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ABSTRACT

With the increase of laser power at facilities reaching petawatt-level, there is a need for accurate electron beam
diagnostics of the laser wakefield accelerator (LWFA), which are becoming important tools for a wide range
of applications including high field physics. Electrons in the range of several 10′s of GeV are expected at
these power levels. Precise diagnostic systems are required to enable applications such as advanced radiation
sources. Accurate measurement of the energy spread of electron beams will help pave the way towards LWFA
based free-electron lasers and plasma based coherent radiation sources. We propose an innovative double dipole
spectrometer suitable for characterizing bunches produced using a petawatt class laser.
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1. INTRODUCTION

The laser wakefield accelerator (LWFA)1 is a very promising way of producing high quality electron beams2–4

at GeV level energies.5 This has lead to the need for very high precision, broadband, single-shot electron
spectrometers6–8 for characterizing the beam properties. Measuring the electron bunch spectral characteristics is
of particular importance for developing free-electron lasers (FELs)9–15 for instance. For this type of application,
a sub-percent energy precision is required.12,16

Most electron spectrometers use a magnetic element (a dipole) to deflect the charged particles and disperse

them according to their energies through the Lorentz force ~FL: ~FL = qe ~ve ∧ ~B where qe is the charge and ~ve
the velocity of the electron and ~B the magnetic field through which the particle travels; and a single detector
screen, which is usually a scintillating screen (Lanex6 or Ce:YAG7) or an array of fibers.8 In this case, the initial
angle of the electron beam in the dipole is unknown, which can lead to an error in determining the energy. This
effect can be mitigated using a collimator17 which allows the reduction of the incoming angle uncertainty but
has the disadvantage of decreasing the charge and increasing the emittance. An imaging system (magnetic18,19

or a plasma lens20,21) can reduce this effect for a given energy range at the cost of a lower charge and a larger
footprint. In our design, it is proposed to use two strictly similar dipoles that have reversed polarizations, and
two sequentially placed detection screens, to simultaneously measure, in a single shot, both the incoming angle
of the electron beam and its spectrum.

We have used the GPT (General Particle Tracer, Pulsar Physics http://www.pulsar.nl/gpt22) software tool
to study this configuration. A number of simulations have been carried out to investigate this scheme within the
experimental constraints (mainly the chamber size and electron targeted energy) and establish a viable design
suitable for diagnosing GeV electron beams with a percent level energy error. RADIA23 simulations have been
conducted to design the magnetic structure itself. These simulations and design will be presented. The final
spectrometer will be installed and used in the new SCAPA (Scottish Centre for the Application of Plasma-based
Accelerators) facility.24
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2. PRINCIPLE AND DESIGN STUDY

2.1 Principle

The double dipole electron spectrometer is sketched in Fig. 1. An electron beam is incident at an angle α0

on the first dipole of length L1 and magnetic field B1. To the first order, the Lorentz force bends the beam
through an angle α1 +α0, determined at the exit of the first dipole and entrance of the second one. This can be
described by the equation L1 = R1 sin(α1 + α0)−R1 sin(α0), where R1 is the Larmor radius of the electron due
to the first dipole. The same equation can be used for the second dipole : L2 = R2 sin(α1 + α0) − R2 sin(α2),
where R2 is the Larmor radius of the electron due to the second dipole. Here the gyroradius of the electron
Ri is defined as Ri =

γemev⊥,e

qeBi
, where γe, me and v⊥,e are the electron Lorentz factor, mass and component of

the velocity perpendicular to the magnetic field respectively. In the case where both dipoles are strictly similar
(geometrically and in terms of magnetic fields) but have reversed polarities, then L1 = L2 and B1 = B2 (hence
R1 = R2), the exit angle α2 of the electron beam is identical to the incoming angle : α2 = α0.
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Figure 1. Sketch of the principles of the double dipole spectrometer.

The angle of the beam can therefore easily be obtained using two screens, a set-up commonly implemented
in previous experiments.25–27 Assuming the dispersion is in the horizontal direction, the vertical angle of the
electron beam is straightforward to determine only looking at the first screen. Spatial features can be inserted
into the electron beam path, as in,25 an iterative approach26 or a closed set of equations27 can be used to retrieve
the horizontal angle on a second screen in case of a broad spectrum. The measure of both the angle and spectrum
allows resolving the energy with a very high precision. Knowing both the energy and angle is also of interest for
high precision emittance measurements.28,29

Given the geometry of the experimental chamber, the following constraints are taken into account in the
simulations: the source-dipole entrance distance DSD is 100 mm and the source-screen distance DSS is 1350
mm. Subsequently the parameters chosen for the simulations are a magnetic field close to 1 T and an electron
beam source of energy ranging from 50 to 1450 MeV with a divergence up to 5 mrad. The gap in between the
poles is chosen to be 20 mm in order not to block the radiation emitted from the laser plasma interaction region
(betatron radiation, for instance). All the simulations were ran on a 3D particle tracking code, GPT, which
includes space charge models.

