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region of ny=115x10" cm™3, is mapped with a

. INTRODUCTION cylindrical Langmuir probe (calibrated with a 140 GHz

When a tightly focused electron beam propagatesicrowave interferometer), and found to be within 10

in an underdense plasma (beam density greater than thercent of the peak value over the nominal plasma
plasma electron densityy, > ng), the plasma electrons length, L, [J12 cm, with a steep initial ramp near the

are expelled radially by the space-charge of the beamathode tip. The half-maximum point, located 9 mm
forming an ion channel which in turn provides adownstream of the cathode, is 12.25 cm away from the
uniform, linear focusing force on the beam. When thgiagnostic-filled anode.

beam is short §, < 2k51), making it suitable as a driver beam

direction
for plasma wake-field acceleration (PWFA)[3],
requirements on the beam properties (current, eminen
and energy) to achieve ion channel self-focusing becom
more difficult to satisfy[10]. If the beam is initiall -

matched to the focusing gradient, that is, fhéunction spectrometer PePper pot screen I

s e emittance mask 1
is initially equal to Beq =V /2MNy , Whereo, andg, ~——— - - - = === - = —— - - ——————

are the rms transverse beam radius and emittance, the’-ASMA CELL: anode diagnostics
transverse distribution in the body of the beam is nearly p'r%f)rga
stationary, while that near the head expands radially. Th¢ FCLOTR ] P
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expansion further retards the plasma electron responde /|
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and causes the pinch point (where sufficient focusing—= b
gradient develops) to move backwards in the beam I_ ij
frame. The fast relaxation distance for these beam head

o X Cerenk
dyna.n?|cs is ro.ugh'lyﬁlﬁeq, or 5 cm for our experimental catnlde plasmaarc  anbde ”gehrten ov
conEimons, which is less than half of the plasma Iengtq;ig. 1 Diagnostics beamline and plasma cell (shown
L, =12 cm. without the plasma radial confinement solenoid). The

The present experiments were motivated by thanode diagnostics include (a) tungsten collimator with
proposed use of the underdense regime as the basis fgbp1l mm wide slit, (c) 50@um thick quartz Cerenkov
PWFA[8] (the blowout regime) which is very attractiveradiator, and (d) mirror and outgoing light.
in terms of drive and accelerating beam guiding, in that

when a plasma-electron free ion column is formed, the lIl. EXPERIMENTAL RESULTS
focusing force in this region is linear and therne pynch charge® was measured for every shot using
acceleration gradient is independent of radius. the nondestructive integrating current transformer (ICT).
Prior to this, the small fraction of charge scraped at the
Il. EXPERIMENTAL SETUP cathode assembly aperture must be quantified with

The plasma chamber used in the experiments is shownsimultaneous measurements with the ICT and FC1, the
Fig. 1, with 14.5 MeV electron pulses derived from thd-araday cup following the cathode. The focal spot size
Argonne Wakefield Accelerator (AWA)[14] entering near the waist of thef3-matching solenoid was
from the left. Beam diagnostics immediately upstream gheasured with the OTR screen at FC1. Some of these
the plasma chamber include an energy spectrometer, gryfiles deviated significantly from the cylindrical
emittance measurement system, an integrating curre8y mmetry assumed in the simulations; the shots
transformer (ICT) and Faraday cup to meas@ea characterized by an ellipse with an aspect ratio higher
phosphor screen and at the focal point of e than 2:1 (25% of the population) were discarded. The
matching solenoid, an optical transition radiation (OTRyemaining images were tested for peak intensity as well
screen to obtain transverse beam profile images. as for fractional integrated intensity inside a test radius
The plasma is created by a DC hollow cathode arof 0.28 mm. A symmetric Gaussian with,=o0,=0,,

discharge, running at 55 V and 40 A, with Ar gas feqyaying the same integral defines an effective radius,
between concentric tantalum tubes. The (approximate{yhich was found to be nearly independent@f with

25% ionization fraction) plasma density, which is in themean value ofr, =284+24 um. The presence of shots
f + .
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with mild eccentricities causes the effective Gaussiathe aperture edges were rejected. The values)of
profile to underestimate the peak beam densityselected in this way for an initially matched, (= 0)
predicting n, / ng=2.0 at 14 nC (this assumes a 25 psegase are displayed in Fig. 3 along with the results of
FWHM bunch length). The actual value from the peakimulations, as explained below. The loweata points,
intensity in the image data i,/ np=2.0 and 2.5 at Q=7 especially at lowQ, are thought to result from beam
and 14 nC, respectively. The plasma is therefore wedonditions differing from cylindrical symmetry, one
underdense at beam input for all experimentapossibility being a beam with a double-peakegrofile
conditions. The beam divergendg. and bunch length  starting from irregular initial conditions. Some of the
were measured using the anode diagnostics, includingspread in the data also undoubtedly comes from
1-mm wide (and 4 mm deep)ungsten slit aperture fluctuations in the initial beam aspect ratio, which give
followed by a 0.5 mm thick Cerenkov emitter inclinedrise to quadrupole as well as monopole beam motion.

