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SUMMARY OF CLASSIFIED RESEARCH FOR THE INERTIAL
CONFINEMENT FUSION PROGRAM AT LOS ALAMOS
NATIONAL LABORATORY (U)

Compiled by David C. Cartwright
Principal ICF Program Manager

ABSTRACT (U)

The information presented in this repori is a summary of the status of the classified
research in the Inertial Confinement Fusion (ICF) program at the Los Alamos National
Laboratory as of February 1985. This report contains sections on capsule physics, the
Centurion underground test program, target fabrication, and the contributions of ICF
to the Laboratory’s weapons program. An unclassified companion report contains sec-

~
~ 4
tions on the high-power, CO, laser driver {Antares), the KrF laser, heavy-ion ac-

i celerators, target fabrication, and laser-plasma interactions. The information contained

" in these two volumes is meant to serve as a status report on some of the technological
o components of the Los Alamos ICF program rather than as a detailed review of specific
- technical issues.
)
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INERTIAL CONFINEMENT FUSION OVERVIEW

by David C. Cartwright

INTRODUCTION

The accomplishment of energy gain through nuclear
fusion in laboratory experiments will require the solution
of a number of interesting, although very complex, scien-
lific and technological problems. Both the Inertial Con-
finement Fusion (ICF) and Magnetic Fusion Energy
{MFE) programs have been somewhat overly optimistic
in their initial evaluations of the difficulties involved in
controlling nuclear fusion. In both-programs, most of the
major problems were identified only after the construc-
tion and-operation of a new (usuaily more powerfui) ex-
perimcn'al facility. Researchcrs in bomh the ICF and the

........
foundations for their programs so that they can predict
resuits under different experimental conditions. Los
Alamos completed construction of the Antares CO, laser
facility in December 1983 and placed it on operational
status for experiments in ICF. Antares, the world’s
largest operational laser, is the first in a series of new,
higher-intensity ICF drivers. The two others in the US
are Nova at Lawrence Livermore National Laboratory
(LLNL), to be operational in the spring of 1985, and
PBFA-Il at Sandia National Laboratories (SNL), to
begin operation in the fall of 1987. These new facilities
will permit experimentation with ICF targets under con-
ditions of temperature and pressure that much more
closely similate those required for an energy gain target.

Becauss Antares has been in operation for more than
a year and Helios was operational for 5 years before Aun-
to review our present un-

tafes, it is appropriate

derstanding of ICFE physics based on CQ, laser drivers.

d

“The Los Alamos ICF program is one of the main ef-

Sorts by the Department of Energy (DOE) to evaluate
the scientific feasibility of inertiaily confined fusion,
using intense lasers or particle beams to compress and
heat small masses of deuterium-tritium fuel io ther-
monuclear burn conditions. The goals of the national!
program are: :

e (o support nuclear weapons physics research, and

® (o do research on the potential of inertial fusion for
energy production.

Key rechnical elements within the ICF program are:

® the design and confirmation of performance of fuel-
Silled targets requiring minimum input energy, and

@ the development of -a laboratory driver suitable for
- driving such targets (at an acceptable cost).

Whether addressing weapons applications or possible
long-term potential as an energy source, there is no
significant difjerence in the short-term program. in the
longer term, important scientific and engineering
problems would have to be addressed before ICF could
be considered for commercial electrical power genera-
tion. Since the primary source of the funding is the
DOE defense programs, the weapon physics goals will
continue to receive emphasis throughout this decade.”

TCF mission statement defined for the Los
Alamos National Laboratory is as follows:

bz
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In an unclassified companion report to this report,’ a
sununary of the progress that has been made in high-
power CO, Jasers, laser-plasma interactions, dense
plasmas produced by CO,, the KrF laser, heavy-ion fu-
sion, and target fabrication is given. In subsequent sec-
tions of this report, the scientific and technological
progress that has been made in the fields of caspule
physics. Centurion, and the contributions from the ICF
program to the weapens program’s target (abrication will
be reviewed. A review of the Los Alamos program to
study the physics of laser fusion at short wavelength
(thatis, 1/4 um) will be presented in a future publication.

GENERAL REQUIREMENTS FOR ICF

ICF attempts to mimic, on a miniature scale, the
success of thermonuclear weapons and the basic princi-
ples are the same. A fuel of deuterium and tritium (DT) is
heated rapidly to temperatures high enough to promote
fusion reactions in the fuel, and at the same time, the fuel
is compressed to densities large enough to facilitate reac-
tion of a large fraction of the fuel before cooling by
hydrodynamic expansion. However, the efficient use of
the DT fuel in ICF is much more difficult than in a
nuclear weapon.

The difficulty arises from the requirement to confine
(in the laboratory) the energy released by the fusion reac-
tion. This can be accomplished only if the yield is suf-
ficiently low, which implies a small mass of fuel. For

Lassr energy w-d»

Inward transported msd>
thermal energy

Compression
Fuel is compressed by
rocket-like blowaoff of

the surface material.

Atmosphere Formation

Laser or particie beams
rapidly heat the surface
of the fusion target
forming a surrounding
plasma envelope.

small fuel masses to support thermonucicar burn, in
which the energy produced by fusion reaction is used to
sustain the burn, the fuel must be condensed to high den-
sity. Specifically, to trap the energy of the «-prrticles
produced in the DT fusion reaction, the arcal density
(pR) must be equal to or greater than a certain constant
C. That is, a fundaniental scaling parameter for all ICF
is the product of fuel density p and the radius R of the
volume containing the fuel. It can be shown that if the
product pR is equal to a constant, then the density to
which the fuel must be compressed increases as the
rcciproc}al_ﬂ the square root of the fuel mass, p =~

B

nding excessive encrgy from the driver is the basic re-
quirement of ICF.

Figure 1 shows schematically the various steps re-
quired to convert the incident laser ener i

,h drodynamic work t : ;

[ | )

sl

Ignition Burn
Viith the final driver pulse, the Thermonuclaar
full core reaches 1000 — 10,000 times burn spreads

rapidly through the
compressed fuel, yielding
many times the driver
input energy.

liquid density and ignites at
10C,000,000°C.

Fig. 1. Steps in the conversicn of incident laser energy into hydrodynamic work companion on the fuel. Source is Ref. 2.
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“understanding of the scientific
processes governing each step known in the linkage of
laser encrgy to fuel compression in Fig. 1. What is
treated as an assertion at this level is explained, and
qualified, in the sections that follow.

CHARACTERISTICS OF CO, IRRADIATED

TARGETS

When high-intensity laser radiation (>10"* W/cm?)
strikes a surface, a plasma is formed. For open targets
(for example, Fig. 1), the infrared radiation (10.6 um)
produced by the CO, laser is absorbed by the plasma
through a collective process known as resonant absorp-
tion. This process. which we have come to understand
primarily through theoretical work, converts all of the
absorbed laser energy into energetic electrons. The
measured absorption for flat surfaces is about 40%,
whereas refraction of the incident light in the plasma
reduces measured absorption to about 30% for curved
surfaces. To achieve a greater absorption percentage,

electron temperature is not vet fully understood,
although one of the principal processes appears to be
Raman scattering of incident light by oscillations in the
low-density plasma filling the interior of the target.
Because all of the energy absorbed from the laser
beam initially resides in the hot electrons, it is mandatory
to understand the subsequent transport of the electrons

R
1s tntroduction
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to predict how energy can be delivered to other portions
of the target. For conditions characteristic of CO,-laser-
driven targets, we have found that very large electric and
magnetic fields develop as a result of the large spatial
gradients in temperature and density present in the
plasma. The magnetic fields are confined to within a few
hundred micrometers of the surface and may exceed a
megagauss. Consequently, the magnetic forces dominate
the motion of most electrons, and their transport is not
described by mathematical solutions of the diffusion
equations. The self-consistent, theoretical treatment of
plasma motion under the influence of an intense laser
radiation field has been a major accomplishment by the
theorists in this program. -

For CO, laser intensities exceeding 2 x 10** W/cm?,
the self-generated magnetic fields become large enough
to prevent hot electrons from returning to their origins on
the surface defined by the critical plasma density (10*°
cm™? for 10.6-um radiation). As a consequence of this
magnetically enforced charge separation, ions are ac-
celerated away. from the target surface. This ion
“blowoff” is not efficient in driving an implesion of the
fuel because the momentum per-unit energy of the ions is
low and represents an energy loss for open targets. The
more elaborate geometries discussed in the section on
capsule nhysics attempt to efficiently recover the energy
carried by the fast ions.

For good hydrodynamic coupling of momentum to
the fuel, the ablation of a iarge mass at the (low) velocity
set by the thermal energy content of the ablator material

ss
researchers - have designed enclosed targets called is required. To achieve energy deposition with a spatial
"2 “hohlraums” for which the absorption is increased to profile shaped to achieve this type of ablation,
- about 70%. researchers have turned to the technique used in thermal
In open targets, the energetic electrons produced dut- nuclear weapons; that is, the use of thermal x-ray radia-
Z2 ing the resonant absorption process approach tem- = tion to drive the implosion. The basic concept in the
peratures of 80 keV. This distribution of so-called “hot hohlraum targets is to efficiently convert laser radiation
electrons” can exist superimposed on a second “cold” into thermal x-rays. Unfortunately, because of the unex-
.. distribution because there are very few collisions in the pectedly high electron temperatures discovered in
low-density corona formed around the target. Experi- hohlraum targets, the x-ray conversion efficiency is less
‘3 ments show that hot-electron temperature increases with than 30% when 10.6-um laser radiation is used as the
~ laser intensity as I®*. In hohlraum targets, the electron drive energy source. The reason is that the hot electrons
: temperatures may exceed 200 keV. The combination of deposit their energy much deeper in the “hohlraum wall”
5 mechanisms responsible for this undesired increase in than can be reradiated by a radiation diffusion wave on

the time scale of the target implosion. That is, the elec-
trons heat too much mass; hence the temperature of the
hohlraum is low, and the resulting conversion to x-ray
radiation is inefficient. The efficiency of CQ,-laser-driven
hohlraums has been improved by the utilization of the in-
ternally generated fields. That is, by reducing the
hohlraum wall thickness to a few diffusion depths and

11
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forcing-the clectrons to recycle through-the wall many
tita:s (because of the space-charge potentials in the
plasmiz). the encrgy per unit mass in the hohlraum wall
and the radiation temperature are increased substan-
tially:: However, the preheat of the rucl by thc rccyclmg
electrons remams a problem.

To minimize the energy needed to compress the fuel, it
is necessary to minimize prehcat to an energy level that
places the fuel on-an adiabat that does not greatly exceed
T =~ 5keV at the time of maximum compression. Further
refinements are possible only if the central portion of the
fuel is elevated to ignition temperatures- by properly
timed: shock - collisions. This.central portion. of the fuel
can then serve as a “'spark plug™ to trigger heating of the

remamdcr of the fuel by local depoc-tnon of the u-

the DT reaction

THE CENTURION/HALITE PROGRAM

5

3
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With this record of progress and the number of im-

provements in technology that have yet to be tried, Cen- -

turion/Halite experiments shculd continue as a mainstay
of the ICF program for this decade. Correspondence to
the NTS experiments is: made by use of the coming
generation of laboratory drivers. By measuring the con-
version efficiencies described in steps (a) and (b) of Fig.
1, experiments with these machines will define the input
required to achieve a certain energy and power of x rays.

At the same time, predictive capabilities developed for -

Centurion experiments along with actual capsule experi-

ments at NTS will reveal what comprcssmn and gain can
be 1¢cved wnh thc nredzctcd Xsr

= Tos Alamos program, we have attempted to
capitalize on the great operational advantages of the CO,
laser, the most efficient and inexpensive high-power laser
vet discovered. To develop the next generation-driver will
requireé several hundred’ million ‘dollars: of investment.
For ‘this reason; all conceivable ways of using the ab-
sorbed energy in whatever form that might appear in the
target (electrons, ions; x rays, and so forth) are being
carefully and systematically explored.

These efforts were reviewed by external panels of ex-
perts in 1982 and 1983. In the most recent review, the
possible ‘use of the largé internal  magnetic- fields to

. provide insulation from preheat by-hot electrons was

suggested. Work in this regard has progressed to the
development and computational testing of a novel target
that combines advantages of both ICF and MFE by in-
clusion of magnetic fields for inhibition of electron ther-
mal conduction. This target concept now ‘is bemg tesled

~ using the: Antares laser.

As noted above, the achlevement of high densntv 1s
fundamental to all ICF target performance.- We hav
made considerable progress in developmg computational
it of in-

STy Tequires the experimental determination o
coefficients that describe the drag of one fluid mixing
into" another. Although this is difficult experimentally.

Antares may be able to determine information about -

thess coefficients for a variety of material interfaces and
thereby improve predictive . capabilities: for both 1CF -

targets and weapons design.

' CONTRIBUTIONS BY ICF TO THE WEAPONS

PROGRAM

Almost since its inception, the ICF program has been
viewed as a potentially significant contributor to the un-
derstanding . of ‘the physics of nuclear weapons design.
Numercus studies over the -years have attempted to




.\o(f}) K :

LA

'NCLASSIE

defineu role for ICF in weapons physics, identifying the
potential for equation-of-state measurements, opacity
measurements, thermonuclear burn studies once ignition

wis - achievable; ~and large-scale‘xvray “vulnerability -

facilitics once vields approaching 200 MJ were obtained.
In recent years, the ICF program has indeed made sub-
stantial contributions to the weapons design program. In
the last section ‘of -this review; an appraisal-of the con-
tributions that have been made, and are potentially to be

" made, is provided. These contributions are summarized

—_—

below.
e

|

experimental information. will continue until

taboratory drivers capable of achieving significant
thermonuclear burn are developed.

o The national ICF progranis would be critical to the
US :defense program in event of:-a comprehensive

. test-ban treaty (CTBT) or a limited test ban_tmazx_\

TThe importance of Centurion/Halite for providing

— TBT)  on nuclear testmg{l

and mamtarnng design capability under a- CTBT

as well as a means of addressing the feasibility of -

fusion itself.

e Impiovements in material fabrication developed by
ICF have been important ingredients in testing cer-

“tain X my concepts for the Stra;egrc Defense In-
yrtnmes (SDl) program

o The Antares laser facﬂny is a umque source of x-
ray: and microwave radiation and can be of direct
~use in studying certain SDI concepts. A future :
laboratory fusion facility couldk indeed serve-anim-
portant function for nuelear'vulner'ability, lethality,
and effects, particularly in the event of a CTBT.
The Antares facility has potential for studies on
laser radiation cone weapons lelhality,': and short-
pulse, broadband microwave lelhalit'-y ~and
propagalion. ‘

e Measurements of equations -of state (EOS) and
_opacity are now possible in both lab'oratory laser-
driven and underground experimen;s. Useful: con-
firmation of calculated high-Z opacity in the range-
of 100-450 eV has been. obtalned in recent un-
derground tests.

o The physics of rare-gas-halide lasers studied in the
ICF programis highly benel'cral to SDI considera--.
tions. of laser weapons '

In adv‘itionto the early-identi'ﬁed results cited above,
both the weapons and ICF programs have benefited
from - sharing’ and exchanging personnel. ‘During its
12 years.at Los Alamos, the ICF program has attracted
many outstanding technical people‘to the Laboratory,

“who might not otherwise have come; and helped them

develop. in- technical “areas »f direct -interest: to the
weapons .prograrm. Specrﬁcally, more than 50 highly
skilled staff members have come to work on ICF (or ICF
“spm -off” programs) and are now eclsewhere in the

“Laboratory, including at least one Laboratory Fellow

and two- Associate Directors.

