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Electron channeling radiation experiments at very high electron bunch charges
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Plasmas offer the possibility of high acceleration gradients. An intriguing suggestion is to use the higher
plasma densities possible in solids to get extremely high gradients. Although solid-state plasmas might produce
high gradients they would pose daunting problems. Crystal channeling has been suggested as one mechanism
to address these challenges. There is no experimental or theoretical guidance on channeling for intense electron
beams. A high-density plasma in a crystal lattice could quench the channeling process. An experiment has been
carried out at the Fermilab NICADD Photoinjector Laboratory to observe electron channeling radiation at high
bunch charges. An electron beam with up to 8 nC per electron bunch was used to investigate the electron-
crystal interaction. No evidence was found of quenching of channeling at charge densities two orders of
magnitude larger than that in earlier experiments.

DOI: 10.1103/PhysRevA.68.062901 PACS number~s!: 61.85.1p, 52.40.Mj, 61.80.Cb, 52.38.Hb
s
o

ts
r

in

r
, f
.
a
o
a

al
e

es
a
e
th
w

da-
d.
ra-

mi-
ex-
ling

ions
stal.
ns

nec-

on

tor
so
the

V-
ders
e.

cel-
ho-
The
.4

ec-
rge
ron
the
the
the

c-
ra-

. O
s

TA
ce

-
,
s

I. INTRODUCTION

Recently there has been interesting progress in studie
plasma acceleration in gas@1#. This has been due in part t
the development of terawatt laser technology@2# about 15
years ago. Gas plasmas have already delivered gradien
the 1 GV/cm range@3,4#, one to two thousand times highe
than RF cavity gradients. Since accelerating gradients
plasma are approximately given byAn V/cm, wheren is the
plasma density, plasmas in solids can potentially deliver g
dients 100 times higher than gas plasmas. For example
n51022/cm3 in a solid, the gradient would be 100 GV/cm

At the plasma densities required for acceleration there
severe material limitations. This has led to speculation ab
utilizing channeling@5# as an adjunct to solid-state plasm
acceleration@6#. Channeling could mitigate the materi
problems and perhaps also introduce focusing to prev
beam blowup from multiple scattering. At the intensiti
needed for solid-state accelerators there will be signific
channeling problems since the crystal lattice will be sever
disturbed or the whole crystal may even be vaporized. As
bunch intensity rises energy loss and plasma generation
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the concomitant rise in crystal disorder will cause degra
tion in channeling@7# so that channeling might be quenche

If channeling is to be considered for solid-state accele
tion, more information is needed on the character and li
tations of channeling under extreme conditions. Although
isting channeling theory can serve as a guide, no channe
studies have been done under the nonequilibrium condit
that couple intense electron-beam energy loss into a cry
Understanding of the behavior of solids under the conditio
required for acceleration is in its early stages@8#. These pro-
cesses are complicated but have been investigated in con
tion with terawatt laser technology and pellet fusion.

A systematic study of channeling with increasing electr
bunch charge was carried out at Darmstadt@9,10# using the
superconducting Darmstadt electron linear accelera
S-DALINAC @11#. A planar channeling experiment has al
been done at relatively high bunch charge at Stanford on
Stanford Mark III accelerator@12#. Both groups investigated
channeling radiation from electron beams in the 5–30-Me
energy region. The experiments, however, were some or
of magnitudes away from the plasma acceleration regim

The new Fermilab A0 Photoinjector@13# produces a
bunch intensity high enough to approach the plasma ac
eration regime more closely. The injector uses a laser to p
toproduce the intense, picosecond-long electron bunch.
accelerator typically operates with a kinetic energy of 14
MeV. An experiment has been carried out at the photoinj
tor to observe channeling radiation in the high bunch cha
regime. The radiation was studied as a function of elect
bunch intensity to investigate whether it quenched as
bunch intensity was increased. If crystal disorder reached
stage where channeling was quenched or extinguished
channeling radiation signal would diminish or disappear.

