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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.
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[. INTRODUCTION the concomitant rise in crystal disorder will cause degrada-

tion in channelind7] so that channeling might be quenched.
Recently there has been interesting progress in studies of If channeling is to be considered for solid-state accelera-
plasma acceleration in g&s]. This has been due in part to tion, more information is needed on the character and limi-
the development of terawatt laser technoldgy about 15 tations of channeling under extreme conditions. Although ex-

years ago. Gas plasmas have already delivered gradients N9 channeling theory can serve as a guide, no channeling

) . studies have been done under the nonequilibrium conditions

:Ee 1SFV/cm.trangéglA],tongto two th(IJusa;nd tlmeds_ h'?h‘?f that couple intense electron-beam energy loss into a crystal.

an Rk cavity gradients. since accelerating gradients N @, qerstanding of the behavior of solids under the conditions
plasma are approximately given kin V/iem, wheren is the required for acceleration is in its early stag8% These pro-

plasma density, plasmas in solids can potentially deliver gragesses are complicated but have been investigated in connec-
dients 100 times higher than gas plasmas. For example, fQfon with terawatt laser technology and pellet fusion.
n=10"/cn? in a solid, the gradient would be 100 GV/cm. A systematic study of channeling with increasing electron
At the plasma densities required for acceleration there arbunch charge was carried out at Darmstg@ji.0] using the
severe material limitations. This has led to speculation abowuperconducting Darmstadt electron linear accelerator
utilizing channeling[5] as an adjunct to solid-state plasma S-DALINAC [11]. A planar channeling experiment has also
acceleration[6]. Channeling could mitigate the material been done at relatively high bunch charge at Stanford on the
problems and perhaps also introduce focusing to preverftanford Mark Il acceleratdrl2]. Both groups investigated
beam blowup from multiple scattering. At the intensities channeling radiation from electron beams in the 5-30-MeV-
needed for solid-state accelerators there will be significan€nergy region. The experiments, however, were some orders
channeling problems since the crystal lattice will be severelf magnitudes away from the plasma acceleration regime.
disturbed or the whole crystal may even be vaporized. As the The new Fermilab A0 Photoinjectorl3] produces a

bunch intensity rises energy loss and plasma generation witRUnch intensity high enough to approach the plasma accel-
eration regime more closely. The injector uses a laser to pho-
toproduce the intense, picosecond-long electron bunch. The
. . accelerator typically operates with a kinetic energy of 14.4
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' S 'gan@tnal.gov MeV. An experiment has been carried out at the photoinjec-
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FIG. 1. AO channeling radiation apparatus at Fermilab. The CCD-Area

electron beam with bunch charges of up to 8 nC was provided by
the photoinjector and typ.ically had a kinetic energy of 14.4 MeV. g6 2. AperX CCD x-ray detector system. After passing the
The AberX and AberX-Lite detectors and the Faraday cup werggs filter the x rays were converted by means of a terbium-doped
surrounded by lead shields. Here ICT stands for integrating C“rre)'%adoliniumoxisulfide foil into visible light with a wavelength of
trgnsformer. The S1 port housed one of the view screens for AberXs45 nm that was focused onto a CCD camera. Using the nine dif-
Lite. ferent absorber foils of the Ross filter system enabled the detection

diate in much the same way as they do in a synchrotron‘?f x rays from 9 to 26 keV with an energy resolution of 1-3 keV.
After the electron beam passes through the crystal it is d
flected by a magnet. The undeflected channeling radiation
detected by an x-ray detector. In the relativistic regime th
“line energy” of the radiation goes ag®? where y is the

?éeriment[lS]. This was in line with simulations using the
Jrogram HOMDYN [16]. The emittance depends on bunch
charge and is proportional to bunch charge plus a small in-
trinsic part. The beam-spot size at the crystal was typically

