KWM%;&@&, SR W o

Umted States Patent [
e Miller

FaXaunk ﬁ&m,

[ 4,292,340
[45] Sep. 29, 1981

[$4] METHODS AND APPARATUS FOR
PRODUCING CRYOGENIC INERTIALLY
DRIVEN FUSION TARGETS

John R. Miller, Los Alamos, N. Mex.

The United States of America as
represented by the United States
Department of Energy, Washington,
D.C.

67,859
Aug. 20, 1979

[75] Inventor:
[73] Assignee:

[21] Appl. No.:
[22] Filed:

Related U.S. Application Data
[62] Division of Ser. No. 872,284, Jan. 25, 1978.

CTUID LT o I E21B 47/00
[s2] US.CL oo 427/6; 427/237
[58] Field of Search ..................... 427/6, 53, 105, 237,

427/107; 176/1, 91 SP

[56] References Cited
U.S. PATENT DOCUMENTS
3,953,617 4/1976 Smith etal. oo 427/6
FOREIGN PATENT DOCUMENTS
2548445 5/1976 Fed. Rep. of Germany .......... 427/6

2548446 5/1976 Fed. Rep. of Germany .......... 427/6
OTHER PUBLICATIONS
Nuclear Fusion 15 (1975) pp. 1031-1043, Mason “The

~ Calculated Performance of Structured Laser Fusion

Pellets”.

Miller, J. R., A New Method for Producing Cryogenic
Laser-Fusion Targets—Submitted to the 18th Annual
Meeting of the Plasma Physics Division of the Ameri-
can Physical Society [Nov. 15-19, 1976] San Francisco,
Calif.—14 pages.

Primary Examiner—Sam Silverberg
Attorney, Agent, or Firm—Wiiliam W. Cochran, II; Paul
D. Gaetjens; Richard G. Besha

[57] ABSTRACT

A new technique for producing uniform layers of solid
DT on microballoon surfaces. Local heating of the
target, typically by means of a focused laser, within an
isothermal freezing cell containing a low pressure cryo-
genic exchange gas such as helium, vaporizes the DT
fuel. Removal of the laser heating source causes the DT
gas to rapidly condense and freeze in a layer which
exhibits a good degree of uniformity.

3 Claims, 6 Drawing Figures
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METHODS AND APPARATUS FOR PRODUCING
CRYOGENIC INERTIALLY DRIVEN FUSION
TARGETS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a divisional application of U.S.
application Ser. No. 872,284 filed Jan. 25, 1978, by John
R. Miller.

BACKGROUND OF THE INVENTION

The present invention pertains generally to cryogen-
ics and more particularly to inertially driven fusion
(laser, electron beam, ion beam, etc.) target fabrication.

A number of techniques, offering varying degrees of
success, have been used to produce cryogenic fuel cores
within glass microballoon spheres. The difficulties asso-
ciated with forming a uniform liquid or solid layer of
material such as DT, arises from the smaliness of the
fuel core, the effects of gravity, and the strong influence
played by surface rather than by bulk properties of DT.
Typically, the condensed fuel layer thickness in a 100-
p-diameter sphere filled with 10 ng of DT is approxi-
mately 1 um.

Classical calculations to determine the surface shape
of liquid DT held in a constant temperature spherical
container in a gravitational field, and the time required
for this equilibrium liquid distribution to be reached,
were originally performed by Lawrence J. Campbell of
the Los Alamos Scientific Laboratory in January of
1974. 1t was found that by minimizing the free energy,
i.e., gravitational and surface energy, and using the
appropriate wetting angle of the liquid, the liquid thick-
ness monatomically increases from zero at the sphere
top to a value much larger than average at the bottom,
as graphically shown in FIG. 1. Campbell found the
liquid sag time to be 7=3Dz/pgt?, where D is the
sphere diameter, g is the gravitational constant, and p, z,
and t are respectively the liquid density. viscosity, and
initial thickness. For a uniform 1-um-thick DT liquid
film at 21 K covering the inner surface of a 100-um-
diameter sphere, the sag time (7) has becn approximated
at 4 5. The numerous difficulties encountered by experi-
mentalists in producing desired cryogenic fuel cores, is

evidenced by their numerous unsuccessful attempts at

producing a successful target.
An carly cryogenic target-producing technique pur-
sued by T. M. Henderson, R. B. Jacobs, D. E. Solomon,

