
 

Emittance measurement along transport beam line for laser driven protons
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Particle emittance quantifies the ability to focus and transport a beam, and is one of the most important
parameters for a beamline. The emittance of a proton beam produced by ultraintense laser irradiation of a
micron-thick flat solid target has been measured systematically for the first time, using three different
methods at different positions along the transport beamline: pepper-pot method, quadrupole triplet scan
technique, and single-shot emittance measurement. Emittance growth is shown both in experiments and in
simulations using CST. An over 3-fold emittance growth was found for 5 MeV laser-driven protons with an
energy spread of�2% and divergence of�20 mrad after being transported 5.9 m in the experiment, due to
the energy spread and angular dispersion of the protons.

DOI: 10.1103/PhysRevAccelBeams.23.031302

I. INTRODUCTION

Recently the energy of protons accelerated by ultrahigh-
intensity laser pulses irradiating solid ultrathin targets has
reached nearly 100 MeV within acceleration distances of
tens of micrometers [1]. The low emittance [2], tiny source
size [3], and short pulse duration of the proton beam [4,5]
shows great potential for novel scientific and engineering
applications, such as material science [6,7], imaging [8],
cancer treatment [9], inertial confinement fusion [10], and
warm dense matter [11,12]. On the other hand, the proton
beam is also characterized by broad energy spread and
divergence angle. Proper guidance and transportation are
therefore necessary [13–16], which should be based
on a better characterization of such accelerated beams.
The emittance is a measure derived from the beam
distribution in phase space that quantifies its divergence
and ability to be focused. Hence it is of great importance to
measure the emittance of laser-accelerated protons during
transportation.
The Target Normal Sheath Acceleration (TNSA)

method produces an electrostatic sheath field upwards of
1012 V=m that ionizes the surface atoms almost instanta-
neously, forming a few-nanometer-thick ion layer, with
the electron sheath resembling a virtual cathode [17,18].

The accelerated protons, which originate primarily from
contaminant layers of water vapor or hydrocarbons on the
target surface, have an exponentially decaying energy
spectrum and a divergence angle of around 10° [19].
Microstructure targets have been used to image the initial
accelerating sheath and to fully reconstruct the proton
transverse phase space, showing that the normalized root-
mean-square (rms) emittance from the target is as low as
< 0.004 mmmrad for proton with energy > 10 MeV,
which is 100 times smaller than typical rf accelerators
[2]. However, the emittance measured by the micro-
structure target may be different from a flat target, due
to the filamentation of electrons and the change of the
sheath field [3]. Attempts have been made to measure the
beam emittance using projection, on a distant film, of
objects such as slits [20] or meshes [4], showing a value for
normalized emittance between 0.1 and 0.2 mmmrad.
However, the beam does not propagate ballistically due
to space charge, and objects placed in the beam path may
collect charge [2], which deflects the beam and causes
measurement errors. In the subsequent propagation of the
beam, or in a transport process in a beamline, further
emittance growth can be produced by energy chromatic
aberrations, as well as nonlinearity in applied forces [21].
In this paper, we systematically study the emittance

growth caused by the phase-space distribution diffusion of
protons during the transport, and present the first exper-
imental emittance measurement of a laser-accelerated
proton beam through a beamline. Three methods are
employed: the pepper-pot method [22], the quadrupole
scan technique (QST) [23], and a single-shot emittance
measurement with a dipole magnet [24]. We show that, for
laser-accelerated MeV-energy protons, the normalized rms
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emittance is preserved at a level of a percent of mm · mrad
even under the chromatic effect and the higher-order field
away from the axis of the magnets [21].

II. EMITTANCE

Two kinds of emittance are used in this paper and
measured in this experiment, following Floettmann [25].
The first one is the normalized rms emittance derived in the
phase space ðx; pxÞ, defined as:

εn;rms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hx2ihβ2γ2x02i − hxβγx0i2

q
¼ 1

m0c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hx2ihp2

xi − hxpxi2
q

; ð1Þ

where relativistic velocity β ¼ v=c and γ is the relativistic
factor of the protons, x0 ¼ px=pz is the divergence angle of
proton, m0 is the rest mass of proton and h� � �i denotes the
second central moment of the distribution. This normalized
rms emittance εn;rms is related to the area of the phase space
ellipse. In the presence of a significant energy spread, εn;rms

will grow in a drift space due to the correlation of the
transverse particle position and the longitudinal particle
momentum [25,26].
To measure εn;rms in an experiment, the method must

have both energy and spatial resolution, such as the signal
shot measurement after an energy-dispersion component
like a dipole magnet [24]. For an emittance measurement
which only gives the angular and spatial distribution, like
the pepper-pot method, what is actually measured is the
normalized trace space rms emittance, in the trace space
ðx; x0Þ, defined as:

