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Abstract. We present results from the SLAC E-150 experitﬁent on plasma focusing
of high energy density electron and, for the first time, positroniheams. We also present
regults an plasma lens-induced synchrotron radiation, longitudinal dynamics of plasma.
focusing, and laser- and beam-plasma intersctions. ;

INTRODUCTION

The plasma lens was proposed as & final focusing méchanism to achieve high
luminosity for future high energy linear colliders [1]. PreVious experiments to test
this concept were carried out with low energy demsity electron beams [2]. The
goals of the E-150 experiment were to study plasme focusing for high energy, high
density particle beams in the regime relevant to linear colliders, to obtain better
understanding of beam-plasma interactions and bench-marking of computer codes
for plasma lens designs, apd to develop compact and economical plasma lens de-
signs suitable for collider experiments. In this paper, after a description of the
experimentel setup, we present preliminary results obtained recently by the E-
150 collaboration on plasma focusing of high energy density electron and positron

beams. :
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TABLE 1. FFTB electron and positron beam parameters forj this experiment.

Parameter Value Units

Bunch intensity 1.5 x 104 particles per pulse
Beam size 5 to 8 (X), 8 to 5 (Y) } o um

Bunch length 0.7 y mm

Beam energy 29 i GeV

Normalized emittance 3 to 5 x10™% (X), 0.3 to 0.6 x10—F (V) mrad

Beam density ~ T % 1018 i cm-?

|
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EXPERIMENTAL SETUP

The experiment was carried out at the SLAC Final Fodus Test Beam facility [3].
The experiment operated parasitically with the PEP-II LJ»,-factory; the high energy
electron and positron beams were delivered to the FFTB at 1 - 10 Hz from the
SLAC linac. The beam parameters are summarized in Tsble 1.

A layout of the beam line {s shown in Figure 1. The Ibeam size was measured
using a wire-scanner system developed for previous SLC and the FF'TB operations.
A carbon fiber 4 um or 7 um in diameter was placed down stream of the plasma
lens, at adjustable locations in a range of 3 to 30 mm from the center of the lens.
The Bremsstrahlung photons emitted as the beam particles scatter off the carbon
fiber were detected in a Cherenkov type detector located ~33 m down stream of
the lens. The variation in photon yield as the beam ‘fdithers” across the wire
provides a measure of the transverse beam profile from which the beam size can be
determined. Located behind the wire-scanner detector ~ﬁ55 m down stream of the
lens, is a set of ionization chambers interleaved with polyethylene blocks used to
monitor the synchrotron radiation emitted as & result of the strong bending of the
beam particles by the plasma lens. This detector provide%:n independent measure

of the focusing strength. Also, a Cherenkov target is instialled in the down stream
electron beam line to allow streak camera diagnostics of the longitudinal plasma

Synch. Radiation Menitor/ Dipole Final Quads
‘Wire scanner Detectot Plasma Lens -— ¢ /et
Photon beam line
Steering dipole
glrlgggnkov
‘6 50 to streak camera

e

FIGURE 1. Layout of the plasma lens measu.re[ment setup.
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FIGURE 2. E-150 plasma chamber and differential ing section.

f

focusing dynamics. 'L
To create the plasma lens, a short burst (800 us du.rattion) of neutral nitrogen
or hydrogen gas injected into the plasma chamber by qﬂ fast-pulsing nozzle was
jonized by a laser and/or the high energy beam. The so}enoid valve! operated at
0.5 - 2 Hz. Its 0.8 mm orifice was matched to a parabplic-shaped nozzle 5 mm
long with an opening of 3 mm diameter. The transverse iprofile of the gas-jet was
obtained by scanning the high energy beam perpendicular to its axis. The gas-jet
diameter which determines the plasma lens thickness Wasf found to be 3 mm at 1.4
and 3.4 mm away from the nozzle exit. The neutral density was determined by
interferometry to be 4 x 108 cm=3 for N; and 5 x 10** tm~* for H, at & plenum
pressure of 1000 psi. The injected gas was evacuated by a differential pumping
system which allows operation of the gas-jat while maintaining ultra-high vacuum
in beam lines on either side of the chamber. A schematic drawing of the plasma.

