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Abstract: The design and development of a magnetic spectrograph covering a broad electron
energy range (few MeV to 1GeV) for laser plasma accelerators are presented. Two phosphor
screens, one in the forward and other in the side direction, were used to record electrons spectra
after the dispersion from the magnet. The third phosphor screen was kept in front of the magnet to
simultaneously record the electron beam profile. GEANT4 simulations were performed to estimate
extra divergence in the electron beam introduced by the phosphor screen kept in front of the magnet.
In the magnetic spectrograph setup, the electron beam was transported through a Ti foil of thickness
54 µm from the vacuum chamber, therefore, GEANT4 simulation was performed to estimate the
contribution of secondary particles emitted in the front phosphor signal to correctly measure the
beam charge. Next, it was used to simulate and design a suitable electron beam dump. Finally, the
spectrograph was used to characterize electron beams generated in laser plasma accelerator driven
by 120 fs Ti: Sapphire laser pulse and He and Ar gas jet targets.
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1 Introduction

Advanced acceleration technique based on laser plasma accelerators (LPA) could be a potential
alternative over conventional RF based acceleration and therefore has been widely investigated in
the last few decades [1, 2]. When high intensity ultrashot laser pulse interacts with underdense
plasma, a non-linear plasma wave is generated behind the laser pulse which accelerates plasma
electrons, and is known as laser wakefield acceleration (LWFA) mechanism. A major breakthrough
in this field was achieved in 2004 [3–5] when three groups simultaneously observed generation
of low divergence, narrow energy spread i.e. quasi-monoenergetic electron beams of energy few
tens of MeV to few hundreds of MeV, and was subsequently investigated and reported by various
other groups worldwide [1, 2, 6, 7]. Generation of quasi-thermal electron beams of several tens
of MeV energy has also been observed by Direct Laser Acceleration scheme where electrons
oscillating in the plasma channel gains energy directly from the laser field [8–11]. Generation
of very high-energy electrons beams has been observed through wakefield mechanism working in
the bubble regime [12, 13]. Major achievements towards the generation of GeV class and higher
energy electron beams by LWFA mechanism have been achieved using both gas-filled capillary
discharge waveguide [14] and gas jet targets [15, 16]. Thus, through LPA electron beams with
parameters, viz. beam profile and divergence, energy spectra, and charge, in a wide range are
generated [1, 2]. Therefore, the design and development of suitable diagnostics are crucial for the
characterization and utilization of electron beams, which in turn also helps in understanding the
applicable acceleration mechanisms in LPA [17].
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There are various techniques for energy measurement of electron beams [18, 19]. Electron
energy measurement using a magnetic spectrograph has been a conventional but robust technique
and widely used for characterization in LPAs [20–23]. In the various magnetic spectrographs
designed, laser axis is used to mark the undeflected position of the electron beam on the detector
placed after magnet, which in many cases could be misleading due to a mismatch in the electron
beam direction from the laser axis and hence can introduce error in the energy measurement of
the electron beam. For unambiguous measurement of energy, use of two IPs/Phosphor screens
after the magnet was reported and used to correctly estimate the electron beam angle at the exit
and entrance of the magnet [24, 25]. However, this technique presents difficulty in use of online
mode of operation using phosphor screens. In another design, the use of a phosphor screen before
the magnet was suggested to determine the pointing angle of the electron beam with respect to the
laser axis, which also helped in the measurement of electron beam profile and divergence [26]. An
indirect method of estimation of energy spread of electron beams generated in LPAs, particularly
for GeV class energies, was reported using the measurement of undulator radiation [27].

In this paper, design, developent and, use of a magnetic spectrograph for LPA are presented.
A C-shaped permanent dipole magnet of field strength ∼1 T, and size 10 cms× 20 cms was used to
design the spectrograph. Electron beam energy measurement was performed in two configurations
i.e. side configuration: 7.5MeV–80MeV and forward configuration: 90MeV–1GeV. For this, two
phosphor screens, one in the forward direction and other in the side direction of C-shaped magnet
were used. Hence spectrograph covered a broad energy range of 7.5MeV–1GeV. In addition,
to record electron beam profile simultaneously, a phosphor screen was also kept in the front of
the magnet. This also provided information of electron beam pointing and correlation of electron
beam positions on the two phosphor screens which were used to determine the undeflected position
of the electron beam for accurate energy measurement. The magnetic spectrograph was used to
characterize electron beams generated from the interaction of Ti: Sapphire laser pulses of ∼120 fs
duration (Intensity ∼ 2.2× 1019 W/cm2) with an underdense plasma of Ar and He gas-jet targets of
4mm length, in the density range of 2–30 × 1018 cm−3 [28].