THE FUTURE

Shou d-our attempts to invent a CO, laser target thal
will achieve high-energy galn fail, technology develop-
ment programs for both a new laser system (KrF) as well
as an alternative to all lasers, a heavy ion-beam ac-
celerator, are in proaress at Los Alamos. These
programs are not so much intended to provide target-
shooting capabilities: as to establish the cost scaling of
these particular systems for potential megajoule-level
systems. The. research activities 'in - these areas are




described in the unclassified pertion of this two-part

review, !

Over 10 vears of research have tauglit us a great deal
about ICF on a laboratory scale, and it is certainly more
difficult than originally cavisioned. The inevitable inef-
ficiencies in all the steps between providing incident

energy and igniting a fuel have plagued the program..

i
i
Stccess would give the ICF program ihe

unique capability of preof of principle hefare the country

is asked to commit to the construction of another driver.
In our quest to previde unlimited energy by control of fu-
sion, the workability of ICF should not be overlocked.
We are still far from any practical use, but the promise

warrants a sustained national effort. For at least the
remainder of this decade, we should fully utilize the
potential of the research facilities and the technology
basc we have already established.
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CONTRIBUTIONS BY THE ICF PROGRAM ,
TO THE NUCLEAR WEAPONS PROGRAM AT LOS ALAMOS

by George R. Spillman, William J. Krauser, Thomas A. Sandford, and David C. Cartwright

INTRODUCTION

Almost since its inception, the Inertial Confinement
Fusion (ICF) program has been viewed as a potentially
significant contributor to the. understanding of the
physics of nuclear weapons design. Numerous studies
over the years have attempted to define a role for ICF in
weapons -physics, identifying the potential for equation-
of-state {EQOS) measurements, opacity measurements,
thermonuclear burn studies once ignition was achievable,
and large-scale x-ray vulnerability facilitics once yields
approaching 200 MJ were obtained. Recent studies by
Los ‘Alamos and Lawrence Livermore National
Laboratory (LLNL)"? have reviewed the potential for
significant contributions to the weapons program by the
ICF laser facilitics, and a recent study® summarized
specific experiments that could be conducted at the An-
tares facility in support of Strategic Dafense Initiatives
{SDI). In recsnt years, the ICF program has made sub-
stantial centributions to the weapons design program. In
this report a realistic appraisal of the contributions that
have been made, and that are potentially to be made, is
provided. These contributions are summarized below.

perimental information will continue until
laboratory. drivers capable of achieving significant

thermenuclear burn are developed.
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o The national ICF programs would be critical to the
US defense program in the event of a cemprehen-

sive test ban treaty (CTBT) or a li est ban
treaty (LTBT) on nuclear testing. >
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~gtivers, in turn, can provide a means of exercising

and maintaining design capability under a CTBT
as well as a means of addressing the feasibility of
fusion itself.
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e Improvements in material fabrication developed by
[CF have been important ingredients in testing cer-
tain x-ray concepts for the SDI program.

e The Antares laser facility is a unique source of x-
ray and microwave radiation and can be of direct
use in studying certain SDI concepts. A future
laboratory fusion facility could indeed serve an im-
portant function for nuclear vulnerability, lethality,
and effects, particularly in the event of a CTBT.
The Antares facility has potential for studies on
laser radiation cone weapons lethality and on
short-pulse, broadband microwave lethality and
pronagation.

e Measurements of EOS and opacity are possible un-
derground and have been done. Useful confirma-
tions of calculated high-Z opacity in the range 100-
450 eV have been cbtained.

VTR A QO Ty T
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® The physics of rarc-gas halide lasers studied in the 1 \ﬁ
ICF program is highly beneficial to SDI considera- ‘; ;
tions of laser weapons.

In addition to the specific exaimples cited above, both E Lb [
the weapens and ICF programs have benefited from | | §
sharing and exchanging personnel. The ICF program has §]
attracted many cutstanding technical people to the | Sif
Laboratory who might not otherwise have come and | /mr/

helped them develop in technical areas of direct interest W""M

to the weapons program. The Laboratory now benefits
from their contributions to other Laboratory activities. Special Computer Code Capabilities

WEAPONS PROGRAM

Centurion _ ~~
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- Itis significant that postshot results are in

“Tearly perfect agreement with the preshot predictions.
It is expected that increasing use of these techniques
will be made in future design efforts.y '
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EOS and Opacity

1 EOS. Tt has been stated? that - high-pressure EOS
) studies could be useful to the weapons program. A
1

L At

. properly configured, short-wavelength laser is capable of
achieving pressures in excess of 100 Mbar at laser inten-
sities of less than 10'* W/cm?, and a significant fraction
of the NOVA laser shots will be devoted to this class of
experiments. The Los Alamos KrF laser facility. because

{ i of the favorable L7? scaling of the achicvable pressure,

1 could be similarly useful for EOS studies. In addition to

: laser-driven shocks, HE-driven devices may provide

pressures up to 100 Mbar.

Opacities. The Los Alamos ICF program has
produced usefu! data on cpacity. of high-Z miaterials at
- b@) sub-keV temperatures. Experiments on Helios es-

tablished that the calculated gold opacity at 100 eV

cossest-tomxithin at least a factor of 24

»

“This combination of data now confirms tae calcula- -
tion of high-Z opacities 4 it
wide temperature range. |




Pure ¥usion Technology and Applications

ICF studies should be expected to provide insight into
the potential of pure fusion weapons, assist the develop-
ment of weapons program capability to study fissionless
fusion, provide a place to keep weapons design skills ac-
tive in the event of a CTBT/LTBT, and eventually lead
to laboratory nuclear vulnerability facilities for suppie-
ment to the Nevada Test Site (NTS) testing or replace-
ment of NTS testing in the event of a CTBT. For exam-
ple, with a capsule yield of 400 MJ and an assumed 30%
x-ray yield, 230 cal/cm? could be provided at | m for
reentry vehicle (RV) material vulnerability testing, I
cal/em? at 15 m for SGEMP testing, or 10'* n/cm*at |
m for neutron vulnerability.

generator to produce a large pulse of electrical energy
that is rapidly switched into an inductive load (a very
thin metallic cylindgr) that implodes upon_an_axisym-

e S
Trailmaster uses an HE-driven magnetocumulative

~As—USClssed above, the Los Alamos weapons
program is pursuing options for fusion drivers in addition
to those pursued by ICF. Any ICF driver reaching fu-
sion could provide all of the same benefits except
perhaps for a possibility of weaponization.

X-ray Lasers and Other SDI Applications

Use of the Los Alamos CQ, lasers for various SDI ap-
plications has been considered including x-ray laser

studies, microwave generation, microwave lethality,
PALRMA T ALt £

gamma ray lethality, and laser lethality.

metric DT capsule.| ‘

The edrrent Trailmaster goals for capsule drive
are very similar to those of ICF, but it is not known

¢ Whether the goals need to be so minimal.

p————

WTG experiments appear promising for An-
tares. Theoretical studies indicate no significant effects
caused by interaction: differences in CO, and shorter
wavelengths that might be applied in weapons concepts.
By converting Antares to a long (2- to' 5-us) pulse, we
can obtain about 200 kJ to deliver to a target, which will

TN provide a capability for lethality experiments in a

. | parameter regime not currently explored. Most existing

&
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taser vulnerabiiity data in the high-fluence range of im-

portance have been obtained with Gemini (built as a CO,

ICF laser), Aurora (Los Alamos KrF laser), and Sprite
(UK KrF laser).

Antares produces copious bremsstrahlung gamma
rays and microwaves as a unique source for vulnerability
and lethality studies. Gamma-ray cutput of 600 J in a
bremsstrahlung spectrum characterized by a 0.6-MeV
temperature in a 1-ns pulse has been observed at Antares
{>0.5 TW gamma-ray power). This could be a unique

lethality,:

upon Helios observations, and attempts tc characterize
the output are continuing.

Materials and Fabrication

Many materials and fabrication technologies
developed for the ICF program have found important
uses in various parts of the Los Alamos weapons
program. A summary is presented below.

® /F oams,;

capability for exploring radiation cone vulnerability and,...
L :

TTic microwave power out-
purisexpected to be much greater than ! GW based

FTERPECCNE |
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e

‘@ Precision Machining. Another use for thin foils has
been in the arca of NTS diagnostics. Our Fast
Transit Plasma Measurement Group used the
development of multilayer stacks for x-ray
measurement detectors and is considering this
development of precision machining and character-
ization has largely been motivated and funded by
(2 o tistareeivt . i sememferrrchec4
ICF. This capability is now used by a variety of
aboratory programsi N —
7

o Laser Welding?_!

AAd- —
~Tfionally, ICF funds developed the technology
now being used by the new cw-CO, laser welder to
develop processes for welding plutonium and other
actinides.

e Coatings. The technoiogy for applying precise
layers of radiochemical layers upon  various
weapon device shells was an adaptation of coating
technology developed for ICF projects. This ap- i
plication has been used many times in weapon tests L
such as Dolcetto and Coalora.

o PBervllium Technology. ICF has fundéd_ the
development of hot isostatic pressing (HIP) of
bervllium at Battelle Laboratory, and we will have
this technology transferred here by spring of %

[
A

k.
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j Diagnostics are also sensitive to the models used to caleulaie
i L . burn performance (and instabilities).
:
3 W 8 PINEX Imaging Fleor Inprovements, Rarex, an
i ! imaging tuor, has been used in some 1’1‘\‘[3‘{ ap-
! Tais r"‘rs?u:ion plica&:’onf to weapons tests because of its high lieht
: reprenents a faclor of 4 improvement over the resofution emission) '
of f.lu- convertiona PINEX used for weapon: o~ !
: dizvaosties. Central to this improvement is =
} form taper design, 30-um-diam pinhole, whict ;
an innovative combination of metalwerking fechnoi
{precision vapor deposition, electroformirg 'K Fough @ small inneva-
charye machining, and convents ional pr “Ton. this wi tatnly be useful for certain
"1\ Yo labricate.’ T - ; weapons PINEX appncations.

& Ad 1114‘&! Diggnosties. Al

‘
weapons diaznostics lmpr Ve C*n! rion IC

dizgnostics. it is aw::c'*)"fed that some advances
made to meet special ICF requirements will be

PPN

available for the weapons program, sconer than if
thers. svese-5 rogram E
o Precision _dliguwment of "PINEX Raclk Geomelrs. i
by
Y
rack foliowing alignment and downhole placement _ N —
o can adversely affect the actual geometry ho; \0 ’
.- time. i
L
A
o
pos : - il
- 'l\ . 161s E
alignment psrformm.ce will no doubt be useful for : ;
planning diagnostics for future weapons tesis. i
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‘tained in a shell that is heated and ablated by the driving
fencrgy This process results in rapld outward expansxon,f‘
oal “rocket. exhaust,” of the heated regions of the outer*'
e sheil (ablator/pusher) and the remaxmng shell mo»es‘ i

g componentk (low Z/high Z) ablator/pusher
~ shells, and multiple fuel Te jons. :

Energy/Requxrements of the Fuel

CAPSULE IMPLOSION PHYSICS

by George R. Spillman

THE BASIC CONCEPT OF ICF - e k S Ramng all tbe mass. of fhe DT fuel m ig'uuon condr« :
’ L ¢ , Sl ’tnon by: the energy. of the dnver(laser or ion. beams) re-
* The basic concept of ‘Inertial Confinement Fusion ' quires’excessive dnver energy. An altematxve isto raxse a

(ICF), -illestrated by the diagram“jof Fig. 1, is one in  small fraction of the fuel (hot spot or sparl plug) to the
whicha small mass of deuterium and tritium (DT) is con- temperature and mass densrty ,requxred for gmnon ang:

B s 1
depend, upv.. .he res""'

rhu]tiple_f nd

: lDEALlZED IMPLOSION HYDRODYNAMICS g

Thc conditions for thermonuclear bum of DT fuel are

e the fuel must be rarsed to a few kiloelectron:
ﬁtemperature to initiate adequate /thermonucle
reactions‘to-heat’ the fuel faster than it loses energy
by radiation, ~ .

e the heated fuel must be thick enough {a few tenths‘fﬁ
““of a gram per square centxmeter) to trap the a- , : o -
particle from the thermonuclea.r reacnon to provxde o 'We may obtam acurve of capsule gam s fuel energ; as |
self-heating, and G L . shownin Fxg 2 (here. x is the ratio of cold fuel pressure"
) k : ~ .y and energy to that for a completely degenerate gas)i
e the thickness of the fuel reglon must be larzei . - o , e
-enough that “the fuel does ot disassemble before‘ ,
[srgmﬁcant burn occurs (satisfied if' the time . for a :“‘,'Gettmg the Energy From Ablator
~sound wave at the burnmg fuel to tra»erse the fuel ‘, ;
_ is comparable to the. nme requited. for the fuel to
; burn up. if stauonary) i
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Fig. 1. Schematic for basic concept of DT capsule implosion.
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® use of a large-diameter, thin pusher, and

® perhaps use of high-density pusher for more ef-
ficient transfer of energy to the fuel.