II. EXPERIMENT

Channeling radiation is straightforward to observe. Ele
trons moving along a crystal plane or axis oscillate and
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diate in much the same way as they do in a synchrotr
After the electron beam passes through the crystal it is
flected by a magnet. The undeflected channeling radiatio
detected by an x-ray detector. In the relativistic regime
‘‘line energy’’ of the radiation goes asg3/2 whereg is the
Lorentz relativistic factor@14#. For electron beams at the A
photoinjector the channeling x-ray energies are in the 10-
keV range. Channeling x rays were separated from o
sources such as bremsstrahlung by scanning the cr
through the characteristic channeling angular distribut
that has a width related to the Lindhard critical angle. T
expected channeling radiation x-ray yield per electron for
is on the order of 1024. For the experiment at A0 there wer
characteristically 531010 electrons in a bunch so that the
were of the order 53106 channeling x rays per bunch. Thes
were concentrated in a cone that had an angular half-widt
1/g or 30 mrad. In a picosecond-long pulse 105 photons
struck a 125-mm2 detector 1.47 m downstream of the cryst

Figure 1 shows a schematic drawing of the Fermi
channeling radiation apparatus at A0. This setup consiste
a crystal mounted in a remotely controlled goniometer
spectrometer magnet to deflect the electron beam, an
x-ray detector system. Beam current was measured with
integrating current transformer~ICT! and a Faraday cup. Th
20-mm thick, 25-mm diameter Si crystal was obtained fro
Virginia Semiconductor. It was mounted with the^100& axis
along the beam line and the~110! planes in the horizonta
and vertical directions, respectively. The goniometer had
angular degrees of freedom,Qx and Qy , i.e., the crystals
could be rotated around a horizontal and a vertical axis p
pendicular to the beam axis, respectively. The goniom
design was dictated by the requirements of the photoinje
dust-free, very high vacuum system.

A. Photoinjector beam

The A0 photoinjector normalized rms beam emittan
with 6 nC/bunch was typically«n512 mm mrad for the ex-

FIG. 1. A0 channeling radiation apparatus at Fermilab. T
electron beam with bunch charges of up to 8 nC was provided
the photoinjector and typically had a kinetic energy of 14.4 Me
The AberX and AberX-Lite detectors and the Faraday cup w
surrounded by lead shields. Here ICT stands for integrating cur
transformer. The S1 port housed one of the view screens for Ab
Lite.
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periment@15#. This was in line with simulations using th
program HOMDYN @16#. The emittance depends on bunc
charge and is proportional to bunch charge plus a small
trinsic part. The beam-spot size at the crystal was typica
0.5 mm (s) so that the corresponding angular divergen
was 0.7 mrad at 6 nC. This is somewhat smaller than
axial channeling critical angle which is aboutcc52.4 mrad
for the Si ^100& axis at A0 energies obtained from extrap
lating Darmstadt data@17# taken at 6.7 MeV. The bunch
length for a 5-nC bunch measured using a streak camera
typically s t57 ps.

B. X-ray detectors

Conventional single x-ray detectors do not work in t
extremely high x-ray flux environment of the A0 photoinje
tor. Instead two special x-ray detector systems were u
One employed an absorption-based, energy-resolved x
detector~AberX! that used a Ross filter@18# and a lens-
coupled scintillating screen–charge-coupled device~CCD!
system. This detector was developed by Freudenberger@19#
to study its feasibility for mammography. The Ross filt
technique takes advantage of theK edge absorption of x rays
by thin metallic foils. An A0 channeling radiation result ob
tained with that detector has already been discussed@20#.
The second scheme, the so-called AberX-Lite system,
placed the CCD screen with one or two photomultipliers
achieve a faster response time.