G. H. Wuttke, at KMS Fusion. Inc. involved rapidly ¢

engulfing a fuel core in a droplet of liquid hydrogen.
According to this technique, liquid or solid DT was
produced in the fuel core, depending on the tempera-
lure of the hydrogen droplet refrigerant. This tech-

nique. however, produced grossly nonuniform deposits 3

of DT which were clearly unsuitable for fusion target
cores.

Auother technique. conduction cooling through the
fucl core support, has been experimentally studied as
disclosed in “Laser Program at LASL, Jan. 1-June 30,
1975.7 Los Alamos Scientific Laboratory Progress Re-
port LA-6050-PR (January 1976) pp. 80-81, and by T.
M. Heuderson, R. B. Jacobs, G. H. Wuttke. and D. E.
Solomon in Advances in Cryogenic Engiuneering, Vol
21 (1975). In accordance with that technique, the fucl
core is glued to a cooled, thin metal fiber which pro-
vides refrigeration. With a metal fiber of suitable size,
the 117 heat of vaporization and fusion, the heat radia-
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tion which has been absorbed and the heat generation
due to the tritium B-decay can be removed. DT fuel
condenses in the glass microballoon near the support
attachment and Nows away from the attachment point
until the condensed DT fuel reaches a location where
the temperature is sufficiently high to cause evapora-
tion. The evaporated DT recondenses at the coldest
location and the cycle is repeuted until a liquid layer is
produced. With the proper fiber diameter, length. the
correct amount of fastening glue, the right temperature
and other conditions, a relatively uniform layer of liquid
DT can be produced by this method of conduction
cooling. :

However. the layers so produced are transient. The
experimental difficulty of first establishing and then
maintaining the proper temperature profile across the
fuel core hinders formation of a long-lived uniform
liquid layer. A second disadvantage of the conduction
cooling method. and of all methods that produce liquid.
rather than solid fuel cryogenic fusion targets, is that a
fraction of the fuel remains in a gaseous state. To mini-
mize the amount of fuel in the gaseous state, the entire
fuel core must be at a temperature proximate the fuel's
triple point temperature. However, since all of the fucl
rapidly freezes at locations where the fuel core is below
the triple point, and since a large portion of the fuel core
is above DT's evaporation temperature. the average
temperature of the fuel core is many degrees higher
than the fuel’s triple point resulting in un appreciable
fraction of the fuel remaining in a gaseous state. A third
disadvantage of the conduction cooling method relates
to the metal fiber support. To provide the necessary
refrigeration for a 100-um-diameter glass microballoon,
a wire diameter of approximately 15 pm is necded. This
support not only disturbs the desired spherical symme-
try of the fuel core. but also adds considerable nonluel
mass which reduces the heating efficiency of the im-
ploding laser beam. electron beam. or ion beam. A
fourth disadvautage of the conduction cooling method
results from the fractional distillation occurring within
the fuel core. Since each molecular species of the DT
fuel (T2,D20r DT) has a different triple point and vapor
pressure, and since the temperature dilference from the
support fiber to the opposite side is large, the fucel spe-
cies will not be well mixed in the liguid layer.

Another technique pursued at Los Alamos by
Stephen Sydoriak, utilizes heat removal through an
exchange gas surrounding the fucl core in which the
fuel core is attached with a thin glass fiber and slowly
spun in quasi-isothermal conditions maintained by u
heltum heat exchange gas. Although complete liquid
coverage of the interior fuel core surface is achieved,
uniform layers of lrozen DT are not formed as the tem-
perature is decreased.