Cryogenic targets are attractive from a physics view-
point, although difficult target fabrication and handling
problems are introduced.

High-density pu sshers m
increased and more delctcnous mix of pusher material
into fuel, thus quenching burn. Additionally, high-density
pushers imply either massive or thin shells. Massive
pusher- shells require additional c¢nergy, hence, reduce
capsule gain. Thin shells raise the potential problem of
loss of pusher integrity due to instability growth. The use
of higher-density: pushers  may simplify fabrication
problems.

Concentric shells may be used as separate pushers for
the hot spot and cold fuel, providing some separation be-
tween ignition and compression functions. and not only
allowing smaller driving temperature but above a
threshold providing higher-calcuiated gain than single-
shell targets. The use of additional shells results in loss of
hydrodynamic efficiency. In an elastic collinear collision
of a sheil of mass M and initial velocity V with a
stationary mass m, the initially stationary mass reaches

present the possibility of an

velocity
v =2V(l + m/M),

and the fraction of Kinetic energy transferred to the in-
itially stationary mass is

(D15

Additionally, shell collisions are not purely elastic so that
in typical calculations of capsule design, energy transfer
efficiencies between shells are about 50%.

In principle, we could use a'large-diameter ablator

mass/pusher with a large ratio of ablator/pusher mass.
This would allow lower drive temperature because it
could be applied for a longer time. and the ratio of
pusher velocity/exhaust velocity would be - increased
because of the mass ratio. This resuits in less efficient
transfer of energy and lower rocket efficiency, and also
introduces the same problems of thin-sheli stability and

integrity discussed for high-density pushers.

Problem:s Affecting Capsule Performance

In the preceding discussions, we have identified a
number of design issues that can affect target gain or
drive requirements; these issues include

@ the fraction of fuel mass in hot spot or ignitor,

® excess energy in cold fuel.

o high-density vs low-density pushers,

o multiple sheils, and

pusher aspec: ratio (ratio of radius to thickness).

Most of these issues are influenced by nonideal
aspects of the implosion—the growth of hydrodynamic
instabilitics and intermixing of materials across inter-

. faces. Instability growth is expected to limit the minimum

radius of a hot spot and the useful minimum thickness of
shells, and in general is expected to degrade fuel burn by
mixing pusher into fuel. We believe this, the most poorly
understood aspect of implosion hydrodynamics, is a
fruitful and necessary area for extensive study.

From many detailed capsule calculations that have
been performed at the design laboratories, best-judgment
curves of capsule gain vs x-ray energy in the ablator
have been derived (Fig. 3). These curves contain inherent
assumptions for design constraints principally resulting
from instability growth. Abd initio idealized calculations
show much better capsule performance than these best-
judgment curves. The goal of implosion physics is to
develop the basis for more confident curves
corresponding to that of Fig. 3 and to demonstrate the
approximate drive requirements for ICF capsules. This
objective necessitates extensive studies of the develop-
ment and control of hydrodynamics instabilities in cap-
sule design.

NONIDEAL HYDRODYNAMICS—THE
PHENOMENOLOGY OF UNSTABLE HYDRO-
DYNAMICS OF CAPSULE INFORMATION

In the preceding scction, we mentioned several aspects
of potentially deleterious eflects of fluid instabilities on
capsule performance.. These effects included limitations
on achievable minimum ignition (hot spot) radius, mixing
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_Fig. 3. Best estimate of capsule gain as a function of driver energy.

of pusher material into fuel, and limitations on minimum
shelt thicknesses. Hydrodynamics of unstable fluids is
the least predictable aspect of the implosion and ignition
physics and is expected to continue to be a major
research concern of 1CF for the foreseceable future.

Small Amplitude Theory

In this section, we begin by discussing the instability at
a planar interface between two incompressible fluids of
infinite extent and then discuss the effects of spherical
geometry, finite extent, and compressibility.

The basic concept of hydrodynamic instability is i-
lustrated by the instability inherent in a dense fluid in a
gravitational field supported by a light fluid, or
equivalently, a dense fluid accelerated by a light fluid.* If
a dense, incompressible fluid of infinite extent is bounded
along a surface that is planar except for a sinusoidal per-
turbaticn-of wavelength A and amplitude a « 7, the am-
plitude will change (as long as it remains small) under the
gravitational acceleration (g) according to the equation

where o'is defined from

21 ga
A

and a is the Atwood number defined by the densities
(p'.p?) on either side of the interface,

ol

Py~ P2

P+ P2

a

iR

[}

and the product ga is taken as positive when the ac-
celeration is in the direction from light fluid to dense
fluid. Two cases of particular interest are those of a sud-
den, impulsive acceleration [g = +v1)] and a constant
acceleration. If we start from an initial amplitude, a,, rate
of change, a,, integration of the growth equation gives

= a,2nav/A + &, , and

2(
at) = (a,2rav/h + agt + a,

t)
(1)
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for impulsive acceleration, or

a
a(t) = a,cosh ot + ~2 sinh ot (a?>0)
ag

Q. ;
= agcoslalt + I_-Oi sinlolt (62<0)
a

for constant acceleration,
From these equations, note the following.

© The cffect of an impulsive acceleration on an
initially stationary perturbation is growth
(Richtmeyer-Meshkov instability). If the accelera-
tion is from light to dense fluid, an amplitude rever-
sal occurs.

® A constant acceleration from heavy to light is
stabilizing. In the case of an implusive acceleration
followed by a constant acceleration from heavy to
light fluid. the linear growth is limited. to an

envelope
na )
Ag ¥

where, as béfore, v is the impulsively delivered inter-
face velocity.

fal <ao<i +

e An acceleration from light to heavy fluid leads to
exponential growth {Rayleigh-Taylor instability).
This growth ginerally is much faster than that due
to impulsive acceleration in a capsule, but at the
pusher/fuel interface the time available for the im-
pulsively driven growth may be much longer than
that for decclerative growth:

The instability problem as we have discussed it so far
has been limited to the perturbed planar interface be-
tween two infinite incompressible fluids. ICF capsules
are not planar, incompressible, or infinite.

Finite shell thickness may allow interface perturba-
tions to propagate all the way through a shell; that is, the
shell may break up. Also, the perturbation in fluid mo-
tion 1s noi limited to the interface.

For an incompressible planar fluid layer of thickness
d, which has an initiai perturbation on side | that grows
because of an acceleration to amplitude a, and a side 2
that is initially smooth, an amplitude a, will develcp on
side 2 given by’

28

Therefore, a perturbation may grow at an interface that
would be described as stable from infinite medium
calculations; that is, the perturbation can feed through
from one interface to another.

Perturbations at'a converging interface in the absence
of accelerations will grow (to maintain the volume of the
perturbation for incompressible flow).* For impulsively
accelerated interfaces, the result of convergence of a
spherical interface from radius R to R = Ry/C is a mul-
tiplication of the growth by a factor

Co(Cp + 1)/2 .

Compressibility is sometimes estimated in terms of
uniform compression in which the perturbations are sim-
ply compressed, or decompressed, with the material. The
finite sound speed in compressible fluids also results in
transient oscillations for a few sound transit times over a
wavelength. This may be of particular importance for
feedthrough of perturbations in thin shells.

Large-Amplitude Instability Growth and Mix

As the perturbation wavelength becomes large (com-
parable to a wavelength), the growth becomes more com-
plex and difficult to predict from ab initio theory. The
growth slows, the shape becomes distorted by shear in-
stabilities (Kelvin-Helmholz) because of relative motion
of the two f{luids, and perturbations of different
wavelengths interact with one another. First, we discuss
the asymptotic behavior of single-wavelength perturba-
tions and then discuss the effects of the presence of more
noisy initial perturbations that give rise to multiple
modes (wavelengths) and mode interaction.

As the perturbation grows in the Rayleigh-Taylor in-
stability, it develops into a buoyazntly rising bubble of
light material penetrating dense material and spikes of
dense material penetrating light. The bubbles rise with a
velocity that is constant for constant acceleration given
by
vg ~ /g
where the proportionality constant is a weakly varying
function of the density ratio across the interface. For an
infinite density ratio, the spike penetrates to the free-fall

NCLASSIFIED
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line, the position the interface would have reached if the
acceleration had been zero. For finite density ratio, shear
instability along the spike deforms the spike, blunting it
into a ‘‘mushroom”™ shape., which, from 2D
hydrodynamics simulations, in the far asymptotic region
penctrates at a rate proportional to but larger than the
bubble velocity. The ratio of bubble to spike growth is
also a function of density.*

The theory of asymptotic multimode growth is based
upon dimensional and heuristic arguments, 2D
hydrodynamics simulations, and a few experiments.

Dimensional and heuristic arguments suggest that, at
an interface, two fluids subjected to a constant accelera-
tion will mix turbulenty so that the dominant perturba-
tion wavclength (Ap) in the mix region and the thickness
of the mixed region (£,) both grow in time:

Ap ~ fp,/p,)et? and
L ~ hip,/p,)at®

Note the consistency with the bubble growth formula for
single modes for which

Vg ~ \BA .

The mechanism for A, to increase with time is thought to
be vortex combination. The increase of Ay with time is
expected from 2D turbulence theory, but is not so clearly
expected from 3D turbulence theory.

For slowly varying acceleration, one might argue from

~ the linear equations that to preserve the correct growth

parameter the factor gt* should be replaced by

(Ve di] .

For impulsive acceleration, we note that the preceding
equation for £_ is derivable from

e 2 ‘
'——"’gh(px/pz) ,

dt?

and for g = vi(t) we could integrate to obtain

L, ~ h(p"/phat .

Not only are the forms of these cquatioﬁs ad hoe, but
coefficients are required to use them in a quantitative
way. The 2D hydrodynamics simulations and a few ex-
periments with incompressible fluids indicate that a
reasonable choice is '

flow and electronic heat conduction
PP 3 = &

J/
a, ~ 0.07 ugt’ . and
a, >~ (1.5 to 2.5)x a, ,

m = Ap + A .

where ag is the distance of penetration of light fluid into
heavy and ag is the distance of penetration of heavy fluid
into light.

Bubble penetration, as calculated from the above for-
mula, typically exceeds that calculated for a single mode
by the time the single-mode growth is a wavelength.

The form of cquations to be integrated within
hydrodynamic codes is different from that above and will
be discussed very briefly in a subsequent section.

THE RESEARCH IN IMPLOSION

PHYSICS

PROGRAM

Summary and Introductory Comments

In the preceding sections, we presented a discussion of
simplified phenomenology of implosion physics. In this
section, we ‘concentrate on discussion of research that
addresses the phenomenology in quantitative detail.

We generally believe that we can calculate idealized

hydrodynamics well (no instabilities), including-radiation-.

driving temperatures and energy, but it is probable that
such demonstration and the achievement of high gain
will be more dependent upon further development of our
understanding of unstable hydrodynamics and mix
rather than on substantial changes in our understanding
of "idealized (stable) hydrodynamics.

We have made substantial progress in the un-
derstanding of unstable hiydrodynamics and mix in the
past few years.

WESTHT have to demonstrate the

Capabitities for fuel ignition and substantial gain at low

b
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*7s planned at the Antares laser to provide the necessary
input and represents a new approach to mixing, which
promises the potential of a breakthrough in predictive
capability. '

T

he
s in 1deal
hvdrodynamics efficiency by pulse shaping and more
and more quantitative, detailed understanding of un-
stable hydrodynamics as we proceed to the lower driving
temperatures and energies corresponding to ICF. For-
tunately, the two aspects of the problem, improved ideal
hydrodynamic efficiency and contro! of instabilities. ap-
pear to be compatibie. As we noted in the previous sec-
tion. continued acceleration at the pusher-fuel interface

»as required for efficient compression is also stabilizing.

cussed, probiems may arise due to instabilities at other
interfaces. Ultimate capsule design may involve very
careful tradeoffs among various aspects of the instability
problem, idealized efficiency, and aspects of the capsule
drive. . _

" The theoretical gain curve of Fig. 3 includes judgment
of the constraints imposed by instability growth and mix.
As judgment is replaced by understanding, the replace-
ment fer this curve may be more optimistic or more pes-
simistic.

The Caiculation Techniques

Idealized (Stable) Hydrodynamics—The LASNE
Code. LASNEX is the w se code of ICP),
M\ v —t

| parameterized, ?\'

[The more sophisticated,
and less well understood, physics aspects associated with

coupling to the.drives—are..more ad hoc and
5 o e

- .
(N —
M -

g

W

P

Much fusion design work incorporated instability con-
siderations through lore, such as

e mix follows the “free-fall line” (extends into fue}
from zero-order interface to || gdt’ dt)

@ do not allow free-fall line to penetrate more than €
of fuel,

e require that fuel calculate to ignite with inner ¢ dud-
ded,

© turn off yield calculation when the second reflected
shock reaches the pusher,

¢ perturbations grow only during the “unstable”
phase {when acceleration is from light to dense
material),

-/




.@ perturbations of wavelength A grow up from initial
perturbations of wavelength A,
e the most dangerous wavelength is one comparable
to a shell thickness,
¢ the shell aspect ratio (r/Ar) should be limited to
some maximum, and
\x
@ the convergence ratio (ry/r) should be limited to
some maximum.
B j

Global Perturbation Theory (Small Amplitude
Growth)—The DOC and SACI Codes. A more nearly
complete way to treat instability growth in the small am-
plitude regime is via first-order perturbation theory. In
the DOC code,” the radiation diffusion or conduction
and hydrodynamics equations are solved as a zero-order
solution (idealized. stable hydrodynamics) obtained from
a standard radiation hydrodynamics code pius a first-
order spherical harmonic perturbation. The solution of
perturbation variables is on the whole mesh rather than
just at interfaces, which gives the propagation and tran-
sient behavior of disturbances throughout the mesh due
to perturbations introduced anywhere in the problem. As
noted above. the perturbation technique allows consis-
tent solution of the hydrodynamics equations with equa-
tions of energy transfer as well.

The basic limitation of perturbation theory codes is
limitation to small amplitude. Even with a first-order per-
turbation, there is currently some controversy over possi-
ble neglect of terms, and there is some suggestion that

instability growth with increasing implosion veiocity.

{
N

Gt

existing perturbation codes may not be reproducing the
Richtmeyer-Meshkov instability.

