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Abstract

The properties of an electron beam trapped and accelerated in a laser wakefield have been investigated. Plastic
scintillating fibers were employed together with position sensitive photomultiplier tubes (PMT) and a series of dipole
electro-magnets to study the beam. The measured momentum spectrum peaks around 7 MeV/c with an exponential
fall-off at high momenta up to (70.3 + 19.9) MeV/c. The number of electrons detected per bunch is determined to be
(2.6 £0.3)x 10", © 1999 Elsevier Science B.V. All rights reserved.

PACS: 29.27.Fh; 29.40.Mc; 52.75.Di

1. Introduction

Recent developments in the high-peak-power
lasers may revolutionize the technology for elec-
tron acceleration [1]. At the Center for Ultrafast
Optical Science (CUOS) in University of Michigan,
a technique termed “chirped pulse amplification”
has been employed to produce a table-sized laser
with a pulse duration of 400 fs and a maximum
energy of 2 J [2]. The peak power of this laser
reaches 5 TW, producing electromagnetic inten-
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sities exceeding 3 x 10'® W/cm?. This laser beam
impinges on a helium gas jet, creating a plasma by
tunneling ionization and exciting an electron
plasma wave through Raman forward scattering
instability. The electric field in such an electron
wave can accelerate electrons to a few GeV in one
centimeter in principle [3].

The development of table-top electron acceler-
ator is interesting to the electron scattering com-
munity since at large accelerator laboratories, total
particle acceleration distances are measured in
kilometers. At the CUOS facility, upwards of 10!
electrons are produced within a time window of 400
fs with a large photon background from interac-
tions in the vacuum chamber wall, the collimators
and the beam pipe. Conventional nuclear physics
detection techniques are not well suited for the
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study of such a beam. Therefore, the challenge was
to develop a specific diagnostic method to measure
the beam characteristics (beam energy, profile,
intensity, etc). Such a method is presented in this
paper along with the results obtained.

2. Description of the apparatus

The interaction between the laser pulse and the
gas jet occurs in a vacuum chamber evacuated to
~ 107! Torr. A fraction of the electrons produced
exit the chamber through an aperture of 2.54 cm
long and 7.63 cm diameter. The chamber is spheri-
cal with a radius of 59.7 cm. The detector was
aligned in the beam line behind the exit flange. To
shield against background radiation from particles
hitting the vacuum chamber walls and exiting any-
where else other than through the flange, a lead
wall of 119.4 x 119.4 x 10.2 cm® was erected around
the flange, isolating the detector from the chamber
as shown in Fig. 1.

The detector consisted of two arrays of plastic
scintillating fibers enclosed in a lightproof box.
Each array comprised sixteen fibers of 3 mm x
3mm x 150mm and was coupled to a position-
sensitive photomultiplier tube (Hamamatsu H6568)
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which has 16 independent input and output chan-
nels. During the measurements of the spatial profile
of the beam, the two scintillator arrays were joined
to form a single array of 32 fibers which was then
placed behind the lead shielding to cover the entire
area of the flange (item 5 of Fig. 1). The 32 output
signals were sent to Analog-to-Digital Converters
(ADC, LeCroy 2249A) which were gated by a signal
synchronized with the laser pulse. The readout and
the on-line analysis were carried out with a data
acquisition system designed specifically for this
project [4].

The rest of the detector consisted of a collimator
(1 cm in diameter, ~ 10 cm long), and three dipole
electro-magnets, each having 12.6 cm effective
length, 2.7 cm gap and a field integral of 4200
Gauss-cm at a current of 4 A. During the measure-
ments of the momentum distribution, one of the
scintillating fiber arrays was positioned behind
a lead collimator at 6° from the axis of the electron
beam propagation defined by the first collimator.
The other fiber array detector was placed at zero
degree, also behind a lead collimator as shown in
Fig. 1 (items 13). Both detectors were at 130 cm
from the flange. The momentum distribution of the
electrons was measured with the detector at 6° by
varying the current in the magnets, while undeflec-
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Fig. 1. A sketch of the experimental setup for the current scan. The beam pipe, not shown here, extended the vacuum from the flange to
the detectors. The pipe was made of two stainless steel tubes welded at an angle of 6°. The detector at 6° did not see the source (item 3).
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ted particles were detected by the fiber array at zero
degree. A stainless-steel beam pipe was attached to
the flange via a bellow which facilitated alignment.
The pipe was made of two tubes welded together at
an angle of 6°. When attached to the flange, the
beam pipe extended the vacuum along the 0° and
the 6° lines up to the entrance of the detectors
(items 13 of Fig. 1).