Lorentz relativistic factof14]. For electron beams at the A0 . )
. ; : ) .5 mm (o) so that the corresponding angular divergence
photoinjector the channeling x-ray energies are in the 10'1O§vas 0.7 mrad at 6 nC. This is somewhat smaller than the

keV range. Channeling x rays were separat.ed from Otheé{ial channeling critical angle which is aboyit=2.4 mrad

sources such as bremsstrahlung by scanning the cryst . . . .

through the characteristic channeling angular distributior]>. the Si(100 axis at AQ energies obtained from extrapo-
9 g ang r]ating Darmstadt dat4l17] taken at 6.7 MeV. The bunch

that has a width related to the Lindhard critical angle. Th .
expected channeling radiation x-ray yield per electron for ggg;‘?gllz);a_%nssbumh measured using a streak camera was
t_ .

is on the order of 10*. For the experiment at AO there were
characteristically 5 10'° electrons in a bunch so that there
were of the order % 10° channeling x rays per bunch. These
were concentrated in a cone that had an angular half-width of Conventional single x-ray detectors do not work in the
1/y or 30 mrad. In a picosecond-long pulse®1hotons extremely high x-ray flux environment of the AO photoinjec-
struck a 125-mrhdetector 1.47 m downstream of the crystal. tor. Instead two special x-ray detector systems were used.
Figure 1 shows a schematic drawing of the FermilabOne employed an absorption-based, energy-resolved x-ray
channeling radiation apparatus at AO. This setup consisted afetector (AberX) that used a Ross filtgfl8] and a lens-
a crystal mounted in a remotely controlled goniometer, acoupled scintillating screen—charge-coupled deuWc€D)
spectrometer magnet to deflect the electron beam, and aystem. This detector was developed by Freudenbé¢idgr
x-ray detector system. Beam current was measured with ato study its feasibility for mammography. The Ross filter
integrating current transform@CT) and a Faraday cup. The technique takes advantage of teedge absorption of x rays
20-um thick, 25-mm diameter Si crystal was obtained fromby thin metallic foils. An A0 channeling radiation result ob-
Virginia Semiconductor. It was mounted with t0200) axis  tained with that detector has already been discu$2éd
along the beam line and thd10) planes in the horizontal The second scheme, the so-called AberX-Lite system, re-
and vertical directions, respectively. The goniometer had twaglaced the CCD screen with one or two photomultipliers to
angular degrees of freedorfd), and O, i.e., the crystals achieve a faster response time.
could be rotated around a horizontal and a vertical axis per-
pendicular to the beam axis, respectively. The goniometer 1. The AberX detector
design was dictated by the requirements of the photoinjector The Aperx detector system is shown in Fig. 2. X rays
dust-free, very high vacuum system. were detected in AberX by means of a thin fluorescent x-ray
foil or scintillator that converted the incoming x rays into
visible light. The image of this foil was then focused on to a
The A0 photoinjector normalized rms beam emittanceCCD camera by an optical lens system. The CCD area was
with 6 nC/bunch was typicallg,=12 mm mrad for the ex- surrounded by lead shielding as well as lead glass that pro-

B. X-ray detectors

A. Photoinjector beam
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tected against scattered x rays. Variable exposure times coul T T T T
be selected with a mechanical shutter. The CCD readout wa Lo Nb, 25 um K-Edges
carried out at a low pixel rate of 100 kHz for optimum noise B7BL Zr, 35pm l’! |
suppression. A

The 40um thick fluorescent x-ray converter foil of
Terbium-doped gadoliniumoxisulfide @d,S:Th has the
largest conversion rate known for photons. For the foil about &
19% of the energy of the absorbed x rays is emitted in theg
form of photons with an average energy of 2.2 eV corre-H 0.95 |
sponding to a wavelength of 545 nm. This resulted in an
energy dependent photon conversion rate, for the foil, of I 4

mission

0.50 | : A

Np(E) 0'000 ' 5 ' 1|0 ' 1|5 ' 2|o ' 2|5 ' 3|o
N(E) =0.191—7¢q)(E/2.2), (1) Photon Energy (keV)

