"LEGIBILITY NOTICE
A major purpose of the Techni-
cal Information Center is to provide
the broadest dissemination possi-
ble of information contained in
DOE’s Research and Development
Reports to business, industry, the
academic community, and federal,
state and local governments.
Although a small portion of this
report is not reproducible, it is
being made available to expedite

the availability of information on the
research discussed herein.

|



NOTICE

LA-UR -84-1359

CoNF

Los

“ORTIONS OF THis REPORT ARE ILLERIBLE, it

has been reproduceg from the best avaliable

copy t
'bmyty? permit the broadest possible avaii-

Alamos National Laboratory 15 operated by the University of California for the United States Depariment ot Energy undar contract W-7405-ENG-36

TITLE

Q C)/\} P-— X !‘/C‘{S(;(; - = I6

LA~-UR-~-84-1 359

DE84 011412
NEW DIRECTIONS IN LINEAR ACCELERATORS

AUTHOR(S) R. A. Jameson

suMITTED 70. ' The 1984 Linear Accelerator Conference, May 7-11, 1984

Darmstadt, Fed. Rep. of Germany

DISCLAIMER

This report was prcpared as un account of work sponsored by an agency of the United States

Government. Neither the United States Government nor any agency thereuf, nor any of their
cmployers, makea any warranty, express or implied, or assumes any legal I ability or responsi- " Q
nERY

bility for the accuracy, completcness, or usefulness of any information, apparatus. product, or
process discloscd, or ropresents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, nrocess, or service by trade name, tradomark,
manufacturer, or otherwise does not ncceasarily constitute or imply its endorsement, recom-
mendation, or favoring by the United Giates (overnment or any agency thereof. The views
and opinions of authors expreased herein do not necessarhiy state nr roflect those of the
United States Government or any agoncy thercof.

@y accepiance O this ariicie 1he publshe: tecOgnizes that the U § Governtnent relaing 8 nonesciusive royBity-free hicense 10 pubish O 12p10OUCE
the published form af ths contribulion of 10 allow Others 10 GO S0. for US Government purposes

The Los Alamos Nalions! Laborsiory requesis thal the publigher idenily this 8riicie as work periormed under 1he auspices olthe U S (epsrtment of Energy

Los Alamo

FORM NO 03 A
BY NO NP W

DISTRIBUTION OF THIS DOCUMENT 18 1

Los Alamos National Laborator
Los Alamos,New Mexico 8754


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


' DIRECTIONS IN LINEAR ACCELERATORS™

R. A. Jameson
Accelerator Technology Division, MS-H811
Los Alamos National Laboratory, Los Alamos, New Mexico 87345 USA

Summary

Current work on linear particle accelerators 1is
placed in historica’ and physics conte:ts, and applica-
tions driving the state of the art are discussed.
Future needs and the ‘says they may force development
are outlined 1in terms of exciting P&D challenges
presented to today's accelerator designers.

Context of {Linear) Accelerator Development

A classificaticn of particle accelerators has
been proposed by Lawson! to illustrate the physical
principles used in various accelerator types. Figure 1
shows a division between machines where the accelerat-
ing field at a point varies harmonically and those in
which it does not. These categories are then divided,
depending on whether the particles move in free space
or in a medium, which could be a plasma or an intense
beam of a different kind of particles. The free-space
category 1is subdivided, depending on whether the
charges that produce the accelerating and focusing
fields are all bound in metals or dielectrics or are
frqe parts of a plasma or particle beam.

CATYEGONY 1 CATEGORNY 2

ACCELERATED PARTICLES

ACCELERATED PARTICLES 1IN FREE SPACE IN A MEDIUN

CATEQONY 1.4 CATRGORY 1.0

NO FREE CHARGES FREL CHARGLS

IN SYSTEM IN BYSTEM
v ®Linace ®Linac plus rf Drive ®'nverse Cherenkov
2 §1@8ynchrotrons system ®Bean-Wave
d
w g @ Inverse Tree- eLaser Beat-have
- Electron Laser

® Betatron ®lon-Drag Accelerator ®lonization Front

®1nduction Linac {@Wake-Field Accelerator [ ®Llectron Ring

®Llectrustatic
Accslarator

ACCELERAT I
TOMRA RON 1C

-

Fig. 1. Classification of accelerators used by Lawson.

