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Deflection system was designed and computed to spatially separate beam of electrons with different energies in
the range of several tens of kiloelectronvolts. Three specific cases with electron energies of (33.9 + 0.3),
(18.2+£0.3), and (14.2 = 0.3) keV were examined for experiments using Dielectric Laser Accelerators. The results
of calculations of the spatial distribution of the magnetic field induced by a pair of permanent magnets and its effect
on electrons moving in this field are presented. Such magnetic spectrometers differ from their analogues in that par-
ticles do not move along the center between magnets in a uniform magnetic field, but along their periphery, where
the field is non-uniform, which provides higher resolution. Presented spectrometer provides the electron energy res-
olution of less than 10 eV. Research on such systems holds significant importance for the further development of

methods for analyzing electrons with varying energies in modern accelerators and spectrometers.

PACS: 41.75.0v, 41.75.Ht, 42.25.Bs

INTRODUCTION

Currently, there are several schemes for measuring
the energy of accelerated electrons. For example, to
measure electrons with high energy but high divergence,
a stack of metal sheets with scintillators placed between
them is often used [1]. This allows the energy of elec-
trons to be measured based on their travel distance in a
stack of metal and scintillator. However, in most cases,
dipole magnetic spectrometers, which deflect electrons
depending on their energy, are used to measure electron
energy [2].

Early experiments with Laser Wakefield Accelera-
tors (LWFA) often used image plates [3] because they
had high sensitivity and dynamic range. However, they
were limited to a single dimension or integration over
multiple dimensions and were not suitable for high-
frequency experiments or statistical studies of electron
beams, such as in dielectric laser accelerator (DLA)
experiments. With the development of technology and
the standardization of the production of dense quasi-
mono-energy electron beams, spectrometers are increas-
ingly equipped with scintillation screens captured using
cameras.

A dipole magnetic spectrometer works by deflecting
electron trajectories depending on their energy. The
energy resolution limit is reached when the separation
of the two energies is equal to the cross-sectional size of
the electron beam. Resolution is limited by the size of
the beam in the object plane of the magnet, as well as
possible focusing aberrations within the magnet and
limitations in electron detection.

Dielectric laser accelerators are attracting increasing
attention from researchers due, first of all, to their super
compactness [4]. But obtaining required for DLA short
bunches of electrons, which are limited in time of accel-
eration in an electric field, is a difficult task from a sci-
entific and technical point of view [5]. The length of the
electron bunches must be less than the length of the ac-
celerating phase of laser radiation. For example, if we
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consider laser radiation with a wavelength of 800 nm
and want to accelerate relativistic electrons, then the
length of the electron bunch should not exceed a quarter
of the wavelength (200 nm). This is due to the need to
maintain long-term synchronism between the accelerat-
ed electrons and the laser radiation field. Moreover, it is
necessary to ensure such a delay of the bunch that this
bunch of electrons is accurately injected into the accel-
erating phase of laser radiation.

Currently, obtaining the short bunches required for
DLA is problematic. Therefore, to measure and analyze
the acceleration rates of electrons accelerated through
various DLA structures, solutions, which allow spatial
separation of accelerated and decelerated electrons, are
used [6]. Such electrons come out of the DLA if a long
bunch of electrons (more than half the wavelength of
laser radiation) passes through the dielectric chip struc-
ture. This is due to the fact that some parts of this bunch
are injected into the accelerating phase of the laser radi-
ation, and others are injected into the decelerating
phase. As a consequence, different electrons in this
bunch are accelerated and decelerated to different extent
by the field excited by laser radiation above the struc-
ture. In this case, separation is achieved by using mag-
netic spectrometers. In experiments on the acceleration
of nonrelativistic particles [7] researchers carry out
measurements, and the paper [8] describes the use of a
spectrometer developed by the authors with a resolution
of 40 eV. You can also evaluate the resolution by meas-
uring the dispersion of the mass spectrometer, which is
determined by the distance between the maxima of the
distributions of particles with different masses. Accord-
ing to [2], the dispersion of the mass spectrometer, cal-
culated on the basis of the distance between the distribu-
tion maxima of two thallium isotopes, is 11.5 mm with a
mass difference of 1%. Such dispersion is also observed
for electrons with different relativistic masses:

mrel =m0‘7=mo’(l+%], (1)
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where m; =9.1-10"* kg is electron rest mass; y is Lo-
rentz factor; E, is electron Kinetic
E, =511 keV is electron rest energy.