ée(BE)=

whereNy(E) andN(E) represent the emitted photon yield
and the incident x-ray flux, respectivelygy denotes the
x-ray transmission probability of the G@,S:Tb foil andE
the x-ray energy in eV. A symmetric lens system with a nu-
merical aperture 0Ky, =0.25 mapped the intensity distribu-
tion in full scale to a front-illuminated, low noise, slow scan
CCD camera Xya=D/2f, where D denotes the effective
diameter of the lens anfdits focal length. The CCD system
utilized a screen with an array of 5512 pixels. Each
pixel was of size 24umx 24 um. The fraction of the light
per solid angle collected by the CCD lens system was

FIG. 3. Principle of the Ross filter. Upper panel, adjacgnt

1 1 transmission curves; and lower panel, detection by the CCD cam-
=5 1-—7—=|- (2 era. Since the transmission curves differ only between the

2 V1+XRa K-absorption edges the difference in counting rate between the pix-

els covered by the two foils yields the x-ray intensity in the energy

The quantum efficiency of the CCD camera wéscp  region between th&-absorption edges. The selection of different
=0.28 at 550 nm. The total efficiency of the AberX detectormaterials and thicknesses thus enables the system to act as an x-ray
depended on the properties of the fluorescent screen, ttf@ectrometer.
light transport, and the quantum efficiency of the CCD cam-

era. The overall detector response was The general system response was calibrated by comparing
the measured x-ray response from a filtered 26-keV x-ray
EAE)=E&ré €cep, 3) tube. The energy response and relative yield were in good

agreement.

so that é,=950x0.0149<0.28=4 which meant that four _
photons emitted by the screen per incoming x ray of 25 keV 2. The AberX-Lite detector
were registered by the CCD. The second approach employed x-ray detectors made with
The detector array described so far was sensitive onlgalcium tungstate scintillation films monitored by photomul-
with respect to the position of the x ray hitting the scintillator tipliers. Two versions of AberX-Lite were used at different
foil. A Ross filter was mounted in front of the AberX detector times. One was positioned near the location of AbétX47
to obtain x-ray energy information and thereby determine then downstream of the crysbalThis version used two photo-
spectral distribution of the channeling x rays. The filter con-multipliers behind Ross filter foil pairs mounted on a rotat-
sisted of nine different absorber materials of different thick-able wheel. A later version using a single phototube without
nesses. The principle of the filter is shown in Fig. 3. Thea Ross filter was located 1.01 m downstream of the crystal
transmission of x rays through the 28w niobium foil and inside the accelerator vacuum pipe at the S1 vacuum port
the 35um zirconium foil differed only in the range between (Fig. 1). For most of the measurements reported here, the
the K-absorption edges at 18.00 and 18.99 keV, respectivelyRoss filter was not used so the detectors responded to all of
The difference in counting rate between the pixels coveredhe channeling radiation x rays up to several hundred keV.
by Nb and Zr yielded the x-ray intensity in that energy win- Because of the nanosecond response, the photomultiplier
dow. The selection of the nine different absorber foils thussystem had the advantage of bunch-to-bunch readout of the
enabled the detection of x rays from 9 to 26 keV with anx-rays making it easier to measure dark current and subtract
energy resolution of 1-3 keV in the energy region of theit. It is for this reason that this detector was used to collect
expected channeling features of this experiment. most of the data in the present work.
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0.00020 In the second method the calibration was determined by
integrating the x-ray yield over the bremsstrahlung spectrum
for a random (nonchanneling orientation of the crystal.
While the two calibrations were consistent the bremsstrah-
lung technique was less accurate because nonbremsstrahlung
0.00012 - contributions such as background were a significant part of
the random signal. Only results based on the Argonne APS
calibration are thus presented here.
0.00008 - Signal information from calcium tungstate was collected
using a digital oscilloscope. The scope integrated over the
CaWQ, pulse, collected data from the integrating current
transformer(ICT in Fig. 1), and normalized the ICT signal to
get the charge. The scintillation light time distribution for the
0.00000 . . . CaW(Q, has two time components; a short one with a time
0 50 100 150 200 constant 9f_4,us and a stron'ger one with ang8s depay. The
E(keV) A0 photoinjector bunch train consisted of a series of laser-
driven pulses, each several picoseconds long, separated by 1
FIG. 4. Calibrated response of the AberX-Lite detector. Theor 2-us intervals. There was a background of dark current
calibration was carried out using monochromatic x rays with Val’i-pu|5e3 Coming atthe 1.3 GHz frequency of the RF. Typ|ca||y
able energy at the Argonne Advanced Photon So(A&S) relative  the amplitude of a dark current pulse was 16 1075 of the
to a calibrated ion chamber. The solid line represents the results (ﬁmplitude of a laser-driven pulse. The relative amplitudes of
a model fit to the points ino!icated py circles. The triangles above thene two sets of pulses could be controlled by changing the
W K edge were not used in the fit laser-pulse intensity and the amplitude of the RF on the pho-