Next, as transportation of electron beam through phosphor material will introduce the extra
divergence in the electron beam, GEANT4 simulations [29, 30] were performed to estimate the
divergences for various available phosphor screens and accordingly suitable phosphor was selected
to be kept in front of the magnet. Next, the effect of secondary particles on the phosphor signal
produced by the interaction of electron beam with a 54 µm thick Ti foil kept in the path for
transportation of electron beam from the vacuum chamber to the magnetic spectrograph, which in
turn affect the charge measurement, was also estimated. Finally, an electron beam dump was also
designed and developed with the optimization of the different thicknesses of the layers for GeV
energy electron beams.

2 Design of the magnetic spectrograph

2.1 Magnetic spectrograph: dispersion relations and resolutions

An electron beam passing through magnetic field is dispersed according to its kinetic energy.
Electron beam trajectory inside themagnet is described as an arc of the circle as shown in figure 1(a).
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For uniform magnetic field (B), the radius (R) of the relativistic electron trajectory is:

R �
p

eB
�

E
ceB

(2.1)

Putting all the values in SI units:

R (m) �
E(MeV)

0.3 × 103 × B(T)
(2.2)

and its trajectory inside the magnet will be given by:

x =
√

R2 − (R − ym)2 (2.3)

Here x is the distance along the magnet length traveled by the electron beam in the presence of the
uniformmagnetic field and ym is the perpendicular distance from the center of themagnet to the edge
of the magnet. As shown in figure 1(a), lower energy electron beam will be deflected more and can
escape from the side part of the C shaped magnet. On the other hand, higher energy electron beam
would propagate through the full length of the magnet and escape from the forward side. Hence,
the spectrograph could be used in two configurations depending on the electron beam trajectories:
forward configuration where high energy electron beam exiting from the front was detected, and
side configuration where lower energy electron beam exiting from the side was detected.

In the side configuration, electron beam exits before traveling the complete magnet length so x
changes with respect to the electron beam energies but ym remains fixed since each electron exiting
from side will go through this distance. In forward configuration x becomes equal to the magnet
length (Lm) because all high energy electrons travel the complete magnet length but ymchanges to
yp and depends on the energy of the electron. If phosphor screens are kept at a distance Dpfrom the
magnet in both side and forward configuration then dispersion relation i.e. xp and yp with electron
energy respectively will be given as:

xp =
Dp (R − ym) + ym (2R − ym)√

R2 − (R − ym)
2

(2.4)

yp =

(
R −

√
R2 − L2

m

) (
DpLm

L2
m − R2 + R

√
R2 − L2

m
+ 1

)
(2.5)

Electron energy measurement always has some finite energy width which depend on detector
resolution as well as on the natural divergence of the electron beam. The energy resolution (r) is
termed as δE/E or δy/(dx/dE) where δy is the width of the detector or natural divergence of the
electron beam whichever is higher. Here (dx/dE)/(dy/dE) is the slope of the dispersion curve for
side (slope from equation (2.4)) and forward configuration (slope from equation (2.5)) respectively,
which is also a function of energy. The resolution for both configurations will be different since

– 3 –



2
0
2
0
 
J
I
N
S
T
 
1
5
 
P
0
1
0
3
4

Figure 1. Pictorial representation of electrons trajectories in a rectangular magnetic field for different kinetic
energies, higher energy electrons would exit from the forward, lower energy electrons exit from the side
of the magnet (b) Magnetic field profile along the length of the dipole magnet (blue curve), and effective
magnetic field (green curve).

both have different dispersion curves. So energy resolution for both configurations are:

rside =
δy
E

©­­«
(
R2 − (R − ym)

2
(

DpR
E +

2ymR
E

))
−

(
Dp (R − ym) + ym (2R − ym)

) ymR
E(

R2 − (R − ym)
2
)3/2

ª®®¬
−1

(2.6)

rfront =
δy
E
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m
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(2.7)
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In the above equations length (Lm) and width of the magnet (ym) are fixed and respective values
are 20 cm, and 5 cm. Whereas, distnace of phsophors (Dp) from magnet edges for both forward
and side configurations could be variable, typical values of 5–10 cm (depending on the desired
resolution and imaging set up). Electron beam divergence (δy) could also be varied typically in the
range of∼ 5–10mrad. In the next section 2.3, dispersion curves and resolution values corresponding
to the designed spectrograph for LPA are estimated and plotted for typical energy range (15MeV
to 1GeV). Further, we also estimated the dispersion for given spectrograph parameters using
GEANT4 simulation and was found to be matching with the theoretical curve.

