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Observation of the Dynamics of a Focal Spot Using
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Abstract— A diagnostic has been developed to study the focus-
ing dynamics of a high-power electron beam on a target. The
diagnostic uses a pinhole camera to observe bremsstrahlung from
the converter target. A data acquisition system yields images of
the beam focal spot with a frame duration of 20 ns and an
almost unlimited recording duration. The focal spot dynamics
of a linear induction accelerator with an energy of 1.5 MeV,
a current of 1.2 kA and a pulse duration of 350 ns were
studied. The focal spot was found to be disrupted within the first
100 ns of the pulse. Defocusing has a complex 3-D character. The
feasibility of additional cleaning of the target using an accelerator
pre-pulse was shown. Stable beam focusing for up to 200 ns was
demonstrated.

Index Terms— Beam defocusing, beam diagnostic, ion back-
stream, linear induction accelerator (LIA), pinhole, time-resolved
spot size.

I. INTRODUCTION

L INEAR induction accelerators (LIAs) of electrons have
found applications in applied problems [1] and funda-

mental research for the production of warm dense matter [2].
In these applications, a strong focusing of the beam on the tar-
get surface is required. High beam quality in a linear accelera-
tor enables focusing the beam into a spot with a diameter about
1 mm. Strong focusing leads to a high density of deposited
energy in the target, in the range of 1–100 eV/atom, which
results in the formation of plasma on the target surface [3], [4].
In a number of experimental works [5], [6], the target plasma
was shown to become an ion emitter. The electric self-field
of the electron beam leads to the pulling of ions and the
formation of a back stream. The space charge of the ions
upsets the balance of forces in the beam and leads to its
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rapid defocusing in a matter of tens of nanoseconds. This
phenomenon hampers obtaining a high-quality beam focus on
the target. The defocusing rate depends on the ions species in
the back stream. The surface plasma is formed not only from
the target material but also from the contaminations adsorbed
on the surface, obviously, due to their lower mass, lighter
ions from water, and hydrocarbons spread into the beam more
rapidly. The effect of target surface quality on beam focusing
was studied in [7]. To reduce the rate of beam defocusing
on the target, it was proposed [8], [9] to clean the surface in
advance using a high-power laser pulse.

There are several methods for directly observing beam
defocusing. One of them is by the registration of Cherenkov
radiation from a dielectric plate (or fiber) on the beam
path [7], [10]. However, the use of bremsstrahlung gamma
rays from the target itself better addresses the needs of applied
problems [11], [12]. By measuring the dynamics of the X-ray
source, one can track the focal spot on the target. In this
case, the X-ray source dynamics depends on the radiation
transport process, plasma process, and hydrodynamics of the
target. The observation technique is based on projecting the
X-ray flux from the target onto a scintillator using a pinhole
camera or the roll-bar (knife edge) technique [13], [14].
There are several approaches to recording the dynamics of the
scintillator glow. The most common one is based on the use
of multiple cameras with fast shutters [11], [12], [15], [16].
In this case, the light leaving the scintillator is divided between
the cameras, which take pictures at different points of time.
Thus, the dynamics of the focal spot is recorded. Usually,
the fast shutter is an image intensifier located in front of the
camera matrix. Another approach relies on the use of optical
fibers to bring the light from the scintillator to photomultipliers
or photodiodes [17]–[21]. There are also hybrid techniques,
which combine both methods [22]–[24]. Using multiple cam-
eras with fast shutters makes it possible to achieve good spatial
resolution. However, in this case, the number of frames that
can be made during one accelerator pulse is restricted. The
latter approach is free of this limitation.