. . _ toinjector RF gun. Since the principal aim of the experiment
The AberX-Lite detector system was calibrated in two a5 1o observe the channeling signal as a function of bunch

separate ways. In one, the detector system was placed iNnd@arge it was desirable to operate over as wide a range of

monoenergetic x-ray beam with variable energy at the Arynch charges as possible. This was done in two ways—by

gonne Advanced Photon Sourt@PS). The x-ray flux was  changing the laser intensity and by measuring the dark cur-

measured with a calibrated ion chamber. The detector calient yields. For the laser case care was taken to suppress the

bration extended over a 12-92 keV region which includedyari cyrrent by lowering the voltage of the RF gun and then

the tungsterk edge. This gave the absolute response of thehiracting the residual by measuring the dark current just

detector as a function of energy and the calibration of thg,efore the laser pulse and with no laser pulse. Typically mea-

Ross absorber system. The detector response is shown in Fig,rements were made on the first laser pulse in a train and

4 as a function of x-ray energy in millivolts per x-ray photon. averaged over 10 cycldthe AO photoinjector operated at 1

It is consistent with the detector scintillator thickness and thgy, during the experiment

expected light yield of calcium tungstate up to thek¢dge

at 69.5 keV. Beyond that the experimental response was 0.6

of the theoretical response, possibly due to something like 1. ANALYSIS

optical photon leakage before conversion. The response of

the detector to x rays from axial channeling was calculateq%
hex
o]

0.00016 -

o ©

Response (mV/photon)

0.00004 1

Data were taken by first scanning the goniometer through
and0, to find a plane, an axis, or a random orientation
the crystal. Most of the random background was due to
bremsstrahlung in the crystal. The “no crystal” background
En was typically 17% of the yield on axis since even a small
S = FJ’ N(E)éc(E)dE, (4)  electron or x-ray halo was amplified significantly because the
0 crystal holder was more than 100 times the thickness of the
crystal. Figure 5 shows typical scans through several planes
whereS, is the AberX-Lite yield,F is a constant determined (left pane) and the(100) axis (right pane) using Aberx-
by the calibration,N(E) is the channeling radiation spec- Ljte. In the axial scan the crystal moved from the axis along

trum, andéc(E) is the fit to the calibrated response. The a (110 plane because these planes were oriented in the hori-
channeling radiation distributionN(E), was determined zontal and vertical directions.