A passive method has also been pursued at Los
Alamos as disclosed in "Laser Program at LASL, July
I-Dcc. 31, 19757 Los Alamos Scientific Laboratory
Report LA-6245-PR, p. 82, wherein solid DT layers in
fucl cores have been tested. The concept of this (ech-
nigue comprises use of heat released by radiouactive
decay of the tritium Tuel to assist in spreading an inttially
nomnnform solid layer. With the fuel core e a unitorm
temeperature environment just below the triple-point of
D1, the additional B-decay heat in thick Lryer arcas wars
expected to nduce sublintation and subsequent recon-
densation m cooler, thin-layer arcas. This procedarre,
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however, was not found to be successful for reasons not
well understood.

Another attempt to produce liquid-layer cryogenic
fuel cores is disclosed by E. R. Grilly, **Condensation of
Hydrogen Isotopes in Laser Fusion Targets,” Rev. Sci.
Instrum. 48, no. 2, 1977, pp. 39-42, wherein heat extrac-
tion is accomplished by a direct jet of gaseous helium at
4 K. In this cooling configuration, the effects of gravita-
tionally driven liquid sag can be counteracted by impos-
ing a temperature gradient on the fuel core. As with the
conduction cooling technique, the jet method produces
incomplete condensation of the fuel, as well as unstable
and short-lived cryogenic fuel cores.

As is apparent, solid-fuel cryogenic fuel cores have a
distinct advantage over the liquid fuel cores, in that
solid fuel cores have a virtually unlimited lifetime and
are very stable, provided the solid cores are kept well
below the melting temperature of the core material.
However, prior art devices and methods have been
unable to produce uniform, solid, fuel core layers on
target surfaces.

SUMMARY OF THE INVENTION

The present invention overcomes the disadvantages
and limitations of the prior art by providing a device
and method for fast isothermal freezing to produce a
uniform solid layer of cryogenic material on a target
surface. According to the present invention, uniform
layers of a low z cryogenic material such as DT, are
formed by condensing and rapidly freezing the core
material in an isothermal cryogenic atmosphere. Since
the fuel core is cooled quickly and uniformiy, the fuel
condenses into a constant thickness liquid film. Before
gravity causes the liquid to sag, the fuel core is further
cooled in a uniform manner to freeze the liquid to pro-
duce a solid layer fuel core of nearly constant thickness.

To achieve the foregoing, and in accordance with the
purposes of the present invention as embodied and
broadly described herein, the method of the present
invention may comprise a method of forming a substan-
tially uniform layer of material on the surface of a mi-
croballoon comprising, maintaining said microballoon
at cryogenic temperatures within an isothermal freezing
cell, locally heating said microballoon to vaporize said
material, and rapidly removing local heating such that
said material condenses and freezes on said surface of
said microballoon in a substantially uniform layer.

The present invention may also comprise, in accor-
dance with its objects and purposes, a device for form-
ing a substantially uniform layer of material on an iner-
tially driven target comprising, isothermal freezing cell
means for condensing and freezing said material in a
substantially uniform manner on said target, means for
locally heating said target to vaporize said material on
said target, and means for rapidly eliminating said
means for locally heating such that said vaporized mate-
rial condenses and freezes on said target in a substan-
tially uniform layer.

It is therefore an object of the present invention to
provide a device and method for fast isothermal freez-
ing. .

It is also an object of the present invention to provide
a device and method for fast isothermal freezing which
forms uniform fuel core layers.

Another object of the present invention is to provide
a device and method for fast isothermal freezing which
is simple and easy to implement.
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Another object of the present invention is to provide
a device and method for a fast isothermal freezing
which produces uniform and symmetric fuel cores hav-
ing an extended lifetime.

Other objects and further scope of applicability of the
present invention will become apparent from the de-
tailed description given hereinafter. The detailed de-
scription, indicating the preferred embodiment of the
invention, is given only by way of illustration since the
various changes and modifications within the spirit and
scope of the invention will become apparent to those
skilled in the art from the detailed description. The
foregoing Abstract of the Disclosure is for the purpose
of providing a nonlegal brief statement to serve as a
searching and scanning tool for scientists, engineers and
researchers and is not intended to limit the scope of thé
invention as disciosed herein nor is it intended to be
used in interpreting or in any way limiting the scope or
fair meaning of the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a prior art drawing illustrating the effect of
gravity on a liquid filled core.

FIG. 2 is a schematic illustration of an isothermal
freezing cell used in the preferred embodiment of the
invention.