Another way of describing this classification in
a generic sense {s that most applied accelerator
S{stems today are 1in Category 1 and are based on
classical electromagnetic (EM) physical principles.
Category 2 basically involves plasma physics, which is
now much less tractable and has not led to significant
practical application in accelerator technology.

Progress on tha energy frontier in Category 1 was
driven by physics research needs and wusually fis
charted from the 1930s in the form of the Livingston
Chart, fig. 2, showing that particle accelerator
energy has increased by a factor of about 25 every 10
years. The corresponding cost per MeV has decreased
by a factor of about 16 per decade.? The physics
principles on wnich all of these devices work were
deduced long ago; the energy increases were possible
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Fig. 2. The Livingston chart, showing the evolution
of various types of accelerators with time.

because of cost reductions from thorough exploitation
of parameters, engineering perfection, systems inteyra-
tion, and advanced manufacturing methods.®

At the same time, the need for more intense
sources led to Categorv 1 systems of higher intensity,
culmirating for ion machines in the mescn factories
Vike LAMPF, which produces a proton beam of 1-mA
average current at 800 MeV. These machines, and corre-
sponding electron accelerctors, must consider coliec-
tive effects in the accelerated beam, but do not rely
on them for acceleration. More and more modern appli-
catfons are forcing this collective-evfect boundary,
requiring better understanding of plasma effects in the
beam itself or as an efiicient acceleration wechanism,
therefore, an understanding of plasma physics is becom-
ing a prerequisite tor the young workers in tnis field.

Current Applications that Compel Uevelopment

It is important to stress that a number of present pro-
grams are very challenging teo accelerator designers and
should be considered as new directions in their own
right. It would probably surprise most of those at-
tending this conference to know how little of the capa-
bility and established technology of modern linacs 1s
understond or appreciated outside our own stall iinac
community--even the larger accelerator community s
genrrally unaware of the substantial acvances, espe-
c{ally in high-intensity topics, made in the past
decade. The small number of machines built during this
decade 1s puart of the probliem. Another interesting
fact {s that much of this research and development work
was sponsored by nontraditional sources interested in
building linacs for a wide variety of applications.
The operational status now being achieved by some of
these endeavors is making a 'arge impact on the yen-
eral awareness that augurs well for the future.



Nuclear and particle physics, and the increasingly
blurred 1interface between these traditional fields,
continue to stimulate linac developmant, as attested
by many papers at this meeting. The most compellin
guestions 1involve uncderstanding beam breakup (BBU?
phenomena in the collider, microtron, and other high-
intensity electron-linac projects, and the development
of advanced klystron amplifiers and accelerator struc-
tures for both pulsed and cw application.

The primary accelerator-baced project for the
fusion program at present is FMIT, a facility for
fuston materials development. The cw, very high inten-
sity nature of this machine presented great challenges
to accelerator designers in two major arcas. To
achieve reasonable system efficiency, space-charge
forces in the accelerated beam have to be allowed, re-
quiring a comprehensive understanding of the 1imits and
parameter choices that maximize efficiency while mini-
mizing residual beam losses so that machine maintenance
problems will not be too severe,""® a prime example of
the encr-oachment of plasma physics on classical linacs
design mentioned above. The other challenge 1s in the
engineering iequirements of such a high-power, cw Sys-
tem that must run with very high availability.