The SACI code is being written to provide a new and
careful look at first-order perturbation theory. It is
demonstrating reproduction of the Richtmeyer-damped
osciilation abcut the incompressible-like interface solu-
tion for shocks. Additionally, it is showing transient
behavior (oscillations) propagating away from the inter-
face, which may present worse interface coupling
problems than predicted from incompressible theory.

SACI is also predicting greater pusher/fuel interf;

WdrOp in performance at lower velocities 1S
believed to be due to preburn temperature, which is too
tow. It is tantalizing to associate the performance drop at
higher velocities with the SACI-predicted instability
growth, but this cannot yet be confidently done.

Au present, SACI does not include the equations of
radiation diftfusicn, and this will be part of the continued
development.

T experiments are required to provide coef-

E

ficients for the phenomenological equations and also to

check upon assumptions of functional dependence.

Post-processing codes - have: been developed by
Youngs_and Roberts,” AWRE, and Burke and Rupert..
LLNL.
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Fig. 4. Copsule for shell breakup experiment.

mth the Anmrgs laser factiity
- ARl g

Prelitaindry work
the Helios laser to prepare for
hydrodynamics program on Antares. The potental of
using both x-ray backlighting (shadowgraphy) and seli-
emission for diagnostics was explered. The capability of
the faser to provide pulsed uniform backlighting line
sources of photon energy up to keV
demonstrated. The capability of achieving uniferm cylin-
drical implosions and the degrading effects of pianned
initial perturbations were demonstrated; cylindrical im-

an unstiable

ck
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plosions arce potentially interesting for instability studies
because of diagnostic accessibility while retaining con-
vergence effects on instability growth. A teclhinique of
detecting mix from thermally excited x-ray spectra. used
carlier in diagnostic interpretation of high-fuel-density
implosion experiments. was also demonstrated.

Planar experiments will use the x-rav backlighting
technique to ootain photographs of the distribution of
two materials in a mixed region. Characteristic x radia-
tion (K, ) from the backlighter driven by the
trons in a laser-driven cylindrical hohlraum
photograpned by pinhole cameras with x-ray filters.
Tirme resolution is provided by the short pulse length of

the laser.

not elec-

will be

A schematic of a target for a spherical mix exp rimcn[
is shown in Fig. 4. Pusher and gas are differentiated by

the much higher temperature in the gas at final compres
sion. The width of the argon x-ray lines is used to cbtain
the compre

-
)
[

ssed

gas density and the siope of the con-
tinuum gives the gas temperature. If the portassium

) chloride shell is mixed into the gas. emission charac-

teristic of potassium and chlorine will zlso be observed.

A characteristic spectrum for this experiment (Fig. 5)
shows argon in emission but potassium and chlorine in
absorption only. This demonstrates that the pusher shzil
in this experiment did not break up as a result of in-

stabilities. Similar and much earlier experiments had in-
dicated shell breakup for severely asymmetric drive con-
ditions. which has not been repeated in recent

c:\(pghrjmgn(,5‘,,,_...,,-;, i
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- INTRODUCTION ‘

ln the late 19705 the lnerual Conﬁnement Fuswn :
- (ICF) program determined that the feasxblhty of reactor
o ,cap;ule ignition and bum should be pursued in paraﬂei ;
. with laser-an Vdr'verd v g groun
"""r'i;,ynuc]ear tests,)]
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W_Uﬁfese are but two examples of the fine
oration that exists between the Centurion and

Halite prcgrams

ore being
e NTS, the rack was placed in a tower at
Zia where LOS pipe installation and initial alignment
took place. Next, cabling. terminal boards, local
shielding, junction boxes, and some detectors were in-
stalled. Performing these tasks at the Los Alamos rack
fabrication and alignment facility reduced rack time in
the tower at NTS and was a worthwhile economic
measure.

Designing a Standard Underground Test

N

dia nostic dr er_desi

“CoadtfiGugh Los Alamcs and Livermore could each

design an NTS experiment to satisfy these objectives, we
felt that there were tremendous advantages to using the
same design at both Laboratories. Each Laboratory has
different technologies and different apprqaches to N

bt

fWith these factors established s being
common to both Laboratories, each designed the rest of
the experiment in its most_cost-cffective manner
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TABLE HI. Diagnostic glossary

Short Description
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| Consequently, the height of the rack. -which

accordingly determines the location of the TV box, had
1o be increascd 1o maintain the magnification.

i s
Optimization of pinhole designs and rack height was
achieved using existing codes to calculace performances
h fws)

of the stairstep taper pth:c design and the uniform
e shown schematically in

inal ﬂm"om de ign parameters, shown in Table
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™ 1V, were selected as the optimum for the balance of fac- gamma rays should be better than 0.21 mm. By com-
; ~ tors comprising resolution, magnification, flux at the parison, the neutron and gamma-ray source diameters at
3 S d . . . . s .
i detector, and field of view. Also listed for compariscn are 10% maximum intensity would be approximately 1.2
H . [P} s ~ : ] S T R S S
paramcters for a con'.en::cnal pinhole. and 3.6 mm, tcspectively. These higher resolution
Clearly, the tapered design gave the smailest effective pinhole designs will, however, suffer larger image distor-
1 pinhole diameter and, hence, the best pinhole resolution. tions and higher nsks associated with alignment preci-
The pinhole resolution in the object plane for the smalier,  sion required for latively smaller felds of view
‘«f 'Y v .. m— e ——
diameter tapered pinhole should be better than approx " : ‘ b(j}
imately 0.14 mm, and the correspor‘o ng resolution .”o, =
T
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Fig. 17. SPEX LOS geometry.

The spectrometer was of novel design incorporating a
synthetic x-ray diffraction crystal composed of alter-
nating layers of carbon and palladium. The thickness of
these lavers was varied from one end ofthe crystal to the
othicr so that 1.5-keV x rays were diffracted from one
end while 2.5»keV x rays were diftracted from the other
end of the flat crystal. The manufacture of these syn-
thetic crystals was being worked on collaboratively by
Los Alamos and Stanford University and represents a
new class of x-ray optical elements that can be used in
the design of x-ray diagnostics.

The detector used in this spectrometer was also of
unique design and consisted of eight individual channels
that intercepted different portions of the diffracted beam
The bandpass of each channel was determined by the
fraction of the beam intercepted by each detector and the
totai energy spread across the beam. This design allowed
us to build a moderate bandpass system with high
throughput. relatively simple alignment, a very small
single LOS, and a compact detector. Further extensions
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of this concept will allow us to perform routine measure-
ments of x-ray spectra with moderate to high sensitivity
and simpler and less expensive detector systems than are

presently available
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\However, this restricted us to view-

ing only higher energy x rays.
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Kenemum (HFK) developed by Lo 'Alarnos

forl enher type of dctectors are a; few ‘times: 1072

__ by selection of attenuator thickness between the source

{Two types of Compton detectors are currem]‘,: ,‘
fthe most commonly used—the Vacuum Compton Diode |}
(;VCD) developed by Lwe. more and the High- Frequency'f 11

ensmvxtres to gamma rays and 14-MeV neutrons :

oulombs per MeV (gamma ray) and a few times 102 |
coulombs per 14-MeV neutron The coverage of a detec-’ﬁ ! V‘
tor for a given source is adjusted by choice of inner '~
~ diameter of a collimator placed in front of the detector,

T.WM.«MMMM...W

nother type of detector 1s mdlcated m Flg ﬂ29—an ; :
NPD-76Q. This is a conventxonal de.ector in whrch,

Cherenkov light generated in a quartz cyhnder is- de-

- tected by a blplanar photodiode (FWIM) This:detector

is a factor of 1000 more sensitive. than a Compton detec-
tor but has a ~smaller electrical bandpass (about 600
MHz). o .

The useful range of electrxcal currents for the Com-

: 'kpton detectors is from ~0 lA to ~IOOA and forﬂth o
‘photodlode from ~O lA to ~" R







X-Ray Diagnostics
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" The major differences in this experiment are engineer-
ing modifications aimed at reducing the cost of this ex-
periment and simglyifying the vacuum system require-

3. (m%

‘tained in the windowless detectors with appendage ion
pumps on each x-ray detector. A thin vacuum window
was placed in each detector forming the post filter for the
channel. We avoided downhole high-voltage cables for
each ion pump by implementing a distributed downhole,
high-voltage power supply.

Ultrahigh vacuum conditions were main-

]
|

!
/

Further costs and complexity reductions were derived
from deceasing the size of the LOS pipe to 6-in. diameter
and utilizing K-F flanges on the roughing vacuum com-
patible sections. We also did not use an ultrahigh
vacuum backup system.
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. A synthesis of this resolution fdentifred-the- FUTURE PLANS '
camera, particularly the microchannel plate intensifier,

The progress made to date in Centurion has created

considerable enthusiasm jeetive
to pursue. T
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—- as the largest contributor.
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APPENDIX A

COMPTION DETECTORS

Compton detectors were developed a little more than
20 years ago to meet a need in downhole diagnostic
measurements for a detector with characteristics of
ruggedness, very low sensitivity, high electrical
bandwidth, and large dynamic range.

Two types of Compton detectors are in general use to-

day: a thin vacuum variety with a thin center electrode
developed by LLNL and a thick, oil-filled variety with a
thick center electrode developed by Los Alamos.

The vacuum Compton diodes go by the genenc
desngnatlon VCD, there are various model numbers,
mostly denoting the Jdiameter of the central electrode

(emitter). At present, there is only one type of oil-filled

Compton detector in use, the HFK (High-Frequency
Kenertium) so-called because of the l-in.-thick Kener-
tium center electrode. (Keneruum is a machmable alloy
of tungsten)

Early versions of Compton detectors had only one
However, it was discovered that
putting two output connectors opposite each other more
than doubled the electrical bandwidth at the expense of
halving the sensitivity. This loss is no penalty when the
observed source is a nuclear explosion.

Both types of detectors depend on the Compton effect
for their operation, but the process is somewhat different
in each case.

The conceptual design for a VCD is illustrated in Fig.
IA. Incident rays penetrate the thin entrance window
(usually stainléss steel) and cause Comipton electrons to
be emitted from the 4.8-mm-thick aluminum center elec-
trode, resulting in a positive pulse propagation down the
electrical cable. Neutrons have a similar effect; gamma
rays are produced by (n,y) reactions in the aluminum,
again resulting in the emission of Compton electrons and
a positive electrical pulse.

In the HFK, incident gamma rays produce Compton
electrons in the oil; those within range of the Kenertium
surface are collected by the electrode. The transmission
through the electrode for gamma (;yf T\that

UNCLASSIEES
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the emission of Compton electrons from the back side o
the electrode i down by a factor of 10 from the collec
tion on the front side. Consequently, gamma rays resul
in a negative electrical pulse. Neutrons produce knock
on protons in the oil, to be collected by the electrode
plus (n,y) reactions in the Kenertium resulting in Com
pton electron emission. Both of these processes produce
a positive electrical pulse. Hence, the HFK produces :
negative electrical pulse for gamma rays and a positive
pulse for neutrons, providing unambiguous signals. The
reader should note that a'theOretical treatment of the
HFK should include ionization and polarnzatxon effect:
in the oil.

Compton detectors are operated with zero electrical
bias. Because the detectors can have energies as high as

several MeV, the detectors could, in principle, generate

several-million-volt electrical pulses In practice, the
detectors become nonlinear at 5000 V across 50Q (100
A) and saturate at about 20,000 V.

An early problem with VCDs was the emission of
Compton electrons from the entraace window. This
process causes a negative precursor to the detector step-
function response and, in an extreme case of a particular
gamma-ray spectrum, could ‘result in zero output
current. This problem was reduced to an acceptable level
by using a thin entrance window, placing a lead electron
stopper an appropriate distance in front of the detector,
and putting an electron sweeping magnetic field between
the lead and the entrance window.

The shaping of the ends of the electrodes shown in
Fig. 1A gives an approximate match to the 50-Q cable

used to_conduct the signals uphole. ==

- ;}

o

Re"HEK detector has a collector diameter of 76.2

mm and an electrical bandwidth of about 900 MHz.
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Fig. 1A. Conceptual drawings (not to scale) of the design principles of the YCD and HFK
detectors used for downhole diagnostics.




APPENDIX B

MANUFACTURING OF PINHOLE ASSEMBLIES

\Complete three- and two-pinfiole assemblies are

~Thowr~in Fig. 1B. An outer stainless steel tube and
flanges are used to support the whole assembly. Inside
the stainless steel tube is a solid brass tube split
longitudinally and bored to support and align the actuai
pinhole tubes. Fabrication of the pinhole tubes with their
very small pinhole presented - the most demanding
challenge. A

The center sections of each pinhole assembly (insert B)
were the most difficult to make. The fabrication started
with nickel wire that had a diameter equal to the desired
center diameter (0.0508, 0.1016, or 0.1524 mm) of the
pinhole. The wire was held in a rotating fixture and
coated with copper by physical vapor deposition. A
trapezoidal metal wedge was moved slowly between the
copper source and the rotating wire to prevent copper
from depositing on the center 5.08 cm of the 15.24-cm-
long wire. As the wedge was slowly moved inward, it
blocked more and more of the wire length. As a result, a
cone-shaped copper layer formed on each end of the
wire. Beginning at 2.54 cm on either side of the center,
the copper tapered smoothly from 0.0508 mm in
diameter to 0.3175 mm in diameter at the extreme ends.
Mandrels for the 0.1016- and 0.1524-mm-diam pinholes
were prepared in a similar manner.

The copper-coated mandrels were then electroplated
with gold to a diameter of approximately 3.81 mm. Dur-
ing the gold electroplating operation, the area of the
0.0508-mm-diam cylindrical mandrel increased by a fac-

72

tor of 75. To maintain a constant current density and
therefore a constant plating rate, the current had to be in-
creased continuously and was accomplished by measur-
ing the voltage of the part or its cathode potential relative
to a reference electrode potential and using this potential
difference to control a power supply through a feedback
configuration.

After plating, the exact center and the two transition
regions from straight to tapered sections (see insert B)

were located and marked on the outside of the gold

plating. This designation was done by having reference
points at each end of the wire that were masked off and
not plated. Originally, it was intended to make the center
pinhole in one piece,'bUt the long leaching times needed

to remoye.the. nickel-copper mandrels precluded this ac-

The other parts of the pinhole assembly (inserts A and
C) are tapered sections that “funnel” the neutron and
gamma-ray flux into and out of the small-diameter cen-
tral sections. Tapered sections as depicted by insert A
are made of gold, and tapered sections as depicted by in-
sert C are made of copper. Both *“A” and “C” sections
were made by a combination of electroplating and
machining. The gold tapered sections were plated on
0.2794-mm-diam copper wire and the copper sections
were plated on 0.7874-mm-diam aluminum wire. After
cutting to length, the copper wire was removed with
nitric acid and the aluminum wire was dissolved in
sodium hydroxide. The taper was machined into the gold
“A” and copper “C” tubes by EDM using a computer-
programmed revolving tungsten wire.