In this article, we investigate beam defocusing in an accel-
erator with an energy of 2 MeV and a pulse duration of up to
300 ns. A relatively low beam energy and a long pulse duration
are unfavorable for obtaining a stable focal spot [25]. On the
other hand, these are the beam parameters that are convenient
to study the effect of the target plasma, because with them,
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Fig. 1. Schematic of the experiment (top view). 1—LIA-focused electron
beam; 2—final magnetic lens; 3—tantalum target; 4—rotating target holder;
5—lead collimator; 6—conical pinhole camera; 7—scintillation detector;
8—optic fiber bundle; 9—EMI and lead shield; 10—DAQ recording system.

it manifests most clearly. The observation of the focal spot
on the target was performed using a 64-channel multipixel
detector, which allows taking frames every 20 ns. This article
presents a brief description of a diagnostic and the results of
the focal spot measurement. The feasibility of cleaning the
target surface with a special prepulse was explored.

II. EXPERIMENTAL INSTALLATION AND THE DIAGNOSTIC

The experiments were carried out using an LIA [26] with
an accelerating voltage of about 1.5 MV. The beam current
was about 1.2 kA with a base pulsewidth of 350 ns. Four
solenoidal magnetic lenses transported the beam to the target.
Three identical pulse lenses focused the beam in the transport
line. The final lens focused the beam on a tantalum target.
The parameters of the accelerated beam were measured after
the diode and at the entry to the target chamber by a standard
set of diagnostics: capacitive dividers, beam position monitors,
and current transformers.

A schematic of the experiment is shown in Fig. 1. The
final lens focused the accelerated electron beam on a tantalum
plate (the target). The targets were mounted in a circle on a
rotating holder. According to [27], the optimal thickness of
a Ta target for a 2-MeV beam is about 0.036 cm, but such a
thin target is not mechanically strong. Moreover, when the LIA
operates in double-pulse mode, the first pulse blows off part of
the target material. Thus the effectiveness of the second shot
depends on the remaining thickness of the material. For this
reasons, we used two Ta targets: one with 0.4 mm thick and the
other, 1 mm. All targets were duly prepared before installed
in the target chamber: they were cleaned and annealed in
vacuum before neatly mounted on the holder in such a manner
as to minimize accidental contamination. The bremsstrahlung
radiation produced by the beam in the target left the accelerator
through an aluminum exit window. A massive lead collimator
suppressed the parasitic (scattered) gamma radiation. It was
200 mm in thickness and the central hole was 10 mm in radius.
The dynamics of the focal spot on the target was recorded
using an original diagnostic based on a multipixel scintillation
detector. The diagnostic consisted of a pinhole camera, a
detector, and a multichannel digital data acquisition (DAQ)
system. The tapered hyperbolically shaped pinhole camera
was made of tungsten. The total length of the camera body
was 100 mm. The minimum hole diameter was 0.6 mm. The
pinhole had an angle of view of 6◦. The point spread function
(PSF) of the pinhole camera had been measured previously
in separate experiments. The PSF is well approximated by a

Gaussian function with a full width at half maximum (FWHM)
of 0.8 mm. The pinhole camera projected the time-varying
image of the X-ray spot on the target into the plane of the
detector. The pinhole camera and the detector were aligned
along the geometrical axis of the accelerator using a laser.
The distance between the face plane of the detector and the
target plane was 2.5 m. The pinhole camera and the detector
were spaced so as to obtain a geometric magnification of 5.
The detector body was a bronze matrix with 64 holes arranged
in an 8 × 8 rectangular array. The holes contained plastic
scintillation fibers, each of 3 cm in length and 1 mm in
diameter. The scintillation decay time was ∼3 ns. The pitch
between the centers of any two neighboring scintillators was
2 mm. Each scintillator was connected by an optical fiber with
the corresponding channel of the DAQ system. Each optical
fiber was about 6 m in length. The recording system consisted
of photodiodes with a transimpedance amplifier coupled with a
multichannel ADC. The recording system had a sampling fre-
quency of 50 MHz, which ensured a frame duration of 20 ns.
To be protected from electromagnetic interference (EMI/RFI)
and intense background X-rays, the DAQ system was placed
in a shielded rack with a lead shield around it.