2.2 Comparison between the double dipole and single dipole, single screen schemes

For equivalent dipoles the dispersion curves and errors associated with respect to the initial divergence are given
in Fig. 2. For these results the dipoles used are strictly identical: a length of 400 mm, a magnetic field of 1 T
and in the two dipoles scenario, the distance between them is zero. It can be seen, first, that the low energy part
of the curves are very similar, indeed these electrons are bent such that they do not enter the second dipole so
their trajectory are identical in both cases. Whereas, there is clearly a different trend on the high energy part of
Fig. 2a) and b), which shows electrons that pass through both dipoles.

The error is calculated by fitting the dispersion curve obtained in each case with a non divergent beam. Then
by considering a given divergence the difference in the trajectories is calculated and compared with the first case,
which gives us the energy error. Considering Fig. 2c) and d), it can be seen that the error on the energy is
greater (by less then a factor 3 at 1 GeV) in the double dipole scenario for all divergences considered. The small



Figure 2. Comparison between the single and double dipole schemes : dispersion curves a) and b), and error associated
with the incoming angle in logarithmic scale c) and d). For these results the parameters used were DSD = 100 mm and
DSS = 1350 mm, the dipoles used in both cases are strictly similar and the distance between both dipoles in the second
case is set to 0 mm.
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Figure 3. Resolution of the spectrometer as a function of the electron energy for different spectrometer length in the
single dipole (thick) and double dipole scheme (dashed lines) case in logarithmic scale.

discontinuity of the curves in Fig. 2d) is due to the difference in the trajectory between electrons with different
energies, for very low energy electrons that only pass through one dipole, compared with higher energy electrons
that travel through the full length of both dipoles.

The resolution for different dipole lengths in both cases can also be compared, as shown in Fig. 3. The
spectrometer resolution is clearly always better in the single dipole case (thick lines). This is because the



geometrical dispersion of the double dipole is always less than in the single dipole case (dashed lines).

2.3 Double dipole design study

So far all simulations for the double dipole case have used two dipoles directly one after the other. Fig. 4 shows
the effect of varying the distance between the two dipoles on the resolution at 1 GeV (a)) and the error on the
energy measurement for two distances (10 cm in b) and 30 cm in c)). By increasing the distance between the
dipoles, not only the resolution increases (by about a factor 2 in the distance range considered here) but the
error on the energy measurement given the initial divergence also decreases by about 50% in this case.

Figure 4. Effect of the distance on the double dipole spectrometer design. Resolution at 1 GeV as a function of the
distance between the dipoles a). Error on the energy measurement as a function of the electron energy for a distance of
10 cm b) and 30 cm c) in logarithmic scale.

Although increasing the distance between the dipoles is promising, this cannot be increased arbitrarily because
of constraints imposed by the experimental chamber size. In the following, a distance of 30 cm has been chosen
to maximize the performances of the spectrometer while keeping the footprint reasonable. In this case, given
the results on Fig. 4c), a double dipole, double screen scheme is necessary to achieve a very high precision (less
than 1% at 1 GeV) energy determination for a beam divergence of about 0.5 mrad or above.

2.4 Double dipole and double screen spectrometer

A schematic of the experimental set-up using the double dipole and double screen scheme is shown in Fig. 5.
Examining the electrons trajectory in this figure enables a better understanding of the dispersion curve in Fig.
2b): low energy electrons (lower than 500 MeV in this configuration and given the dipole width) do not pass
through the second dipole, which explains the discontinuity in this curve.

When using several screens it is important to consider the interaction between the electron beam and the
first screen. This has been studied previously and 3 main effects need to be taken into account:
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Figure 5. Schematic and electrons trajectory for the double dipole double screen set-up.

• the divergence increase due to Coulombian diffusion26,30

• the electron energy loss in the screen has been studied in31 using to Monte Carlo (MC) simulations

• the increase in energy spread as the electrons pass through the screen.

a) b)

Figure 6. Final divergence a) and energy b)31 due to scattering in a 300 µm thick Lanex screen on the electron beam
with respect to its energy. The inset in a) is a zoom of the region of interest in our case. For a), the initial divergence of
the electron beam is 1 mrad.