εn;tr;rms ¼
p̄z

m0c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hx2ihx02i − hxx0i2

q

¼ p̄z

m0c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hx2ihpx

pz
i2 − hxpx

pz
i2

r
; ð2Þ

where p̄z denotes the average longitudinal momentum.
The trace space emittance εn;tr;rms is only correlated with

the beam geometry. Both εn;rms and εn;tr;rms will vary in the
presence of a magnet, especially when the beam divergence
angle is large enough to exceed the acceptance envelope or
the linear magnetic field region.
This emittance measurement experiment was carried out

at the Compact Laser Plasma Accelerator (CLAPA) at
Peking University [13]. Figure 1 shows a schematic of the
experiment. An f=3.5 off-axis parabola (OAP) mirror
focuses the laser pulse with 30 fs duration and 800 nm
wavelength to a focal spot of 5 μm diameter full-width-at-
half-maximum (FWHM), containing 30% of total laser
energy of 1.3 J, corresponding to an intensity of about
6 × 1019 W=cm2. The laser pluses are incident onto
5-micron-thick plastic foils at 30° with respect to the target

normal direction. The originally accelerated TNSA proton
beams have exponential decaying energy distribution with
a cutoff energy around 6.5 MeV [21] and divergence of
hundreds of mrad [19]. The protons are primarily focused
by a quadrupole triplet electromagnet with an entrance at
14 cm behind the target, and then energy dispersed by a 45°
dipole magnet [27] placed 1.2 m behind the triplet. Three
methods were employed: (a) pepper-pot right after the
target, (b) quadrupole scan technique using the magnet
triplet and (c) single-shot emittance measurement with the
dipole magnet. Details of each measurement are as follows.

III. PEPPER-POT

A pepper-pot mask was placed 12 mm after the target,
which was made of molybdenum with a 27 × 27 array of
holes with 0.15 mm diameter and 0.75 mm interval. The
protons passing through each hole form a beamlet with a
certain divergence angle. A radio-chromic film (RCF)
detector (EBT3) covered by a 90 μm aluminum foil was
placed 28 mm downstream of the pepper-pot to record the
profile of the beamlets. The hole diameter and the distance
between pepper-pot and RCF have been carefully designed
to keep the diameter of each beamlet almost constant before
detection, to avoid the space charge effect. The EBT RCF is
composed by two substrate layers with the same thickness
of 125 μm and one sensitive layer with a thickness of
30 μm in between. Then we put the same parameters in a
Monte Carlo program SRIM (The Stopping and Range of
Ions in Matter) [28] and calculated the trajectory and
energy deposition of protons with different energies
through the 90 μm thickness Al foil and the EBT RCF.
Since the Bragg Peak of proton with 4.9 MeVenergy is just
on the front surface of the sensitive layer, and the Bragg

FIG. 1. Setup of the emittance measurement experiment on the
laser proton beam line. Protons are accelerated along the z
direction and focused by the electromagnetic quadrupole triplet
lens, in which Q1 and Q3 focus in the x-direction and Q2 focuses
in the y-direction. Three methods were employed for the
emittance measurement: (a) Pepper-pot; (b) QST, where the
focal spot of the proton beam was detected by a RCF stack
composed by an aluminum foil and one EBT film; and (c) single-
shot emittance measurement after the dipole.
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Peak of proton with 5.1 MeV is on the back surface of the
sensitive layer, we define the central proton energy detected
by the EBT RCF is 5 MeV with an energy spread of �2%.
In this monoenergetic case, εn;rms ≈ εn;tr;rms, and can be
calculated as [22]:

ε2n;rms≈
β2γ2

N2

��Xp
j¼1

njðxsj− x̄Þ2
��Xp

j¼1

½njσ2x0j þnjðx̄0j− x̄0Þ2�
�

−
�Xp
j¼1

njxsjx̄0j−Nx̄x̄0
�
2
�
; ð3Þ

whereN is the proton number detected by the RCF, nj is the
number of particles passing through jth slit, which is a
weighting of spot intensity, xsj is the jth slit’s position, and
p is the total number of slits. x̄ and x̄0 are the mean position
and divergence of all beamlets. x̄0j and σx0j are the mean

position and rms divergence of jth beamlet. The measured
microbeam spots and the phase space reconstructed from
pepper-pot method are shown in Fig. 2(a) and (b), indicat-
ing that the beam has a divergence angle of�200 mrad and
a laminar distribution. We used a linear interpolation the
measured values for all the protons (�200 mrad) to
calculate the emittance value. The measured emittance
εn;tr;rms is 0.8 mmmrad for the full beam (�200 mrad),
and < 0.02 mmmrad for protons with divergence smaller
than �20 mrad.

IV. QUADRUPOLE SCAN TECHNIQUE (QST)

Next, the pepper-pot was removed and the accelerated
protons were collected by the electromagnetic quadrupole
triplet, as shown in Fig. 1(b), where Q1 and Q3 focus
horizontally (x-direction) and Q2 focuses vertically
(y-direction) [13,27]. In order to reduce the effect of
nonlinear forces and edge fields, a 6 mm-diameter hole
(corresponding to �20 mrad) is placed at the entrance of
Q1 to satisfy the paraxial approximation. The beam profile
was recorded 2.5 m away from Q3 using an RCF detector,

consisting of a 90 μm aluminum foil and EBT3 film (with a
central detecting energy of 5 MeV). The detectors were
placed in a retractable array to enable consecutive mea-
surements. The triplet was originally set to focus 5 MeV
protons onto the detector. The current settings are shown in
Table I. By adjusting the current of Q2 with a 2 A interval,
the beam profile changes can be detected, as shown in
Figure 3, where (a) to (e) are the images from the RCF.
Further details on this specific setup and accompanying
simulation results can be obtained from ref [21].
Assuming the proton beam is transported from initial

position z0 to a position z, its σ-matrix can be determined
from the transport matrix RðzÞ and the initial matrix σðz0Þ.
The first term in the σðzÞmatrix, σ11ðzÞ, is derived from the
measured beam profile (the square of the beam spot width).
RðzÞ here is the matrix of the three quadrupole magnets
with different magnetic gradients. Thus the emittance can
be calculated as:

εn;rms ¼
βγσ11ðzÞrms

β0R11
2 − 2α0R11R12 þ γ0R12

2
: ð4Þ

There are three unknown parameters: α0, β0, and γ0, the
Twiss parameters at the source. To calculate the emittance

FIG. 2. Experimental results using the pepper-pot method.
(a) Raw data from the RCF detector; detected proton energy is
(5.0� 0.1) MeV. (b) Interpolated phase space diagram. Color
scale is the proton count.

TABLE I. Triplet parameters.

Current I (A) Field B (T/m)
Detected

energy (MeV)

Q1 81.91 14.58
Q2 −244.74 to −252.74 −12.08 to −11.70 5
Q3 284.75 14.19

FIG. 3. Proton beam profile as detected by RCF using QST.
Plots (a)–(e) show the profile with current shifts of −4 A, −2 A,
0 A, 2 A, and 4 A respectively applied to Q2, relative to the
nominal current of −248.74 A (see Table I). (f) Beam size in the
y-direction for the same current values.
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therefore requires at least three measurements with differ-
ent settings. Figure 3(f) shows the variation of the beam
size in the y-direction corresponding to the different Q2
current settings, where the blue, black, and red curves are
the rms width and the widths containing 55% and 75% of
the protons, respectively. The error bars come from the 13%
fluctuation of the protons per shot [27]. The emittance
calculated by Eq. (4) using the least square method is
0.048þ0.006

−0.018 mmmrad for 5 MeV protons. The error bars are
determined by the width containing 55% and 75% protons,
which have covered the fluctuation of beam size. The value
calculated here is at least twice as large as using the pepper-
pot method. A possible reason for this is the dispersion
caused by quadrupole coupled with the large energy spread.
There is a �2% energy spread for the RCF detector in this
experiment, which is ignored in the calculation.