Fig. 1B. Manufacture of pinhole assemblies.
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CO, LASER PLASMA INTERACTIONS

by David W. Forslund and Philip D. Goldstone

INTRODUCTION

The enormous pressures required to compress the in-
ner portion of an Inertial Confinement Fusion (ICF)
target to densities greater than the interior of the sun are
accomplished by the conversion of the laser energy to x

rays and -particle energy in the plasma corona and by

ablation of the target.
To achieve these compressions effi c1endy and effec-

tively, we must understand the physics of matter from -

107%-10°g/cm?® over distances of 1073-10° ¢cm and times
of 1073-107%s with particle energies ranging from 0.1 to
10° eV and magnetic fields ranging from none at all to
10° T. The physics involved is nearly collisionless plasma
physics including the effects of spontaneously generated
magnetic fields, high-density collisional physics, the
atomic physics of weakly to highly ionized materials, and
their effects on transport of photons of all energies as
well as particles. Frequently, the processes are far from
equilibrium and require elaborate rate equations to
describe their effects with reasonable accuracy.
Finally, we must understand thermonuclear burn, in-
cluding the transport of all of the nuclear fragments, such
as alpha particles, in the compressed fuel. We must be
able to control radiation flow with a precision of a frac-
tion of a per cent, and the hydrodynamic implosion may
be complicated by the mixing of materials due to

hydrodynamic instabilities and m@hmaum
_-on the thermonuclear burn process,, )

' n oraer

~do-be-a-cempefitive, economical energy producer, the

gain of the target must be as high as possible with the
lowest possible energy input.

The biggest problem for inertial fusion in general, and
laser fusion in particuiar, has been the mechanism of

deposition of (laser light) erergy into the target and sul
sequent transport of that energy to the ablation surfac
The very properties of lase:s that allow them to produc
extremely high power and intensity (which is necessar
for fusion) can work against a desirable form of energ
deposition. In particular, the wave nature of the light, tt
high coherence, and narrow bandwidth all contribute t

. peculiar collective effects in the deposition that reduc

the efficiency of several of the above processes. In othe
words, these highly organized properties of the laser ten
to drive the hot plasma in the target far from thel
modynamic equilibrium with potentially serious conse
quences. In particular, laser fusion with CO, lasers at 1
um is dominated by such effects.

These collective mechanisms initially result. in th
production of energetic electrons by the absorption ©
laser radiation in the target corona. The hot-electro:
energy then cascades into a number of energy flow chan
nels (magnetic flelds, acceleration of energetic ions
bremsstrahlung emission, heating of a dense “thermal
plasma, soft x-ray emission, and microwave emis
sion). Shorter wavelength laser-plasma interactions ten:
to be more collisional, and the collective processes
which result in hot electrons, are generally less dominant

Early in the history of laser fusion, researchers hope:
to get quickly into the regime of significant ther
monuclear burn. Many papers were published on th
thermonuclear burn properties and the required cond:
tions involving small amounts of fuel. Indeed, the energ
required to compress and heat tha fuel to ignition cond:
tions is very small compared with the energy releasec
However, to achieve the necessary conditions of comr
pression requires precise control of the input energy a
the incident driver energy is decreased. Specifically, th
very. small fuel masses are susceptible to preheat, whic
will generate sufficient back pressure to prevent com
pression. Again, the smaller the fuel mass, the smaller th
fraction of preheat allowed because one must compre:
to increasingly higher densities to accomplish fuel bur
The required precision of the implosion increase
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various models to obtain scaling laws that can be reliably
extrapolated into new regimes. For example, simplified
models of the propagation and absorption of light in the
plasmas have been vurified -concerning their accuracy
and range of validity with the WAVE code. In the last
decade, the improvement in scale of problems accessible
has increased by a couple of orders of magnitude
because of improvements in computer hardware speed
and in numerical algorithms (VENUS). This change has
greatly increased our understanding of the physical
processes as discussed below.

EXPERIMENTAL TOOLS

In addition to the theoretical tools that have greatly
aided our insight into the complex processes in these
plasmas, a wide variety of experimental tools and tech-
niques has provided the basic empirical information
against which the theoretical models must be compared
in an iterative process. Overall energy balance can be ob-
tained by measuring the nonabsorbed light directly or by

calorimetrically measuring all of the ion and x-radiation -

energy emitted from the target. Some hot electrons es-
cape the target and can be detected with electron spec-
trometers; however, the bulk of the electron energy is ob-
servable primarily by measurement of the
bremsstrahlung radiation from several kiloelectron volts
to large fractions of a megaelectron volt where possible
with subnanosecond time resolution.? A variety of instru-
ments can be used to determine the spectra of ac-
celerated ions.

The heated target material emits soft x rays that are
detected by multichannel soft x-ray spectrometers utiliz-
ing filtered vacuum x-ray (photo) diodes, along with ul-
trafast oscilloscopes developed in the nuclear weapons
program, to provide time resolution of about 200 ps.
Spatially restricting the area viewed by the soft x-ray
diodes enables measurements restricted to the diagnostic
port of a hohlraum without complication from emission
near the laser entrance ports. This is provided by mul-
tichannel x-ray collimators. The small diagnostic ports
{400 um) require that these collimators be made of
precisely machined pinholes approximately 150 um in
diameter, aligned with respect to each other and the
target to an accuracy of 25 um using optical techniques.

Optical and x-ray emission can be spectrally resolved
with spectrographs or multichannel spectrometers or im-
aged using simple optical cameras or pinhole cameras,
and either images or spectra can be time resolved to tens

of picoseconds using image-converter streak canieras.
The detailed atomic physics of the plasma corcna, often
far out of local thermodynamic equilibrium, can be ex-
amined using high-resolution x-ray and xuv spec-
trometers to examine the spectra from the corona.
Details of the spectra such as line broadening and line
shapes can be used together with detailed atomic physics
mcdels as a probe of the plasma conditions surrounding
the ions of interest, which can be particularly useful in
spectroscopically examining the conditions of the im-
ploded fuel. The pinhole cameras, soft x-ray collimators.
and x-ray spectrometers must be close to the target and
must survive the intense x-ray and particle debris “blast™
from each shot.

Imaging of the target plasma in x-rays characteristic
of some transition of interest in the target or corona, for
cxample, a K-line resulting from a hot-electron-caused,
inner shell vacancy, enables the experimenter to track the
Now of electron energy into the hohlraum wall, for exam-
ple. _

Detailed microfabrication technolbgy is used to
produce complex targets with specific materials placed at
strategic locations so that their x-ray emission can be
used as a “tracer” to determine the amount, or the time,
of energy flow to these locations. In addition, such
localized tracer techniques allow detailed examination of
plasma conditions from a well-defined region without
having to average over all densities and temperatures
achieved in the plasma.

The availability of such a wide range of measurement
technologies, together with the detailed ability to design
experiments by microscopic modification of tiie targets,
has allowed us to develop a detailed empirical base
against which the theoretical picture of the processes in-
volved can be compared.

'RADIATION FLOW AND HYDRODYNAMICS

The insight gained from WAVE/VENUS simulaiions
and verification of various models had led to the im-
provement in various physics packages in the 2D radia-
tion flow/hydrodynamics code LASNEX and to a better
choice of input conditions to the code. LASNEX then is
used to model the hydrodynamics, electron transport,
and radiation flow and possible thermonuclear burn in
the target. Sometimes it can be used to evaluate models
by observation of their effect on the macroscopic target
behavior.

INCLAS
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LASNEX and its postprocessing packages such as
TDG allow it to generate outputs directly from various
diagnostic instruments, such as pinhole photographs,
streak camera images, bremsstrahlung spectra, ion emis-
sion, and soft x-ray emission. Because the code also
calculates the source spectra, it can be used to assist in
the deconvolution of, for example, the electron tem-
perature from the hard x-ray bremsstrahlung spectrum
or the compressed-fuel properties from the x-ray pinhole
irages and x-ray spectra. By simultaneous modeling of a
variety of phenomena on a given target shot, the use of
the code greatly enhances one’s confidence in un-
derstanding the target behavior. Frequently, there has to
be an iteration in LASNEX input conditions to match
the experimental data. In other cases suggestions can be
made to modify existing diagnostics or develop new ones
to ‘search for specific predicted signatures of physical
phenomena. Co

* The virtuosity of the target fabrication effort makes
possible radical changes in target configuration. From
this ‘iteration process, new target concepts have been
developed in an attempt to better utilize the energy flow.

ENERGY ABSORPTION AND TRANSPORT

In large iaser systems, the light must travel from the
last large optical surface over a long distance through a
near vacuum to the target. The intensity at the target is
controlled to a large extent by the focal properties of the

B0

0.3mm

Absorption (%)

2.0 mm

0 1ol I

! 11l

103
Intensity (W/cm?2)

1014

final optical element and is usually adjusted to achieve
nearly uniform illumination at the target.

Drive symmetry is achieved in a hohlraum by a com-
bination of the light reflecting around inside and the
deposition and re-emission of the soft x rays from the
case of the hohlraum. The initial illumination uniformity
is not maintained, however. As the target heats up, hot
plasma is blown off. Because the index of refraction n of
a plasma depends on density as n'= 1 - wl/w?, where o?
= 4 nt ne’/m is the square of the local plasma frequency,
o is the laser frequency, and n is the electron density, the
propagation of light in this plasma is altered from what it
is in a vacuum. The incident radiation may refract and
not strike the target where it was originally directed, or it
may break up into filaments because of localized heating
of the plasma or to the infinite pressure of the light itself.
This situation may cause local regions of the incident
radiation to be much more intense than others, which -
may degrade the symmetry of the implosion or increase
the energetic electron generation. In‘addition, the blow-
off plasma may close the hohlraum laser eritry holes;

preventing useful absorption of laser light.
- An important first step in-the overall energetics of

laser fusion is the determination of how much of the inci-
dent radiation is absorbed. in the target. Absorption. is
measured in a varety of ways, including measuring the
light scattered (and therefore not absorbed) at the target
and measuring the integrated ion blow-off energy from
the tai'get. Figure 1 shows the absorption on spheres of
various sizes as a function of intensity.* Typically, at the

Fig. L. AbSorpu'on, as measured by ion calorimetry, for
spheres of varying size.
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lower intensities shown at the left, the absorption is about
30%, whereas at high intensities it can exceed 60%. In
hohiraums, the absorption is typically 50 to 75%,
depending on the laser entry hole size relative to the
target size. In pnncnple, it is possible to increase this ab-
sorption to greater than 90%.

What are the mechanisms of absorption and how can
we identify which ones are actually operative in laser
target experiments? Although inferences can be made
from a variety of experimental data, most of the informa-
tion on absorption processes has come from computer
simulations and analytic theory, which have been
iterated to reproduce the experimental data base.

The simplest form of absorption of laser light results

from collisions of electrons oscillating in the laser electric
field with the background ions. This process, known as
inverse, bremsstrahlung, works by randomly scattering

~the oscillating electrons off the ions. Thus, coherent os-
, C|llat|on energy. is.converted into- random cnergy. By
equating the dlSSlpatea lightenergy, vE¥/8x, to the

heating rate, v, nmv?/2, where v. = eéE/ma, we find that
the bremsstrahlung absorption frequency is v = v, n/ng,
where n is the density at which o, = @. The absorption
length for light then is ¢/v. Because the electron-ion colli-

sion frequency. v, varies as v =3, inverse bremsstrahlung’
- preferentially heats low- -velocity electrons and thus keeps

the plasma close to thermodynamic equilibrium. If L is
the density- scale height, then significant absorption oc-
curs for wL/¢ =~ 1. If we balance the absorbed energy
with the electron heat flux, we see that significant absorp-
tion only occurs for

I <5x 10" Z L(cm)/)*,

where Z is the ion charge state, L is the plasma scale
length in cm, and A is the laser wavelength  in
micrometers.

Thus, for L =~ 1 mm and Z = 79, inverse
bremsstrahlung is negligible for the CO, wavelength of
10 pm at intensities above 10'* W/cm. Therefore, some
form of collective absoerOn that is somewhat less
desirable than inverse bremmstrahlung must be relied on.
At wavelengths less than 1 uym (for example, the 0.25-um
light of KrF lasers), inverse bremsstrahlung is very im-
portant and appears experimentally to. dominate the ab-
sorption process, although some undesirable forms of
collective absorption are still present to a modest extent.

An important quantity that affects the collective ab-
sorption processes is the pressure of the incident light

wave, the so-called pondermotive force, F = mp’/uj2 Y
EI% Itis a low-frequency force proportional to the light
intensity and the ratio of the plasma density to the
critical density of the incident light. For example, at 10'®
W/cm?, the pressure of the light at its reflection point is
about 5 Mbars! This large force is able to distort the flow
of expanding plasma at low densities and is responsible
for most of the instabilities induced by the incident radia-
tion in the underdense plasma.

Because of this strong pondermotive force, two basic
mechanisms of collective absorption have been identified
as important in all laser-plasma interactions and par-
ticularly important for CO, lasers.

The first is called resonant absorption,*® in which the
electric field of an obliquely incident laser beam can
linearly couple to a longitudinal plaksma wave in the low-
density expanding plasma. For a wave with an incident
angle 0, the ulectromagnetm wave is reflected from the
region n = n.cos’0 but may still tunnel to the resonant
matching pomt as shown in Fig. 2 At the resonant point,
the component of the electric .vector along the density-
gradient induces time-dependent density fluctuations at
the local plasma frequency, acts as a source of plasma
waves, and . extracts energy from the incident elec-
tromagnetic: wave.. The. conversion- efficiency depends
sensitively on the incident angle and the scale length be-
tween these two points. For angles of incidence of the or-
der of -20°, the scale length must be less than a
wavelength of light to obtain an absorption of greater
than: 20%. In fact, the:large pondermotive pressure
gradient of the reflecting light wave and the locaily

..generated plasma wave produce a sharp density gradient

in that region, which allows resonant absorptlon to be an

effective process.