In the above treatment edge focusing effect has not been considered. For the forward config-
uration case, focusing effect in the deflection plane (horizontal plane) would be insignificant (due
to close to rectangular magnet configuration), hence, the effect of focusing on the resolution could
be ignored. However, there could be a focusing effect on the vertical plane. On the other hand, for
electron bending at large angles, and exiting from the side, the effect of focussing in the deflection
plane would increase with bending angle and hence affects the resolution at respective energies.

2.2 Dipole magnet

For developing a magnetic spectrograph, a C-type permanent dipole magnet (Beff ∼ 0.98T) of
dimensions (20 × 10 × 10) cm3 with pole gap 1.5 cm was used. Magnetic field distribution along
magnet length in the magnet pole aperture was measured using tesla meter in both directions from
the center of the pole width. Measured magnetic field uniformity in the pole aperture was in
good agreement with the design-simulated results. The observed peak magnetic field is 0.9 T with
field uniformity 1 × 10−2 over the 80mm pole width. The effective magnetic (Beff) field has also
computed by using the following analytical formula:

Beff =
1

Lm

∫ +∞

−∞

B (x) dx (2.8)

Here Lm is the length of the magnet and B(x) is the magnetic field along the direction of the electron
beam propagation in the magnet. Magnetic field (Bmeasured and Beff) along magnet length is shown
in figure 1(b). The effective magnetic field is estimated to be 0.98 T (using equation (2.8)) which is
more than the peak magnetic field and was used in dispersion relations for estimating the energy of
the electron beam.

Here one may also consider the temperature effect. The magnet used in the spectrometer is
NdFeB (N48 grade) having a maximum operating temperature of 80◦C. Whereas, in our case the
operating temperature range was 25–30◦C. The typical temperature coefficient of ∼10−3/◦C for
NdFeB (N48 grade) [31] will cause a variation of ∼0.1% in the magnetic field, leading to an error
of ∼0.1% in the electron energy estimation.

2.3 Magnetic spectrograph for laser plasma accelerator (LPA)

Using described magnet a magnetic spectrograph was designed for LPA, as shown in figure 2(a).
A high-energy electron beam generated through LPA was transported out of the plasma (vacuum)
chamber through a Ti foil of 54 µm thickness placed on the exit port at a distance of ∼28 cms
from the gas-jet. Two phosphor screens (phosphor-1 and phosphor-2) were used to record electron
beam profiles (figure 2(b)), and a correlation between beam positions on them was used for locating
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Figure 2. Schematic of the magnetic spectrograph for laser plasma accelerator (LPA). (b) Electron beam
profile and position correlation on the two phosphor screens. (c) Imaging set up of the magnetic spectrograph.

undeflected electron beam position on phosphor-2when amagnet was inserted in between for energy
measurement. Dimensions of the phosphor-1 and phosphor-2 were ∼8 cm and ∼16 cm (diameter)
respectively. They were imaged on 14-bit CCD cameras using the Zoom lens covering the full area
(figure 2(c)).

All the phosphor screens were covered by 36 µm thick Al foils which blocked the low energy
electrons with energy < 70 keV, which was lower than the cut-off energy of < 115 keV for the 54 µm
thick Ti foil. Finally, an electron beam dump was used to stop hundreds of MeV to GeV energy
electron beams.

To record the electron beam profile simultaneously, a phosphor screen (phosphor-1) was placed
before the magnet. The Phosphor-1 was kept at an angle of 45◦ in the path of the electron beam
at a distance of ∼9 cms from Ti foil and phosphor emission was imaged directly on a 14-bit CCD
camera. For spectrum measurement, in the forward configuration, a phosphor screen (phosphor-2,
20 cm) was kept at a distance of 5 cm from the magnet exit edge. In this case, a 45◦ folding metal
mirror was used to collect the phosphor emission on a 14-bit CCD camera, in order to avoid direct
exposure of the CCD to the high-energy electrons. For side configuration of spectrummeasurement,
another phosphor screen (phosphor-3) was kept towards the magnet side edge at a distance of 7 cm,
and was imaged directly on the 14-bit CCD camera.

For the above parameters of the spectrograph, dispersion curves (using equations (2.4) and (2.5))
for side and forward configurations are plotted in figure 3(a) and (b) respectively. The spectrograph
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Figure 3. Dispersion curves for (a) side configuration (b) front configuration. Spectrograph resolutions for
(c) side configuration (d) front configuration.

covered a broad energy range of 7.5MeV–1GeV: side configuration (7.5–80MeVGeV) and forward
configuration (90MeV–1GeV). Resolutions are plotted (using equations (2.6) and (2.7)) for both
side and forward configuration in figure 3(c) and (d) respectively. In the imaging set up used,
1 pixel (6.45 µm) of CCD camera corresponds to 250 µm (demagnification) on the phosphor screen
and therefore limits the resolution of energy measurement. However, the electron beam size itself
on the phosphor screen was much larger (∼5mm) and hence the beam natural divergence itself is
the limiting factor for the resolution for both the configurations. The resolution was estimated to
be <5%, for energy 7.5–80MeV (side configuration) and was comparatively larger in the forward
configuration i.e. ∼30% at 300MeV. Resolution values could be improved further by increasing
separation between the magnet exit and the phosphor screen.

