634

KEK PLASMA WAKEFIELD ACCELERATOR EXPERIMENTS

A. Enomoto, H. Kobayashi, K. Nakajima, H. Nakanishi, Y. Nishida™,

A. Ogata, S. Ohsawa, T. Oogoe, Y. Suetsugu, and T. Urano

National Laboratory for High Energy Physics, Tsukuba, 505 Japan

*Utsunomiya University, Utsunomiya, 321 Japan

The KWEK plasma wakefield accelerator experinuents use a train of sev-
erad S00MeV electron bunches with total charge of 5:10nC. A plasma with
density of 101 — 16 em ™2 is produced by pulse discharges hetween cathodes
and a chamber, 3m in diameter and Lm in length with a multidipole con-
finernent ficld. ‘The experiments proved that the field of the plasma wave ex-
cited by preceding bunches accelerates or decelerates trailing bunches. The
resonant condition between the buncher radio frequency and the plasina
frequeney canses baryeenter shift more than 1 9MeV in the energy distribu
tion of a trailing bunch. This amoeunt of energy shift is nuch larger than

predicted by the Jinear theory.

1. Introduction

A plasma wakefield accelerator(PWFA) is one of plasina-
Lased accelorators promising ultra-high aceelerating gradients.
In the PAWFA, a high-intensity relativistic driving heam excites
a large amplitude plasma wave which in turn accelerates a low-
intensity tratling beam!

Our experiments on the PWEPA were conceived by the use of

Jheintensity electron bean for the positron produetion in the

ah
KERK PF linae. The lieac provides us with a sequence of multi-
ple bunches which generate wakefields in a plasma to accelerate
ot decelorate tailing unches. Analyzing the energy of each
bunch, we can olserve the energy transfer hetween the bunches
withot a test beam. The theory tells us that the plasma wake
fields are enlinnead at certain plasma frequencies which are rese-
pant with the frequeney of spacing of the linae bunches. Because
the plasma frequency is determined by the plasma density, we

can probe the resonance by contralling the plasina density.
The preliminary results are described in previous ])éll)(‘l'“‘;l‘!‘
where an encrgy shift of AMeV was cansed in a low density
plasa of the order of 10%cm™ by a 250MeV electron beam.
The present paper reports a more remarkable encrgy shift, ap-
proximately 12MeN . in a denser plasma, up to 10™em ™3, caused
by a higher energy beam, 500MeV with a higher density. In sec-
tion 2, the experimental setup is deseribed. In scction 3, exper-
imental results and their analysis are given. Section 4 contains

discussion.

2. Experimental Sctup

The experiments have been performed at KEK using a high
current electron linac for positron pmducti(m?A 4ns beam pulse
emilted by a triode gun is compressed to less than 2ns in a sub-
harmonic buncher. The 2856MHz rf buncher then separate the
215 pulse inte a train of more than 6 bunches with 350ps spac-
ing. They are then aceelerated up to 500MeV. Bunches with
tetal charge of 5 10nC are focused on a plasma by a quadrupole
triplet at the end of the linac. Radius and length of the maxi-

mu bunch are 1-1.5num and 3mmn, respectively. It was found
that the preceding bunches cause to decelerate the followings
even in the absence of a plasma, exciting wakefields in the linac
structure. The difference of the barycenter energy between the
first and the last bunches amounts to 15MeV without a plasina.

The plasma is produced in a chamber with 3m in diameter
and Im in length by pulse discharges between 4 lumps of LaBg
cathodes and the chamber. The cathodes are heated by a 10V
80A direct current source. The discharge pulse has a voltage of
80-100V, a current of 10-20A, a duration of 2ms and a rate of
5Hz equal to the linac beam repetition rate, The multidipole
field of the permanent magnets, 1kG at the inner surface of the
water-cooled chamber, is applied to confine the plasma. Both
beam windows of the plasma chamber are made of 50um thich
titanium foils. Identical foils are used at the windows of the linac
duet and the spectrometer magnets to separate the vacuum from
the plasma chamber. The base pressure of the chamber is typ-
ically 10~%orr by using a 300{/s turbomolecular pump. Argon

gas is fed through a gas-flow controller to maintain a neutral gas
pressure of F % 107 *orr for a plasma density of 10"2em™. The
plastia density can be controlled both by the gas pressure and
the discharge cnrrent

The plasma electron density and tewnperature are measured
by a Langinr probe. The plasina density was measured to be
radially homogencous. extending over 20cm. Though we have
no measureinent of the longitndinal distribution, the measure-
ment on a similar confinement device tells that it is also fairly

g
homogeneous.