In Fig. 3, we show the sharp density gradient from a

"WAVE simulation” that extends to densities far abovc
- the critical density. An important experimental identifica-

tion of resonant absorption at high laser intensities is
from the large, second harmonic emission of light
proddced; The nonlinear coupling of the density fluctua-
tions of the plasma wave to the incident light produces
the second harmonic through the’ current j(2w) = v & n.
Its intensity is proportlonal to the incident light wave in-
tensity and the plasma wave intensity. The scaling of the
second harmonic emission is a strong function of inci-
dent laser intensity. At low intensity ‘the 2w emission is
proportional to I2. ‘At high intensity, where dn saturates
because of nonlmearmes the 2w emission is proportxonal
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Fig. 2. The resonance absorption process.
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Fig. 3. Densitly gradients obtained from the WAVE code.
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because of the greater mass of the ions, although it has
the potential of reducing the absorbed laser intensity.
Calculations suggest that the ion waves become non-
linear so rapidly that the light is not scattcred away but
merely adds to the plasma heating rate. This heating rate,
however, is lower than tha't from electron plasma waves.
This process may be much more important at short laser
wavelengths, where the ion sound waves do not become
as nonlinear.

In addition to backscattering, there are also self-
focusing and filamentation instabilities of the incident
light.'* Pondermotive, force-driven filamentation has a
similar gain length to Brillouin scattering when the ions
are very warm, T, = T,. Atlow intensities there is a ther-
mal, self-focusing instability resulting from
_ bremsstrahlung heating that can reduce the density in a
channel, refracting the light within the channel, which
raJses the mtensrty and further heats the pIasma This lat-
ter’ process may be partrcularly troublesome at short
wavelengths Thts 1nstab1hty can be v1ewed as arising
from the strong amsotropy m the pressure of the mcrdent
hght wave.

" A number of parametr:c lnstabultles at the critical sur-
face have been identified theoretlcally 1 However, in
general the steep densrty gradients induced by the pon-
dermotive force severely reduce these instabilities.

intensities and plasma conditions that do not allow
—. Parametric instabilities to develop and rely on resonant

266 , T
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If fusion with CO, lasers is to work, one must stay at

ET

absorption in a steepened density gradient to maintain
the lowest hot-electron temperature. These conditions
appear difficult to achieve at best. As mentioned earlier,
some additional absorption process appears to be oc-
curring above 10'* W/cm?. Recent simulations at an in-
tensity of 2.5 x 10'* W/cm? run for tens of picoseconds
instead of only a few picoseconds* (made possible by the
substantial increase in size of the Los Alamos computer
facility) show a similar phenomenon.

Figure 8 shows a contour plot of the density surface
late in time. Note that the originally smooth, sharp den-
sity gradient has begun to break up and become rough.
Associated with this roughness is a substantial increase
in the absorption coefficient from about 25 to 60%. At
the same time, the hot-electron temperature in-reases by
a factor of 2 or 3 over that calculated for resonance ab-
sorptlon on the initially smooth surface At 10“ W/em?,
the surface is observed to become even more turbulent
Basncally, the parametnc tnstabxhtles at the cntlcal den-
sity that were suppressed by the sharp grad:ent appear to
become domlnant at high mtensnty Thrs process may ex-
plain the increased hotelectron temperatures (hcndreds
of klloelectron volts) observed on Hehos at high mten-
sities.™?
' We see then that the large amphtude of the laser radia-
tion results in a highly nonequrhbrlum state of the
plasma. It is so far from equilibrium that, for example,
classical shock waves are altered. The region where reso-
nant absorption occurs corresponds to a phase transition

Fig. 8. Contour plot of the density late in time.
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between a hot plasma i in thc presence of the laser light to
a colder plasma without the laser light present. In this
region, rarefaction shocks'®'® are generated, which
have very different properties from conventional shock

waves. Matter is put into an extremely unusual state that

is probably only reproduced in exotic astrophysical
situations. The fact that most of the absorbed laser
energy is placed into a few energetic particles signifi-
cantly reduces the implosion efficiency of fusion targets

“and makes the task very difficult.

ENERGY FLOW
Hierarchy' of Energy Flow Channels

Once hot electrons are produced by the absorption

'pr0cess, they proceed to convert their energy in one of

two ways. Hot electron pressure in the corona can
collectrvely accelerate the coronai ions to extremely high

“energies b y collrsronless processes In'the snmplest modei,

some electrons leave the target (they are initially ejected
outward from the critical surface by the resonance-
absorption mechanism), but the nonzero impedance and
inductance of the target support stalk allow electrostatic
potentials  of hundreds of kilovolts to develop at the

larget, confining the remainder. The confined electrons
accelerate ions by working against the coronal plasma as
they try to escape. k

Experimental measurement of the fast-ion energy
shows that a substantial fraction of the absorbed laser
light goes into fast ions, particularly at high intensity
(Fig. 9). Alternatively, the electrons can lose their energy
by collisional stopping in the bulk of the target. Because
the range of hundred-kiloelectron-volt electrons in matter
is quite long compared with the amount of material that
can expand into vacuum under the influence of hot-
electron heating = during the "laser pulse, the target
material is to a first approximation isochorically heated.
This collisionally deposited electron energy is partitioned
into internal energy of the material, kinetic energy (ther-
mal or “slow” hydrodynamic in contrast to the collision-
less fast-ion expansron of the corona), and thermal soft
x-ray radlatron '

If the target lS thrck compared with the hot-electron
range, the motlon of the target will be quasi-ablative. If
the target is thln to electrons, it will explode. The
collisional stopping of the hot electrons also produces
hard x-ray bremsstrahlung’ '} and characteristic x-ray
emission,'*2%2! which are not in themselves energetically
important. However, they provide unique observables
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Fig. 9. Fast-ion production efficiency as a function of the hot-
electron temperature (from the APACHE hard x-ray spectrometer)
and intensity.
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that we have used to determine the hot-clectron tem-
perature, the amount of deposited electron energy, and
the location where the hot electrons are depositing their
energy.

Our experimental measurements, together with com-
puter modcling, allow us to piece together a generally
consistent picture of the energy budget and energy flow.
The absorption, as noted above, can be as high as 60%
at 10'* W/cm?, although generally closer to 30% below
10'* W/cm?. The energy partition to fast ions depends on
a number of factors described below. However, because
the energy partition to fast ions also increases with inten-
sity (Fig. 9), the amount of energy that is collisionally
deposited in, for example, a spherical target, is only
about 20% of the incident radiation, independent of in-
tensity. Ultimately, we wish to use one or more of these
energy channels to provide energy to the ablator of a
target capsule, either directly or indirectly, leading to the

symmetric implosion of the capsule and thermonuclear

burn. These basic energy channels also provide a
“natural” set of observables we can use to trace the
physical processes taking place: soft and hard x-ray
emission; the fast-ion energy, spectrum, and angular dis-
tribution; and the slow- (thermal) ion distribution.

Fast lons and the Energy Budget
Because fast ions can carry such a large 'part of the

energy budget, we have studied these ions extensively
with a wide variety of diagnostics. Many of the ion

calorimeters that we have used to infer the absorption of

laser light have been filtered with thin foils (typically 0.5-
um nickel) to detect only these fast jons and reject ther-
mal ions and x rays. Such a filter will pass ions of 100
keV/amu (about 4 x 10® cm/s) with a weak dependence
on the ion atomic number. In the simplest model of ion
expansion, the ion distribution is an isothermal

N (V) - e--v/cs

with the sound speed driven by the hot-electron tem-
perature

— Z
Cs = TTH'

For a hot electron temperature of 250 keV (obtained
at 10" W/cm?) and for a Z/A = 1/2 appropriate for
highly stripped ions such as carbon (for example, from 2
plastic target), the sound speed is approximately equal to

UNCLASSIFIED

the velocity of an ion that just passes through the filter.
Because most of the ion kinetic energy is in ions above
the sound speed, the ion energy transmitted through such

~ a filter is a good estimate of the total fast-ion energy at

high intensities, but at lower intensities where ¢; € 4 x
10* cm/s, this measurement is a lower bound.

The data in Fig. 9, in which the fraction of absorbed
energy in the fast ions increases with intensity to as much
as two-thirds of the absorbed energy, were obtained us-
ing filtered ion calorimeters as just described. The in-
crease of fast ion fraction with intensity persists even af-
ter filter-thickness effects at lower intensities are es-
timated and corrections to the raw data in Fig. 9 are ap-
plied. Thus, the fast ions are a major energy channel and
a major energy loss unless exploited for driving targets.
The absorption (A) and the fractxon of ‘absorbed energy
in fast ions (F) can be used to provrde an indication of
the energy remaining for collisional deposmon, Ec=A(l-

F) £0.25 E;;;; for spherlcal targets. Measurements of the

“jon velocity distributions with magnetic analyzer spec-

trometers [so-called Thomson parabolas, which are ion
spectrometers with parallel E and B fields and which
produce velocity spectra N(v) along parabolic tracks in
the detector plane with different parabolas for each Z/A]
indicate - that- much of the ion energy is carried by
hydrocarbons independent of the target material. These
hydrocarbons are surface contaminants on the target
that are accelerated to the highest velocities because the
lowest Z jons are accelerated most rapidly in the com-
plex multispecies ion expansion. Although the ion spec-
trum from such a multispecies expansion is remarkably
complex?? and difficult to calculate theoretically, its
gross properties are deceptlvely s1mp|e '

As the ion mean energy is not far above that required
to penetrate a 0.5-um nickel ﬁlter, we can determine the
ion “spectrum” by a set of transmission measurements in
an array of differently filtered calorimeters. Figure 10
shows examples of such ion spectra for high- and low-
intensity cases. Not only are these transmission curves
well behaved, they can readily be fit to an isothermal ex-
pansion model taking the hot-electron temperature T
directly from the bremsstrahlung measurement if we
assume Z/A = 1/2. Transmission data as in Fig. 1 are
useful in evaluating target design concepts. For example,
the mass required to stop orie half of the ion energy is an
important parameter that can' be used to determine
whether this ion energy is exploitable in target design.

Whereas ion stopping powers are a weak function of
Z, very heavy ions { {such as tantalum and gold) have an
appreciably shorter range than protons or carbon. Based
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on an analysis of the multispecies ion expansion, we con-
jectured. that if- low-Z surface contaminants could be
removed, atoms of high-Z target material could be ac-

celerated to. similar. velocities (the fastest proton-in a.

typical ' expansion, measured with time-of-flight scin-
tillator detectors, typically has a velocity of about 2 x 10°
cm/s).- In an experiment in which tantalum targets were
heated with electron bombardment to white heat to drive

off hydrocarbon, we observed _energetic tantalum ions. -

The fastest ion observed corresponded to an energy of

500 MeV for tantalum, and Thomson spectrometer data ‘

confirmed the absence of protons in the expansion while
indicating that the,tantalum. ions were as much as 60
times ionzied. - ' '

. For targets wnh a thrckness less than the hot-electron

range, electrons can pass through the target many times,
reflecting off the expanding plasma sheath each time.
This situation can greatly increase the absorbed energy
placed into fast ions. ...

- For targets that are thick to hot electrons, causing an .

electron to have only. a single chance to bounce off the
electrostatic sheath surrounding the target and to work
- against the coronal ions, theoretical calculations (ignor-
ing albedo effects) indicate that the fraction of energy in
fast ions cannot. exceed 5-10%, which is the fraction of
electron energy lost in rel‘lectmg from the. expandmg
plasma. .

Thus, we mfer from these data that a me chanism ex-
ists to trap the electrons in the corona, allowmg them to
lose more of their energy to fast ions. This process is
generically known as flux-limited transport. That is, there
is some process that- reduces the mean penetration
velocity to less than it would be from a simple diffusion
model. One process that can cause this phenomenon in-
volves the generation of intense magnetic fields by the

hlgh -energy electrons themselves

-Fora laser spot of ﬁmte size ona target surl'ace or for

‘not completely umform rllummatron of a target, there are

a temperature gradrent along the surface over the laser
spot, a strong density gradient along the surface over the
laser spot, and a strong density gradient normal to the
surface under. the spot. These density and temperature
gradients, which are perpendlcular to each other, cause a
magnetic field to be generated by the curl of the am-
bipolar electric field:
8 B/ot=-Y xE=YnxVT/n.

The generation rate is extraordinarily high with a field of
1 MG reached in I ps with a density gradient of 10 um, a
spot size of 100 pm, and a temperature T of 50 keV. In
the time it takes an electron to cross the laser spot, the

field is strong enough to reduce the gyroradius of an elec-
tron to less than the density scale height. The clectrons
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can no longer free-stream into the target but are confined
by the magnetic field. In VENUS simulations,?* the clec-
trons E x B drift along the target surface to great dis-
tances from the initial laser spot.?* This reduces the
transport inward under the laser spot and enhances the
electron energy carried far from the laser spot. One of
the consequences of the self-generated fields is that many
of the ions are accelerated in an intense ion jet or plume
normal to the target surface.

Figure 11 shows the angular distribution of ions leav-
ing a disk target as measured by calorimeters with three
different thresholds provided by filtering. The plume has
half-width at half maximum of about 10°, in excellent
agreement with particle simulations using VENUS. For
targets smaller than about 1 mm, including small
spheres, the effect is washed out and the ion angular dis-
tribution- becomes  more isotropic. The: effect is also
washed out in thin targets, where ‘electrons can travel
from the la<er spot by reflexing through the shell and dis-
rupting the current flow that creates the magnetic fields.
For large, thick-walled spheres, however, the jets persist.
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Because in a spherical target experiment these jets will be
directed back toward the focusing optics where they are
not measurable, we believe that the apparent reduction in
absorption in larger spherzs as measured by calorimetry
(Fig. 1) is due to this extremely forward-peaked, angular
distribution. However, the appearance of a strongly
directed ion jet, along with a large component of the
energy budget in fast ions, raises the possibility that the
ion encrgy might be directed from the laser target to the
capsule and the ions used to drive the capsule either
directly or indirectly.

TARGET DESIGNS TO EXPLOIT THE ENERGY
FLOW

Because the details of the energy budget are in sorae
measure affected by the target characteristics, we can
design’ target concepts to use various energy channels
and optimize them through design based on both em-
pirical data and theoretical extrapolation.