Here it may also be important to discuss the effect of error introduced in the electron energy
estimation due to accuracy achieved in the measurement of seperation between the edge of the
magnet and the phosphor screen (Dp). Due care was taken in the measurement, and a standard
steel ruler with 1mm least count (1% error) was used. This will lead to a corresponding error
of (∼1%) in the estimation of energy corresponding to a given deflection of the electron beam on
the phsophor screen. The associated error would be larger than the error introduced due to CCD
pixel size (0.25mm) for energy estimation below 700MeV. Therefore, applicability of the detector
limited resolution values shown in figure 4d (green curve) has to be seen in this context.
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3 GEANT4 simulations

GEANT4 code was used for simulation of electron beam transport for the present experimental
configuration. The simulation parameters used for various investigations (described in the following
subsections: 3.1, 3.2 and 3.3) are given in table 1 below.

Table 1. Simulation parameters for all three cases.

Parameters
Subsection 3.1

Subsection 3.2 Subsection 3.3
Case I Case II

Divergence
(mrad) Zero 5 5 5

No. of particles 106 106 105 105

Energy (MeV) 1–700 150 150 100, 500 and 1000

Energy spread Mono-energetic

Gaussian
(Peak: 150MeV,
Std. Deviation:

30MeV)

Gaussian
(peak 150MeV,
Std. Deviation:

30MeV)

Mono-energetic

3.1 Selection of phosphor screen and divergence estimation

GEANT4 code was used to estimate the divergence introduced by phosphor-1 placed before
the magnet and accordingly appropriate phosphor screen was selected. Three phosphor screens
(Gadox:Gd2O2S:Tb) viz. Lanex fine, Lanex regular, and DRZ high were considered for simulation
(table 2). Although, phosphor screens have thicknesses in hundreds of µm only, still can introduce
some divergence in the electron beam due to the high atomic number of the phosphor material.

Table 2. Details of all three phosphors.

Phosphor
(different layers)

Protecting
Layer

Phosphor
Layer

Supporting
Layer

Total
Thickness

Density (gm/cm3)
(Phosphor layer)

Lanex Fine
Cellulose acetate
(5 µm and 10 µm
back and front)

Gd2O2S + urethane
binder
(84 µm)

Poly(ethylene
terephtalate)
(178 µm)

277 µm 4.25

DRZ-High PET 9 µm
Gd2O2S:Tb + Polyvinyl

Butyral binder
(310 µm)

Plastic Base 188 µm 507 µm 4.67

Lanex Regular Not available
Gd2O2S:Tb + binder

(∼200 µm)
Not available 380 µm ∼4
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3.1.1 Case I

Estimation of divergences for various phosphor screens was performed considering an electron
beam of zero divergences with 106 particles. Divergence introduced was estimated for various
energies in the range of 1–700MeV, and is shown in figure 4(a) for different phosphor screens.
As expected, divergence value decreased with an electron’s energy, and it was found that the
Lanex screen introduced less divergence as compared to the DRZ screen. Such an estimation of
divergence introduced by phosphor screens using simulations has not been reported earlier. There is
an experimental measurement on the divergence introduced by the Lanex fine screen in the similar
electron energies range [32] and matches well with the current estimation (less than 2mrad at
energies more than 500MeV). Based on the above estimation Lanex regular phosphor screen was
used to record electron beam profile before magnet (phosphor-1). DRZ high was used to record
spectra (phosphor-2 and 3) due to its comparatively higher sensitivity.