1. The AberX detector

The AberX detector system is shown in Fig. 2. X ra
were detected in AberX by means of a thin fluorescent x-
foil or scintillator that converted the incoming x rays in
visible light. The image of this foil was then focused on to
CCD camera by an optical lens system. The CCD area
surrounded by lead shielding as well as lead glass that

e
y
.
e
nt
-

FIG. 2. AberX CCD x-ray detector system. After passing t
Ross filter the x rays were converted by means of a terbium-do
gadoliniumoxisulfide foil into visible light with a wavelength o
545 nm that was focused onto a CCD camera. Using the nine
ferent absorber foils of the Ross filter system enabled the detec
of x rays from 9 to 26 keV with an energy resolution of 1–3 ke
1-2
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tected against scattered x rays. Variable exposure times c
be selected with a mechanical shutter. The CCD readout
carried out at a low pixel rate of 100 kHz for optimum noi
suppression.

The 40-mm thick fluorescent x-ray converter foil o
Terbium-doped gadoliniumoxisulfide Gd2O2S:Tb has the
largest conversion rate known for photons. For the foil ab
19% of the energy of the absorbed x rays is emitted in
form of photons with an average energy of 2.2 eV cor
sponding to a wavelength of 545 nm. This resulted in
energy dependent photon conversion rate, for the foil, of

jF~E!5
Np~E!

N~E!
50.19~12tGd!~E/2.2!, ~1!

whereNp(E) and N(E) represent the emitted photon yie
and the incident x-ray flux, respectively,tGd denotes the
x-ray transmission probability of the Gd2O2S:Tb foil andE
the x-ray energy in eV. A symmetric lens system with a n
merical aperture ofXNA50.25 mapped the intensity distribu
tion in full scale to a front-illuminated, low noise, slow sca
CCD camera (XNA5D/2f , where D denotes the effective
diameter of the lens andf its focal length!. The CCD system
utilized a screen with an array of 5123512 pixels. Each
pixel was of size 24mm324 mm. The fraction of the light
per solid angle collected by the CCD lens system was

jL5
1

2 S 12
1

A11XNA
2 D . ~2!

The quantum efficiency of the CCD camera wasjCCD
50.28 at 550 nm. The total efficiency of the AberX detec
depended on the properties of the fluorescent screen,
light transport, and the quantum efficiency of the CCD ca
era. The overall detector response was

jA~E!5jFjLjCCD , ~3!

so that jA595030.014930.2854 which meant that four
photons emitted by the screen per incoming x ray of 25 k
were registered by the CCD.

The detector array described so far was sensitive o
with respect to the position of the x ray hitting the scintillat
foil. A Ross filter was mounted in front of the AberX detect
to obtain x-ray energy information and thereby determine
spectral distribution of the channeling x rays. The filter co
sisted of nine different absorber materials of different thic
nesses. The principle of the filter is shown in Fig. 3. T
transmission of x rays through the 25-mm niobium foil and
the 35-mm zirconium foil differed only in the range betwee
theK-absorption edges at 18.00 and 18.99 keV, respectiv
The difference in counting rate between the pixels cove
by Nb and Zr yielded the x-ray intensity in that energy wi
dow. The selection of the nine different absorber foils th
enabled the detection of x rays from 9 to 26 keV with
energy resolution of 1–3 keV in the energy region of t
expected channeling features of this experiment.
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The general system response was calibrated by compa
the measured x-ray response from a filtered 26-keV x-
tube. The energy response and relative yield were in g
agreement.

2. The AberX-Lite detector

The second approach employed x-ray detectors made
calcium tungstate scintillation films monitored by photomu
tipliers. Two versions of AberX-Lite were used at differe
times. One was positioned near the location of AberX~1.47
m downstream of the crystal!. This version used two photo
multipliers behind Ross filter foil pairs mounted on a rota
able wheel. A later version using a single phototube with
a Ross filter was located 1.01 m downstream of the cry
inside the accelerator vacuum pipe at the S1 vacuum
~Fig. 1!. For most of the measurements reported here,
Ross filter was not used so the detectors responded to a
the channeling radiation x rays up to several hundred k
Because of the nanosecond response, the photomulti
system had the advantage of bunch-to-bunch readout of
x-rays making it easier to measure dark current and subt
it. It is for this reason that this detector was used to coll
most of the data in the present work.