from the 6.7-MeV S 111) data of Genzt al.[21] scaled to

14.4 MeV assuming the channeling radiation lines scaled as , ,

¥®2. Kumakhov and Wede[l14] suggest that the channeling A. AberX-Lite analysis

radiation lines should scale agdiwhered is the interatomic For AberX-Lite the axial peaKFig. 5 right panel was
distance along the string. For (3D0)/Si(111) this gives fitted with two colocated Gaussians to account for the tilted
1.29. The scaled 6.7-MeV &i1l) data was multiplied ac- planar portion. One of the fitting Gaussians had a widith (
cordingly. The 16.9-MeV diamong100) data from Klein  of ¢,,=4 mrad while the second one had an amplitude of
et al.[22] scaled to 14.4 MeV matches the 6.7-Me\(Bil)  0.75 of the first and a width of 12 mrad. These parameters
scaled data. were determined by fitting a number of scans with these

by integrating the measured detector response times t
channeling radiation spectrum, that is,
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FIG. 5. X-ray yields for planar(left pane) and axial (right
pane) scans obtained from a Si crystal in the 14.4-MeV electron
beam. The quantitie®, and®, describe the rotation of the crystal 0.0 L L L L L
around a horizontal and a vertical axis perpendicular to the bear  0.0001  0.001 0.01 0.1 1 10 100
axis, respectively. The yields were measured using the AberX-Lite Charge (nC)
detector. The solid line fitted to the axial spectrum results from a ) ) o ) -
double Gaussian fitting function as explained in the text. FIG. 6. Axial channeling radiation yieldx-rays/sre™) as a

function of bunch charge at AO obtained with the AberX-Lite de-
quantities as free parameters. The 4-mrad width of the printector. The open diamonds represent the data obtained with the rf
cipal Gaussian in the axial scan curve is consistent with th@un laser on, that is, from channeling radiation produced by laser-
axial critical angle convoluted with an error distribution of induced photoelectrons. The filled diamonds show the data points
3.2 mrad ¢). This resolution spread arose from contribu- resulting from the exposure of the crystal to electrons due to the rf
tions from beam divergence, possible crystal distortions, godun dark current only.
niometer vibration, and multiple scattering. The ratio of the )
widths of the(100) and the(110) planes were consistent with INg on the axial peak. None of these was strongly dependent
the fact that the 45° planes were scanned diagonally. Then the bunch charge. No correction was made for x-ray ad-
ratio of planar heights to axial height is consistent with ear-Sorption in the crystal since it was small when integrated
lier experiments. A fixed dilution multiplier ofy,,/y,  OVer the x-ray energy distribution. .
=1.66 was applied to the 4-mrad Gaussian to account for Figure 6 shows the aX|aI_ x-ray yield per steradian electron
dilution due to the 3.2-mrad error distribution. A second mul-at T=14.4 MeV as a function of bunch chargeC) for the
tiplicative factor accounted for the fact that the actual axial/AQ AberX-Lite axial measurements. The figure includes both
signal was larger than the sum of the two Gaussians becauk@ser (open diamondsand dark currentfilled diamonds
the fit included the effect of the plane in the scan direction ineasurements. These results are for the total x-ray yield in-
the random portion. That is to say, the actual height abovéegrated over x-ray energy. These data illustrate the behavior
the random background was larger than just the sum of th@Ver & range of bunch charges with the same material and
two Gaussians because the scan continued to follow a plarfientation. Within the error bars the yield is essentially flat
which contributed to the putative sloping background fit. TheoVer five decades.
averaged multiplicative correction factor for this effect was

1.23. A negative, charge-dependent correction was incorpo- B. AberX analysis
rated to account for the dark current contribution to the axial - The ntensity through the AberX system was determined
peak height. by measuring the image density behind each of the Ross

antributions to the errors arose from.the. deviations ofsjter elements. The signab,;, the number of optical
the fit to thg scan curve including the axial Im_e and baC'f'photons/x ray for the ith filter, was then
ground portion, the error on the dark current yield determi-
nation, and the deviation of the charge measurement. Typi- Em
cally for bunch charges greater than 5 nC the contributions Sai= Jo N(E)7i(E)éa(E)dE, ®)
for the peak fit, the charge measurement, and the dark current
were comparable. However, for smaller charges the dark cu
rent error became the dominant contribution so that the err
bars are substantially larger at small cha@geBelow 1 nC it
was impractical to make a useful measurement because
this effect. Those points have been omitted. Obviously n
dark current corrections were required for the dark curren
measurements. -
Systematic errorgnot shown in the figurgsarose from ASANN(E)gA(E)f . [7(E)—7_4(E)]dE.  (6)
uncertainty concerning the crystal thickness, uncertainties in Ek,i-1
approaches to the Argonne detector normalization, and un-
certainties about how to treat the impact of resolution spreadthe x-ray yield is then