3.1.2 Case II

Based on the above investigation, LANEX regular was selected for keeping in front of the magnet.
Therefore, further simulation was performed to estimate divergence introduced by this screen
for practical electron beams. Simulations were performed for an electron beam with an initial
divergence of 5mrad (typical divergence values obtained in LPA) with a gaussian energy spectrum
with a peak energy of 150MeV and standard deviation of 30MeV. The input energy spectrum
and uniform profile with 5mrad divergence used are shown in figure 4(b) and (c) respectively.
This electron beam was transported from the source through vacuum chamber (medium vacuum:
28 cms), a Ti foil (thickness: 54 µm), air (∼9 cms), phosphor-1 (∼380 µm thickness and covered
by 36 µm thick Al foil), air (∼31 cms) to the location of last component i.e. phosphor-2 (figure 2).
Electron beam profiles were generated on phosphor-1 and phosphor-2 as shown in figure 4(d)
and (e) respectively. Beam divergence estimated on the location of phosphor-1 is ∼8mrad on
(figure 4(f)) which is slightly higher than the input beam divergence of 5mrad. Electron beam size
and corresponding divergence estimated at the location of phosphor-2 was found to be much larger
to ∼29mrad (figure 4(g)). It may be pointed out here that divergences measured include the effect
of all components kept in the electron beam path. Divergence introduced by various components
were estimated through simulation considering a parallel beam and found to be 2.5mrad (54 µm of
Ti), 1.11mrad (air of 9 cms), 1.22mrad (36 µm of Al foil), 13.15mrad (Phosphor-1 material) and
2.24mrad (∼31 cms of air).

3.2 Estimation of contribution of secondary particles emissions on phosphor signals

Now we estimate the flux of secondary particles emitted by the interaction of electron beam and Ti
foil and its contribution in the measurement of the phosphor-1 signal which was kept close to it at a
distance of ∼9 cms. In order to get the spectrum of secondary particles GEANT4 simulations were
performed for 30MeV and 150MeV electron beams transported through 54 µm thick Ti foil and
results discussed below are for 150MeV case and it was similar for 30MeV in case of secondary
electrons (i.e. considerable flux at ∼2–3MeV) [33]. However, in the case of photons, the energy of
the photons would be higher. Typical energy spectra for secondary electrons and photons are shown
in figure 5(a) and (b) respectively. For input primary electrons of 105 considered in simulation, the
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Figure 4. (a) Divergence introduced vs energy of the electron beam for three different phosphors for a
collimated beam, (b) Input energy distribution of electrons defined in the GEANT4 simulations (c) Input
electron beam profile. Output electron beam profile at (d) Phosphor-1 and (e) Phosphor-2, and corresponding
lineouts (f) at Phosphor-1 and (g) at Phosphor-2.

flux of secondary electrons generated was statistically in the range of ∼1–2%, with ∼90% of flux at
∼2–3MeV and remaining at ∼4–10MeV. Electrons of less than 2MeV energy, scattered at larger
angles to be detected on phosphor-1 position (∼9 cm from the Ti foil) and hence, the contribution to
phosphor emission could be ignored. The energy deposition curve was generated for Lanex regular
phosphor screen (figure 5(c)) usingGEANT4 andwas found to be similar to the sensitivity curve [34]
of DRZ High and Lanex fine phosphor screen reported earlier for incident electron beam at various
energies. For energy at ∼2–3MeV, energy deposition is ∼1.5X as compared to the constant value
of deposition at more than 4MeV. If we consider the flux and the ratio of energy deposition by the
secondary electrons than the contribution in total counts observed on phosphor-1 will be ∼2.7% by
secondary electrons at ∼2–3MeV and less than 0.1% by the remaining secondary electrons.

Next, the energy range of secondary photons was ∼5–140MeV, with considerable flux in the
range of 5–30MeV. Photons of energy less than ∼5MeV will anyway much more scattered to be
detected on phosphor-1. For the 105 primary electrons incident on phosphor-1, the flux of photons
detectedwas estimated to be∼4%. The sensitivity curve of phosphor (Gadox) screen for photons [35]
has been reported which shows the photons with energy 1MeV has 0.5% energy absorption within
the phosphor material which reduces sharply for higher energy photons of ≥ 5MeV. Hence the
contribution of secondary photons in the counts observed on phosphor-1 would be much less than
∼1% and hence is insignificant.

It may be pointed out here that such an estimation of secondary particles is of significance as
usually phosphor calibration could also be used to estimate the charge of the electron beams [34, 36].
For accurate charge calibration number, it is necessary to estimate secondary particles contribution
in measured phosphor signal and therefore requires correct estimation of the secondary spectrum,
energy and corresponding phosphor sensitivity in that range. As per the present estimation described
above, it is found that secondary particles will affect the charge estimation by <3% only.

– 10 –
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Figure 5. (a) Simulated energy deposition by the collimated electron beam in Lanex Regular phosphor
screen (b) Spectrum of secondary e− generated through Ti foil (c) Spectrum of secondary gamma generated
through Ti foil.

3.3 Design of a beam dump

In laser plasma accelerators electrons in the energy range of hundreds of MeV to GeV are gener-
ated. High energy electron beam and generated bremsstrahlung after interaction with surrounding
materials can damage the electronic devices as well as add to the background noise in the phosphor
signal which could decrease the detection sensitivity. Therefore, a suitable dump is required for such
high energy electron beams. Accordingly, an electron beam dump was designed using GEANT4
simulations for hundreds of MeV to GeV energy scale and was also set up. As these high energy
beams could also generate secondary radiations so shielding of radiations in beam dump design was
also included. As the electron beam passes through the thick material it can interact via ionization
(secondary electrons), bremsstrahlung radiation, pair production, reflection (backscattering), etc.
with the material.

