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ABSTRACT

We report on attempls (o detect a relativistic plasma
wave excited when the frequency difference between two
goepropagst ing neodynium  glass  laser beams is olose to
the plasma frequency. In the Flrst experiment {(Jan #6)
detection of the plasma wave by monitoring the sidebands
formed on  the laser tight was made iwpossible due to Raman
scabter ing by atmospher jc nitrogen, Further, the plasua
Formed by a Z-pinch was not  reproducible ur uniform
gnough  to obtain a resonance. Multiphoton lonisation of
hydrogen  gas at pressumes of & few torr using a
fregquency  doubled neodymium laser was investigated (June
86} and found to produce extremely uniform plasmas, the
dengity oorresponding to 100% ionisation., This was used
in the last experiment {May 87) where the two [.R. laser
beams followed separate paths amd were mixed under
VAT However , detection of the plasma wave was not
possible <ue to the UBRS effect in the mixing optices,

1.  INTRODUCTION

The need {u probe smaller amd smaller distances in matter has led to the
requirement For bhuge increases in particle accelerator energy. To acvelerate
a charyed particle (o relativistic velocities reguires a longitudinal electric
field and a phase welucity close to ¢. & plasma being fully lonised does not
suffer from breakdown which limits the maximum Fields achievable in a
cotventional  acoelerator. 1t has the wmajor advantage that the maximum
jongitudinal glocty i field of & relativistic plaswa wave is
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}%qz fem™3)  vem™}, so  that For number densities N, ~1020%m™?  the
maximum  field is ~10'9  wvem™!  orders of magnitude greater than a
conventional structure. 'The major dissdvantage is that plasmas are inherently
unstable, The beat-wave meunaﬁiamz} ig an interesting method of producing a
relativistic plasma wave and requires that two wrallel laser beams of
slightly different frequencies ate fuensed onto a plasma of resonant
frequency wp = wi~wo, Since this is a resonant process the plasma density is
reguired to be reasonably uniform, perhaps for as much as 100 for an
accelerator. Using a neodymium glass laser {~lpm)} requires the plasma number
density be within about 0.3%% of the resonance value, compared to the much less
stringent condition of a few percent for the (U, lasers (~10um) used by
others in this Field?s®!, Howevey, the phase velocity Voh of the plasma
wave, characterised by the Loventz factor 5‘W(1~{v§hXG}*}Q&:z%@A~p, ig much
larger (¥=100) than for a 0Oy laser (¥=10) and so is more :ielevant to
particle acceleration. In order to avoid excessive collisional damping of the
plasma wave the plasms temperature should be greater than about 20eV, but not
too  much  higher than this to minimise trapping of background plasma
electrons. Preliminary experiments in this field have used DC arc discharges,
Z or theta pinches, or air breakdown plssmas. These are recognised as having
insdequate  homogeneity and rveproducibility for accelerator applications.
Muitiphoton ifonisation of hydrogen gas produces exceptionally uniform plasmas
with appropriaste density and temperature and the technigue is scalable to
plasmas of arbitrary size4}.

2. EXPERIMENTAL ARRANCEMENT

The expeyiments were conducted at the SERC Central Laser Facility using
the vVulcan neodymium glass laser. This was used to give 1.064um {(YAG) and
1.083  um (YLF} pump beams each delivering ~50J in a pulse of 200ps full width
at half wmaximum ({f.w.h.m.}. The first exp&rim&nt53 {Jan 86} used a Z-pinch
to create a preformed plasma into which the pump beams were fixused by a Im
lens, /30 optics. The size of the focal spot was measured with an eguivalent
focal plane camera to be about 400um in diameter. A fregquency doubled YLF
beam (5265 &) delivering ~10J and of Ins f.w.h.m. was Ffoxused using a Im
lens, £/10 optics, to give a spot size of 200um diameter and used as a Thomson
seattering probe, the scattered light collected at four scattering angles
{20,60,120,160 deyrees}. Light from diamety ically opposed channels was fed
into the same spectyometer by means of a spherical mirror, the light emerging
from the spectrometers was fed into two stresk cameras whose time dispersion
separated the direct and reflected light components. The experimental
arrangement is shown in Fig. 1.

