
Abstract. This paper presents methods of detection and spectro-
metry of high-energy electrons and positrons produced in the
interaction of laser radiation with matter and vacuum. The
methods are based on charged particle transport in the mag-
netic field of a hollow coaxial line through which a direct current
flows. The methods make it possible to detect particles at a
distance of several dozen meters from the source with retention
of close to 100% collection efficiency and provide efficient
detector protection from background radiation.

Keywords: positron, detector, time-of-flight magnetic spec-
trometer

1. Introduction

The experimental investigation of the effects occurring in
strong electromagnetic fieldsÐwhich is of interest in the
development of quantum electronics and its applications, as
well as in the verification of several predictions of quantum
electrodynamicsÐhas become possible due to achievements
in the area of generating ultraintense electromagnetic radia-
tion made in recent decades. This is largely due to advances in
pico- and femtosecond lasers [1±5] and laser fusion research

[6±8]. Today, by focusing the pulses of high-power laser
devices, it is possible to obtain electromagnetic radiation
with an intensity of 1020ÿ1022 W cmÿ2 in laboratory
conditions [5±10]. Projects are underway aimed at raising
the intensity of laser radiation up to 1026 W cmÿ2 in the near
future [11].

Even the advent of the first, relatively unsophisticated,
pulsed lasers lent impetus to the appearance of theoretical
papers concerned with the interaction of ultrahigh laser fields
with matter and vacuum [12±20]. Most interesting among the
findings of these investigations, in our view, is the prediction
of the possibility of electron-positron pair production in the
interaction of laser radiation with matter [15, 18, 19], vacuum
[14, 15, 21±23], and free electrons [20, 24].

The last decade has seen experimental investigations of
the interaction of strong electromagnetic fields of laser
radiation with matter at several research centers [25±29].
The investigations showed that these experiments entail the
emission of a large number of electrons, ions, and X-ray
photons, these events being confined in a narrow spatio-
temporal domain [5, 8]. Consequently, these experimental
conditions are characterized by extremely strong background
radiation. According to theoretical calculations, both in the
case of electron-positron pair production in a laser field [12±
24] and in the case of enhancement of beta decay under laser
irradiation [30], the expected number of emission events per
laser pulse is rather small (� 1ÿ100). Furthermore, ultra-
high-intensity laser systems have a short pulse duration and
operate at a low pulse repetition rate (4 0:1 Hz) [8], making
practically inefficient the use of sequential data processing
methods employed in nuclear physics experiments with
charged particle accelerators and radioactive sources.

Successful execution of the experiments under considera-
tion calls for basically new approaches to solve the problem of
detection and energy measurement of a small number of light
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charged particles, electrons and positrons, under conditions
of the high-intensity corpuscular and X-ray background
generated by laser-produced plasma.

The use of a nonuniform magnetic field to provide the
drift (transport) of oppositely charged particles in opposite
directions seems to be the most fruitful idea in the solution to
this problem. In particular, Thibaud [31] came up with the
method of extracting and transporting the particles to be
recorded to the detector using the nonuniform magnetic field
of the peripheral region of an electromagnet with a core (the
trochoidmethod). Themethod permits placing the detector at
a considerable distance from the source (up to � 40 cm) for
background protection and is characterized by a high
efficiency (up to� 30% of 4p sr) in the broad particle energy
range from 0.1 to 3 MeV [31±33]. However, further improve-
ment of the above parameters with the trochoid method, as
well as other known methods [33], involves major technical
difficulties, specifically, the growth of the size and weight of
the electromagnet wit a core.

2. Transport of charged particles
by the magnetic field
of a current-carrying coaxial line

In this section, we consider a method which makes it possible
to transport charged particles over a long distance (� 10 m
for electrons and positrons) with an efficiency close to 100%
[34]. The method is based on the effect of charged particle
drift in the magnetic field of a linear current-carrying
conductor in the direction parallel to the conductor.