chamber is shown in Figure 2. .
[
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1) Model 91-222, Parker Haunifin Co. . ;

|



RESULTS

The results presented below were obtained from data takEen during the Fall of 1999
with electron beams and the Spring of 2000 with positrdn beams. Measurements
related to plasma focusing are presented first, followed by results on longitudinal
focusing dynamics and laser- and beam-plasma interactions.

[
Plasma focusing |

For a bunched relativistic beam traveling in vacuum, the Lorentz force induced
by the collective electric and magnetic fields is nearly cancelled allowing it to prop-
agate over kilometers without dispersing. An initially quiescent plasma responds to -
the intruding charge and current in such & way that the plasma electron distribu-
tion is re-configured to neutralize the space charge of the beam and thereby cancel
its radial electric field. For a positron beam, the plasms eli ctrons are attracted into
the beam volume thus neutralizing it; for an electron beam, the plasma electrons
are expelled from the beam volume, leaving behind the less mobile positive ions
which neutralize the beam. When the beam radius is much smaller than the plasma
wavelength, the neutralization of the intruding beam current by the plasma return
current is ineffective because of the small skin depth. This leaves the azimuthal
magnetic field unbalanced which then “pinches” the bedm, resulting in focusing.
In this experiment, typical plasma densities were of the drder of 108 cm™3, corre-
sponding to a plasma wavelength of ~30 pm which is indeed much larger than the
incoming beam radius. '

Beam self-ionization plasma foc'Lsing

As the high energy density beam intercepts the gas jq’b, & small fraction of the
collisions between the beam particles and the neutral gas molecules resulted in
jonization. The secondary electrons from this impact iohization process were ac-
celerated by the intense collective field in the beam, transverse to the direction of
propagation, to further ionize the gas [4]. This beam sélf-ioniza.tion plasma was
observed to focus the beam. That is, the head of the burch was able to ionize the
gas while the core of the bunch was focused. The results for electron beams are
shown in Figure 3. The reduction in beam size¢ was meabured with wire scanning
taken with the gas nozzle toggled off and on. The beam lope was also measured
by adjusting the down stream position of the wire-scannér; a reduction of a factor
two in beam spot area was observed. !

The beam self-ionization efficiency was determined for Hitrogen gas by comparing
the plasma focusing effects in two data samples. One samﬂle was taken with plenum
pressure at 250 psi with beam self-ionization and jonizdtion by a Terawatt laser
system; while the other sample at 500 psi was taken with beam self-ionization only.
Based on the laser performance and optical field ionization data [5], the Terawatt

:
|
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FIGURE 3. Wire scanner data showing focusing by a bea,nli self-ionization plasma.

laser’s ionization efficiency was estimated to be 10%. The beam size reduction was
observed to be the same for the two data samples at one location along the beam
waist. Assuming the plasma densitieq to be the same in Both data sets, we arrived
at a beam ionization efficiency of 7%. Note that this arguiment is only valid for Jow
ionization yields. , f
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Laser avalanche ionization plasmaE focusing

The results on laser pre-ionization plasma focusing presen(;ed here were obtained
using a turn-key infrared laser system?. 1t delivered 1.5 Joules of energy per pulse
of 10 ns FWHM while operating at 10 Hz with a wavelength of 1064 nm. The
laser light was brought to a line focus at the gas-jet; the plasma thus produced was
approximately 0.5 mm thick as seen by the e*/e~ beam.