In order to simulate the beam dump in GEANT4, 105 number of particles were considered
for tracking history through all the layers of the beam dump for three different electron energies of
100MeV, 500MeV, and 1GeV. The geometry and design of the beam dump simulated are shown
in figure 6.

The stacking of the different materials in the beam dump was layered based on electron inter-
action with materials of various atomic number (Z). Probability of production of bremsstrahlung
increases by high energy electrons (>100MeV) interaction with higher Z. Therefore, the first layer
of the beam dump was made of Teflon block (lower Z). Ranges of the 100MeV, 500MeV and
1GeV electron beams in Teflon are ∼16 cm, ∼36 cm and ∼47 cm respectively. Based on that Teflon
blocks were chosen to be 20 cm so that it could completely stop the 100MeV energy electron beam
and significantly cut the 500MeV (500MeV to ∼137MeV) and 1GeV (1GeV to ∼294MeV). The
next layers were made of relatively higher density metal i.e. Aluminium and Copper respectively
(5 cm thick each). The electron beam of 500MeV and 1GeV up to the Aluminium layer reduce
to ∼59MeV and ∼182MeV which have the ranges of ∼2 cm and ∼3.5 cm respectively in Copper.
Therefore, the Copper block of 5 cm was sufficient to stop electron beam up to 1GeV (table 3).
Next, since the range of 1GeV electrons is less than the 5 cm Copper but due to range straggling
some electrons escape from the Copper layer. Therefore, an extra protection layer of a lead of
5 cm was used after the Copper layer to stop remaining electrons. As can be seen, electrons of
100MeV, 500MeV and 1GeV are stopped by the Teflon (20 cm), (Teflon (20 cm) +Al (5 cm) +Cu
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Figure 6. Structure of high-energy electron beam dump.

Table 3. Transmission of the primary electron beam from layers of the beam dump.

Energy
(GeV)

Teflon
(20 cm)

Al
(5 cm)

Cu
(5 cm)

Pb
(5 cm)

0.1 8% 0.005% – –

0.5 49% 28% 0.064% –

1 66% 48% 2% <1%

(5 cm) and Teflon (20 cm) +Al (5 cm) +Cu (5 cm)+ lead (5 cm) respectively. At such high energies
backscattering of the primary electrons (by Teflon layer) was <1% and hence could be ignored [33].

Stacking of all abovementioned layers stopped the electrons up toGeVenergy but the interaction
of such high energy electrons produced a large amount of bremsstrahlung and secondary electrons
by the interaction with various layers. In principle, 1GeV electrons could have been stopped using
a single layer of 50 cm thick Teflon but this would also lead to the generation of a large flux of
bremsstrahlung radiation (tables 4 and 5), for which extra layers of higher-Z materials would be
required, leading to the comparatively larger size of the beam dump.

The typical mean energies of the bremsstrahlung and secondary electrons generated by first
layer of Teflon of 20 cm thickness were in the range of few MeV to tens of MeV for 100MeV,
500MeV and 1GeV electron beams. Shielding of this radiation was performed by using optimum
thickness of the last lead layer. In order to optimize lead thickness for 100MeV electrons, generated
high energy radiation are significantly stopped by the 10 cm thick lead block.

But in the case of 500MeV and 1GeV, average energy of the secondary bremsstrahlung and
electrons are comparatively higher, so a larger thickness of 20 cm lead will be required, as shown in
table-IV and V. For such a combination, the mean energy of both bremsstrahlung and secondary
electrons were less than 1MeV after last layer of the beam dump. Hence, with an overall length
of 50 cm, all the primary and secondary radiations could be stopped which would not have been
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Table 4. Generation of the secondary gamma from different layers of the beam dump.

Energy
(GeV)

(i) Teflon
(20 cm)

(ii) Teflon
(50 cm)

(iii) (Teflon(20 cm)+
Al(5 cm)

(iv) Teflon(20 cm)+
Al(5 cm)+Cu(5 cm)

(iv) + Pb
(5 cm)

(iv) + Pb
(10 cm)

(iv) + Pb
(15 cm)

(iv) + Pb
(20 cm)

0.1 3.2×105 9×104 2.4×105 1.5×105 1.8×104 4.2×103 2×103 8.7×102

0.5 1.03×106 1.6×106 1.3×106 1.8×106 3.×105 3.8×104 7.2×103 2.8×103

1 1.35×106 2.18×106 1.9×106 4×106 9×105 1.1×105 1.5×104 4×103

Table 5. Generation of the secondary electrons from different layers of the beam dump.