The laser was operated at a rate of once every
3 or 10 min depending on the laser energy. The low
repetition rate is necessary to cool the laser. The
time structure of the electron beam is similar to that
of the laser beam, i.e., the electron pulse duration is

~400 fs at the same repetition rate as the laser
pulse. In prior measurements [5], the electron
beam emittance was found to be ~ 0.5t mm - mrad
(10° x 8.5 um). The entire electron beam distribution
impinged on the detector within 400 fs resulting in
large energy depositions depending on the number
of electrons produced — a minimum ionizing electron
deposits ~ 600 keV in a 3 mm-thick plastic scintil-
lator [6]. For this reason, the fiber light output was
kept at the level which ensured the operation of the
PMTs in their linear regime: the fibers were polished
only at one end and they were grease-coupled to
the PMTs. They were still wrapped in aluminized
mylar to eliminate cross-talk. To measure the beam
characteristics, we calibrated the detector with min-
imum ionizing electrons from a radioactive source.
The ratio of the detector response to the beam and
to the source is then the equivalent number of
minimum ionizing electrons in the beam.

The background in this experiment was made of
secondary particles (electrons, positrons and
medium energy photons) from electromagnetic
showers or scattering in the collimators, the beam
pipe and the lead shielding. The structure of the
primary electron beam (very short pulse duration
and large emittance) rendered the suppression of
the background extremely difficult.

3. Detector calibration

Data were taken at different settings of applied
voltage on the PMTs and at different current
settings in the electro-magnets. For accurate nor-
malization, it was necessary to operate the de-

tectors in their linear regime, and to understand the
detector efficiencies as a function of applied voltage.
The plastic fibers (F) were sandwiched between two
plastic scintillator detectors (S1 and S2). Particles
from a 22®Th source placed on S1, traversed all the
three detectors. The efficiencies were measured as
the ratio of the rates S1-F-S2 and S1-S2. The
results are shown in Fig. 2. The detector efficiencies
become uniform and converge to about 50% at
voltages between 650 and 900 V. However, the
detectors were operated between 400 and 800 V be-
cause large fluctuations in the number of electrons
sometimes saturated the ADCs, especially at higher
applied voltages.

It was necessary to verify the linearity of the
system in order to normalize the data taken at
different voltages. The linearity was measured as
the response of the fiber detectors to minimum
ionizing electrons from the source at different
applied voltages. As shown in Fig. 3, both detec-
tors are linear between 500 and 800 V where most
of the data were taken. Below 500 V, the responses
were too small to be measured with good precision
even after amplifications. Therefore, we extrapo-
lated these linearity curves for the data taken at
400 V.

The field as a function of current was measured
at the center of each magnet and the results are
shown in Fig. 4. The central momentum P,
corresponding to the current setting was estimated
from

03x1073

Py(MeV/c) = 0o (rad)

f BdI(kG cm) (1)

assuming a uniform field in the region of the par-
ticle trajectory that was consistent with a deflection
of 8, = 6°. The equivalent number N of minimum
ionizing electrons observed in the detector is given
as

S_
N:(QO X’i’ @)

where (S — B) is the background subtracted de-
tector signal, ¢ is the efficiency of the detector and
Qo is the detector response to minimum ionizing
electrons from the 2*®*Th source.
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Fig. 2. Efficiencies of the arrays of plastic scintillating fibers used as a function of applied voltage. Each detector consisted of 16 fibers
viewed by a position sensitive PMT with 16 independent input and output channels.
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Fig. 3. The linearities of the detectors as a function of voltage.

The detectors were operated between 400 and 800 V during
these measurements. The data are shown on a log-log scale.

4. Spatial distribution

We measured the spatial profile of the electron
beam at the flange by connecting both detectors

side by side to form a single array of 32 plastic
scintillating fibers. The detector was placed just
behind the lead shielding (item 7 of Fig. 1, 69.7 cm
away from the electron source). This arrangement
allowed only the measurement of the horizontal
profile of the beam. When the entire face of the exit
flange was shielded, we observed no response from
the detector above discrimination level set slightly
higher than the detector noise level (the average
count in the ADCs was 50 channels, i.e., the level of
the ADC pedestals). This demonstrated the effec-
tiveness of the lead shielding in eliminating par-
ticles which exited the vacuum chamber at places
other than through the flange. The response of the
detector at the flange is fitted to a function of the
form

g(x) = acos*(b(x —c)) +d (3)