The heavy ion fusion (HIF) program also has been
a nrimary motivation toward understanding space charge
and instability limits in both rf and induction-linac
machines,®"® and toward development of practical -ech-
niques for phase-space manipulation and contro) that
will not spoil the brightness. Ir. the rf approach,
work 1s required on how to funnel several beams to-
gether at appropriate places along a linac tree and on
how to inject, store, extract, and compress beams in
storage rings and final transport systems. Beams 1in
induction 1linacs also must be run near the space-
charge 1imit for high efficiency and must achieve
precise daccelerating waveforms.

Free-electron lasers (FELs)® present challenging
demands on electron-1ina performance; considerably
more intense beams with better emittance, compared with
existing machines, are required, and this intensity
makes understanding and control of BBU phenomena essen-
tial for both acceleration and energy-recovery deceler-
ation. Applications of such FtLs to infrared or ultra-
violet 1light sources, proces: chemistry, and other
industrial uses are under «tudy. In a different
anproach, FELs amplifier exneriments using multikilo-
ampere induction linacs are under investigation at the
Lawrence Livermore Natioral Laboratory (LLNL).!®

There are, of course, many moce topics for de-
tailed development. We should not overlook the impor-
tance that nearer term, more evolutionary, work will
have both in practical applications and in teaching us
how to take larger steps.

Accelerator structures receive a great deal of
attention and will continue to require imaginative and
dedicated work. Present topics include the radio-
frequency quadrupole (RFQ) and the very interesting
RFQ-1ike structures being studied in the USSR that
renlace the drift-tube linac (DTL)!!'; high-beta ion
structures such as the side-coupled, disk-and-washer
(DAW), and others; and advanced standing-wave struc-
tures for electrons. In RFQ design, the primary chal-
lenge {s reasonant coupling of the drive to the cavity,
This would reduce the tuning, or electrical, sensitiv-
ity of the struc'ure to a level equivalent to the sen-
sitivities of the on-axis fields on the acceleration
beam dynamics. Resonant counling would allow longer,
more complicated RFQs to be used. The high-beta struc-
ture challenge is to find a good compromise among the
priclical requirements for qood mode {solation, shunt
iripedance, accelerating gradient, coupling, and other
factors. A primary difficulty (r that no 3D cavity de-
sign codes of sufficient accurac ' exist, so development
now cepends on expensive hardware modeling. The need
for 30 codes also extends to beam dynamics, magnet

dacinn  and adusnrad rf nauar_nanarat inn docinn.

Future Needs and Development Directions

A1y of the above areas will continue to demand
higher energy, intensity, brightness, and systems
requirements in various combinations. But it appears
that some fundamental as well as practical l1imits
are being reached using the classical approaches of
Category 1 (fig. 1). In high-energy physics (HEP)
particularly, the energy/cost-per-MeV differential is
large, in spite of the progress made, and the scale of
machines has become so large that the superconducting
super collider (SSC) may be the last such device feasi-
ble. A1l applications will stress higher intensities,
including HEP where adequate luminosity is necessary to
get rcasonable event rates.

The high-energy frontier is bounded by economic
constraints rather than technical ones. To make prog-
ress, we are going tuo need mcre capital efficiency
(GeV/M§) and thermodynamic efficiency (GeV/MW and lumi-
nosity/MW).'2  As a near-term challenge, systems with
ac-power to beam-power conversion efficiencies of at
least 10% are considerably better than what we can ao
today. The high-intensity frontier, besides reguiring
the same capital and thermodynamic efficiencies, forces
collective effects or plasma physics to be considered
as well. To start wit., tne current per accelerating
channel is raised into the space-charge-uominatea
regime to obtain good efficiency. If even more current
is needed, then arrays of channels would ve used. Some
saving could be made by combining several channels into
a common electromagn~tic envelope with common vacuum,
water, and other ancillary systems.

RF Power and Accelerator Structure Tradeoffs

The cost of an rf linac is roughly % 2 rf power
cost plus the cost of the accelerator structure. We
can use this simple relationship to elaborate the reia-
tive influence of today's rf power and accelerator-
structure subsystem efficiencies, and to indicate
development directions that should be taken.!3,!*

The structure power cost varies inversely with
length, whereas the structure cost varies directly with
length. Therefore, there is a Strong tradeoff between
accelerating gradient(E;) and length, and choice of
the maximum achievable accelerating gradient is not a
priori desirable.