III. EXPERIMENTAL RESULTS

A. Beam Focus Measurement

The beam focus measurement procedure consisted of three
stages. Typical signals at stages 1 and 3 are shown in Fig. 2.
At the first step, the relative sensitivity of the detector channels
was measured. For this purpose, the pinhole camera was
removed and homogeneous illumination was recorded. X-ray
was attenuated by a thin lead plate with a thickness of about
2 cm. It helps overcome the off-scale of the DAQ output
signals. The waveforms [see Fig. 2(a)] could be interpreted as
the total X-ray output of the LIA. For comparison, Fig. 2(a)
shows a normalized LIA current from a current transformer
installed before the target chamber.

At the second stage, the parasitic background was measured.
The output window of the collimator was overlapped with a
massive lead brick. One of the main sources of the background
signal was the Cherenkov glow in a transport optical fiber [28].
The relative sensitivity of the detector channels was found after
the subtraction of the background signals from the homoge-
neous illumination signals. Then, the signal amplitude was
averaged over a time close to the duration of the X-ray flash
(the beam pulse). The result was an array of 64 coefficients
of the relative sensitivity of the detector channels.

At the third stage, the lead brick was removed, the pinhole
camera was returned to its place, and the beam focus on the tar-
get was measured. Fig. 2(b) shows several waveforms of edge
pixels with near to “zero” amplitude (i.e. channels-pixels of the
“background”). The waveforms of several peripheral pixels—
that is, pixels of the beam “halo”—are shown in Fig. 2(c).
Fig. 2(d) shows the waveforms with the maximum amplitude,
i.e. the pixels of the beam center. In this shot, the beam current
was 1.2 kA and the total energy was 1.5 MeV. The target was
a tantalum plate 0.4 mm thick.
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Fig. 2. Typical waveforms of the photocurrent from DAQ channels. (a) Gray
step plot: total X-ray output measured without the pinhole; black solid line:
beam current measured by a current transformer. (b) Black and gray step
plots: respective responses of two opposite “edge” pixels. (c) Black and gray
step plots: respective responses of two opposite “halo” pixels. (d) Black and
gray step plots: respective responses of two neighboring center pixels.

The signals obtained using the DAQ system
[see Fig. 2(b)–(d) for typical signals] were converted
into an array with two axes: amplitudes (versus time) and
pixel numbers. Further, the array was normalized to the
matrix of sensitivity coefficients of the channels, with the
contribution of the parasitic background taken into account.

Then the data array was transformed into time sequences
of frames with a time step equal to the DAQ sampling rate.
Each frame consisted of an array of 8 × 8 pixels. All pixels
were placed in the image in the same sequence as they were
located on the scintillation matrix of the detector. Fig. 3
shows a sequence of frames recorded by the detector in the
shot given above in Fig. 2. The intensity of each pixel was
normalized to the maximum amplitude in proper series of shots

Fig. 3. Sequence of snapshots of the beam focus on the target from 0
to 260 ns, with a 20-ns exposure. A typical shot onto the unpretreated
0.4-mm-thick target.

Fig. 4. Beam center position versus time for the shot corresponding to
snapshots presented in Fig. 3. Dotted line: vertical direction; solid line:
horizontal direction.

(the maximum amplitude of a one-day experimental run).
In addition to visualization in the form of frames, we char-
acterized the beam profile in each frame with its average
parameters. The position of the beam focus was found as the
average weighted by the pixel intensity along the horizontal
x-axis and the vertical y-axis. The characteristic size of the
beam focus on the target was determined only in the frames
where the beam was already formed and fit into the size of
the detector. The beam focus profile was approximated by 2-D
Gauss function. The characteristic size was taken as the full
width at half-maximum, as in [13]. In that case, the width of
the PSF of the pinhole was subtracted from the width of the
spot. Fig. 4 shows the position of the beam center during the
beam pulse. The center position was calculated from the shot
shown in Fig. 3.