Energy
(GeV)

(i) Teflon
(20 cm)

(ii) Teflon
(50 cm)

(iii) (Teflon(20 cm)+
Al(5 cm)

(iv) Teflon(20 cm)+
Al(5 cm)+Cu(5 cm)

(iv) + Pb
(5 cm)

(iv) + Pb
(10 cm)

(iv) + Pb
(15 cm)

(iv) + Pb
(20 cm)

0.1 1×104 3×103 5×103 2.8×103 2.9×102 stopped – –

0.5 7.5×104 6×104 9.2×104 5.8×104 5.1×103 6×102 1.9×102 stopped

1 1.21×105 1.48×105 1.84×105 1.55×105 1.6×104 1.7×103 3×102 stopped

possible with a single layer of low-Z Teflon material of 50 cm thickness as pointed out above also.
The transverse dimension of various blocks used in beam dump was 30×30 cms to cover large
divergence and also energy dispersed electron beams. For extra protection, stacking of a layer
of 5 cm thick lead blocks was also used in the side directions. Primary electrons and secondary
radiation (both electrons and photons) in the side directions of the beam dump were less than 1%
for 100MeV to 1GeV electron energy.

4 Calibration of the magnetic spectrograph

Magnetic spectrograph is a standard established technique for high-energy electron beam energy
measurement and particularly widely used for investigations performed on laser plasma acceler-
ators [15–20]. In LPA investigations, mostly laser axis is considered as the undeflected position
of the electron beam on the phosphor screen. However, electron beam may have some angle
with respect to the laser axis and also pointing variation, which would lead to the error in energy
estimation. There are several reports of magnetic spectrograph design [24–26] for removing this
ambiguity. We have used a correlation relation between two phosphors kept in the electron beam
path for estimating the undeflected position of the electron beam on the phosphor-2 (as described in
section 2.3). For each position of electron beam observed at phosphor-1 corresponding positions on
the phosphor-2 were recorded. This was used for marking the undeflected position of the electron
beam on the phosphor-2 when the magnet was inserted after phosphor-1 for energy measurement.
It may be mentioned here that, the electron beam position variation (pointing stability) along the
magnet dispersion axis on the phosphor-1 was within 5mrad with respect to the mean position, and
the corresponding variation on phosphor-2 was within 3mrad. The above pointing variation would
lead to the energy measurement error of ∼5% which is less than the resolution of the magnetic
spectrograph for forward configuration used for He gas jet targets.

Next, we have derived the absolute electron energy spectrum from the recorded energy spec-
trum. Absolute electron beam spectrum (dNel/dE) (where Nel is the number of electrons), is given
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by the following relation [20]:

dNel
dE
(Eo) =

Counts (Eo)

pixel size
×

ds
dE
÷

dNcounts
dNcoll

×
dNcoll
dNcr

dNcr
dNel

Here, Counts (Eo) = counts in the CCD per pixel at given energy E0, pixel size = size of the
pixel along Phosphor-2 screen (250 µm in our experimental conditions). ds/dE = derivative of the
dispersion relation at E0, where s is the deflection from the undeflected position.

The first term in denominator is the CCD yield given as:

dNcounts
dNcoll

=
QE
r

Conversion of collected photons into CCD counts, where QE is the quantum efficiency of the CCD
(62% for 14-bit and 12-bit pixelfly CCD camera at 546 nm) and r is the read out factor i.e. CCD
electron/count (1.5 for 14-bit and 3.8 for 12-bit CCD).

The second term in the denominator is collection efficiency of the system which depends on
the solid angle (Ω) of collection and transmission factors of imaging optics:

dNcoll
dNcr

= Ω × lens transmission × Filter factor

The last term (dNcr/dNel) in the denominator is the conversion efficiency of the phosphor screen
from number of electrons to photons. The phosphor screens used for electron beam profile and
energy spectrum were well calibrated screen [34, 36] and same were used here.

5 Use of magnetic spectrograph in LPA

Magnetic spectrograph designed and developed was used for characterization of high-energy elec-
tron beams for experimental investigation on LPA (figure 6) in single shot mode as per set up shown
in figure 2(a).

A gas-jet target using a slit nozzle of size 1.2mm × 4mm was set up inside a vacuum chamber.
Gases used were He and Ar, and gas density in the gas-jet was varied by changing backing pressure,
which was typically used in the range of 1–5 bar.A laser beam (150TW Ti: Sapphire laser) was
focused along 4mm length using a 50 cm focal length Off Axis Parabola (OAP) to a focal spot of
∼8 µm FWHM (Full width at half maximum). Considering ∼23% energy inside it, intensity of
∼2.2×1019 W/cm2 was estimated for laser pulse duration of 120 fs. A schematic of the experimental
set up of magnetic spectrograph is shown in figure 7. Electron beam profile and spectrum obtained
from both He and Ar gas jets were characterized separately in different energy measurement
configuration.