According to equation (1), the relativistic mass of an
electron with an initial energy approaching 30 keV, af-
ter an assumed acceleration process of about 300 eV [6],
will be slightly different from the relativistic mass of a
similar electron that has undergone deceleration. The
difference in mass is only 0.11%. However, under these
conditions, the dispersion of the mass spectrometer is
insufficient to accurately determine the acceleration rate
with an accuracy of better than 13%.

To analyze successfully acceleration rates in our ex-
periments [9], it is necessary to increase the resolution
of the mass spectrometer to a level that provides an ac-
curacy of no worse than 10 eV. As will be shown be-
low, this accuracy follows from a numerical analysis of
the electron beam trajectories in the proposed experi-
ment scheme.

1. PROBLEM FORMULATION

A setup scheme for conducting experiments on die-
lectric laser acceleration of electrons in periodic chip
structures (diffraction gratings of various profiles [9]) is
presented in Fig. 1. The main purpose of the setup is to
study the processes of acceleration of electron beams of
various initial energies.

energy;

dod g
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Fig. 1. Scheme of the experimental setup for dielectric
laser acceleration on a periodic structure:
1 is thermal cathode nanotype; 2 is modulator (venelt);
3 is accelerating anode; 4 is focusing system;

5 is anode, 6 is periodic structure; 7 is laser radiation;
8 is deflecting magnets; 9 is MCP; 10 is accelerated
electrons; 11 is electrons with initial speed;

12 is decelerated electrons; 13 is phosphorus screen

An electron beam with a given initial energy is
formed using an electron gun consisting of a thermionic
cathode, nanotype (1), modulator (2), accelerating an-
ode (3), focusing system (4) and anode (5). Next, elec-
trons are injected into a modulated periodic electromag-
netic field created by a laser pulse (7) passing through a
periodic structure (6). The length of the electron beam
significantly exceeds the wavelength of laser radiation.
Therefore, at this stage, beam electrons injected in the
accelerating phase of the field increase its energy and
beam electrons injected in the decelerating phase de-
crease its energy. Thanks to this, at the output from the
laser accelerator we obtain a spectrum of electrons with
different energies, both accelerated and decelerated. To
analyze the efficiency of acceleration, it is necessary to
determine their energies. For this purpose, flat deflect-
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ing magnets (8) are used, which spatially separate elec-
trons with different energies. In a magnetic field, due to
the difference in Larmor radii value, electrons are sepa-
rated into accelerated (10), with initial energy (11) and
decelerated electrons (12). The goal of our work is also
to obtain such a resolution of the magnetic spectrometer
that will make it possible to detect the presence of parti-
cles with intermediate energy values within each group
of accelerated and decelerated electrons. It is assumed
that the number of electrons in the beam during the du-
ration of the laser pulse will be small, so spatially sepa-
rated electrons pass through the MCP (9) in order to
increase the output signal on the phosphorus screen
(13).

In a uniform magnetic field, an electron makes a cir-
cular motion with a Larmor radius [10]:

2
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where ¢ =3-10° m/s is speed of light; e=1.6-10" C is

electron charge; B is magnetic induction (T).

l.e. knowing the radius of the deflected electron R
(and hence the shift of the electron on the registration
screen) and the magnetic induction B from expression
(2), we can unambiguously determine the energy of the
electron E, . As follows from expression (2), the resolu-

tion of the spectrometer (change in radius) AR is pro-
portional to the change in magnetic induction AB.