FIG. 3. Principle of the Ross filter. Upper panel, adjacentZ
transmission curves; and lower panel, detection by the CCD c
era. Since the transmission curves differ only between
K-absorption edges the difference in counting rate between the
els covered by the two foils yields the x-ray intensity in the ene
region between theK-absorption edges. The selection of differe
materials and thicknesses thus enables the system to act as an
spectrometer.
1-3
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The AberX-Lite detector system was calibrated in tw
separate ways. In one, the detector system was placed
monoenergetic x-ray beam with variable energy at the
gonne Advanced Photon Source~APS!. The x-ray flux was
measured with a calibrated ion chamber. The detector c
bration extended over a 12–92 keV region which includ
the tungstenK edge. This gave the absolute response of
detector as a function of energy and the calibration of
Ross absorber system. The detector response is shown in
4 as a function of x-ray energy in millivolts per x-ray photo
It is consistent with the detector scintillator thickness and
expected light yield of calcium tungstate up to the WK edge
at 69.5 keV. Beyond that the experimental response was
of the theoretical response, possibly due to something
optical photon leakage before conversion. The respons
the detector to x rays from axial channeling was calcula
by integrating the measured detector response times
channeling radiation spectrum, that is,

SL5FE
0

Em
N~E!jC~E!dE, ~4!

whereSL is the AberX-Lite yield,F is a constant determine
by the calibration,N(E) is the channeling radiation spec
trum, andjC(E) is the fit to the calibrated response. Th
channeling radiation distribution,N(E), was determined
from the 6.7-MeV Sî 111& data of Genzet al. @21# scaled to
14.4 MeV assuming the channeling radiation lines scaled
g3/2. Kumakhov and Wedell@14# suggest that the channelin
radiation lines should scale as 1/d whered is the interatomic
distance along the string. For Si^100&/Sî 111& this gives
1.29. The scaled 6.7-MeV Si^111& data was multiplied ac-
cordingly. The 16.9-MeV diamond̂100& data from Klein
et al. @22# scaled to 14.4 MeV matches the 6.7-MeV Si^111&
scaled data.

FIG. 4. Calibrated response of the AberX-Lite detector. T
calibration was carried out using monochromatic x rays with va
able energy at the Argonne Advanced Photon Source~APS! relative
to a calibrated ion chamber. The solid line represents the resul
a model fit to the points indicated by circles. The triangles above
W K edge were not used in the fit.
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In the second method the calibration was determined
integrating the x-ray yield over the bremsstrahlung spectr
for a random ~nonchanneling! orientation of the crystal.
While the two calibrations were consistent the bremsstr
lung technique was less accurate because nonbremsstra
contributions such as background were a significant par
the random signal. Only results based on the Argonne A
calibration are thus presented here.

Signal information from calcium tungstate was collect
using a digital oscilloscope. The scope integrated over
CaWO4 pulse, collected data from the integrating curre
transformer~ICT in Fig. 1!, and normalized the ICT signal to
get the charge. The scintillation light time distribution for th
CaWO4 has two time components; a short one with a tim
constant of 4ms and a stronger one with an 8ms decay. The
A0 photoinjector bunch train consisted of a series of las
driven pulses, each several picoseconds long, separated
or 2-ms intervals. There was a background of dark curr
pulses coming at the 1.3 GHz frequency of the RF. Typica
the amplitude of a dark current pulse was 102421025 of the
amplitude of a laser-driven pulse. The relative amplitudes
the two sets of pulses could be controlled by changing
laser-pulse intensity and the amplitude of the RF on the p
toinjector RF gun. Since the principal aim of the experime
was to observe the channeling signal as a function of bu
charge it was desirable to operate over as wide a rang
bunch charges as possible. This was done in two ways—
changing the laser intensity and by measuring the dark
rent yields. For the laser case care was taken to suppres
dark current by lowering the voltage of the RF gun and th
subtracting the residual by measuring the dark current
before the laser pulse and with no laser pulse. Typically m
surements were made on the first laser pulse in a train
averaged over 10 cycles~the A0 photoinjector operated at
Hz during the experiment!.