(/'vhereN(E) is the channeling radiation spectruthe num-
Per of x rays per unit x-ray energy for the exposure(E) is
tt%e transmission of theth Ross filter element, angh(E) is
e light yield from Eq.(3). The transmission difference be-
ween a set oK edges is given by
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©* ——————7— ford Si (110 planar poin{23] taken at 30 MeV(In fact, the
theoretical value for the 1-0 transition was used since there
R was no experimental measurement for that line. However the
rest of the experimental and theoretical spectrum was in fair
. agreement.The Stanford crystal was 1bm thick. The yield
o has been scaled to the 5.4-MeV Darmstadt points by multi-
. plying by the ratio ofy* for the two energies to account for
0 F oA . the lower channeling radiation yield integrated over solid
- angle at 5.4 MeV. The Stanford yield was also multiplied by
. an appropriate solid angle factor. The yield over a 10% en-
10° F o J ergy band was found by integrating the Stanford data. No
P correction was made to take account of the fact that the Stan-
- ford measurement was for planar Si rather than axial dia-
- i , . . mond. The open diamonds are the AO AberX-Lite laser
1 10* 10° 10" 10" points for Si(100). They have been scaled from 14.4 MeV
e 7bunch to 5.4 MeV usingy*? and divided by a factor of 13.5 to give
the yield in a 10% energy band rather than the total x-ray
FIG. 7. Channeling radiation yielgx-rays/bunch in a 10% yield. The filled diamonds are the dark current measurements
band over a 12-decade span of bunch charge. The present data digr AO AberX-Lite treated in the same way. The planar A0
represented for the AberX-Lite detector by open and filled dia-result using the AberX detector is shown as an open triangle.
monds obtained for axial channeling from Si with the laser on andt has also been energy scaled to the Darmstadt 5.4-MeV
with dark Curl’ent, respectively, and for the AberX detector as |nd|'resu|ts NO Correct|0n was made to take account Of the fact
cated by the open triangle for planar channeling. The filled circlespyat the AO measurements were for different orientations and
[9] result from an earlier measurement of axial channeling in ag;j rather than diamond.
diamond crystal with electrons of 5.4 MeV and the filled triangle Differences of order 2 are expected between the various
[23] from planar channeling in a Si crystal at 30 MeV. All points yaiaqets because of different materials, orientations, and
have been scaled ©=5.4 MeV. thicknesses. In addition, the various techniques are quite dif-
ferent. In particular, adjusting the higher beam energy points
AS, from AO and Stanford to the Darmstadt 10% energy band
fA(E)Ti L (7) requires extrapolatipn; thgt are susceptible. to .assu_mptions
‘ about the spectral distributions. The dashed line is a fit to the
where original Darmstadt data, which are extrapolated and thus
schematically illustrate how the channeling radiation yield
T JEKi might quench with increasing bunch charge. Even with the
ii-1=
K

x-rays/bunch (10% energy band)

N(E)~

[7(E)—7-1(E)]dE. (8 differences in techniques, orientations, thicknesses, and ma-
it terials the axial results are flat within a factor of 2 over 10
decades. No evidence has been found of quenching of chan-
neling at charge densities several orders of magnitude larger
than that in earlier experiments.