The motion of a charged particle in the field of an infinite
linear conductor with current I was considered at length in
Ref. [35]. The equation of motion of a particle with mass m,
charge q, and velocity v in the cylindrical coordinate system
(r; j; z), where axis z coincides with the direction of the
current, has the form (the dots above the symbols denote time
derivatives)

�rÿr _j 2 � v _z

wr
�0 ;

d

dt
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is a dimensionless parameter which characterizes the particle
velocity, m0 is the magnetic constant, and c is the speed of
light. The solution of Eqns (1) has the form [35]
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and r0 is the value of coordinate r at the initial moment of
time. It may be shown that these solutions possess the
following properties [35]:

(1) r�t�, _j�t�, and _z�t� are periodic functions with a period
T dependent on the initial conditions. Figure 1 shows two
special cases of the trajectory of motion. In the general case,
the particle motion is the superposition of motions along the
trajectories j � const and r � const.

(2) for any initial conditions, the following inequality
holds:

exp �ÿ2w�4 r�t�
r0

4 exp �2w� : �3�

(3) irrespective of the initial condition, the motion, on
average, proceeds along the z axis, positively charged
particles drifting in the direction of the current and the
negatively charged ones drifting in the opposite direction.

These results suggest that the particles emitted in an
arbitrary direction by a point source located at distance r0
from the axis move, on average, along the conductor and
remain inside the cylindrical layer defined by inequality (3). If
the detector has the shape of a ring coaxial with the conductor
(see Fig. 1), the ring size taken in accordance with inequality
(3), a particle emitted by the point source in any direction hits
the detector irrespective of the source±detector distance, i.e.,
the transport efficiency of this system is equal to 100%.

For a given current, the maximum transported particle
energy depends on the geometry of the system, and therefore
below we consider the transport device in the form of a
coaxial line. Since the field inside the coaxial line is
equivalent to the field of an infinite linear conductor, all
previous conclusions remain in force. Let the inner and outer
radii of coaxial line conductors be R1 and R2, respectively.
Then, from the condition R1 4 r�t�4R2 and inequality (3),
we find that the transport efficiency is 100% for the optimal
position of the point source r0 �

�����������
R1R2

p
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For I � 100 kA, R1=R2 � 20, q � e, and m � me, we
obtain E � 4:6 MeV. The specified current may be obtained
by discharging a capacitor through a closed coaxial line. For a
characteristic time of the order of 1 ms, a closed coaxial line
about 10m longmanifests itself as an inductor, and on closing
the switching element, a sinusoidal current pulse is formed. If
the loss in the electric circuits is ignored, the energyWC stored
in the capacitor is determined by the energy of the magnetic
field inside the coaxial lineWB at the maximal current:

WC �WB � LI 2

2
; �5�
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Figure 1. Charged particle transport in the magnetic field of a current-

carrying coaxial line.
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where L � �m0l �=�2p� ln �R1=R2� is the inductance of the
coaxial line of length l. For given values of E, R1=R2, and l,
from expressions (4) and (5) we obtain

WC �WB � l
16p�E 2 ÿm 2c 4�
m0q 2c 2 ln �R1=R2� :

For R1=R2 � 20, q � e and m � me, and E � 1:5 MeV,
we obtain WB=l � 330 J mÿ1. For a moderate energy value
WB � 10 kJ, we obtain l � 30 m.

To protect the detector from X- and gamma-ray radia-
tion, the coaxial line may be given a curved shape, and a lead
shield may be placed between the source and the detector
(Fig. 2).

Due to the complexity of particle trajectories and
significant detector remoteness, the method makes it possible
to obtain a long delay between the instants of particle
emission and detection. For instance, for E�1:5 MeV,
l�2 m, and I�100 kA, numerical integration of Eqns (2)
yields electron flight times of 36±72 ns. This delay makes it
much easier to detect particles when they are emitted
simultaneously with a short intense X-ray pulse (for
instance, the bremsstrahlung of a laser-produced plasma or
of an accelerator beam.