Combination of a bending miagnet and a streak camera en-
ables us to measure the energy spectrum of each bunch. The
energy aperture of the magnet is only 15MeV, 50 it is necessary
to sweep the analyzing field to obtain the spectra of all bunches.
Bunches analyzed in the bending magnet travel in air over a
length of about .Hm to a mirror, radiating Cherenkov radiation.

Fig. 1. A typical streak picture.



The mirror reflects only the radiation, transmitting the electron
beam. The reflected radiation is finally focused on the slit of
the streak camera. A Dove prism in front of the slit rotates the
image so that the energy dispersion axis is perpendicular to the
time axis of the camera.

A typical streak picture is shown in Fig. 1. Tt contains three-
dimensional information; the horizontal dimension gives the con-
volution of the energy spread and the horizontal beam size, the
vertical dimmension shows the time structure of the bunches, and
the picture intensity indicates the number of electrons. Digitiz-
ing the streak picture, we can calenlate a mean and a standard
deviation of energy of each buncl. Because of the high energy
of the beam, eflects of multiple scattering on titaninm windows
are negligible in the transverse spread of the streak picture.

3. Experimental Results

First we suinmarize the previous rrsults,{‘ which well agree
with the linear theory. The theory tells that the resonant exci-
taion of plasma wakefields driven by a train of hunches occurs
when the plasma frequency coincides with a multiple of the ra
dio frequency of the buncher; e, w, /27 = kf;, where k is an
integer. Fig. 2 shows the wakefields expected at the center of
the each buneh, having a transeverse parabolic distribution with
1.5mm s radius and a longitudinal Gaussian distribution with
3mm rms length. Teis assumed that the total charge of TnC s
distributed over six bunches in a Gaussian-like envelope. The
figure illustrates the energy gain of each bunch accelerated or
decelerated in a Im long plasma columm as a function of elec-
tron density ranging (2 — 12) x 10Mem™® In resonances, all
bunches are decelerated to produce the maximum amplitude of
wakefield behind the hunch train. As a matter of course, the
Iatter bunches exibit the higher encrgy galns.
spectra of Ath and 5th out of 6 bunches were
3

The energ

measured as a function of the plasma density around 4x 107 em™
using a 250MeV  TnC electron beam in the previous experiments,
We found the deceleration of approximately 3MeV and 4MeV in
the 4th and 5th bunches, respectively. These values agres with
the caleulation given in Fig. 2. The 6th bunch was too weak to
be energy-analyzed.
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Fig. 2. The expected longitndinal wakefield at the barycenter of each

bunch. The numerals denote the order of bunches.
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bunch with the maximum intensity. Solid line: in the presence of a

3. Typical energy spectra, 547MeV /channel. {a) those of the

plasma with a resonant density, dotted: in the absence of a plasma.
(b) those of the bunch just after the one with the maximui intensity.
Solid line: in the presence of a plasma with resonant density. dotred:

in a plasma with density off the resonance.

[ the present experimemts. we have tried combination of 4
wider plasma density region (up to 10%cm™) and a beam with a
higher energy (500MeV). The higher energy mainly contributed
to the improvement of the hearm size, decreasing multiple scat-
tering of electrons at the beam windows. The reduction in the
beam size contributes to increase the electron density inside the
bunch. The higher energy also increased the Cherenkoy racdia-
tion intensity to improve the signal-to-nolse ratio of the streak

camera measureinent.

We meel a new aspect in a higher beam density region. The
following data are afforded by a heam with a total charge of
7.51C, an rms radius ¢, = L, and an rms bunch length o, =
3. Note that the radius is reduced to 2/3 from the previous
experiinents, owing to hoth the nltiple scattering reduction at
the windows and the improved operation of fucusing magnets.
We find that the bunch with the maximum intensity is strongly
decelerated at the resonant plasma densities in this condition.
Little deceleration, less than 2MeV | is found at the resonances
in the bunch following just after this maxiniu one. Instead.
the encrgy spectra of this bunch get broad. The energy changes
of the following weak bunches are contrarily negligible.