This experiment has reached bunch charges of up to 8 nC
in a beam-spot size with@ of 0.5 mm and a pulse length of

For the highest point in the AberX channeling radiation
spectrum atE=(25+0.5) keV Eq.(7) gives N(E)=(4.2
+0.8)x 10" ¢ photons/bunch. The charge of the electron
bunch amounted to 1.760.1 nC so that the number of elec-

0 —
trons per bunch was (1.3(0.06)x 10"%" /bunch. The error o=7 ps. This corresponds to a current on the order of 1000

guoted is caused by the uncertainties of the light efficiency, . 2 :
of the AberX converter screen, the CCD efficiency, and theﬁ eir;(ijtya iluer;?)gi[tgg nsi,lr:y f[)r]: efo?:/r;r;él Tg? eAf:fg Cti“s/e g/%\?(/g"y

solid angle. 10*? W/cm?. Achieving a 1-GeV/cm gradient could require
drive beam power densities in the range of*a** w/cn?®
IV. RESULTS so that the experiment is still a factor of 200 away from

; ; ; : here significant channeling acceleration could happen. Par-
Figure 7 illustrates the x-ray yield per bunch integrated”’ :
g y Yiele p g nthetically, for an exposure of roughly 30

over solid angle as a function of electrons/bunch for a 1098 . .
energy band around the peak of the channeling x-ray Spe@_Iectrons/mrﬁ there was no sign of spotting or crystal craz-
trum. Both the AO measurements and earlier high bunctngd visible to the naked eye or deterioration of the channel-

charge experiments at Darmstadt and Stanford are includet!¥ _rad|at|0n signal over the course of the experiment. The
The logarithmic plot illustrates the very wide dynamic range®arier Stanford work23] found no damage for an exposure
in bunch charge spanned by the experiments. The x-ray yiel@f 0-5% 10" electrons/mrh

increases linearly over more than 10 decades. The A0 mea-
surements have extended the bunch charge reach by more
than a factor of 100. The filled circl¢9] are Darmstadt data

for a 50um diamond crystal taken at 5.4 MeV with the  Several approaches to solid-state plasma acceleration
beam aligned on thé110) axis. The filled triangle is a Stan- have been discussed. One, particle beam wake field accelera-

V. OUTLOOK FOR SOLID-STATE PLASMA
ACCELERATION
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tion uses a particle beam as a plasma driver. A laser beaputative wake field could affect the tail end of the bunch so
can also be used to drive a plasma. Another approach is tihat it gained or lost energy. This has been the approach
use a side injected laser to avoid problems with pump depleemployed by the gas plasma experiment already carried out
tion and particle dephasin@4]. Pump depletion is particu- at A0[26]. This could be observed by using the spectrometer
larly troubling for the high plasma densities in solids. Ap- magnet to look for a changing shape of the momentum dis-
proaches using laser beams are limited by the opticalribution after the spectrometer with higher bunch intensities
absorption depth for materials such as Si and Ge as well aand with the crystal aligned for channeling or a random di-
surface reflection. rection. The rms multiple-scattering angle for the crystal pro-

As noted above, the A0 experiment is still far from the duces a projected multiple-scattering angle of 12 mrad. This
regime where significant solid-state acceleration might occuiis equivalent to a momentum resolution of 0.6 MeV/c. A
At A0 bunch compression can be used to reduce the buncblasma density of about 10e~/cm® would give a gradient
length to about 1 ps and the spot size might be reduced by @f 0.3 GV/cm to give 0.6 MeV in the 2@m crystal. This
factor of 2 so that it may be possible to go one order ofcould be achieved with a side coupled laser with an intensity
magnitude further toward the conditions required for plasmaf 3x 10'® W/cn?. The A0 laser can reach 301 W/cn?
acceleration. A major problem for studying solid-state accelfor a 1.8-ps pulse. Thus at present it is not possible to reach
eration is the bunch length. Getting into the plasma regiménto the acceleration regime at A0 with the existing AO laser.
requires bunch lengths of the order of 10 fs. An approach to
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