Fig. 11. Fast-ion angular distribution: e all ion cnergies, 0 E > 100
. keY/amu, A E > 500 keY/amu.
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Fig. 13. Schematic of hohlraum target (Chamisa). Laser light is trap-
ped inside case and absorbed, heating walls. Resulting x rays drive
implosion. Issues are volume absorption of light by processes produc-
ing high, hot-clectron temperatures, deep deposition of energy in
walls, low efficiency of producing x-rays, and plasma closure of en-
trance holes.

Fig. 14, Electron greeniiouse target (Arcturus). Laser incident on high-Z case; hot clectrons
penetrate case and deposit in low-Z radiation generator/ablator. Radiation trapped inside case.
Issues are low effective absorption, long range of hot electrons in ablator, resulting in low energy per
unit mass, and coronal decoupling at long pulse suitable for high gain capsules.

Fig. 15. X-ray driven. target using stagnation-produced x rays
(Canopus). Hot electrons explode inner shell, which stagn2'es against
wall of pod. converting kinetic energy 1o x rays, whic'. enter main
hoilraum containing capsule. Issues are high hot-electron tem-
perature and loss of vacuum insulation, fast-ion production, and inef-
ficient radiation flow from pod primary to secondary.
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Chamisa target, requiring the concept of “vacuum in-
sulation.” Hot electrons cannot move much beyond the
leading edge of the ion expansion because of electrostatic
effects (the same effects that, in fact, drive the ion expan-
sion). Thus, if the space between the inner shell and outer
pod wall is too small, the jons will cross the gap during
the laser pulse; and the hot electrons, rather than ex-
ploding the inner shell, will be deposited in the pod wall.
This situation will put a lower limit on the target size.
A major advantage that Canopus targets offer is that
a short laser pulse (about 1 ns) can produce a long radia-
tion pulse (about 10 ns) because of the change in charac-
teristic times from that of the laser to that of the slow-ion
stagnation.. As target capsules generally -desire long
shaped pulses for optimum implosion efficiency and high
compression, this concept provides an advantage by
pulse shaping in the target rather than in the laser.
The Chamisa and Arcturus targets use the collisional
deposition channel to produce x-ray drive. The direct-

drive target uses this same channel to go directly to -
hydrodynamics (slow hydro). Canopus attempts to use-

both the collisional channel (to produce the slow hydro

of the inner shell explosnon) and the fast-ion channel. We -

can attempt to use both the hlgh energy and beam-like
nature of the fast ions to drive the final target type dis-
cussed here. In the Procyon target concept,k the laser is
incident at high intensity to maximize the fast-ion chan-
nel on an ion converter and acts as an ion diode, produc-
ing a beam of fast ions that can be directed toward an
ion-driven target (Fig. 16). Because the fast-ion range is
long, we utilize an ion-driven version of the greenhouse
Arcturus targe: concept to turn the ion “beams” into x-
ray drive. ,

There are a few other tareet concents (we have studied
nine in detail), but they are largely variants of these basic

Fig. 16. Ton-beam coupled target (Procyon). High intensity CO, laser
generates collimated ject of fast jons, which drive ion-driven,
greenhouse target Issues are eificiency of conversion to ion energy in
the narrow jet.
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attempts to exploit the various energy flow channels
available. Below, we summarize the ultimate perform-
ance of these targets based on an evaluation of Helios
data. We then describe some of the experiments and the
results we have used to reach our conclusions, thus
briefly illustrating both the physics and the techniques
used to unravel the problems.

ANALYSES OF TARGET DESIGN CONCEPTS

To evaluate the potential of thesc target design con-
cepts, we chose to factor the problem into the capsule
implosion physics and the drive mechanisms. In essence,
we asked, “What is the efficiency with which one can
provide the drive cnergy to the ablator?” We assumed
that any drive concept could be made to produce the re-
quisite drive symmetry. We also ignored—temporarily
for this analysis—the effect of hot-electron or
bremsstrahlung preheat on the capsule performance ex-

- cept as a constraint in target design (that is, in some

cases: we designed the target to limit the hot-clectron
penetration through the ablator, to the pusher, and to the
fuel. We find that the resulting analysis does not
crucnally rcst on these rather simple assumptions.

As most of our targets are x-ray coupled, we used a

figure or merit called the x-factor to define the target

coupling efficiency:

= (x-ray energy absorbéd by ablator)/(driver energy
~on target).

For direct drive, we converted to the effective x-factor by

X = (BufEnd(n/ny »
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X2 (1) 08) 09) ©06)

where n, ,
and x-ray drive for an equivalent amount of ablator
energy. We estimated from systems studies and capsule
gain calculations that X > 0.25 is necessary for fusion
power production.

We note that for short- wavelength lasers (say, A =0.25
um) in a Chamisa hohlraum target, the absorption is ex-
pected to be nearly 100% (absorption on open targets
such as disks or spheres is almost that high) and as much
as 80% of this energy may be converted to soft x rays.

About 10% of the x-ray energy is lost out the laser en-
trance holes; and of the remaining energy, about 60% is
used to drive the heat front into the low-Z capsule
ablator, and 40% is lost to the heat front in the high-Z
radiation case. Therefore, for a short wavelength laser
that is nearlv ldeal

moo

043 .

Expenments at short wavelengths contmue to be promis-
mg Recent calculations lndlcate that the soft x-ray con-
version expected may be somewhat less than the desired

80% when extrapolated to mega_loule long- pulse experi-
ments, mdrcatlng the need for continued expenmentanon

- .and optimization, -

In the Chamisa target, the absorptron can be hlgh and
fast-ion loss can be small because energy must escape
back out the laser entrance holes to be lost. At least 50%
of the incident energy can be kept in the collisional chan-
nel. However, the hot-electron temperature in these

- hohlraums is extremely high (about 300 keV), much

higher than expected for resonance absorption at the in-

tensity of the laser beams as they first intercept the
~ hohlraum  wall..

.These hot electrons_ penetrate the
hohlraum wall verv deeply, and only a very small
amount of the deposited energy resides within a radiation
diffusion depth of the surface and is available for conver-
sion to soft x rays. When the hohlraum is sized so that it
does not fill with plasma above the CO, critical density
during the long drive time required by the capsule (which
would keep the light out of the target), scaling laws

. derived from Helios experiments indicate the low value

of X =0.06. Because the laser entrance ports must also
be kept open and unfilled with plasma during the pulse,
there is significant, additional loss of radiation out the
holes. Thus, the x-factor for a Chamisa hohlraum, scaled
to reactor size, is only about 0.02. In fact, more energy
reaches the capsule in the form of preheating hot elec-
trons than in the form of x rays.
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are the “rocket” efficiencies for direct drive -

In the Arcturus target, the basic limitation is the
collisional deposition fraction, which for spheres is about
20 to 25% irdependent of intensity. Once we include the
electron energy that does not penetrate the radiation case
at the typical hot-electron temperature of 100 keV, only
18% of incident energy is deposited in the converter. To
prevent hot-electron preheat of the pusher, much ablator
mass is needed, lowering the temperature to which this
mass can be raised to uninteresting value (tens of elec-
tron volts). Even using variations on the basic target
design to work around the problem—the partition of the
energy in the converter into internal energy and radiation
and the efficiency of absorbing the radiation in the
ablator rather than in heating the case—limits the x-
factor for such a target to only X = 0.10. Direct-drive
targets are limited by the collisional- deposmon fraction
of 20 to 25% and the hydrodynamlc efficiency of hot
electron dnve ablator relatwe to x- ray dnve (a factor of 3
poorer), whlch grves X 008

In Canopus targets all of the absorbed energy (whrch
can be as high as about 80% in the inner hohlraum) can
be converted to thennal and suprathermal hydro.
However, the conversion to x- rays at the pod wall is inef-

" ficient, fast ions mostly go deeper in the pod wall than

desirable, and. extrapolation: based on empirical scaling
laws shows that only about 45% of incident energy reap-
pears as thermal x rays. Of this relatively large fraction
of the energy, about 22% is lost to heating the pod wall;
22% enters the main hohlraum where only about one-
half, for an x-factor of 0. 12, is finally deposited in the
ablator. Whereas this is a higher x-factor than the con-
cepts above, the scaling data that predict this eventual x-
factor also predict that acceptable drive temperature in
the main hohlraum requires srgmf' cantly greater than 10
MIJ in the laser pulse. :

Procyon targets use the fast-ion channel, which at 10"
W/cm? takes <40% of incident energy. However, experi-
ments have shown that only about 10% of incident
energy is contained in the highly collimated ion jet, which
can be transported to the capsule. The remainder of the
ion energy is found at large angles in the wings of the
peaked angular distribution. With the typical loss of ef-
ficiency in converting the ion energy to energy in the cap-
sule ablator (similar to Arcturus), we have found the x-
factor to be only 0.03 to 0.07.

This description summarizes the performance of the
target concepts we investigated to exploit the various
energy flow channels. Although there-are a number of
uncertainties in extrapolating our empirical data at<10kJ
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port closure for <800 pum in_ diameter.

the absorption and the net deposited energy aftc:- fast ion
losses are subtracted, as a function of entrance port
diameter. The solid points with error bars are the ratio of
the hard x-ray yield to the hot-electron temperature; it is
simple to show from thick-target bremsstrahlung cross
sections that this ratio is proportional to the .net
collisionally deposited electron energy. The yield/T,, data
~ are normalized to the calorimeter data from 400-um-
diam ports. Clearly, only half as much energy is usefully
deposited in a hohlraum with- a 400-um port as'in a
target with an 800-um port; from the point of view of
energy balance, targets with entrance ports < 400 um
behave roughly like targets with no hole at all. These
- data are consistent with a plasma expansion velocity of
about 2 x 107 cm/s with only a very weak dependence on
laser intensity. :

Radiation Temperature Scaling

Figure 17 shows that the hot-electron temperature is k

greater than 100 keV (for a given energy on target) for
targets with holes that do not closEéD'ndicated earlier,

| UNCLASSIFI

. at this temperature the electron range in gold is quite

large; and, as a consequence, the efficiency of conversion
to soft x rays is quite low. We measured. the interior:
radiation temperature. of small, spherical hohlraums by

‘looking through a small (400-um) hole in the wall with a

collimated 7-channel soft x-ray detector array with 200-
ps time resolution. X-ray imaging and tests with varying
diameters of this diagnostic hole indicate that closure of -
the diagnostic hole to soft x rays is unimportar? in this
parameter regime. The measured temperature as a func-
tion of energy per unit wall area is shown in Fig. 19. If
the process were at its. maximum- efficiency, the tem-
perature would follow: the: upper curve- in: Fig.: 19.
Although the temperature follows this scaling fairly well,
the. magnitude of the temperature indicates that only a -
small percentage of the incident energy is converted into
soft x-ray flux.

Hot:Electron Temperature Scaling

Measurements of the hot-electron temperature and its
scaling with drive parameters show us the reason for this
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low x-ray conversion efficiency. Figure 20 shows the hot-
electron temperature for Chamisa targets as a function

of energy divided by diameter squared; the larger (lower.
E/D?) targets with 800-um entrance ports, unaffected by
hole closure, show ‘a roughly (E/D?!? dependence: of

hot-electron: temperature; for 400-um  ports, the tem-
perature converges asymptotically to that obtained for
targets with no entrance port.

The high-temperature - hot = electrons in Chamisa
penetrate the wall deeply, heating the large wall mass to
a rather low temperature. Neglecting radiation loss from
the holes and assuming that the electrons penetrate to a
depth r,, the surface temperature of the wall will be given
by : '

Ta* ~ Energy/Mass ~ E/(Ar)) ~ (E/A)T, "¢
or

'r ~ (E/A)ZIJ T -1.1

More detailed LASNEX calculations in which E/A and
T, are considered independent parameters show a
similar scaling '

TR ~‘(E/D1)0.55 TH—0.7 R

where from the empirical scaling of T,; ~ (E/D)"* we
find that

Ty ~ (E/DY)*?,

which is very close to the observed (E/D?)%® scaling of
Ty. However, for hot-electren spectra characterized by a
single Ma:kwellian, the -quantitative LASNEX scaling
predicts a somewhat lower radiation temperature than is
measured, indicating that some additional heating of the
wall surface may be present compared with that assumed
in the LASNEX simulations. Because so little of the
energy is deposited by the hot electrons near the surface,
this additional heating can be caused by a modest frac-
tion of the energy budget. :




E/D?, which may be due to hole closure.

Hot-Electron Range

To confirm this picture of the hot-electron transport in
- hohlraums, direct measurements of hot-electron
transport in the hohlraum  wall were made using
hohlraums of copper and nickel layers (the copper on the
inside, nickel on the outside). The copper was used as a
variable-thickness electron - attenuator. Characteristic

inner-shell (K_) x rays from the nickel are emitted at a -

rate roughly proportional to the energy deposition in the
nickel. Thus, by observing the nickel K, emission as a
function of copper thickness, we can trace the specific
~deposition of electron energy as a function of depth in
the wall. The targets were overcoated with 200 um of
CH to prevent false signals from being produced in the
nickel by electrons mrgratmg out of the hole to the target
exterior. :
The resulting electron range data (Fig. 21) can be well
modeled using analytic electron transport calculations or

LASNEX with a Maxwellian temperature close to the

temperature measured by bremsstrahlung. In addition,
quantitative fits of LASNEX calculations to the data are
in general agreement with the measured energy balance
for these experiments.

However, there is evidence for a small, additional

component of electron energy with a lower temperature.
This evidence comes from both K, transport measure-
ments and detailed x-ray spectra in the < 25-keV region
on spheres and disks. From thesicE ments we infer
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a small enhancement of electron number at low-electron
energies roughly sufficient to raise the near-surface
energy deposition and, therefore, the wall radiation tem-
perature from the LASNEX calculations to measured

 values.