The TY.R. light emerging from the pinch tube was attenuated by wedged
uncoated mirrors and focused into a spectometer, the spectrally resolved
light was fed into an 81 streak camera. This channel, known as the cagcade,
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Fig. 1 The experimental layout for the first beat wave experiment

was set up to monitor the development of spectral sidebands on the pump light
which are generated by the interachion of the pump bheamsz with the relativistic
plasma wave. Unfortunately it was impussible ko measure the amplitude of the
plasma wave as the simultanecus propayation of both laser frequencies through
an  air path of ~30m gave rise to strong Raman scattering. A guick fix to
attempt to wminimige thiz effect was to use a Michelson arrangement introduced
into the beam paths just before the Im forusing lens, see Fig. 2. The time
delay of the twe arms of the Michelsun arrangement was set to be the same as
the deliberate desynchronisation of the laser beams. To further minimise the
air region in which both wavelengths were synchronous the Michelson
arrangement was enclosed and Fflushed with argon, In addition a 0.1%
trapsmitting 1.R. mirror was placed at the output of the pinch tube. This
considerably reduced the amplitude of the sidebands but was not effective

enough.,
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Pig, 2 The Michelson arrangement used to recombine the pump beams

For  the multiphoton i{onisation exper iment®  (June 86) a frequenoy
doubled YLF besm delivering ~10J and of 200ps f£.w.h.m. was foonsed using a 2w
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lens, £,20 optics onto hydiogen ges at pressures from 0.5-4 torr. The size of
the focal spob was measuied with an eguivalent plane camera to he about 400um,
the focussed irradiances were about 101%em™2, The same hesm also acied
ag a Thomson scattering probe and the scattered light was collected at fomn
angles {(20,60,120,160 degrees). The streak camera output was recorded on BPS
film and a calibration wedge was recorded imdividually for each data shot,
The overall layout of the scattering and other disgnostics ls shown in Fig.

3. The spectial and temporal resolut ions were respectively about 53 and
100ps. The gas filling pressure was measured with a calibrated MKE baratron
heatd,
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Fig. 3 Schematic arrangement of the multiphoton ionisat ion expt

The experimental arrangement used in the lagt experiment (May 87) is
shown in Fig. 4. The pump beams each delivering ~50J awd of 200ps f.w.h.m.
were  foonsed by a 2m lens, £/20 optics, to give a 250um diameter spol size,
The plasma was preformed by a frequency doubled YLF beam delivering ~10J and
of 2600ps f.w.h.m,., focussed uszing the same 2m lens as for the [L.R. beams and a
negative oorrecting lens to give a focal spot at the same locvatbion as the 1.R,
beams of size 400 um. The target chamber was filled with hydrogen gas st
pressures from  I-2 torr. CThe two pump beams were amplified using different
rexd chains, followed separale air pathes amnd were orthogonally polarised,
finally beiug mizxed together under wvacuum and their polarisations matched. 3
0.1% traunsmitting 1.R. mirror wag placed at the output of the target chamber,
the emerging light further altenuated by wedged uncoated mirrovsg befute being
focused onto  a  Bentham spectromeier and then an 5] streak camera. These
precaut ions  were taken in order tou avoid Ramen scattering by atmosplieric

nitoogen. Thomson  suattered light was collevted frim the preionising green
beam aund from a separate green probe beam whose relative timing could be
vayied, The scattered light was oollected at Four seattering angles for both
the preionising beam {(40,58,122,140 degrees) and the probe beam (}8,64,116,164
degrees). Using this arreangement the plasma conditions could be determined

both before amd after the pump beams had passed thiough the plaswa.
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Fig., 4 Brper imenial layout for the second beat wave experiment

3. EXPERIMENTAL RESULTS

The planned use of the cascede channel in the First experiment was made
fmposgible by the unexpecied pear soincidence of the «difference frequenuy of
the pumps =9%8.2 cm“i, with the S{11} totational line of nitrogen at 99
em™ The resulting strony Raman  scatiering gives the spectrum shown in
Fig. 5, two Stokes and two anti-Stokes lines can be seen on the orviginais,
these sidebands were not observed at the output of the laser amplifiers and
were a conseguence of  the air propagat fon path, The Michelsun arrangement
very substantially treduced the Raman scattering bat this was still latge
enough  to oompete with the expected plasma wave signal. To assist in
detecting the weak sidebande the pump lines were masked off by an N2 styip
before enter ing the streak camera, A typical time resoived spectrum using the
Michelson arrangemeni iz shown in Fig. 6, notice thal there are still
sidebands  when ouly the second YLF pulge ia present. The Michelson
arrangement s inefficient in that only one gquarter of the laser eneryy is
effective in driving the plasma wave.