The laser avalanche ionization progess is similar to theibeam self-ionization pro-
cess. With the relatively long mfrared laser pulse, the pulpe front was able to ionize

3
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2) QuantaRay GCR-3D10, Continuum Inc/, CA.
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a fraction of the gas by multiple-phoiéon absorption, while the resulting secondary
electrons were accelerated, transverse to the laser’s incident direction, to further
ionize the gas resulting in an avalanche growth in plasma density. The ionization
eficiency was determined by interferametry to be 45% in|this case,

The results for laser (and beam) ienization plasma focusing of positron beams
are shown in Figure 4. The measur¢d beam spot size i§ shown as a function of
the distance between the plasma lenia.nd the wire scanntr; the converging of the
beam envelope towards a waist can bje seen. The fizst plot shows the focusing for
nitrogen gas at 800 psi, while the setond shows the result for a hydrogen gas at
1100 psi plenum pressure. A reduction in beam spot si by a factor of two was
observed with laser- and beam-inducegi ionization; while f?cusing was also obgerved
with beam-induced ionization alone as in the case of ele¢tron beams discussed in
the previous section. : |

,» !

Synchrotron mdz'ation;‘ induced by plaszana focusing

"The synchrotron radiation induced Ly the strong bendinlg of beam particles inside
the plasma lens provides an indepen knt measure of the plasma focusing strength.
Since the plasma lens effect is transfent, this radiation Tvrovides an “on-line” di-
agnostic of the focusing strength. Tle critical energy ofithe emitted synchrotron
radiation scales with the strength of the focusing; a mo ¥or was designed to mea-
sure the penetration profile, which defpends on the ener:;r spectrun, of the photon
flux. §

During plasma focusing measurenients, the photon flux detected in the syn-
chrotron radiation monitor consisted|of several components. There was radiation
accompanying the beam, due to Bremsstrahlung of off-axis beam particles scatter-
ing off the beam pipe wall or upstreatn collimator jaws, and synchrotron radiation
(with a critical energy ~100 keV) emitted when the beam was bended towards
the dump. This was measured with|the gas-jet turned ooff and the wire scanner
removed from the beam. The contribution from beam-gas Bremsstrahlung with
the gas nozzle turned on was detern"iined by first measuring the Bremsstrahlung
penetration profile from the carbon wire alone, then scalidg this profile to the signal
measured in the last depth section off the monitor with tlﬂe beam-associated back-
ground removed. After these backgr und contributions were subtracted, an excess
of photon signal beyond a depth of 3 radiation lengths wa.b observed in the electron
beam data, with nitrogen gas at 550 g"’si plenum pressur;,J:nd beam self-ionization.
This excess was not observed when [plasma focusing was weak (from beam spot
size measurements) as in the case of lowered plenum pressure (to below 100 psi, for
example), or in the case of hydrogen gas for which bea self-ionization was much

less effective. !

The penetration profile of the obsejved signal is consistent with that produced by
synchrotron radiation with critical erlergy of a few MeV fccording to Monte Carlo
simulation. This value corresponds t¢ a focusing gradient of the order of 10 T/m,

i
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Plasma Focusing of Positron Beams
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FIGURE 4. The evolution of the beam envelope, with and without plasma focusing, is shown
after the exit of the plasma lens for two types of gas. The axis of tle gag-jet is at Z = -10.5 mm.
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as expected for the plasma lens parameters in this experi’ment.

Longitudinal focusing dynamics

A streak camera with pico-second time resolution was u%ed to probe the variation
in plasma focusing along the bunch®, The Cherenkov light emitted as the beam
passes through an serogel target was imaged onto the streak camera. The vertical
dimension of the beam was then measured in pico-secopd time slices along the
bunch. The phase advance of the beam transport was such that focusing at the
plasma lens becomes defocusing at the aerogel target. Thus the increased beam
divergence as a result of plasma focusing was measured,'and therefore a stronger
focusing at the plasma lens would result in a larger bea.';n size at the Cherenkov
target. =