It does seem reasonable, however, to expec: that
we would want to exploit the accelerator struct.re to
some physical 1imit, even though the cost reiation
warns us to be careful. The applicable physical limit
will depend on the application and could he, for ex-
ample, removal of average waste power, voltage break-
down, surface damage due to high peak power, magynetic
field limitations, space-charge limit on current, and
so on, Typical rf linacs today mignt be desianed et
around 440 MHz for the RFQ/DTL, and around 1320 MHZ
(X2) for the high-beta stage. Peal: surface fields (F)
of about twice the Kilpatrick Limit!®(Exkp) would te
practical: 4C mV/m at 440 MHz and 64 MV/m at 1320 Mhz.
The experience factor kK = E/EKp, by which Exp may be
multiplied for modern structures, appears to be as high
as 2.5-3.0 for RFQs, and up to 2.0 for UTL and high-
beta structures,

A1l the peak surface field, however, is not used
for acceleration--geometry factors in practica! struc-
tures reduce the effective g-adient on-axis by some
factor. This factor can he minimized but usually at
some cost, for example, in shunt i{mpedance I or
transit-time factor, which would directly offset the
Increased accelerating gradiert t,. For example, one
structure with many desirable properties is called the
(DAM) type (fig. 3). The addition of noses around the
beam hole {increases the transit-time factor, at some
loss in shunt {impedance, and increases the peak-
surface-field to accelerating field ratio (L/Ey) from
1.94 with no note th 5.37 with full note. The Vaguine
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¥1g. 3. Cross sections of four coupled-cavity linac
(CCL) types: the DAW with and without nose
the Chalk River on-axis coupled structure."
and the Vaguine stcucture.!” E/Eg 1s the
ratio of peak surface field to accelerating
gradient.

structure has a somewhat better efficlency 1in using
peak surface field as accelerating field, with
the Chalk River structure intermedizte.

The fabrication cost/unit length, S, of all these
structures 1s roughly the same, $50-100 K/m. The
tradec’fs among shunt impedance (~450-100 MQ/m), transit
time (0.8-0.92), and other detailed factors also are
not dramatic. Therefore, the gradient-versus-length
cost tradeoff must dominate the choice of optimum gra-
dien*. Figure 4 {llustraies this resull, showing the
cost ciurves for a linac that was designec as an injec-
tor for the proposed 55C, and relating £, Exp, and Eg
for the four structures. The cost minima are all at
about 420 M and require an accelerating gradient of
20 Ma¥/m, The available L4 (30-40 MeV/m) at K = 2 of
the more efficient structures cannot be used economi-
cally, but the 20 MV/m E giving the cost minimum is
available below the spar 1ng ﬂnit. The less effi-
cifent structures cannot reach the cost minimum without
sparking, although this 1s not too serious because the
cost minima are broad.

h great deal of rt accelerating structure develop-
ment has occurred at frequencies <3 GHz, and 1t s
unlikely that major increases in shunt {impedance will
occur. The cost per peak rf watt at low duty factor is
relativeiy '‘niependent of frequency in this frequency
range, and is expensive. The best way to use a higher
Eop and make the Yength shorter would bhe to reduce the
unit rf power <0sts. We will return to this.

Note that something else is going on in fig. 4,
1f 40-MV/m acce'erating gradient {s available for the
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Fig. 4. Cost estimate for the SSC injector linac as a
‘unction of K, the ratio of peak-surface-field
E in the CCL accelerating structure to Kilpat-
rick Limit Exp = 32 MV/m at 1320 MHz, and the
CCL accelerating gradient E, as function of K.
Curves for the four CCL geometries of fig. 3
are plotted.