For ihe multiphoton lonisat ion exper lment the Thomson scattering resulls
were in the Form of four simulbanecus time reszolved spectra. ‘lhe 20 deyree
goatter ing cohanpel s predominaptly  sensitive (o electron density which it
gives by <direct measurement of the freyuency separation of the plasma
satellites. the 188 deyree channel is mostly sensitive to electron
temperatute but  in the iwe other channels the shape of the svaltered light
gpectrum  is  dictaled by both parameiers and a Fitting procedine is requited
The phetographic data were correctesd for  film  response, spectiometer and
streak coamera sensitivitly and Finally fitted in a2 least squares sense to the
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theoretical Thomson scattering profiles. For  all the data, the electron
density did not vary with laser irradiance. The measured electron density as
a function of gas Fil] pressure is shown in Fig. 7. The electron density s
proportional to Fill pressure, and corresponds to J0U% fonisation to within
the measurement error. Piy. 8 shows the resulis of defocusing the input lens
by id,-dmm  axially while keeping the scattering volume fixed in gpave. This
has the effect of weasuring the electron density wvariations along the axis of
the main  focusing lens, The densitometer scans show that there is no
measurable wvariation of we at the 2% level, corresponding to g 4% uncertainty
inng. The electron temperature is measured to be about 8~10ev,

In the last experiment use of the cascade channel to detect the plasns
wave was impossible due to the CARS effect in the optical components where ithe
pump  bheams were together. This resulted in sidebands several times laiyex
than  those expected due to a plesma wave, giving spectra similar to Fig. 5.
Pour  gimultanesus Thomson  svattered signals were obtained for both  the
prefonising green beam and the green probe beam, and by wvaryving the timing of
the probe beam it was possible to study the time evolution of the plaswma.
Typical spectra obtained are shown in Fig. 9. By vomparing the scattered
light profiles of the 160 degree {preioniser) amd 120 degree {(probe) channels
the heating of the plasma by the pump beams can be determinel, Typical
profiles are given in Fig. 10. and show a temperature increase frem ~12eV (o
~ 25V, in this example the probe was delaved 400ps with respect to the pump
beams. The theorebical profile, whicvh assumes a Maxwellian distr ibution, does
not  fit  the scattered signal from the heated plasma as well ag the fit
obtained with the signal Frow the prefurmed plasma, 'This suygests that the
heated plasma s non~Maxwellian or  turbulent. The measured increases in
temperature dug ta  the pump beams show only a  slight depewxddence on ihe
preformed plasma density, there being no indication of large increases
corresponding 1o a particular resonant density which would be expected if a
farge amplitude plasma wave were driven and then decayed into thermal eneryy.
The analvsiz of the data from this experiment is not yvetr complete,

{18,140,162,40 degrees) {64,58,116,122 degrees)

Fig. 9 ‘Typical Thomson scabtering spectra
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4. DISCUSSION

We have modelled the plasme heasting with 2z single one-dimensional
{eylindrically symmetric) oomputer code, modelling inverse bremssirahlung
absorption, thermal oconduction, ion electyon equilibration and hydrodynamic
expansion, The c¢lassical absorption cross section is modified to allow for
the reduction in collision ?‘zeggnmgzy?*g? when the electron oscillation
velocity  in the  light wave v .=eE/mwe exceeds the thermal speed
%:{kg'refm}“i . The electron therma! conductivity is  limited by the
election free streaming limit, The model gives very good agresment to the
data obtained from the multiphoton fonisation experiment using the standard
vaiue of the flux limit®) F=0,1 and the modified inverse hremsstrahlung
©r o858 sect lun.

5. CONCLUSIONS

We have studied the laser lonisation of molecnlar hydrogen, using Thomson
seaitering teclnigues to measmne the time and space resolved density and
temperature. tur results show  the gas is fully ionised over a length of at
least lem using 2m  forusing  optics. The uwniformity of the plasma is very
high end appears to be momre thao sdeguate for performing future beat wave
exper iments. Howeve:r, we have as yet been unable to detect the presence of a

relativistic plasma wave,
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Discussion

Have you taken into atcount the density shifl needed to account for the facl that the
plasma wave s nol many wavelenyihs wide?

Reply
No. However, the largel gas pressure and hence the plasma densily was varied from 1

to 2 Jory [resonance at 1,67 Torr ewpected with a large spot size)  Most shols were at
about 1.67 Tory  No healing resonance was observed hut sot all resulls are yel anmalysed.