The results from data taken with positron beams a,ré shown in Figure 5, for
nitrogen gas at two different pressures with beam self-iohization. The beam spot
size in the vertical plane was measured with the gas-nbzzle turned on and off,
and the difference is shown for time slices along the bunkh. As expected, plasma
focusing is significantly stronger at the longitudinal bedm centroid. A detailed

4

explanation of this result requires modeling of the beam self-jonization process

.
4

which is currently under study. ;

R
k
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Laser- and beam-plasma interactions
i

The laser avalanche ionization process has a finite builfd-up and decay time. By

varying the laser pre-ionization timing before the beam irrrival at the plasma, the
state of the plasma can be probed using the high energy!beam. The signal in the
synchrotron radiation monitor was measured as a function of this advanced timing.
Since this signal was predominantly synchrotron radiation induced by plasma lens
focusing, the measurement can also be used to study thé interaction between the
high energy beam and the plasma at various stages of foymation and decay.

The result for positron beams and nitrogen gas at 105(; psi is shown in Figure 6.
Time-zero corresponds to synchronization between the bzleam arrival time and the
prompt-recombination time from signals detected in a photomultiplier. The syn-
chrotron radiation monitor signal from beam self-lonization of the initial nitrogen
gas was 300 ADC counts, while the beam-only background signal level was 80 ADC
counts (as measured with the gas nozzle turned off). | '

A quantitative understanding of this delay curve requires detailed modeling of
the laser- and beam-plasma interaction process. A qualitative explanation of this
curve is given here. The initial rapid increase in synchrotron radiation monitor sig-
nal most likely corresponded to an’increase in plasma, focising strength, peaking at

) Courtesy of Mack Hogan of the SLAC E-157 experiment.
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FIGURE 5. Streak camera diagnostics of plasma focusing !ongitudina.l dynamics.
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500 ns. This was followed by a sharp decrease to the ba(i;ground signsl level, cor-
responding to an almost complete expulsion of the neutral and ionized gas volume
by the sonic pressure of the laser “blast” wave, It should be noted that for each
gas-jet pulse, a continuous stream of neutral gas moleculeg lasting more than 100 ys
was injected into the vacuum chamber at sonic speed. Sg that at 1 us the original
laser ionization plasma would have moved out of the beain interaction range. The
rest of the curve shows a relaxation process. Initially, the gas rushed back to fill
the void (1 to 9 us range), giving rise to a locally increased gas pressure with a
corresponding rise in beam-ionization plasma focusing dignal. This was followed
by a decay back to the initial quiescent level at a time delay of 15 us. Additional
data has been collected since the Workshop, with varying pressures for nitrogen
and hydrogen. A detailed simulation study should provi )e further insight into this
plasma lens modulation phenomenon. |
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SUMMARY AND OUTLdOK

b
Results on plasma focusing of 29 GeV electron and, fcir the first time, positron
beams are presented. Beam self-ionization turned out to be an economical method
for producing a plasma lens; a factor of two reduction in the beam spot area was
achieved with this method. The plasma focusing strengtll was also measured inde-
pendently by monitoring the synchrotron radiation emitted by particles focused by
the lens. The infrared laser with a 10-ns long pulse proved to be efficient in plasma
production, resulting in the strong focusing of positron be}uns. The longitudinal fo-
cusing dynamics was diagnosed with a streak camera, and as expected the focusing
was strongest at the longitudinal center of the bunch. The laser- and beam-plasma
interaction was studied by varying the laser pre-ionizatien timing with respect to
the beam axrival time; we observed that plasma focusing jvas modulated as a result

of this interaction. (

Design studies for linear collider applications are just [iir’cing. The first issue to
resolve is the effect of beam jitters on the achievable luminosity of plasma focused
beams. Plasma lens parameters will need to be optim!lzed also, which requires
bench-marking of computer code snd better understanding of the various plasma
production processes. The experience gained in this exper.iment will serve as a basis
for further engineering design studies for an eventual plasma lens application.
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