3. Drift velocity of a charged particle
in the magnetic field of a coaxial line

The drift velocity of a charged particle, which is equal to the
ratio of its axial displacement in a radial oscillation period to
the value of this period, is obtained from Eqns (2):

vd �
� rmax

rmin

v ln �r=d � dr
w

��������
f �r�p �� rmax
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dr��������
f �r�p �ÿ1

; �6�

where rmin and rmax are the roots of equation f �r� � 0.
Depending on the direction of charged particle emission, the
highest and lowest values of the drift velocity correspond to
the two limiting cases, r � const andj � const, and are given
by the expressions [35]

v d � 2vw�����������������
1� 4w 2
p � 1

; r � const ; �7�

v d � v i J1�iw�
J0�iw� ; j � const ; �8�

where Jk�x� is the Bessel function of order k. For small w
values, the highest-to-lowest drift velocity ratio tends to the
value 2, which coincides with the result of the perturbation
theory [36]. With increasing w, the highest and lowest drift

velocities tend to an instantaneous velocity, and their ratio
tends to unity.

4. Spectrometry of charged particles
in their transport by the magnetic field
of a current-carrying coaxial line

The time-of-flight method of electron spectrometry [37, 38] is
based on electron transport by the magnetic field of a hollow
current-carrying coaxial line. Under the action of the
magnetic field, the electrons emitted by the source drift (are
transported) to a ring-shaped detector located at the coaxial
line end opposite to the source. When the flight base l is much
longer than the electron orbit diameter, the flight time t is

t � l

vd
: �9�

Since the drift velocity v d of a charged particle depends
strongly on its energy E even for relativistic velocities,
measuring its flight time t permits the particle energy to be
determined from expressions (9) and (6). Measuring the flight
time distribution for a group of particles makes it possible to
determine their energy spectrum. It is significant that the drift
velocity in the field of this configuration is independent of the
distance of the point of charged particle emission from the
axis of the coaxial line and is defined only by the current I,
which is easily monitored to the requisite accuracy. Adher-
ence to condition (4) for the highest energy of the spectrum
under measurement provides charged particle transport to
the detector from the complete solid angle. Consequently, the
spectrometer efficiency may be as high as 100% of 4p sr.

The main limitation on the accuracy of charged particle
energy with the above method is the dependence of the drift
velocity on the direction of the particle emission by the source.
In this case, electrons with energies in some interval E1ÿE2

may have the same drift velocity. The energy resolution may
then be written as

R � 2�E1 ÿ E2�
E1 � E2

:

Figure 3 depicts the dependence of the resolution on
parameter w, which was obtained from expressions (7) and

Source DetectorShield

Figure 2.Detector protection from direct X-rays from the source.
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Figure 3. Resolution (R) of a spectrometer without an aperture as a

function of parameter w.

390 S I Moshkunov, V Yu Khomich Physics ±Uspekhi 63 (4)



(8). It is noteworthy that particle trajectories with a greater
variation of coordinate r (expression (3)) correspond to
higher w values, which requires the use of a coaxial line with
the corresponding outer-to-inner conductor radius ratio. The
range R1=R2 � 10ÿ100 may be considered practically realiz-
able, whence it follows that R � 22ÿ66%.

We consider possible ways of improving the resolution
by limiting the solid angle with an aperture. The results of
numerical integration of expression (6) are plotted in Fig. 4.
One can see that the resolution improves rapidly as the
solid angle (efficiency) is limited. Specifically, for a
efficiency of 10% of 4p sr, the resolution is 0.8±1%,
sufficient for many applications, including electron spectro-
scopy.

Next, we consider one of the possible versions of aperture
positioning, shown in Fig. 1. Electrons with a rather high
azimuthal velocity collide with the aperture stop and are
absorbed, which results in improvement of the energy
resolution. For a given energy resolution, the aperture length
is given by the expression

l1 � pvr0�1� R�
2a

����
R
p :

Figure 5 shows the spectrometer efficiency and resolution
in the 10±100 keV electron energy range, which were
calculated for the following parameter values: I � 100 kA,
axis-source distance r0 � 1 cm, aperture length l1 � 5 cm,
and source±detector distance l � 2 m (see Fig. 1). A spectro-
meter with these parameters holds considerable promise for
the investigation of electron emission from laser-produced
plasmas. With retention of the energy resolution of at least
10% efficiency the energy measurement range, its efficiency is
higher than 20%. This is two orders of magnitude greater
than in commonly employed magnetic spectrometers with a
uniform field.