In a non-uniform magnetic field, it is impossible to
obtain an explicit analytical dependence of the electron
deflection on the magnitude of the magnetic induction.
To find it, it is necessary to solve numerically the equa-
tions of motion of an electron with a given initial energy
in a given constant magnetic field. We use block magnets
to deflect electrons. The spatial distribution of magnetic
induction is found by numerically solving the magneto-
static problem. The found numerical solution can be
compared with the analytical expression on the axis of a
pair of permanent magnets, the magnetic induction of
each is described by the expression (Fig. 2) [11, 12]:
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Fig. 2. Rectangular permanent magnet
and its dimensions: N is north pole of the magnet;
S is south pole of the magnet
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where B, is remanence field; x is distance from a pole
face on the symmetry axis; L is length of the block; W is
width of the block; D is thickness (or height) of the
block.

From equation (3) it follows that the magnetic field
in the plane between the magnets increases with increas-
ing geometric dimensions of the magnets and rema-
nence, but decreases with increasing distance between
the magnets. From (2) it follows that electrons in this
plane will be deflected more strongly with increasing
the intensity of a magnetic field and with decreasing
their energy.
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Fig. 3. Distribution of the magnetic induction modulus
between two magnets (here the origin of coordinates is
at the point x=0, y=0, z=0): (a) is distribution graph
along the X-axis: analytical dependence according to
equation (3) at y=0 (1), numerical solutions at y=0 (2),
at y=5 (3), at y=10 (4) and at y=15 (5); (b) is distribu-
tion graph along the Y- or Z-axis at x=0 without steel
plates; (c) is distribution graph along the Y- or Z-axis
at x=0 with steel plates
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Fig. 3 shows the distribution of the magnetic induc-
tion modulus B along the X-, Y-, and Z-axes for a de-
flecting system of two rectangular magnets (D = 2 mm,
L = 20 mm, W = 20 mm). For the calculations, we used
neodymium magnets of Grade Ne 35 with remanence
B,=1.17 T [12] and with a distance between them along
the X-axis equal to 22.5 mm. The red and green frames
respectively indicate the locations of the north (N) and
south (S) poles of the magnets, the yellow frames indi-
cate the steel plates (screens) needed to compensate for
the long-range deflecting magnetic field in the path of
the electrons. In Fig. 3, the origin of the coordinate sys-
tem is located at the center between the magnets
(Fig. 4).

Fig. 3 shows the distribution of the magnetic induc-
tion modulus between two magnets under various con-
ditions, including the presence and absence of steel
plates (screens), which plays an important role in con-
trolling the trajectories of electrons. Fig. 3,a shows a
graph of the distribution of magnetic induction along the
X-axis for various values of y. The first curve (1) repre-
sents the analytically calculated distribution of magnetic
induction at y=0, according to equation (3). Next, nu-
merical solutions are presented for various values of y
(everywhere z=0): curve 2 at y=0, curve 3 at y=5, curve
4 at y=10 and curve 5 at y=15. When comparing the
results of analytical (1) and numerical calculations (2),
we can conclude that the analytically calculated magnet-
ic induction is consistent with its numerical solutions.
Fig. 3,b shows the distribution of the magnetic field
along the Y- or Z-axis at the center between the magnets
at x=0, when there are no steel plates. In this case, the
magnetic field has a distribution with the reverse mag-
netic field, which changes the direction of movement of
electrons to the opposite when they approach the edges
of the magnets. In order to suppress the reverse magnet-
ic field, steel plates made of 1008 steel are installed in
our spectrometer. Plate dimensions: height is 20 mm,
width is 90 mm, thickness is 2 mm. Fig. 3,c shows a
graph illustrating the distribution of the magnetic induc-
tion modulus on the Y- or Z-axis, also at x=0, but with
the presence of steel plates. The first peak of magnetic
induction, which reaches 125 mT, is located inside the
steel plate and does not have a significant effect on the
trajectory of the electrons.