FIG. 3 is an experimental setup illustrating the pre-
ferred embodiment of the invention.

FIG. 4 1s a graph of the exchange gas pressure versus
freezing time according to the process of the preferred
embodiment of the invention.

FIG. 5 is a schematic illustration of the optical ar-
rangement for determining uniformity of fuel core lay-
ers produced according to the preferred embodiment of
the invention.

FIG. 6 is a graph of the central interference fringe
displacement versus the parameter Q, illustrating the
manner of measuring uniformity of fuel core layers
produced according to the preferred embodiment of the
invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT OF THE
INVENTION

Referring to FIG. 2, the target 10, which typically
comprises a glass microballoon, is supported on a thin
glass stock 12 in the center of an isothermal freezing
cavity 14 within an isothermal freezing cell 16. The
target 10 is thermally coupled to the isothermal freezing
cell 16 by way of a low pressure cryogenic helium gas
maintained within the cavity 14, typically at a pressure
of approximately 160 mtorr or greater.

The isothermal freezing cell 16, as shown in FIG. 2,
is designed to provide an extremely homogeneous tem-
perature environment surrounding the target 10. The
cell 16 is machined from a block of oxygen-free hard
copper and contains four indium-attached single-crystal
sapphire windows 18. The sapphire windows 18 are
made large and have high-conductivity to allow intro-
duction of both laser heating and illumination for con-
tinuous observation of the freezing process on two or-
thogonal axes, while preserving the isothermal environ-
ment within the cavity 14. The inner surface of the
cavity 14 is black-oxidized to increase both radiation
emissivity and the exchange gas accommodation coeffi-
cient. Fill capillary 20 provides a means for introducing
the cryogenic helium exchange gas to the cavity 14. A
silicon-diode temperature sensor 22 is anchored to the
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cell interior to monitor the temperature of the isother-
mal freezing cell 16. The cell 16 is attached to the tail-
piece of a commercial cryostat 24 and is surrounded by
concentric cylindrical radiation shields 26 and 28 and a
vacuum jacket 30, each of which has four fused quartz
windows formed therein. The entire assembly provides
f/2 optical access to the target on two orthogonal axes.

The experimental layout, schematically shown in
FIG. 3, consists of the isothermal freezing cell 16, a
laser heating system 34, a target illumination system 36,
and a light-collection, display, and recording system 38.
The target is illuminated by either white light filtered
by a blue transmission filter 40 or, for interferometric
observation, by 4880-A laser 42. A lighted pinhole 44 is
imaged to the target plane from light emitted by either
4880 A laser 42 or lamp 46 via moveable mirror 48. The
illuminated area is a few times the diameter of the target
at the center of the isothermal cavity 14. Light from the
illuminated target is collected by an f/2 optical system,
and passed through interferometer 50 and 6328-
blocking filter 52, to attenuate heating laser light, and
then imaged onto a high resolution silicon-diode matrix
vidicon camera 54. The high sensitivity of the vidicon
of TV camera 54 allows for a very low illumination
intensity, i.e., less than 50 nw on the target, which mini-
mizes perturbation of the target’s isothermal environ-
ment. The image of the target is displayed on monitor
56 and recorded on recorder 58.

For melting and vaporizing the DT fuel contained
within the glass microballoon target 10, light from a
helium neon 6328-A heating laser 60 is focused to ap-
proximately the target diameter with a Galilean optical
system and introduced perpendicular to the viewing
axis. Alignment is facilitated by observing the projected
diffraction pattern from the target. The required power
of the heating laser 60 is dictated by the heat exchange
gas pressure in the isothermal cell 16 surrounding the
target 10. A 2 mw laser can completely vaporize the
fuel, provided the cell pressure is 55 mtorr or less. At 55
mtorr, 10 ng of DT held in a 100-um-diameter glass
microballoon is completely vaporized when the laser 60
is on, and condenses and freezes in approximately 0.3 s
after the laser is shuttered via shutter 62.