5. Experimental facility

Based on the above method, an experimental facility was
made for investigating the particle emission from laser-
produced plasmas (Fig. 6) [39, 40]. A curved 2-m-long
coaxial line was used to transport particles to the detector.

In view of the low repetition rate of laser pulses, a pulsed
current generator with a duration much longer than the
characteristic transport time of the particles under study is
well suited to these experiments. The electric generator
circuit is presented in Fig. 7. Use was made of a circuit
with a total discharge of the storage capacitor. On triggering
the discharge, a current appears in the coaxial line in the
form of a slowly decaying sinusoid with a period of 246 ms
(Figs 8 and 9). For the highest capacitor charging voltage of
5000 V (energy: 15 kJ), the current amplitude was about
96 kA for the first positive peak and 87 kA for the first
negative one. A mutual temporal arrangement of the current
pulse and the laser pulse required for the operation of the
system was realized by timing the actuation of the laser
system to the maximum or minimum of the current curve in
the coaxial line for the operation with positively (see Fig. 8)
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or negatively (see Fig. 9) charged particles, respectively [41,
42].

To detect electrons and positrons with energies above
30 keV emitted by the laser-produced plasma, a scintillation
detector was developed [42]. A detector of this type was
chosen in order to combine a relatively large aperture (about
100 mm), a high efficiency, a high temporal resolution, and
immunity of the sensitive detector region to electromagnetic
interference and a strong magnetic field. The detector is
shown in Fig. 10. The detector consists of a polystyrene
ring-shaped scintillator 90 mm in diameter, which is posi-
tioned between the conductors of the coaxial line and spans
almost all of its cross section. The scintillator is 4 mm thick,
which provides total absorption of electrons and positrons
with energies of up to 1 MeV. An optical waveguide extracts
the light of a scintillation flash beyond the coaxial line, as
shown in Fig. 10, which is recordedwith two photomultipliers
(FEU-184-T) with an aperture of 52 mm to maximize the

coverage of the optical waveguide end and to lower the
probability of spurious signals.

The six tightening bolts evenly distributed over the
circumference provide the necessary path for the flow of a
high current and at the same time the rapid decay of a
magnetic field beyond the coaxial line, thereby creating
normal conditions for photo multiplier (PM) operation.

6. Experiment with a radioactive
electron source

To estimate the efficiency of detection of high-energy
electrons with the proposed method, experiments were
carried out with a certified radioactive electron source based
on the Cs137 isotope. A source with a planar geometry, in
which the isotope was placed between two polyethylene films
fixed in a barrel 29 mm in diameter, was mounted close to the
inner conductor of the coaxial line in the plane passing
through its axis. This orientation minimizes the possibility
of repeated collisions of the outgoing electrons with the
structural elements of the radioactive source.

The method of measuring the electron detection efficiency
involved measurements of the average frequency of electron
detection events in those time intervals when the current in the
coaxial line had the sign and value required for transporting
electrons to the detector.

The block diagram of the data collection system is shown
in Fig. 11. The signals from the two PMs are initially delivered
to pulse discriminators and then to a coincidence circuit. The
pulses from the coincidence circuit arrive at the input of a
gated pulse counter. A 60 ms-long gating pulse is applied to the
counter with a 61.5-ms delay relative to the pulse triggering the
discharge of the pulse generator. As a result, the middle of the
gating pulse coincides in time with the peak of the coaxial line
current.
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Figure 7. Circuit of a pulsed current generator.
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The efficiency of electron detection was determined from
the expression

T � N

nDtAb�1ÿ k� ;

whereN is the total number of pulses recorded by the counter,
n is the number of current generator triggerings in a given
series of measurements, Dt is the gating pulse duration, Ab is
the certified beta-activity of the radioactive source, and k
(4%) is the proportion of electrons absorbed by the poly-
ethylene film of the holder calculated based on the known
electron distribution function for Cs137.