which should describe the profile of the flange as
seen by the detector assuming a uniform back-
ground (the parameter d of Eq. (3)). The result is
shown in Fig. 5. The diameter of the flange was 76.2
mm while the detector covered an effective distance
of 96 mm. Therefore, the plastic fibers at the posi-
tions |x| > 38.05 mm should not have fired. The
spectrum of Fig. 5 suggests that the exit flange was
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Fig. 4. The field strength at the center of the magnet as a function of current for each of the three dipole magnets used.
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Fig. 5. The measured horizontal spatial distribution at the exit of the interaction chamber. For this measurement, the detectors were
arranged to form a single array of 32 plastic fibers placed behind the lead shield (Fig. 1). The solid line is a cos? fit to the data showing the
expected profile assuming a uniform background. Data taken at two different settings of the laser energy E, show essentially the same
distribution.
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Fig. 6. The profile of the 1-cm diameter collimator as seen by the single array of 32 plastic fibers. In this measurement, the detector was
installed behind the collimator (items 8 and 9 of Fig. 1). The solid curve is a cos? fit of the form given by Eq. (3). The peak is off-centered

because of detector misalignment.

not a good collimator: secondary particles from
showers and scattering were not suppressed effec-
tively and contributed significantly to the response
of the plastic fibers positioned at |x| > 38.05 mm.
Indeed, we placed the entire 32 plastic fibers as
a single detector just behind the 1-cm diameter
collimator (items 8 and 9 of Fig. 1, 10 cm long). The
response of the detector showed the profile of the
collimator as seen in Fig. 6. Here, much of the
background was eliminated but, the plastic fibers
outside the effective area of the collimator still
detected some scattered or shower particles inside
the collimator — the average count in the ADCs of
the outside plastic fibers (|x| > 38.05 mm) was 100
channels as opposed to 50 (ADC pedestal) for the
null experiment when the face of the exit flange was
entirely shielded. One would extract the profile of
the beam from the data of Fig. 5 by a deconvolu-
tion of the collimator effects given by Eq. (3) which
assumes a uniform background. Such a procedure
leads to a beam profile which is not significantly
different from Fig. 5 and could be interpreted as
being uniform.

5. Energy spectrum with degraders

The energy distribution was first measured with
passive aluminum degraders of various thicknesses
inserted in the electron beam just upstream of the
detector positioned against the lead wall (item 7 of
Fig. 1). The degraders were inserted in the air gap
(item 6). Each degrader thickness X; (cm) corres-
ponds to a threshold energy E; which is the
minimum energy that an electron must possess to
traverse the degrader and arrive at the detector. As
the thickness of the degrader was increased, fewer
electrons arrived at the detector and the charges (as
measured in the ADCs) decreased accordingly.
Table 1 shows the degrader thickness X;, the corre-
sponding threshold energy E; (MeV), and the num-
ber of electrons observed above the energy E;. The
values of E; were obtained from the range of elec-
trons in aluminum [5]. The critical energy of alumi-
num is 51 MeV. Therefore, for the thicknesses
shown in Table 1, the dominant process of energy
loss is ionization, except for X; = 7.62 and 10.16
cm. For each degrader inserted in the beam, the



K.A. Assamagan et al. | Nuclear Instruments and Methods in Physics Research A 438 (1999) 265-276 271

Table 1

The absorber thicknesses X; (cm), the threshold energies E;
(MeV), the normalized number of electrons N;(E > E;) with
energy E > E;, the mean energies E; and the normalized number
of electrons per MeV n;(E;)

X;(cm) E (MeV) N(E>E) E (MeV) ny(E)
0.000 0.00 723 % 10°

0.23 7.58 x 10°
0.079 045 591 % 10°

0.68 10.16 x 10°
0.159 0.90 4.28 % 10°

1.16 1.97 x 10°
0.238 141 3.18 x 10°

1.62 1.14x 10°
0.318 1.82 2.68 x 10°

2.02 091 x 10°
0.397 2.22 1.09 x 10°

243 0.53 x 10°
0476 2.63 0.86 x 10°

2.83 0.35x 10°
0.556 3.03 7.03 x 10°

323 0.17 x 10°
0.635 343 0.63 x 10°

5.01 0.07 x 10°
1.270 6.70 0.52x 10°

9.90 0.09 x 108
2540 13.10 0.46 x 10°

16.35 0.15 x 108
3.810 19.60 3.54x 10°

25.30 0.04 x 108
5.080 31.00 294 x 10°

40.30 0.03 x 108
7.620 49.50 247 x 10°

59.80 0.01 x 108
10.160 70.00 220 x 10°

number of electrons N;(E > E;) was extracted ac-
cording to Eq. (2) but without background subtrac-
tion. From the N;(E > E;)s, the differential
numbers of electrons were obtained