12 degrees to the beam direction. The light is sent to  The simulation results given in Fig. 3 use the
either a CCD camera for time-integrated imaging or tplasma fluid code NOVOI[7], modified to include a
the 2 psec resolution streak camera. The beam chargéper-particle representation of the beam electrons as
after collimation by the slit aperture is measured at th@escribed in [9]. The results of this code have been
Faraday cup following the anode, FC2. The bearbenchmarked against an electromagnetic particle-in-cell
divergenceo,., is sampled by recording the transversgPIC) code; the calculation of transmission efficiency is
profile along the slit after it has drifted12cm, and nearly the same, being smaller in NOVO by 4%, and so
fitting a Gaussian. The beam divergence is 18.5 mrad BOVO was employed for this analysis because of its
14 nC and decreases linearly to 15.5 mrad at 7 nGpeed. The calculations use 8000 beam particles,
yielding ¢,=149 and 130 mm-mrad and initial initialized to a thermal distribution derived from the
Bi=1.52 and 1.74 cm, for high and low chargemeasured beam size and divergence. _
respectively. Theb-function in these cases is only . A more detailed view of the underlying dynamics

slightly mismatched to the ion focusin, =125 cm. is offereq by the tlme-re.solv.ed streak camera analysis.
These images contain information only about

The input bunch length is measured by refocusing thengitudinal and horizontal profiles, as measured in a 20
beam on the anode, with the Cerenkov light analyzegm vertical strip in the center of the slit aperture. The
using a Hammamatsu C1587 streak camera; the bungam was determined to be adequately vertically

length is found to be 2563 psec FWHM. centered in this measurement by requirimg 0.45. A
140 \ \ \ o] streak image obtained in this way is shown in Fig. 4,
g plasmaony  gisplaying the predicted flaring of the distribution
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chargeQ, is recorded on the downstream Faraday cu ottt t ot Lol b bt

FC2. With plasma focusing, a substantial fraction 0 2 4 6 8 10 12 14

n=Qy / Q, of the initial charge ought to be transmitted Qi (nC)

. . ) Fig. 3 Transmission data and simulations for an initially
through the slit, serving as an independent measure Rfarly,B—matched case

the beam radius. With the plasma arc on, the
downstream Cerenkov profile, as shown in Fig. 2, . .
displays a narrow, intense peak as a result of jon, Each image that was analyzed further was sliced
focusing. TheX-projected FWHM of a typical case (Fig into short (5.7 psedjsections, and for evetyslice the

5) is 0.9 mm, 40% broader than at the start of thitegrated (inx) intensity, and a measure of the beam
plasma, but consistent with the radial spreading at tHéidth defined by the regiorrxy, < x < X/, containing
beam head predicted by simulations, and markedlhalf the integrated intensity were determined. The
different than the no-plasma background. As the beantgsults of this analysis for 10 images within narrow input
transverse centroid jitter is significant on the scale of theharge window 10.2<Q <118 nC) were summed to
slit aperture, shots with thg-peak too close to one of produce a composite picture of the beam distribution,
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shown in Fig. 5, along with the accompanying rms erroarising from the approximations involved in the
and PIC simulation results, analyzed to give beam widtsimulation model of the beam.

as a function of-slice. The experimental data and PIC In the next round of experiments, starting June '97,
simulations clearly display a profile flared at the beanwe plan to use a very similar set of experimental
head due to radial expansion, as well as a beam carenditions to demonstrate high gradient acceleration in a
which is nearly matched and slightly larger,PWFA, by measuring the energy changes of a witness
o, 0370 um, than at input. The simulation's agreemenbeam propagating in the wake-field of the more intense

with the data is quite good, with a notable deviation iglrive bunch. The beam diagnostics developed for the
that the experimental results show less pronounced be&fgsent work, together with recent improvements to the
head expansion. This may be due to the assumption of¥VA facility ( 018 ps FWHM bunch length fo@=90
beam with a thermal input transverse phase space, whig@ [18]), will greatly facilitate the measurement of high-
is not strictly correct for a photoinjector-derived beamgradient wake-fields. The peak acceleration gradient
where the emittance of a singleslice of the beam is predicted for this experiment is in the range of 80 to 150
smaller than the full beam[16]. MeV/m, much higher than an earlier experiment at the
AWA][9], which yielded 4 - 10 MeV/m. To measure this,
we plan, like in the earlier experiment, to generate the
witness beam in the same photocathode cavity as the
drive beam[9], but additionally to time-resolve the final
energy distribution of both beams using the streak
camera. This strategy is necessary to overcome the
‘'shadow’ effect occurring when the drive and witness
beams overlap in energy.
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