For He gas-jet target, on phosphor-1, electron beam size was found to be ∼3–5mm (FWHM)
and which increased to ∼10–15mm (FWHM) on phosphor-2 kept at a distance of 31 cm from the
phosphor-1. Divergence at phosphor-1 and after exiting is calculated to be ∼ 9mrad and ∼32mrad
respectively, which is close to the values obtained through simulation also (figure 4(e) and (f)). A
typical electron beam profile (recorded on phosphor-1) and its corresponding raw spectrum recorded
on forward phosphor screen (phosphor-2) for He gas-jet target are shown in figures 8(a) and 8(b)
respectively. Absolute spectrum (dN/dE) is also plotted in figure 8(c). The electron beam was
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Figure 7. Picture of developed magnetic spectrograph set up used in laser plasma accelerator (LPA).

Figure 8. Characterization of LPA electron beams generated using He gas-jet target, (a) Electron beam
profile recorded on Phosphor-1 (b) Electron beam spectrum recorded on Phosphor-2, (c) Absolute spectrum.
Corresponding resolution values from figure 3(d) is also shwon.

found to be well collimated as shown in profile recorded on phosphor-1 as shown in figure 8(a).
Electron beam energy recorded showed energy >84MeV and extending to beyond >300MeV with
a resolution of 8–25%. It may be pointed out here that no spectrum was observed on phosphor-3
(side phosphor) that shows only high energy electrons (more than 80MeV) were generated.

In the case of Argon gas-jet target low energy electrons spectrum was observed on the side
screen (side configuration). However, no spectrum was observed on phosphor 2. It shows that
with Ar only low energy electron beams are generated. Hence, no phosphor correlation was
required for this configuration. Typical electron beam profile (recorded on phosphor-1) and its
corresponding spectrum (recorded on phosphor-3) for Ar gas-jet target are shown in figure 9(a)
and 9(b) respectively. Absolute spectrum (dN/dE) is also plotted in figure 9(c). Electron beam
profile was scattered and it covered all area of phosphor-1 (diameter ∼7 cms). Electrons energy
range was of the order of ∼14MeV to 60MeV with a resolution of 2–5%. Hence, the sensitivity of
the magnetic spectrograph was found well even at very low energies covering a broad energy range.
Acceleration mechanisms of electrons are attributed to the DLA and wakefield mechanisms in case
of Ar and He gas-jet targets respectively and can be a subject of another paper.
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Figure 9. Characterization of LPA electron beams generated using Ar gas-jet target, (a) Electron beam
profile recorded on Phosphor-1 (b) Electron beam spectrum recorded on Phosphor-3, (c) Absolute spectrum.
Corresponding resolution values from figure 3(c) is also shwon.

6 Conclusion

A magnetic spectrograph for simultaneous recording and measurement of high energy electron
beam profile and its spectra covering a broad range of electrons energy (∼0.075–1GeV) using
both side and forward configurations, was designed and developed. It was used to characterize
high-energy electron beams generated in laser plasma accelerator (LPA) and electron beams of
energy ∼84–500MeV (He gas jet) and ∼14–60MeV (Ar gas jet) were recorded in forward and
side configurations respectively. Further, GEANT4 simulations for our experimental parameters
and conditions were performed. First, it was performed to estimate divergence introduced by
various phosphor screens and shows divergence <2mrad for a collimated beam at energies more
than 500MeV for the Lanex regular and the Lanex Fine phosphor screen. Simulations were also
performed for practical electron beams by taking initial finite divergence (5mrad) and were found
that divergence becomes ∼7mrad and ∼29mrad on Lanex Regular and DRZ-high respectively
which gives good agreement with the experimental results of ∼8mrad and ∼26mrad respectively.
Next, simulations were also performed for estimating the contribution of secondary electrons and
photons emitted by the interaction of electron beam with 54 µm thick Ti foil kept in the electron
beam path in phosphor signal. Contribution was found to be mainly due to secondary electrons
generated which was also estimated to be <3% only. Finally, an electron beam dump was designed
and set up with an optimized size of 50 cm (thickness along beam propagation) and 30 × 30 cm2

(transverse). Dimensions of the beam dump were kept such that it could cut the significant primary
energy as well as could produce minimum high energy radiations. Therefore it was developed for
stopping electron beam from hundreds of MeV to GeV scale of energies.
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