Ni(E>E;)) — Ni(E> E;y)

(E.) = 4
m(E) o @
with

~  E +Ei+y
E =

== 5
and
AE,' _ Ei+ 12_ El (6)
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Fig. 7. The differential energy distribution measured with the
aluminum degraders. Above ~ 0.5 MeV, the spectrum follows
two exponentials with different slopes. The bottom panel is the
same the top one but on a semi-log scale. The data taken with
the degrader gave an idea on the beam characteristics and this
was necessary for the design of the arrangement of Fig. 1, in
particular the dipole magnets.

The energy distribution was obtained by plotting
n(E;) as a function of E; as shown in Fig. 7. The
data can be represented by the sum of two ex-
ponential functions and the distribution comprises
mostly low energy electrons. The rate shown
Fig. 7 is not necessarily the same as that of Fig. 5:
the two data sets were taken with the detector
positioned against the lead wall but at different
times. Some parameters of the wakefiled acceler-
ation (gas jet or laser properties) may have changed
resulting in the change in the electron production
rate.

The major difficulty with the absorber method is
the production of secondary particles by electron
bremsstrahlung in the aluminum. From the
measurement of the spatial profile of the beam as
shown in Fig. 5, the detector, positioned against the
lead wall, already saw considerable amount of
background from scattering in the flange. Further-
more, the insertion of degrader also changes the
original distribution because of multiple scatterings
and energy losses. Therefore, it was necessary
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to study the beam characteristics with minimal
interference with the original beam. The data from
the degrader method did yield some understanding
of the energy distribution and the highest electron
energy in the beam, and this was necessary for the
design of the apparatus of Fig. 1, in particular the
dipole magnets.

6. Momentum distribution

We used the set-up of Fig. 1 to measure the
number of electrons in the detectors placed at 0°
and 6° (items 13) with respect to the nominal beam
axis as a function of the current in the dipole
magnets. Each detector had 16 plastic fibers, i.e.,
a coverage of 4.8 cm while the inside diameter of the
beam pipe was 1 cm.
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Two null tests were performed before the current
scan itself: first, the flange was completely shielded
out and we observed no response from the detector
above the ADC pedestals. Secondly, with the ar-
rangement of Fig. 1, we set the current in the dipole
magnets to zero. This measurement set scale of the
background in the detector at 6° whose response
was of interest during the current scan. This back-
ground was due to re-scattered or electromagnetic
shower particles (medium energy photons) which
are difficult to stop.

For each setting, we recorded the set current and
the field strength at the center of each magnet. The
detector at 6° measured the number of particles
with momentum P, given by Eq. (1). The undeflec-
ted particles were counted in the detector at 0° and
served as a cross-check for our measurements. At
a current setting of 0 A, all the particles were
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Fig. 8. The momentum scan showing the response of the detectors as a function of the current setting in the dipole magnets. Here,
the current settings varied between zero and one ampére. The solid, dashed, dotted and dash-dotted lines correspond to 0.25, 0.5, 0
and 1 A current settings, respectively. At 1 A and above, we registered pulse heights smaller than the detector response at 0 A.
This is because the momentum distribution is dominated by low energy electrons which are swept away at higher (> 1 A) current

settings.
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expected in the 0° detector. However, because of
scatterings in the collimators and in the beam pipe,
a signal was seen in the 6° detector. As the current
setting was increased, the pulse height in the 0°
detector decreased with respect to the 0 A setting as
expected while an increase in the response of the
other detector was observed up to a current setting
of 0.5 A. At 1 A and above, we registered in the
detector at 6° pulse heights smaller than the de-
tector response at 0 A as shown in Figs. 8 and 9.
The peaks (corresponding to different current set-
tings) in these figures are stable. This suggests that
the data in Figs. 8 and 9 are a real momentum
distribution instead of re-scatterings. Above the
current setting of 4.5 A, the signals in both de-
tectors disappeared and a uniform response was
observed. These observations suggest that the mo-
mentum distribution comprises mostly low-energy
electrons ( < 0.5 A). At current setting above 1 A,
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the low-energy electrons are swept away resulting
in smaller pulse heights in the detector at 6° as
observed.