Figure 12 shows the efficiency measured as a function of
the current amplitude in the coaxial line. The peak efficiency
of 48� 6% of 4p sr was measured for a current of 25 kA.

To evaluate the efficiency of electron transfer to the
detector, the source, alternately by each of its flat sides, was
attached closely to the scintillator. The detector efficiency was
measured from the expression

O � f1 � f2
Ab�1ÿ k� � 0:52 ;

where f1; f2 are the coincidence frequencies for each of the
source sides. From this estimate, it follows that the measured
efficiency of the spectrometer as a whole (48% of 4p sr) is
determined primarily by the detector efficiency, while the
transport efficiency amounts to about 90% of 4p sr.

7. Results of experiments
with laser-produced plasma

The experimental facility described in Section 5was employed
to perform experiments with laser-produced plasma. The
plasma was produced by TEA CO2 laser radiation with a

pulse duration of 50 ns, which was focused with an f � 30 cm
lens (see Fig. 6) on a metal target in the form of a 0.2±0.4-mm
wire. The on-target radiation intensity was � 1013 W cmÿ2.
For a detector, use was made of a charge collector in the form
of a flat stainless steel disk, which spanned almost the entire
cross section of the coaxial line. Figure 13 shows typical
oscillograms of the collector current (a±c) and the laser pulse
(d). The curve in Fig. 13a was obtained in the absence of
current through the coaxial line. Here, the positive peak with
practically zero delay relative to the laser pulse is due to the
photoeffect at the collector, while the tail arises from the
arrival of plasma particles at the collector as a result of
scattering from the chamber walls. The oscilloscope trace in
Fig. 13b was obtained for a current of 32 kA directed, in the
inner conductor, from the detector to the source. The
collector signal is a negative pulse more than 20-fold greater
in amplitude than the curve in Fig. 13a, with the characteristic
delay relative to the laser pulse. It is pertinent to note that the
time delay increases linearly with the current in the coaxial
line.

For the opposite current direction in the coaxial line, the
collector signal has positive polarity (Fig. 13c) and is caused
by the arrival of expanding plasma ions at the collector. In
this case, the delay is about 1 ms and is almost independent of
the current strength.

The electron spectra were measured using the time-of-
flight method described in Section 4. A typical oscillogram of
collector current and the laser-plasma emitted electron
spectrum calculated from this trace are given in Figs 14 and
15, respectively. The characteristic form of the curves testifies
to the presence of suprathermal electrons in the spectrum.

Attempts to detect positrons at this facility did not meet
with success. Based on the measured high sensitivity of the
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detection system, we concluded that electron-positron pairs
are not produced at intensities of 4 1013 W cmÿ2.

8. Conclusions

Our paper presents the results of theoretical and experimental
investigations involving the development and implementa-
tion of a new class of selective high-efficiency systems for the
detection and spectrometry of charged particles, which rely
on the particle transport in themagnetic field of a coaxial line.
We have shown the feasibility of attaining a close to 100%
throughput in the broad particle energy range of 0.1±3 MeV
for a considerable source±detector distance.

The design parameters of the detector and pulsed
magnetic field generator were optimized for the efficient
detection of charged particles generated in superstrong
electromagnetic fields. By way of simulations, it was possible
to determine the relation between the spectrometer resolution
and efficiency upon introducing an aperture to limit the solid
angle of particle emission.

The electron and positron detection system designed on
the basis of this method was experimentally investigated. The
system combines a high efficiency (50%) in a broad energy
range and a high degree of immunity to background source
radiation. Experiments were carried out in the time-of-flight
spectrometry of the high-energy electrons emitted by laser-
produced plasma. The feasibility of extracting and measuring
the spectrum of suprathermal electrons emitted by the laser-
produced plasma was experimentally demonstrated.
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Figure 14. Typical collector oscillogram i for I � 16 kA, r0 � 1 cm,

l1 � 1 cm, and l � 2 m. The intensity of focused laser radiation

� 2� 1013 W cmÿ2, l � 10:6 mm.
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Figure 15. Energy spectrum of the electrons emitted by a laser-produced

plasma, which was calculated by processing the oscilloscope trace of

Fig. 14.
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