2. CALCULATION OF MAGNETIC
DEFLECTION SYSTEM

In the experiment to study the acceleration of elec-
trons in DLA, developed at the National Scientific Cen-
ter KIPT [13], the maximum increase in electron energy
is expected at a level of approximately 300 eV. There-
fore, in order to achieve registration of maximally ac-
celerated/decelerated electrons, as well as electrons with
intermediate energies, it is necessary to obtain electron
divergence angles that allow for an energy resolution of
the order of 10 eV. For these purposes, we have devel-
oped a deflection system consisting of two permanent
magnets. These magnets were placed at a certain dis-
tance from each other so that the trajectory of electrons
with initial energy changed its angle by 90 degrees in
the YZ-plane (Fig. 5). The choice of this trajectory con-
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figuration was also determined by the location of the
registration device, which position remained fixed dur-
ing the experiment.

In order for electrons to move in the YZ-plane at
each moment of time, the electron beam must pass
strictly in the center between the magnets and be equi-
distant from each magnet. This is because the direction
of the Lorentz force is perpendicular to the direction of
movement of electrons and to the direction of the mag-
netic field lines shown in Fig. 4. The magnetic field
indicated by green arrows (in the center of the vertical
axis between the magnets) is several tens of times more
intense than the field indicated by blue arrows (at the
edges of this axis when the field changes its direction).
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Fig. 4. Magnetic field lines between two permanent
magnets in the XY-plane at z=0

Since magnetic induction is spatially non-uniform,
the particle in cell simulation method was used to simu-
late the movement of electrons with different energies.

First, it was simulated a situation in which a beam of
electrons with a diameter of 3 um after the accelerating
system was directed along the center of the space be-
tween the previously described magnets. After moving
in the perpendicular direction by a distance of 190 mm
(for the designation see Fig. 6), after passing the mag-
nets, decelerated electrons with E, =33.6 keV and

accelerated electrons with E,, =34.2 keV were separated

by a distance of 2.5 mm. That is, their divergence after
coming out of the magnetic field was 13 mrad.

Then it was simulated a situation (see Fig. 6), where
the electron beam was directed parallel to the previous
direction, but shifted vertically (along the Y-axis) by
8 mm relative to the center of the magnets. With such a
shift, it was possible to change the trajectory of the elec-
trons by 90° again. Now, at a distance of 190 mm after
the magnets, decelerated electrons with E,, =33.6 keV

and accelerated electrons with E_ =34.2 keV were sepa-

rated by a distance of 3.5 mm. That is, their divergence
after coming out of the magnetic field was 17 mrad.

At other shifts, the trajectory of the electrons was
not changed by 90°, which means the electrons did not
hit the microchannel plate (MCP). Thus, it was found
that under the same conditions, there are only two paral-
lel initial paths for electrons, in which they can change
their trajectory in the magnetic field of a pair of perma-
nent magnets to the same angle.
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Fig. 5. Trajectories of decelerated electrons E,; , elec-
trons moving with an initial speed E, and accelerated
electrons E,, in a magnetic field (magnets are indicat-
ed by a gray frame) and the directions of the Lorentz
force Fu, Fuo, and Fua respectively

Since the magnetic field at a certain distance from
the magnets along the path of the electrons changed sign
(see Fig. 3,b, its description and Fig. 4), the electrons
were deflected slightly in one direction, then significant-
ly in the opposite direction and slightly in the first direc-
tion again. Thus, the spatial separation of electrons with
different kinetic energies when bending the trajectory of
their movement in a magnetic field was compensated to
some extent. As noted above, in order to suppress the
magnetic field, which has the opposite direction along
the path of electrons, plates made of 1008 steel were
installed (see shown in Fig. 6). It was simulated a situa-
tion in which the electron beam was directed parallel to
the previous directions, but shifted vertically (along the
Y-axis) by 11.4 mm relative to the center of the mag-
nets. That is, initially the beam moved above the pair of
magnets by 1.4 mm. With such shift, it was possible to
change the trajectory of the electrons by 90° again.
Now, at a distance of 190 mm after the magnets, decel-
erated electrons with E,, =33.6 keV and accelerated

electrons with E,, =34.2 keV were separated by a dis-

tance of 4.5 mm. That is, their divergence after coming
out of the magnetic field was 22 mrad.