Thus, the basic issues fer COz-hohlraum scaling are
hole closure and hot-electron temperature scaling. OQur
ability to understand the physics of these hohlraums is
excellent with the exception of having few. definitive
measurements from- which - the mechanisms of hot-
electron - production can be determined.. However,
simulations indicate that Raman scattering is likely to be
exceptionally virulent in the long-scale-length plasmas in
these hohlraums. On one hand, very little scattered light
indicative of Raman scatter is observed in our experi-
ments. On the other hand, the simulations show that little
scattered light is expected in these circumstances even
when a large amount of laser light is absorbed through
Raman processes. :
Experiments ~with disk-and- washer hohlraum
“mockups” showed increasing hot-electron temperature
with increasing degrees of plasma confinement; that is, -
few hot electrons were produced with a washer (entrance
port) alone, and few with a laser beam focused in front of
a disk. However, when both disk and washer are present,
providing some -confinement of the disk plasma and
allowing long scale lengths to develop, the hot-electron
production rapidly  increased. - Experiments have also
shown little: change in the hot-electrorlitemperature in’
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hohiraums for beams focused at the hole, at the center of
the hohlraum (converging at the hole), or at one radius
outside the hole (diverging at the hole) as long as the
average energy density E/D? remained the same. Thus,
there is strong evidence from simulation and experiment
that the hot electrons in hohlraums are produced by

parémetric instabilities in the underdense plasma in the -

hohilraums, most probably Raman scattering.

SUMMARY

Los Alamos has developed a fairly comprehensive un-
derstanding of CO, laser/matter interactions with some
remaining uncertainties and has identified the remaining
uncertainties - of - most -importance as . hot-clectron-
generation mechanisms and hot-electron temperature
scaling to fusion environments, the plume fast ions {the
spectra and the control of production efficiency and
angular distribution of the plume fast ions), and long-
pulse coupling. The efficiencies for a number of drive

concepts with variants thaFiTEuDa near continuum

of attempts to use the major energy channels have been
estimated. A very detailed analysis of these targets and a
number of variations on their designs have been reported
elsewhere®® and only a summary of those findings will be
given here. :

- We believe we have a fau‘ly good understanding of
hot-electron’ generation based upon empirical scalings

and numerical calculauons, although our detailed un-

derstanding of the generation processes is not as
thorough as we would like. We have found that the hot-
electron temperature for both open and hohlraum targets
is considerably higher than we once thought. Our best
empirical fits to Helios data gwe scaling laws as follows
for hotelectron temperature

open targets: T, (keV) = 826 {£]**

hohiraum targets: Ty, (keV) = 6660 [£]>*',

where E is in joules and A is the wall area in square
microns.
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These experimental data are all produced at a nominal
laser pulse length of 0.7 ns. Alihough our best fit to our
own data suggests that the hot-electron temperature
scales approximately as the square root of the energy per
unit hohlraum area, it can be plotted with short-
wavelength data that include pulse-length variations, and
the whole body of data is found to be consistent with a fit

Thoe ~ 155"

The basic problem with CO, is that the long-
wavelength light is absorbed at low density leacing
high electron temperatures with resulting deep pevetra-
tion, vacuum insulation failure, and fast-ion loss. It aiso
leads to low absorption on open targets at low intensity
(or low hot-electron temperature) and to port-closure and
decoupling problems. The latter problems force either
short-pulse operation (with resulting multishell penalties
and - uncertainties) or.very: large.targsts. These closure
and decoupling problems also force limitations on .inten-
sity reduction and, hence, on hot-electron temperature
reduction achievable in a practical fashion. The hot-
electron-generation - problems_ will probably be
aggravated at fusion conditions because of the long-
scale-length plasmas and large f-number beams of reac-
tor systems that give a longer interaction distance than
did Helios (the f/2.4 beams of Helios provided a depth of

focus of only about 200 um, which is probably smaller

than the scale length of plasmas in Helios experiments).

We have tried various ways to finesse the hot-electron

problem:
~ o low-intensity targets,

® the incorporation of vacuum insulation (as in
Canopus),

o the use of ion drive (as in Canopus and Procyon),
and : : :

® the use of foam (in. Chamisa) with the hope of

anomalous stopping of the high-energy electrons.

Foam has not been found to produce obvious improve-
ments. The other attempts have generally led to greater
complexity in target design and to new energy channels
that introduce additional inefficiencies in the process.
It is worthwhile to ask wnat issues have enough
leverage to significantly alter this picture. Because ab-
sorption on open targets at low intensity or low T, is

low, there is a potential leverage of a factor of 3 or more
in target absorption if we could find a way to improve
the absorption without increasing the hot-electron tem-
perature. Absorption increases at high intensity, and it
increases in hohlraums but with an accompanying in-
crease in hot-electron temperature. Similarly, we have
seen hot-electron temperature increases in experiments
with laser beams incident on low-density materials with
rough surfaces.

Another possibility is to find a favorable, large change
in the hot-electron temperature-scaling conditions closer
to fusion. We have no basis for suggesting any particular
change (except for the worse), but a factor-of-2 reduction
in hot-electron temperature could gain a factor-of-1.2 ef-
ficiency in. Canopus or a factor-of-2 efficiency in
Chamisa. We have looked for such a favorable change in
T, scaling by continuing scaling studies at Antares. We
have a larger f-number beam and can go to longer pulses
and larger energy per unit areain hohlraums on Antares.
However, initial Antares - scalmg results _indicate  in-
creased hot-clectron temperatures over the Helios scalmg
as one moves to larger, longer-scale- length hohlraums.
Other target concepts to ameliorate hot-electron effects
are now being tested with Antares, and a final decision
on the feasibility of CO, for fusion will await their com-
pletion. ‘
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tolerances are exacting—10 times. more. 50 o than those
~.common  in the aerospace rndustry No- wonder we

fabricate the impossible from some imaginary material!
Every effort must be expended to meet the designers’ de-
~mands, however, for their theories and computer codes

We have had considerable success in target fabrica-
tion,” developing new technologies, new materials, and
new tools. We will outline some of these developments
* and then briefly indicate the value of our efforts to other
areas of technology, both msrde and outside of the
Laboratory.: :

FUSION TARGETS

Figure 1 shows the components of a typical fusion
™ target. An overall view of much of our programmatic
research and development can be gained by considering

the fabrication of each component, beginning with the
innermost. »

Tamper

The spherical shell known as the tamper transmits im-
plosive force to the deuterium-tritium (DT) fuel, thereby
compressing - it to. the density at which fusion occurs.

Like all the other shells, the tamper nﬁ\jﬁ extremely

UNCLASSIFL

- and clean burn.) Impermeabili: .

r dmary difficulties. The targets are often small less thana
millimeter in diameter overall, Each shell must possess

- specific propertres ranging from strength wrthout sub- ‘

. stance to hrgh opacity for some partrcular radratron The -

sometimes feel that the target designers are asking us to -

- can be verified only by expenments with real targets. .

TARGET FA'BRICATION—MATERIALS AND TECHNOLOGIES TO MEET UNUSUAL DEMANDS

by Richard Mah, David V. Duchane, Ainslie T. Young, and Richard L. Rhorer

spherical, uniform in thickness, and smooth. (These re-
quirements follow from the goals of symmetric implosion
to the gaseous fuel,
strength, and resistance to embrittlement by the fuel are
primary considerations in selecting a tamper material.
Commonly used materials include glass and metals rang-

~ing from beryllium to gold. We focus here on metal
" tampers, as glass tampers are available simply by selec-
~ tion from commercially available, hollow, glass spheres.

* We fabricate metai tampers by electroforming, which
involves electrochemical deposition and by electroplating
or autocatalysis of the desired metal on a sacrificial

* spherical substrate. Electroplating, which is applicable to

conducting substrates of metal or metallized glass, is a
we’ll—developed technique made unusual in this applica-
tion by the exacting tolerances on thickness uniformity,
by the requirements on both physicalk and mechanical
properties, and by the necessarily small size of the sub-
strates. Figure 2 shows an apparatus we have developed
for electroplating spherical substrates less than 500
microns in diameter. Constant, random motion of the
spheres between two cathodes assures that all surfaces
are uniformly plated.. - :

- Conducting. substrates larger than 500 microns in

‘diameter  are electroplated in-a trackmg-plaurrg ap-

paratus (Fig. 3). Uniform plating is achieved in this ap-
paratus by the random rolling of the spherical substrates,
each within a restricted area, over the surface of a flat
cathode (the track). An advantage of track plating is that
the plated material is mechanically worked  during
plating (by contact of the spheres with the track) and
thus has improved mechanical strength and finer grain
structure. :
Tampers can be deposited on nonconducting sub-
strates by autocatalysis, or “electroless” plating. In this
process the substrate catalyzes reduction of the metal
from ‘a metastable solution. Although finding a substrate
material with appropriate catalytic action is difficult, the
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process produces témpers of very uniform thickness and
great smoothness' (Fig. 4). Electroless plating of sub-
strates smaller than 500 microns in diameter is perform-
ed in an apparatus in which the spheres are kept in con-
stant, random motion in a reaction chamber by alter-
nating the flow direction of the metastable solution.'?
- Some recent target designs call for tampers of metals,
such ‘as beryllium and aluminum, thet cannot be
deposited from aqueous solution. We are therefore in-
vestigating deposition from organic solvents and possibly
molten salts. The major obstacle in this research is the
hazardous nature of such deposition media.
- After - the “electroforming process, the substrate is
removed from the tamper by leaching with an ap-
propriate chemical through a hole drilled in the plating.
The hole is then fitted with a separately fabricated plug
containing small radial channels for entrance of the gas-
eous fuel. After the tamper is filled, the plug is sealed and
joined to the tamper by laser welding, a process
described in Ref. 3.

Fig. 1. Schematic of a typical fusion target. As described in the text, each component plays a
~ specific role in conversion of radiation from the driver to the implosive energy necessary for fu-~ "~
sion of the fuel. : S s
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Antimix Layer

The antimix layer smooths the hydrodynamic in-
stabilities generated in the outer shells of the target and
thus helps achieve symmetric implosion. This layer con-
sists of a full-density polymer, which may be cast and
machined separately in the form of two mating
hemishells or deposited directly on the tamper. Because

. we have discussed the. former method in Ref. 3, we

discuss - here' two: methods for direct - deposition - of

" polymers from the gas phase: the low-pressure plasma

(LPP) process and the vapor-phase pyrolysis (VPP)
process. When fully developed, these processes will
probably be the methods of choice for depositing antimix
layers of the required thickness uniformity and surface

- smoothness.

In the LPP process Qadio-frequency voltage between
two electrodes produces a low-pressure plasma of the
monomeric material, which then polymerizes on the
tamper surface. Small tampers (less than 500 microns in



















Fig. 9. Scanning clectron micrograph of a sinusoidal surface, magnified
2000 times, machined with the Pneumo lathe on a cylindrical aluminum
mandrel. The amplitude of the sinusoidal surface is 1 micron and its
wavelength is 25 microns. The lathe was equipped with a 25-micron-
radius diamond tool bit and was controlled by a tape generated on an

D PR KR - external computer.

gas ﬂux, and‘ very uniform coatings are deposited even
- on substrates ‘with’ complex geometr‘es. In addltlon, the
.colhsmns 'among'the substrates provide a peening action
that helps‘to break up growth patterns that producc
large, columnar grams. “As a result, the coatings usually

consnst of f ne, equlaxed grains and are thus stronggnd

: smoothﬂ

ofi,riHEii‘ APPLICATIONS

e multifaceted
aterials and

It is not ‘surpnsmg that our effort

"ﬁ%&f S

technologies of interest and benefit to other research and
development programs. We mention briefly a few of
these other applications to indicate the variety of’
problems in which materials science plays a fundamental
role.

The polymeric foams developed for the cushion layer
may benefit biomedical research. Recent experiments
have shown that artificial veins fabncated from™
microporous polymeric foams may result i in less scar'
tissue than do those fabricated from fi bnllated Dacron
and Teflon, which are currently in use. This advantage is
believed to be due to the greater control of porosity,
which can be achieved with the polymer foams. Another
application of the polymeric foams is in the x- ray laser'
program. When doped with high-Z

metals
'media.




““'Fig. 10. (a) Photograph of a parallax-compensated rotator for obtaining uniformly thick pulse-
shaping layers by physical vapor deposition. As shown in the accompanying schematic
diagram (b), the target is in contact with two rotators, each of which rotates at a different

. speed. This unequal rotation, when coupled with periodic halts of one of the rotators, results in
kcompletely random orientation of the target toward the vapor source. The mask limits the

* angles of incidence to those near 90°, which yield the best surface smoothness.

this process with stearate ions are rejected less often than
are untreated artificial veins.'’ :
Miniature coaxial cables fabricated in support of iner-
tial confinement fusion may simplify surgical removal of
: brain tumors. High-frequency electrical signals transmit-
A process: called chemical infusion, which was ted through such a cable, which is less than 0.1 mm in
'kdev‘eloped for smoothing polymeric surfaces, may also diameter, may enable the destruction of cancerous cells
benefit biomedical research. Experiments on laboratory without damage to surrounding tissue.'™
animals have shown that silicone rubber veins infused by
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Laser weldmg,
greatly sunphfy f
tional nuclear weapous. ,
example, must be welded in a glove box, and with’ con- ten:

- - ventional - techmq es” this condmon necessnates ‘con- -

'_tammatlon of expenswe weldmg equipment. In contrast,

~alaser weldmg beam could be directed onto the compo-

: nent through specral g!ove -box windows and could even it
be trans orted throughout a facititv alone optical fibers. . Our acnvmes have been gathered in"a. smgle, specla.lly
"7 designed building, the Target Fabncatron Facility. This _

 facility includes clean rooms - for. target assembly, a
laboratory in° which the targets: are filled with the DT

- fuel, a machine shop and laboratones for electroplating

and physrcal and chemlcal vapor deposmon, for develop-
— ing and producmg polymer foams, for laser welding and
mhose developed tor uniformly coating  solid-state bonding, and for characterizing the various
target components by physical vapor deposition are now  target components.: Beyond the obvious advantages of
routinely used. for coating rare-earth radiochemical  space and equipment; the facility allows greater ease of
tracers, on. experimental nuclear weapon components. communication among _those individuals- involved -in

«: High-strength, single-crystal whiskers, which were  materials science, fabrication technology; and materials

fabricated and studied for possible use as support struc-  characterization. This important factor will permit us to

tures in laser fusion targets, are now the key component  further an established tradition of excellence.

in the Laboratory’s structural ceramics program. These ‘ S SI FIV‘ :
e 'UNCLASSIFIE
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‘ enals have even greater
ancerto fracrure.
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Fig. 12. Photograph of an apparatus for coating a fluidized bed of substrates by chemical
vapor deposition. The fluidized bed is created in the cylindrical vessel heated by an external
induction coil as the reactive gas flows upward through an orifice at the bottom of the
vessel. The array of meters monitors process conditions such as gas flow and temperature.
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