CCL, but we can only use half that for economic rea-
sons, why did we 1imit the SSC injector point design
by more than another factor of 2, to 8 MV/m? The LCL
and DTL accelerating gradients were assumed fixed
throughout; this is the common practice. Conputer sim-
ulation showed transverse emittance growths through tne
OTL and CCL of 1.47 and 1.76. Much of this growth is
because the beam from the preceding stage has not been
properly conditioned for minimum emittance growth in
the next stage. We know"r»® that the transverse anud
longitudinal phase-space energy contents must be kept
roughly equal (tormed equipartitioned) at all stages of
an accelerator, or transients will occur in the parti-
cle distribution that force emittance transfer between
planes until equipartitioning occurs. In typical lin-
acs, the longitudinal phase-space energy is larger than
the transverse, and the transverse emittance grows,
especially when an abrupt change in paramcters excites
new transients. The very high accelerating gradients
suggested by the cost optimization would exacerbate the
emittance growth considerably if we injected directly
into the CCL at those gredients. The longitudinal
emittance also would deteriorate from the effect of rf
waveform nonlinearities. To realize Lhe desired trans-
verse emittance and energy spread for the point design,
we limited the CCL accelerating gradient to 8 MV/m.
Even then, the equipartitioning condition {s badly
violated and considerable emittance growlh occurs in
the transverse plane. The cost impact of operating at
this nonoptimum gradient is signifirant,

Research into how to maintain equipartitioning
through a linac is an important area for further work.
We do know what the matching and equipartitioning con-
ditions are for the rms beam parameters and have some



knowledge of parameter space to avoid if minimum emit-
tance growth is desired. One clear requirement is that
the beam must be handled gently, with gradual deforma-
tions to a new state. We right be able to use the op-
timum 20-MeV/m gradient for a substantial fraction of
the CCL by injecting at a low gradient and gradually
shaping the acceleration parameters to bring the gra-
dient up to 20 MeV/m.

Our conclusion to this point is that cost for this
example would be higher than optimum because the need
to bound emittance growth forces us to choose a below-
optimum accelerating gradient. The maximum accele:at-
ing gradient achievable is about twice the optimum;
thus, the possibility for a shorter machine cannot be
exploited economicaily. It is probable that RLD on
linac design that maintains equipartitioning would
yield more cest-effective designs and even better per-
formance, but utilization of the achievable structure
gradient of 40 MeV/m would require work .~ reducing the
cost per rf watt.

This latter point is crucial. Much has been said
about searching for accelerato, structures with hun-
dveds of MeV/m gradients, to make shorter machines, but
if rf pcwer costs are not brought down correspondingly,
the high gradients would not be economical.

There are some other important design constraints
that can only be alluded to here. Wake-field effects
1imit the maximum allowable beam-power’® to stored-rf-
power ratio to only about 10%. Boyd®? has shown how a
stagger-tuning concept might significantly enhance the
achievable charge transfer through a linac operating
in a stored-energy mode. Gluckstern, Cooper, and
Channel12° recently have extended the wake-field analy-
sis to include the effents of coupling between acceler-
ating cells and external focusing and to elucidate the
transient and steady-state conditions. An amalgamation
of these considerations is now needed.

On frequency scaling, fig. 5 diagrams the possible
1imits to accelerating gradient for a structure with
peak-surface-field to accelerating-gradient ru k}of 2.
The Kilpatrick-Limit line, which scales as fl1/¢, was
added to the electron-induced breakdown and surface-
heating limits derived by Tigner and Prosnitz.'® A
frequency around 30 GHz may be at about the point of
diminishing returns, and gradients of a few hundred
MeV/m may be possible, assuming beam-dynamics and other
practical considerations would allow their use.
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As noted, cheaper rf at around 30 GHz would nave
to follow. Prosnitz?! outlines high-power, high-
frequency rf generator development work now in prog-
ress; there are disadvantages in that many of these de-
vices are oscillators, rather than amplifiers in which
amplitude and frequency or phase can be controlled, and
many require high magnetic fields that add to the cost.
Reliability also is not adequate yet. At high gra-
dient, the amount of power required per meter is nignh,
although at high frequency, the amount of energy needea
per meter 1is dramatically reduced because E¢ a wel.
TJube-type sources can produce relevant unit-power/m at
10 GHz, but not yet at 30 GHz, where paralieling would
be needed. Given these uncertainties, I have not tried
to estimate the §/rf-watt cost for these drivers, out
imagine that it would still be roughly equal to the
present price. In this case, high accelerating gra-
dient would not be economical. We proceed to aiscus-
sion of ideas having the potential to resolve some of
the cost dilemma.