B. What Happens When the Target Surface Is Cleaned

Figs. 2(d) and 3 show that only one part of the beam is
focused on the target. The focal spot was observed for 100 ns
and then the beam was defocused. In [25], the interaction of
the beam with various species of ions was studied using the
PiC code KARAT. It was shown that a flow of hydrogen ions
could destroy a 2-MeV beam in several tens of nanoseconds.
If the target is sufficiently clean, dense tantalum plasma is
still formed on its surface. The beam fields can also pull out
tantalum ions. However, because these ions are heavy, it takes
more than 100 ns for them to substantially affect the beam.
A possible way to address ion backstreaming is by elimination
of surface contamination before a shot.
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Fig. 5. Typical beam imprints on a 1-mm-thick tantalum target. (a) typical
pulse, (b) hole, (c) melt-through from a pre-shot.

In [8] and [9] in order to reduce the rate of beam defocusing,
precleaning of the target surface with a high-power laser pulse
was proposed. This approach requires additional efforts to
introduce high-power laser radiation to the target chamber and
is associated with a number of obvious technical difficulties.
At the same time, the LIA beam with an energy of 1.5 MeV
does not destroy the target completely. Thus, we can use an
accelerator shot for deep cleaning of the target surface.

However, the optimally tuned beam left a deep crater
[see Fig. 5(a)]. Nevertheless, the next shot into the crater had
better dynamics of the beam spot. It had higher intensity in
center pixels of the detector. Moreover, beam focusing was
conserved for up to 200 ns.

It should be noted that a 0.4–1-mm-thick tantalum target
is really thick for a 1.5 MeV beam. There is strong self-
absorption in the target of photons with energies below
300 keV. Thus, the ablation of the target surface can lead to an
increase in X-ray yield. However, it seems that the dynamics
of the X-ray spot during one pulse of the LIA is not affected
by ablation of the target. In our case, the estimate of energy
deposition in the target gives the expansion velocities in the
order of magnitude of millions of centimeters per second.
It should be taken into account that the energy deposition is
distributed over the beam pulse. Moreover, the transit time of
the unloading wave through the target material is only a few
times shorter than the pulse duration. Thus, we assume that
there is no substantial ablation of material during the beam
pulse. This is confirmed by the absence of any sharp change
in the behavior of the waveform corresponding to the total
X-ray yield during the pulse [see Fig. 2(a)].

It is not clear what temperature of the target should be
reached to have the surface cleaned. Apparently, the tem-
perature should be sufficiently high not only for removal
of adsorbed gases, but also for decomposition of persistent
compounds on the surface of the tantalum target and for
elimination of the gas dissolved in the surface layer of the
target. For this reason, a special series of experiments was
carried out. In that sequence of shots, an optimal mode was
chosen for cleaning the target surface. We used the detector
to control the quality of beam focusing on the target. During
this experimental run, two consecutive shots were made to the
same point on the target with a characteristic spacing of a few
minutes between them. The preparatory shot was made with
either full or weakened current in the final lens. The second
shot was always performed with a well-focused beam.

The main results of the experimental run are summarized
in Fig. 6. Each curve represents the signal of a pixel in

Fig. 6. Typical waveforms of the photocurrent from DAQ channels corre-
sponding to a center pixel. (a) Gray step plot: total X-ray output measured
without the pinhole; black solid line: beam current measured by the current
transformer. (b) Black curve: shot on the point preheated by 10 pulses of
an unfocused beam, gray curve: shot on the unpretreated 1-mm-thick target.
(c) Black curve: shot on the pretreated 1-mm-thick target; gray curve: shot
on the unpretreated 1-mm-thick target. (d) Black curve: shot on the pretreated
0.4-mm-thick target; gray curve: shot on the unpretreated 0.4-mm-thick target.