Fig. 6 shows the selected configuration of permanent
magnets and registering device for the DLA experiment.
Electrons move from right to left, and then from top to
bottom (see Fig. 6,a) or towards the observer, and then
from top to bottom (see Fig. 6,b). The magnets are serial
and are widely available. The registering device is an
MCP with a resolution of 10 um, the center of which
along the X-axis lies in the plane of motion of electrons
between the magnets, and along the Z-axis lies in the
same plane with the far edges of the magnets. MCP is at
our disposal. The selected distance between the magnets
will provide a suitable magnetic field to bend the trajec-
tory of electrons by 90° and a sufficient divergence be-
tween electrons with different kinetic energies (Fig. 7)
providing a resolution of the order of less than 10 eV at
the selected distance to the MCP, which is related to the
dimensions of the experimental setup.
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Fig. 6. Numerical model showing the positions of decel-
erated electrons (blue), electrons with initial energy
(green), and accelerated electrons (red) at different
times: side view (a) and front view (b). Magnets are
outlined in red, MCP in green, and steel plates in yellow

Table 1 shows the data obtained during the simula-
tion related to the specified offset of the trajectory of the
electron beam with E, =(33.9£0.3) keV from the center

of the magnets along the Y-axis and the presence of
suppressive steel plates (see Figs. 5, 6). Also the values
of the maximum scatter distance S between electrons at
a distance of 190 mm (see Fig. 6) after the magnets are
presented. In addition, the values of the divergence an-
gle a between the maximally accelerated and decelerat-
ed electrons after bending the trajectory of their motion
by 90° and coming out of the magnetic field are pre-

sented.
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Fig. 7. Experiment simulation model (top view) showing
the energy distribution of deflected electrons
with E, = (/4.2 = 0.3) keV on the MCP surface

As you can see from Table 1, electrons with differ-
ent energies have a larger divergence angle when mov-
ing along the periphery of the magnetic field, where it is
more non-uniform than in the center. Steel plates sup-
press the magnetic field, which has the opposite direc-
tion. This feature further increases divergence of elec-
trons at the exit from the spectrometer.
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Table 1

Selection of configurations of spectrometer
with the highest resolution for deflecting electrons
with E, =(33.9£0.3) keV

Offset from the center | Scatter dis- | Divergence

of the magnets along | tance of elec- | angle of elec-
the Y-axis, mm trons S, mm | trons «, mrad

-2 without steel plates 2.5 13

+8 without steel plates 35 17

+11.4 with steel plates 4.5 22

The calculation and development of the magnetic
system was carried out for three given initial energy
values of electron beams that will be used in the exper-
iment on dielectric laser acceleration. These initial ener-
gy values are associated with a fixed interval of periodic
structures used to accelerate the electrons.

Table 2 shows the data obtained during the simula-
tion related to the specified offset of the trajectory of the
electron beam from the center of the magnets along the
Y-axis when suppressive steel plates are present (see
Figs. 5, 6). Also the values of the scatter distance S be-
tween electrons with AE, =600 keV at a distance of

190 mm (see Fig. 6) after the magnets are presented. In
addition, the values of the divergence angle « between
the maximally accelerated and decelerated electrons
after bending the trajectory of their motion by 90° and
coming out of the magnetic field are presented.

Table 2
Parameters of the simulated spectrometer for deflecting

electrons with different energies

Offset from S DI
the center of | Energy of |  Scatter ivergence
the magnets | electrons distance of | angle of
along the E key | electrons | electrons
Y-axis, mm N S, mm a, mrad
+11.4 33.9+0.3 4.5 22
+13.9 18.2+0.3 14.3 71
+14.6 14.2+0.3 19.4 96

As you can see in Table 2, for all electron energies
sufficient divergence is achieved and electrons do not
go beyond the MCP boundaries without changing the
spectrometer configuration.