The signals in these figures are riding on substan-
tial backgrounds coming from re-scatterings and
electromagnetic showers. The subtraction of this
background was performed by fitting the detector
response with a function that is a linear combina-
tion of a Gaussian (the signal) and a polynomial
(the background) as shown in Fig. 10. In most cases
(Figs. 8 and 9 for instance), the assumption of
a uniform background did not result in good fits.
The momentum distribution is shown in Fig. 11.
The distribution peaks around 7 MeV/c (0.5 A)
with an exponential fall-off at higher momenta.

We replaced the stainless-steel pipe with a PVC
pipe to reduce the scattering efficiency but the main
results remained unchanged. This indicates that the
scattering at 6° was not a major problem.
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Fig. 9. The momentum scan showing the response of the detectors as a function of the current setting in the dipole magnets. Here,
the current settings varied between 3 and 4.5 A. The solid, dashed and dotted lines correspond to 3.0, 4.0 and 4.5 A settings,
respectively. At 4.5 A and above, the signal disappears and one sees only a uniform background. The right panel corresponds to the

detector at 0°.
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7. High-momentum endpoint

The highest momentum in the beam was esti-
mated from the fit to the data of Fig. 11 to be
P... =(32.5 + 6.7) MeV/c. The actual endpoint is
higher; P, is simply the value at which the back-
ground became so large that it was difficult to ob-
serve any statistically meaningful signal in the
detector at 6°. At the current setting corresponding to
40 MeV/c, we observed some 219 events in the de-
tector at 0°. These events are higher-energy electrons
with some photon contamination. Assuming that all
these events are electrons and that the distribution
beyond 29 MeV/c is also exponential such that

f Co exp(Cy (P — 29))dP = 219 + /219 (7)
9

2

we estimated the endpoint momentum to be
P = (703 + 19.9) MeV/e.

8. Number of electrons in the beam

The average total number of electrons in a beam
bunch can be estimated by integrating the spectrum
of Fig. 11:

N = j “[(P)dP = (5.5 + 0.6) x 10%, ®)
0

However, N, is the number of electrons per
bunch at the second collimator (item 12 of Fig. 1).
The number of electrons Ny at the flange (item 5
of Fig. 1) scales as the ratio of the solid angle @
of the flange, (7.62 cm diameter, 69.7 cm away
from the source) to the solid angle Q. of the
collimator (1 cm diameter, 199.7 cm from the
source), i.e.,

Q
Ny =—tNy = (2.6 +03)x 10'",

o ©)
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Fig. 11. The measured momentum distribution peaks around 7 MeV/c and falls exponentially at higher momenta. (a) The data are
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One can also estimate the number of electrons at
the flange N1 by integrating directly the distribu-
tion of Fig. 5:

NT=JguMX=63i0®xm“. (10)

The discrepancy between these two methods (Egs.
(9) and (10)) is due to the fact that the background
was not subtracted from the spatial distribution
¢g(x) shown in Fig. 5.

9. Conclusions

We conducted a series of measurements with the
aim to characterize the electron beam produced in
the interaction of a high-power laser with a gas jet.
We developed an acquisition system suited to the
structure of the beam — the beam pulses were 400 fs

long with a repetition rate of 3-10 min, with a large
photon background. The detector consisted of plas-
tic scintillating fibers viewed by position sensitive
PMTs, dipole magnets, collimators and the readout
electronics. The insertion of passive aluminum
degraders in the beam revealed that the energy
distribution consists of low-energy electrons and
that the distributions can be represented as the sum
of two exponential functions of different slopes. We
also performed a current scan from which we ex-
tracted more accurately the momentum distribu-
tion and the highest electron energy in the beam.
By calibrating the response of the scintillators with
minimum ionizing electrons from a radioactive
source, we estimated the equivalent number of min-
imum ionizing electrons per beam bunch to be of
the order 10!, However, this number is obtained
outside the interaction chamber (~60 cm away
from the interaction point, ~8 cm-diameter).
Therefore, the actual number of electrons produced
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may be higher. The momentum spectrum shows
a peak around 7 MeV/c with a higher energy ex-
ponential tail up to ~70 MeV/c. We also measured
the response of the detector at the exit of the inter-
action chamber. The spatial profile of the beam can
be extracted from this measurement by deconvolv-
ing the effects of the exit flange which collimated
the beam. This procedure leads to a distribution
not much different from the measurement itself and
can be interpreted as being uniform. A better know-
ledge of the spatial distribution requires a sup-
pression or a better understanding of the
background (Monte Carlo studies). Several im-
provements are being investigated currently for
a precision measurement of the beam character-
istics. Furthermore, improvements are underway in
the wakefield production and acceleration system
for the delivery of mono-energetic electrons at
higher energy than has been observed thus far and
at a higher duty cycle.
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