the center area of the detector with the maximum intensity
in the corresponding shot. These curves were additionally
normalized to the maximum amplitude in that experimental
run. The curves for the total X-ray and LIA current in Fig. 6(a)
are the same as in Fig. 2(a), to illustrate the total duration of
the accelerator pulse. Fig. 5(b) shows two shots on the 1-mm-
thick target. The gray curve is a shot on the unpretreated (that
is, not preheated) target. The black curve shows a change in
beam dynamics due to preheating the target with a strongly
defocused beam. The current in the final lens was decreased
so that the beam focus on the target was several centimeters
in size. Then a sequence of several tens of shots with a
frequency of 0.5 Hz was performed. Such preheating causes
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Fig. 7. Beam center position versus time for shots presented in Fig. 6(d).
Dotted line: vertical direction; solid line: horizontal direction. Gray curves:
beam center position as in Fig. 3; black curves: beam center position with the
pretreated 0.4-mm-thick target.

Fig. 8. Sequence of snapshots of the beam focus on the target from 0 to
260 ns, with 20-ns exposure. The shot to the pretreated 0.4-mm-thick target.

only minor changes to beam spot dynamics. An increase in
the heating of the target by the pre-shot had virtually no
effect before the target started melting. If the power density
in the pre-shot was sufficient for solidified molten matter to
appear on the target surface [Fig. 5(c)], it was concluded that
the stability of the second shot was substantially improved.
No further improvement in focusing during the preshot had
any noticeable effect on the dynamics of the second shot. It is
important to note that the cleaning effect persisted for several
hours. It seems that the adsorption of gases on the melted
tantalum surface was slow, because the residual vacuum in
the accelerator was maintained at 10−8 Pa.

Fig. 6(c)–(d) shows the intensity of a center pixel after
successful cleaning of two targets, one 0.4 mm and another
1 mm thick. Compared to the case presented in Fig. 6(b), the
focus of the beam remained stable for a longer time. Cleaning
also affects the dynamics of the position of the beam focus
center (see Fig. 7, black curves). When the target is cleaned,
the focus is virtually not drifting.

It is possible to obtain a well-focused beam on the target
within 160–200 ns. This is illustrated in Fig. 8 describing
the shot on the pretreated 0.4-mm-thick target. As can be
seen, the duration of stable focusing increased more than
twofold due to cleaning. However, the signal is still shorter
than the signal of the total X-ray yield. Defocusing at times
exceeding 200 ns might be associated with the formation of
backstreaming ions of tantalum.

It should be noted that successful cleaning of the target does
not require intense ablation, for which reason no noticeable
decrease in the thickness of the target material is required

either. Again, the cleaning effect lasts a finite time, which
depends on the vacuum conditions. After tens of hours,
the target was contaminated and the effect of target preparation
wore off. Thus, we believe that the cleaning effect is associated
with removal of surface impurities.

IV. CONCLUSION

A diagnostic to study the focusing dynamics of a
high-power electron beam on a metal target has been devel-
oped. The diagnostic makes it possible to obtain images of
the focal spot on a target with a 20-ns frame and a virtu-
ally unlimited total recording duration. Using this diagnostic,
the dynamics of the focal spot produced by an electron beam
from an LIA (1.5 MeV, 1.2 kA, 300 ns) was explored. With
these beam parameters, the effect of the target plasma and
the back stream of ions is the most pronounced. Despite
a careful preparation and cleaning of the tantalum targets,
the time during which a stable focus is observed does not
exceed 100 ns. Not only is the beam defocused, but also the
center of the spot drifts across the target surface.

The feasibility of additional cleaning of the target with a
pre-pulse was explored. It was shown that an LIA pre-pulse
allows the target surface layer to be purified. In order to
reduce the damage to the target, the pre-pulse focus spot
was increased. Beam focusing stability becomes substantially
improved if the pre-pulse causes melting of the target surface.
In this case, it is possible to obtain a stable beam focus that
will persist for up to 200 ns. However, for the last 100 ns
of the pulse the beam will stay defocused. Apparently, such
behavior may be explained by the formation of backstreaming
ions from tantalum itself.
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