Fig. 3(a) shows energy spectra of the bunch with the maxi-
mumn intensity. The difference of the mean energy between those
given by the solid and dotted lines is approximately 12MeV,
where the solid line gives the energy spectrum in the presence
of a plasma with the density of 9 x 10Mem™3, the second reso-
nant density given in Fig. 2, while the dotted gives the spectrum
in the absence of a plasma. The observed energy shift is niuch
greater than predicted by the linear theory given in Fig. 2, the
3rd or 4th bunch of which has the maximum intensity; it is de-
rived from the figure that the energy shift of the 3rd huuch at
the second resonance should be about 5MeV taking account of
the density increase of in the present experiments.

The nature of the resonance is still valid, as shown in Fig. 4.
This observed resonance is, however, sharper than the theoreti-
cal prediction given in the curve numbered 3 or 4 of Fig. 2. In
Fig. 4, the curve numbered 6 in Fig. 2 is re-scaled and depicted,
which funnily fits the experimnents, in spite that it should have
no physical meaning.
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Fig. 4. Observed centroid energy shifts of the maximum bunch as a

function of the plasma density.

Fig. 3{b) shows energy spectra of the bunch following just
after the maximum. The spectrum at the resonant plasma den-
sity is 40% broader than that off the resonance. The spectrum
witheut a plasma has similar distribution as the one given by
the dotied line in Fig. 3(b). Fig. 5 shows the rms energy width
of this hunch as a fuuetion of the plasma density, where the
resonances are clear but broader than in Fig. 4. We cannot tell
whether this s due to the energy broadening or due to the de-
focusing of the wakefield. As shown in Fig. 3(a), no significant
change was found in the width of the spectrumm of the maximum

bunch at the resonant plasma density.

4. Discussion

One explanation of the anomalous deceleration of the max-
mum bunch is introduction of a nonlinear mechanism.  The

perturbed electron density is given by’
=k, Neap[~(kh,0.)?/2]/(2n0?),

where b, = ¢/w,, and N is the number of particles in the bunch.
Inserting our values and assuming that the maximun bunch has
the charge of 20C, we have ny = 3.04 x 10%em™, or ny /n, = .3
at the second resonance. We are certainly in the region where
the lincar theory is not applicalle.

The nonlinear effect also gives an explanation to the fact
that the tail bunches do uot exhibit energy change atl the res-

onatces; the phase difference is probable between the plasma

wave and the bunch spacing, if the plasmma wave does not re-
nian sinnsoidal. [t seeins to correspond to the phenomenon
of the spectrum broadening shown in Fig. 5. Another plausi-
ble explanation is the possibility that the tail bunches are off-
centered Before they enter the plasma. The vertical offsets of tail
bunches more than L are often observed in this linac, which
is brought about by a transverse wake field inherent in the linac
structure. If the offset is greater than the driving bunch beamn
size, its effect on the trailing bunches cannot be strong enough

to cause the energy shift.

Only the deceleration is remarkable at the resonant density
of a plasma, as long as the bunch spacings are fixed, and the

envelope of the bunch train is Gausian, as in the experiments
reported here. We can, however, make acceleration possible,
controlling the enve]opc? It is known that a train of M bunches
with linearly ramping intensities, given by the nth bunch inten-
sity N,/Ny = 2n — 1, can produce maximum transformer ratio
2M, if the frequency of the bunch spacing is resonant with the
plasma frequency. A traceable amout of test bunch can be accel-
erated, benefitted by this transforiner ratio, even if its distance
between the last of driving bunches is also determined by the
buncher radio frequency. We can modify the cathode grid pulser
of the KEK linac to produce such a bunch train envelope.

In summary, we observed about 12MeV energy shift in an
electron bunch travelling through a Im long plasma column.
This shift amount is more than the prediction of linear maodel.
We are planning to ascertain the reproducibility and cause in
detail in the nearest future.
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Fig. 5. RMS energy width of the bunch following just after the

maximum as a function of the plasma density.
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