIG. 11. Simulated effects of different electron beam energy

spreads o/ E on the peak-to-valley modulations after interaction
with the laser grating. No detectable difference in the modulated
signal is observed, indicating that the variation in energy spread
does not significantly impact the modulation.

Ayly =20%

/

Ayly =20%

0 0
X (km) X (pm)

FIG. 12. Simulation of the phase (upper panels) and trace
(lower panels) spaces for beams of different energy spreads
propagating through the same optical grating.

distinct velocities in phase space, leading to emittance growth
in the broadband beam. Conversely, the beam with small
energy spreads, including monoenergetic ones, maintains a
relatively constant emittance. When both beams interact with
the optical grating, the particles are subjected to akick 6, in
transverse momentum, leading to the formation of modu-
lations. However, for beams with large spreads, the modu-
lations at the edge of the beam are smeared out since the
emittance growth is more pronounced in this region.

However, the emittance growth in phase space due to
free drift becomes insignificant in the trace space of the
beam, as emphasized in Ref. [44]. Consequently, the trace
space ellipse exhibits negligible differences for both cases
of different energy spreads. Hence, the kick, now described
in terms of the particle velocity J,, , leads to an insignificant
difference in the modulated signal observed on the detec-
tion screen during the experiment. This effect is consistent
with the simulation results shown in the lower panels
of Fig. 12.

Since the laser-grating method relies on measuring
the beam’s divergence to reconstruct its trace space, the
observed energy spread of the electron beam during the
experiment does not result in any significant difference in
the modulated signal compared to a monoenergetic beam.
Hence, the theory and data analysis methods developed in
this work are valid for our experimental conditions to infer
the beam waist and rms emittance.

APPENDIX B: INTERACTION TIME BETWEEN
LASER GRATING AND ELECTRON BEAM

The interaction time between the laser grating and the
electron beam can be estimated by simply looking at the
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FIG. 13. Sketch of the interaction point between the laser
grating and the electron beam. This schematic allows to estimate
the interaction time between the optical grating and the
electron beam.

experimental geometry. Figure 13 shows a sketch of the
collider laser beam with the interference pattern produced
at focus. The half crossing angle of the laser (red) with
respect to the electron beam (blue) is given by § = 5.5°

From the experimental sketch in Fig. 13, the interaction
time is given by t;,, = Li,/c, where c is the speed of light
in vacuum. To determine L;,, we simply apply trigonom-
etry and find that L;,, = d,/tan d ~ 208 pm, where d, ~
17 pm is the full width at half maximum of the grating
pattern given previously in Fig. 7. Hence, the interaction
1S iy ~ 582 fs.
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