III. ANALYSIS

Data were taken by first scanning the goniometer throu
Qx andQy to find a plane, an axis, or a random orientati
of the crystal. Most of the random background was due
bremsstrahlung in the crystal. The ‘‘no crystal’’ backgrou
was typically 17% of the yield on axis since even a sm
electron or x-ray halo was amplified significantly because
crystal holder was more than 100 times the thickness of
crystal. Figure 5 shows typical scans through several pla
~left panel! and the^100& axis ~right panel! using AberX-
Lite. In the axial scan the crystal moved from the axis alo
a ~110! plane because these planes were oriented in the h
zontal and vertical directions.

A. AberX-Lite analysis

For AberX-Lite the axial peak~Fig. 5 right panel! was
fitted with two colocated Gaussians to account for the til
planar portion. One of the fitting Gaussians had a width (s)
of cam54 mrad while the second one had an amplitude
0.75 of the first and a width of 12 mrad. These parame
were determined by fitting a number of scans with the
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quantities as free parameters. The 4-mrad width of the p
cipal Gaussian in the axial scan curve is consistent with
axial critical angle convoluted with an error distribution
3.2 mrad (s). This resolution spread arose from contrib
tions from beam divergence, possible crystal distortions,
niometer vibration, and multiple scattering. The ratio of t
widths of the~100! and the~110! planes were consistent wit
the fact that the 45° planes were scanned diagonally.
ratio of planar heights to axial height is consistent with e
lier experiments. A fixed dilution multiplier ofcam /cc
51.66 was applied to the 4-mrad Gaussian to account
dilution due to the 3.2-mrad error distribution. A second m
tiplicative factor accounted for the fact that the actual ax
signal was larger than the sum of the two Gaussians bec
the fit included the effect of the plane in the scan direction
the random portion. That is to say, the actual height ab
the random background was larger than just the sum of
two Gaussians because the scan continued to follow a p
which contributed to the putative sloping background fit. T
averaged multiplicative correction factor for this effect w
1.23. A negative, charge-dependent correction was inco
rated to account for the dark current contribution to the ax
peak height.

Contributions to the errors arose from the deviations
the fit to the scan curve including the axial line and ba
ground portion, the error on the dark current yield determ
nation, and the deviation of the charge measurement. T
cally for bunch charges greater than 5 nC the contributi
for the peak fit, the charge measurement, and the dark cu
were comparable. However, for smaller charges the dark
rent error became the dominant contribution so that the e
bars are substantially larger at small chargeQ. Below 1 nC it
was impractical to make a useful measurement becaus
this effect. Those points have been omitted. Obviously
dark current corrections were required for the dark curr
measurements.

Systematic errors~not shown in the figures! arose from
uncertainty concerning the crystal thickness, uncertaintie
approaches to the Argonne detector normalization, and
certainties about how to treat the impact of resolution spre

FIG. 5. X-ray yields for planar~left panel! and axial ~right
panel! scans obtained from a Si crystal in the 14.4-MeV electr
beam. The quantitiesQx andQy describe the rotation of the crysta
around a horizontal and a vertical axis perpendicular to the b
axis, respectively. The yields were measured using the AberX-
detector. The solid line fitted to the axial spectrum results from
double Gaussian fitting function as explained in the text.
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ing on the axial peak. None of these was strongly depend
on the bunch charge. No correction was made for x-ray
sorption in the crystal since it was small when integra
over the x-ray energy distribution.

Figure 6 shows the axial x-ray yield per steradian elect
at T514.4 MeV as a function of bunch charge~nC! for the
A0 AberX-Lite axial measurements. The figure includes bo
laser ~open diamonds! and dark current~filled diamonds!
measurements. These results are for the total x-ray yield
tegrated over x-ray energy. These data illustrate the beha
over a range of bunch charges with the same material
orientation. Within the error bars the yield is essentially fl
over five decades.