Evolution of Integrated Structures

Tigner!? shows an 2volution of a near-field linac
circuit (fig. 6) that guides us from today's separate
1inac structure and microwave tubes to coupled source
and accelerator structures along the lines of tne
energy-recovery FEL system and, finally, to a fully
integrated structure in which the transformer actiun
between a low-voltage/high-current driving beam is
integrally coupled to a high-voltage/low-current accel-
erated beam. Such schemes belong in Category 1.B of
fig. 1, «ith free charges in the EM source or the driv-
ing beam. 1he point 1is that tnere appears to be a
possibly fruitful middle ground to explore, with
collective-effect beams interacting indirectly througn
a vacuum medium, before attempting to tame the very
tormidable physics of Category 2.
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‘Tigner also shows the general aspects of system
effiriency, beam power divided by prime power, as the
product of power conversions through the system. In
fig. 6.a, there is energy-reservoir efficiency to dc
for the EM sources, and subsequent efficiencies for the
sources, coupling network, the structure itself, and
structure to beam. EM source, structure, and beam
efficiencies are not very high, and overall efficien-
cies per bunch for HEP applications are now less than a
per cent. The progression from fig. 6.a to 6.c is seen
to be an attempt to more tightly couple the system and
eliminate some of the serial inefficiencies. A wide
variety of such integrated schemes have been proposed
already and some development work is starting. A few
will be outlined here.

Prosnitz?! goes on to exploit fig. 5 by propos.
ing a two-beam linac that would accelerate 5 x 10 0
particles per bunch to 300 GeV at 1-kHz repetition rate
in a 35-GHz, =n/3-mode, Jungle-gym-type structure with
1=210M2/m, Q= 2.6 x 103, operating at 200-MeV/m
accelerating qradient. The rf power requirement is
235 MW/m, but only 12 J/m with 50-ns pulses.

The driver would use a low-voltage (1.8-MeV) but
high-current (500-A) electron beam and would convert
its energy to 35 GHz rf, using distributed wigglers in
a single-pass FEL source/amplifier. FEL wiggler and
induction-linac sections would be alternated so that
the elactron beam energy lost in a wiggler section (de-
celerating gradient 1.6 MeV/m) would be made up in the
next induction-linac section. ¥ith 1.8-MeV/m equilib-
rium beam voltage and 350-A bunched current, it is
estimated that 570 Mw/m of rf could be produced. The
conversior efficiency is estimated to be very high,
>70%, which is better than klystrons, especially high-
peak-power klystrons, at 2 GHz and below. The rf is
used to drive the high-voltage, low-current accelerated
beam, so that the entire system is like a transformer.

A costing analysis!® shows that the construc-
tion methods for the FEL/induction-anac driver might
make the rf cost as low as 5 x 10°% §/rf watt, for
which the optimum accelerating gradient would equal the
design value of 200 MeV/m. So this apprcach, if the
very formidable technical problems could be solved,
could at least be run at the economic optimum. Not the
Jeast of the technical problems is to find a way to
couple power out of the FEL generator over to the
accelerator, or to combine them without a separate
coupler.