The increase of the divergence and the effect of energy loss are shown in Fig. 6. Fig. 6a) exhibits that the
divergence grows significantly at 1 GeV (see inset), for an initial divergence of 1 mrad, but since this can be
calculated, it can be taken into account before estimating the beam horizontal incoming angle on the second
screen. It can also be seen in Fig. 6b) that the mean energy loss is extremely small compared with the initial
energy, therefore even if there are fluctuations around this average, the induced energy dispersion is negligible.
This has been verified with Fluka32 MC simulations. It can be explained by the fact that radiative effects are
dominant in this regime but the thickness of the Lanex is very small (a few hundreds µm at most) when compared
with the radiation length, consequently this effect can be neglected.

2.5 Robustness of the system

If the double dipole screen is to be used it needs to be a robust system. The sensitivity to small discrepancies that
may occur while fabricating the two dipoles should not dramatically modify the performances of the spectrometer.
Fig. 7 shows the output/input angle difference as a function of the energy for magnets of different lengths (as
a fraction of the total length) in Fig. 7a) and for a comparable field difference in Fig. 7b). Firstly, there is a
clear difference in trend between the electrons that travel through the full length of both dipoles (≈ 750 MeV
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Figure 7. Difference between incoming and output angle as a function of the energy given a length a) and field b)
difference between the two dipoles in logarithmic scale.

and above) and the other electron for which the deviation induced by the first dipole is not compensated for by
the second one, resulting in a non zero output angle.

This figure shows a maximum induced output angle of about 1 mrad at 1 GeV. This would be in the case of
a 1% difference in length or field, in other word a 0.4 mm or a 0.1 T difference between both dipoles, which is
very large given the manufacturing standards. The same type of study has been conducted adding noise to the
original field map and the same type of conclusion is drawn. This study implies that an accurate field map will
be required in order to precisely quantify the induced angle in case of discrepancies between the dipoles.

3. OTHER USES OF THE SPECTROMETER

3.1 Energy selection

50 MeV

e- beam

700 MeVB

B

Dipole 1

Dipole 2

Figure 8. Sketch of the double dipole scheme used as an energy selector.

By inserting a collimator between both dipoles, the spectrometer can be used as an energy selector, as shown
in Fig. 8. The energy and energy spread of the selected beam can be tuned by changing the position and the
size of the collimator respectively. This gives an electron beam translated with respect to the laser axis with a
potentially low-energy spread. This can be of interested for numerous applications such as the use of an imaging
beam line to focus the electron beam on a target or to send a specific spectrally discriminated part of the beam
to an undulator, for FEL experiments.

3.2 Emittance measurement

By measuring the electron beam energy and output angle of the bunch, the emittance can be measured employing
the pepper pot technique,28,29 at a selected energy and even at high energies33,34 using the well-known relation
for the RMS emittance ǫrms : ǫrms =

√
< x2 >< x′2 > − < xx′ >2, where < x2 > is the averaged square

position, < x′2 > is the averaged square divergence and < xx′ > the cross product.



3.3 Both dipoles with the same polarity

Fig. 9 shows a sketch of the double dipole used with identical and same polarity magnetic fields a) and the error
associated with different initial divergence as a function of the initial energy b).

Figure 9. Sketch of the double dipole scheme with both dipoles with the same magnetic field and polarity a), error
associated with different initial divergence angles as a function of the energy in logarithmic scale b).

This scheme allows to increase the energy resolution and lower the error on the energy determination. In this
scheme again, discontinuities in the estimated error curve are seen due to the different trajectories associated
with the different energies. This spectrometer configuration could be used along with a high F-number off-axis
parabola and/or a long guiding target such as a capillary without35 or with a discharge36 enabling the production
of higher energy electron beams.

4. CONCLUSIONS

In conclusion, we have showed that using a double dipole, double screen spectrometer, a very high precision
energy measurement (<1 % at 1 GeV) can be achieved. This requires the differences between the two dipoles
and the effect of the electron beam going through the first Lanex to be carefully taken into account. It also allows
the electron trajectory to be traced back to determine the incoming angle of the electron in the first dipole which
significantly reduces the error on the energy measurement and the broadening due to the beam divergence, thus
enabling its effect to be simply de-convoluted.
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