B. AberX analysis

The intensity through the AberX system was determin
by measuring the image density behind each of the R
filter elements. The signalSAi , the number of optical
photons/x ray for the ith filter, was then

SAi5E
0

Em
N~E!t i~E!jA~E!dE, ~5!

whereN(E) is the channeling radiation spectrum~the num-
ber of x rays per unit x-ray energy for the exposure!, t i(E) is
the transmission of thei th Ross filter element, andjA(E) is
the light yield from Eq.~3!. The transmission difference be
tween a set ofK edges is given by

DSA;N~Ē!jA~Ē!E
EK,i 21

EK,i
@t i~E!2t i 21~E!#dE. ~6!

The x-ray yield is then

m
te
a

FIG. 6. Axial channeling radiation yield~x-rays/sr e2) as a
function of bunch charge at A0 obtained with the AberX-Lite d
tector. The open diamonds represent the data obtained with th
gun laser on, that is, from channeling radiation produced by la
induced photoelectrons. The filled diamonds show the data po
resulting from the exposure of the crystal to electrons due to th
gun dark current only.
1-5
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CARRIGAN et al. PHYSICAL REVIEW A 68, 062901 ~2003!
N~Ē!;
DSA

jA~Ē!Ti ,i 21

, ~7!

where

Ti ,i 215E
EK,i 21

EK,i
@t i~E!2t i 21~E!#dE. ~8!

For the highest point in the AberX channeling radiati
spectrum atE5(2560.5) keV Eq. ~7! gives N(Ē)5(4.2
60.8)31026 photons/bunch. The charge of the electr
bunch amounted to 1.7660.1 nC so that the number of elec
trons per bunch was (1.1060.06)31010e2/bunch. The error
quoted is caused by the uncertainties of the light efficie
of the AberX converter screen, the CCD efficiency, and
solid angle.

IV. RESULTS

Figure 7 illustrates the x-ray yield per bunch integrat
over solid angle as a function of electrons/bunch for a 1
energy band around the peak of the channeling x-ray s
trum. Both the A0 measurements and earlier high bu
charge experiments at Darmstadt and Stanford are inclu
The logarithmic plot illustrates the very wide dynamic ran
in bunch charge spanned by the experiments. The x-ray y
increases linearly over more than 10 decades. The A0 m
surements have extended the bunch charge reach by
than a factor of 100. The filled circles@9# are Darmstadt data
for a 50-mm diamond crystal taken at 5.4 MeV with th
beam aligned on thê110& axis. The filled triangle is a Stan

FIG. 7. Channeling radiation yield~x-rays/bunch in a 10%
band! over a 12-decade span of bunch charge. The present dat
represented for the AberX-Lite detector by open and filled d
monds obtained for axial channeling from Si with the laser on a
with dark current, respectively, and for the AberX detector as in
cated by the open triangle for planar channeling. The filled circ
@9# result from an earlier measurement of axial channeling in
diamond crystal with electrons of 5.4 MeV and the filled triang
@23# from planar channeling in a Si crystal at 30 MeV. All poin
have been scaled toT55.4 MeV.
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ford Si ~110! planar point@23# taken at 30 MeV.~In fact, the
theoretical value for the 1-0 transition was used since th
was no experimental measurement for that line. However
rest of the experimental and theoretical spectrum was in
agreement.! The Stanford crystal was 15-mm thick. The yield
has been scaled to the 5.4-MeV Darmstadt points by mu
plying by the ratio ofg1/2 for the two energies to account fo
the lower channeling radiation yield integrated over so
angle at 5.4 MeV. The Stanford yield was also multiplied
an appropriate solid angle factor. The yield over a 10%
ergy band was found by integrating the Stanford data.
correction was made to take account of the fact that the S
ford measurement was for planar Si rather than axial d
mond. The open diamonds are the A0 AberX-Lite las
points for Si^100&. They have been scaled from 14.4 Me
to 5.4 MeV usingg1/2 and divided by a factor of 13.5 to give
the yield in a 10% energy band rather than the total x-
yield. The filled diamonds are the dark current measureme
for A0 AberX-Lite treated in the same way. The planar A
result using the AberX detector is shown as an open trian
It has also been energy scaled to the Darmstadt 5.4-M
results. No correction was made to take account of the
that the A0 measurements were for different orientations
Si rather than diamond.