At least two more of these integrated schemes will
be discussed in detail at this conference--both use to
tdvantzge the wake fields discussed above as problems.
Y. Chin of Tokyo shows how a tightly bunched drive heam
passing through one focal ooint of an elliptically
shaped cavity can genciaic a wake field that will prop-
agate to the other focus point where it might be used
to accelerate annther beam., An experiment on this idea
is also in progress at the hiyh-peak-intensity elec-
tron-lizac facility at the University of Osaka in
Japan, G. Voss and T. Weiland of DESY also discuss
their wake-field accelerator.

The transformer action implicit in fig. & provides
a key for 1imagining other schemes. A, Maschke once
discussed a "low-impedance" driver approach in which a
cylindrical cavity would be densely covered by many
loon-coupled, low-voltage triode drivers, providing
fields for an accelerated beam on-axis. A "medium-
impedance” approach might couple klystrons, with elec-
tron beams in the hundred-kV range, divectly to the
accelerator cavity., Other schemes use irduction-linac-
generated beams driving the coupling cells of an off-
axis coupled-linac structure, with the drive beam
refreshed every so often by another induction-linac
section. A "high-impedance” scheme might use a driver
linac followed by a storage ring to generate a high-
volta%e driver beam of the proper time structure to
feed into an accelerator structure.

Short Update on Laser Beat-Wave Accelerator

An experiment was conducted?? on the Los Alamos
Heli)s laser without modification to two-line opera-
tion to search for production of ultrahigh energy elec-
trons by interaction of an intense (1016° W/cm ? 10-pm
beam with a preformed plasma. Simulations had 1ndicat-
ed that forward Raman scattering of a single-frequency
laser beam could produce acceleration to several MeV.
Figure 7 shows the setup. One Helios beam, defocused
to 500 um on a target, 1is used to create the preformed
plasma, which expands fer 4 ns. The second beam then
exrited thg plasma with 600 J in 1 ns, with 1014 to
1006 Wem by ch.nging focusing. The interaction
region was probed to assure the plasma was underdense.
and to look for sub-MeV and many-MeV electrons.

The conclusion from the visible-light diagncstics
(streak imaging and shadowgraphy) suggests that the
plasma beyond 1 mm from the target surface was indeed
underdense. [Light will not propagate through a plasma
above the critical density (Nc)--where the plasma and
laser frequencies are equal.] The plasma shape and
density profile were well determined. The peak plasma
density at 1.5- to 2.0-mm separation lay between Nc and
Nc/4, with no backscatter interaction observed at much
larger separations (lower densities).
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Ty 400 my

Q CERENKOV
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TARGET ART M5 TRAM HRE,
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Fig. 7. Side view (a) and top view (b) of setup for
laser beat-wave accelerator experiment.

Spectrometer measurementis put bounds or :10X on
the absorption of laser light into sub-MeV electrons at
1 mm separation; this was encouraging. Sensitivity
prevented observation of a predicted temperature rise
in the low-density plasma.

There was a gap in the detection capability from
1-15 MeV; Cerenkov counters for erergies abcve 15 MeV
were used to look for high-energy electron production,
but no signals were observed. In future work, this
instrumentation gap and better sensitivity must be
addressed.

The Helios laser rise time is about 300 ps. Tni:
may be toy slow--analysis shows channel rarefaction and
dephasing effects on a 30- to 60-ps time scale. Also,
the use of one laser frequency 1s nrt As good a5 iwo in
terms of maximum electrnn energv or cohevence,; nowever,
*wo frequencies cause ever faster channel rarefaction.
Further experiments have been pruposed on Antares,
using two frequencies and ic.-time enhancement.

Multioisciplinary Emphasis

Finally, the multidisciplinary nature of acceler-
ator technolog{ is emphasized. Tne physics and engi-
neering disciplines must interact very closely to pro-
duce equipment that can provide effective particle
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acceleration within the multitude of practical con-

straints and

with efficient, reliable operation.

Reference 23 indicates some of these activities from

an engineering orientation.

Plasma physics will be

required, as will materials science.

Tigner,

The way looks exciting. As pointed out by
a dedicated commitment--perzcnal as well as

institutional--will have to be made and sustained to
advance along that way.

10.
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