CONCLUSIONS

The proposed scheme, in which the electron beam
passes along the periphery of the magnetic field be-
tween a pair of permanent magnets, rather than through
the center of the magnetic electron spectrometer as in
[7, 8], provides an opportunity to significant increase
the divergence angle between electrons with different
energies without increasing the dimensions of the de-
flection system. This is attributed to three reasons. First-
ly, path length of all electrons within the magnetic field
is increased. Secondly, electrons with lower energy en-
ter the region with higher magnetic induction faster
compared to electrons with higher energy, further in-
creasing the difference in Larmor radii (2) as electrons
with different energies move along the periphery of the
magnetic field (see Fig. 3,b,c). Thirdly, steel plates sup-
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press the magnetic field with an opposite direction along
the path of the electrons (see Fig. 3,c). Using such a
scheme in real experiments, under otherwise equal con-
ditions, will enhance the precision of the energy meas-
uring without the need for additional registration devic-
es or reducing the transverse width of the electron beam.

Simulation results also indicated that the precision of
magnet positioning should be no less than 0.1 mm for
the selected magnets and energies of electrons.
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MOJEJTIOBAHHS BIIXUJISIIOUYOi CACTEMHU HA OCHOBI IOCTIMHUX MATHITIB
3 HEOJHOPIJTHUM MATHITHHUM ITOJIEM JIJISI PEECTPAIIII IPUCKOPEHUX
TA CIIOBIVIBHEHUX EJIEKTPOHIB, TEHEPOBAHUX Y AIEJJEKTPUYHOMY JIASEPHOMY
IMPUCKOPIOBAYI

LB. Be3nocenko, A.B. Bacunoves, I.B. Comnikoe

JJist IpOCTOPOBOTO PO3ALICHHS MMydKa €JICKTPOHIB 3 PI3HOIO SHEPri€ro B Aiana3oHi KiIBKOX JECATKIB KUJIOCIEKT-
POHBOJIBT OyJia po3po0JIeHa Ta pO3paxoBaHa CHCTeMa BiAXHICHHS. J[Jis eKCIIEPUMEHTIB 3 BUKOPUCTAHHIM JiCICKT-
PHYHUX JTa3ePHHUX MPUCKOPIOBAYIB OYIIH JOCIIHKEHI TPH KOHKPETHI BHIAIKH 3 eHeprismu enektpoHis: (33,9 + 0,3),
(18,2 + 0,3) i (14,2 + 0,3) keB. HaBeneHo pe3ynbrard po3paxyHKiB MPOCTOPOBOTO PO3MOALTY MArHiTHOTO ITOJIS,
IHAYKOBaHOTO MapO0 MOCTIHHUX MAaTHITIB, i HOTO BILIUBY Ha EJIEKTPOHH, IO PYXaIOThCH Y IbOMY Toui. Taki MarHi-
THI CHIEKTPOMETPH BiJIPi3HAIOTHCS BiJl CBOIX aHAJIOTIB THUM, IO YaCTHHKH PYXAIOThCS HE IO [EHTPY MiX MarHiTaMu
B OJTHOPiTHOMY MarHiTHOMY TIOJi, a TI0 iX mepudepii, Ae mojae HeoTHOpiaHe, Mo 3a0e3mneuye OLTBIT BUCOKY PO3[Ii-
JbHY 3/aTHICTb. [IpencraBnenuii criekTpoMeTp 3abe3neyye eHepreTHYHy pO3JUIbHY 3[aTHICTh eJEeKTPOHIB MEHIe
10 eB. JlociipkeHHSI TaKUX CUCTEM Ma€ BaXKIIMBE 3HAYEHHS JUIS TOAANBIIOTO PO3BUTKY METO/(IB aHaNi3y €JIEKTpO-
HIB 13 3MiHIOBaHOIO €HEPTi€I0 B CyYaCHUX MPHCKOPIOBAYAX 1 CIIEKTPOMETPAX.
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