Differences of order 2 are expected between the vari
datasets because of different materials, orientations,
thicknesses. In addition, the various techniques are quite
ferent. In particular, adjusting the higher beam energy po
from A0 and Stanford to the Darmstadt 10% energy ba
requires extrapolations that are susceptible to assumpt
about the spectral distributions. The dashed line is a fit to
original Darmstadt data, which are extrapolated and t
schematically illustrate how the channeling radiation yie
might quench with increasing bunch charge. Even with
differences in techniques, orientations, thicknesses, and
terials the axial results are flat within a factor of 2 over
decades. No evidence has been found of quenching of c
neling at charge densities several orders of magnitude la
than that in earlier experiments.

This experiment has reached bunch charges of up to 8
in a beam-spot size with as of 0.5 mm and a pulse length o
s57 ps. This corresponds to a current on the order of 10
A and a current density of 105 A/cm2. The effective power
density deposited in the crystal at A0 is typical
1012 W/cm3. Achieving a 1-GeV/cm gradient could requir
drive beam power densities in the range of 1019–1021 W/cm3

so that the experiment is still a factor of 107–109 away from
where significant channeling acceleration could happen.
enthetically, for an exposure of roughly 331017

electrons/mm2, there was no sign of spotting or crystal cra
ing visible to the naked eye or deterioration of the chann
ing radiation signal over the course of the experiment. T
earlier Stanford work@23# found no damage for an exposu
of 0.531017 electrons/mm2.

V. OUTLOOK FOR SOLID-STATE PLASMA
ACCELERATION

Several approaches to solid-state plasma accelera
have been discussed. One, particle beam wake field acce
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tion uses a particle beam as a plasma driver. A laser b
can also be used to drive a plasma. Another approach
use a side injected laser to avoid problems with pump de
tion and particle dephasing@24#. Pump depletion is particu
larly troubling for the high plasma densities in solids. A
proaches using laser beams are limited by the opt
absorption depth for materials such as Si and Ge as we
surface reflection.

As noted above, the A0 experiment is still far from th
regime where significant solid-state acceleration might oc
At A0 bunch compression can be used to reduce the bu
length to about 1 ps and the spot size might be reduced
factor of 2 so that it may be possible to go one order
magnitude further toward the conditions required for plas
acceleration. A major problem for studying solid-state acc
eration is the bunch length. Getting into the plasma reg
requires bunch lengths of the order of 10 fs. An approach
higher bunch charge densities is to go to a higher-ene
accelerator such as SLAC. There one might obtain be
with transverse sizes on the order of 5mm and bunch
lengths of 50 fs@25#. This would increase the effective powe
densities by 1052106 over the A0 result and approach muc
closer to the solid-state plasma regime. However a very
ferent experimental technique would be required. Anot
approach would be to use a fairly modest electron be
coupled with extremely intense laser illumination.

Although the A0 experiment reported here was far fro
the plasma regime in both current and pulse length, an in
search for plasma acceleration at A0 could be performed
assuming that the beam itself would generate a plasma.
AI
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putative wake field could affect the tail end of the bunch
that it gained or lost energy. This has been the appro
employed by the gas plasma experiment already carried
at A0 @26#. This could be observed by using the spectrome
magnet to look for a changing shape of the momentum
tribution after the spectrometer with higher bunch intensit
and with the crystal aligned for channeling or a random
rection. The rms multiple-scattering angle for the crystal p
duces a projected multiple-scattering angle of 12 mrad. T
is equivalent to a momentum resolution of 0.6 MeV/c.
plasma density of about 1017 e2/cm3 would give a gradient
of 0.3 GV/cm to give 0.6 MeV in the 20-mm crystal. This
could be achieved with a side coupled laser with an inten
of 331015 W/cm2. The A0 laser can reach 108–109 W/cm2

for a 1.8-ps pulse. Thus at present it is not possible to re
into the acceleration regime at A0 with the existing A0 las
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