V. SINGLE-SHOT EMITTANCE MEASUREMENT

After focusing by the quadrupole triplet, the protons are
then dispersed by the dipole magnet according to their
energy. The system was set to transport 5 MeV protons. A
100 μm-thick plastic scintillator (EL-JEN Technology EJ-
212) coupled with an electron-multiplying charge-coupled
device (EMCCD) was placed at the image plane of the
dipole. The spatial resolution of the scintillator is 98 μm,
corresponding to an energy resolution of 9.1 keVat 5 MeV.
Besides the magnetic field, the transport matrix RðzÞ
through the magnet is also energy-dependent. As the
quadrupole lens is a point-to-point image system, then if
the object changes, the image changes in response. The
proton source point is regarded as the beam waist, so α0
(which represents the inclination of phase space) is zero.
After the dipole magnet, the rms size in the y-direction is
related to the energy as:

σy;n;rmsðEÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R11ðEÞ2σ2y0 þ

�
εy;n;rms

βγσy0

�
2

R12ðEÞ2
s

; ð5Þ

where σy;n;rmsðEÞ is the rms beam size in the y-direction,
R12 is designed to be zero for the reference energy, jR11j
acts as the magnification, σy0 is the initial source size, and
εy;n;rms is the normalized rms emittance in the y-direction.
In this experiment, within �0.2 MeV of the reference
energy, the elements of R have a predominantly linear
dependence on E with R11ðEÞ ¼ 4.82ðE − 4.93Þ − 14 and
R12ðEÞ ¼ 162.5ðE − 4.93Þ, in which E is in units of MeV,
and R is dimensionless. The offset of the matrix here is
smaller than 8 pixels in the EMCCD, which was ignored in
this calculation. So the emittance can be calculated by
fitting the σy;rmsðEÞ curve. In this method, energy resolution
is included in the transport matrix, so what is measured is
the normalized rms emittance in phase space.
One of the single-shot images is shown in Fig. 4(a). The

rms beam size in the y-direction, σy;n;rmsðEÞ, is shown as the

green line of Fig. 4(b). The blue and red lines are
determined by the threshold where the profile contains
55% and 75% of the protons. The beam profile shows a
bow-tie shape due to the energy dispersion [27]. The single-
shot emittance measured here is 0.073þ0.037

−0.026 mmmrad for
5 MeV protons.

VI. SIMULATION AND DISCUSSION

Figure 5 summarizes the emittance measurements for the
5 MeV laser-accelerated proton beam, measured at three
different positions with the three methods. The solid curves
indicate the evolution of emittance as simulated with the
program CST [29]. Protons with source size of 50 μm,
energy spread �2% (same as the RCF sensitivity) and
divergence �20 mrad were simulated, corresponding to an
original emittance εn;tr;rms ≈ εn;rms ¼ 0.02 mmmrad. There
is clear growth in εn;rms both inside the triplet and in the
drift space. At the scintillator after the dipole magnet,
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FIG. 4. Single-shot emittance measurements. (a) Example
single-shot detected image. (b) Measured beam size variation
with energy.
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FIG. 5. Emittance values from simulation and experiment.
Solid lines are the emittance evolution during transport in
simulations. Points with error bars are experimental results.
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εn;tr;rms reaches 0.04 mmmrad and εn;rms reaches 0.07 mm
mrad, a threefold increase from the original value. The
emittance measured by experiments matches the CST
simulation well. We show that, for laser accelerated
protons, the initial extremely small emittance at the source
point (less than 0.004 mmmrad as measured by Cowan [2])
increases by more than one order of magnitude after a few
centimeters of propagation, and remains between 0.04 mm
mrad to 0.10 mmrad for the subsequent transport. This
conclusion is suitable for the measured protons with �2%
energy spread and �20 mrad angle to meet with the
paraxial condition, which means for the design of a
monoenergetic beamline, the laser accelerator can be
regarded as the same as the conventional accelerator.
However, to fully use the laser accelerated protons with
large divergence and broad energy spread, an achromatic
beam line with large acceptance angle is recommended. In
this condition, the emittance will increased significantly
under the double effect of the chromatic aberration and the
nonlinear edge field of the magnet components, and must
be considered.

VII. CONCLUSIONS

Emittance is a crucial parameter for describing beam
quality, and also determines the beam envelope during
transmission. The emittance of laser-driven proton beams
have been measured systematically at CLAPA by a variety
of different methods. The value of the emittance is
measured at the order of 0.1 mmmrad for 5 MeV protons.
Emittance growth caused by the wide energy spread and
beam divergence is shown in both simulation and experi-
ment, which cannot be neglected for future achromatic laser
proton beamline designs.
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