In operation, the target is first heated by a laser 60 to
melt and vaporize all of the fuel contained within the
glass microballoon target 10. Local target heating is
then removed by shuttering the laser beam from laser 60
by means of shutter 62, whereupon a very high cooling
power provided by the helium heat exchange gas causes
the fuel to condense and freeze in a fraction of a second
into a unifrom layer on the inside surface of the glass
microballoon. Since the target is in an extremely iso-
thermal environment, and since solid formation is much
more rapid than gravationally driven motion of the
liquid DT, condensation and solidification occur uni-
formly over the inner surface of the glass microbailloon
target 10 to provide a solid DT layer of constant thick-
ness. Since the vapor pressure of 4 K DT is low, i.e., less
than 10—12torr, the uniformity of the solid layer persists
for an extended period.

FIG. 4 illustrates the condensation freezing time as a
function of the exchange gas pressure within the iso-
thermal freezing cell 16 using a 15 mw heating laser.
According to the graph of FIG. 4, as the gas pressure is
increased, the freezing time decreases to approximately
0.2 s, at pressures above 160 mtorr. The best uniformity
of the solid DT layer fuel core is obtained by using the
most rapid condensation and freezing rates, i.e., those
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that take place at an exchange gas pressure of at least
160 mtorr. At lower exchange gas pressures, the con-
densation freezing time is sufficiently long to allow
considerable liquid sag, resulting in a nonuniform solid
layer such as illustrated in FIG. 1. The isothermal envi-
ronment of the freezing cell 16 is negligibly disrupted
by the heating laser since the laser is focused and ap-
plied locally to the target.

Measurement techniques of fuel layer uniformity
have included direct visual observation, Reedy-refrac-
tion and interferometric observation. ‘

Interferograms of cryogenic fuel cores have been
obtained by inserting a wedge interferometer into the
light collection system as shown in FIG. 5. This type of
interferometer is easy to set up, can be used at a large
working distance from the target, and is not susceptible
to vibration or air currents. In operation, light that is
directly transmitted through the wedge interfers with
the reference field of the twice-reflected light at the
image plane of the collection system, producing the
desired fuel core interferogram. The wedge interferom-
eter 50 is oriented so as to produce a background
around the target image which has a constant phase, i.e.,
no fringe pattern.

By comparing the experimental interferograms of a
cryogenic target produced by the fast isothermal freez-
ing techniques of the preferred embodiment, with the
resuits shown in FIG. 6, the DT fuel core layer’s unifor-
mity can be quantitatively determined. A DT fuel core
layer having a uniformity of at least Q=0.9 in the mea-
sured plane perpendicular to the viewing axis is repro-
ducibly and consistently made when the exchange gas
pressure isZto 55 mtorr. The thickness uniformity of
the frozen DT layer does not depend critically on the
alignment of the heating laser, provided that all of the
DT fuel is vaporized. In this manner, uniform solid DT
layers are obtained reproducibly through an arbitrary
number of meiting/vaporization—condensation/freez-
ing cycles.

The present invention therefore provides a method of
reproducibly obtaining uniform layers of solid DT in
glass microballoons in a manner which is simple and
easy to implement. The frozen layers of fuel produced
in this manner have great stability, longevity, and uni-
formity. while maintained in a cryogenic environment.

Obviously many modifications and variations of the
present invention are possible in light of the above
teachings. It is therefore to be understood that within
the scope of the appended claims, the invention may be
practiced otherwise than as specifically disclosed
herein.

What is claimed is:

1. In a method of forming a solid substantially uni-
form layer of material on a surface of a microbalioon on
which said material is deposited at cryogenic tempera-
tures the steps comprising:

maintaining said microballoon at cryogenic tempera-

tures within an isothermal freezing cell;

locally heating said microbalioon to vaporize said

material deposited on said surface of said microbal-

. loon; and then,

rapidly removing local heating such that said material

vaporized by said local heating condenses and
freezes on said surface of said microballoon in a
solid substantially uniform layer.

2. A device for forming a solid substantially uniform
layer of material on a surface of an inertially driven
target comprising:
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isothermal freezing cell means for condensing and
freezing said material in a substantially unilorm
manner on said surface ol said target;

means for locally heating said target to vaporize said
material on sard surface ol said target;

means for rapidly eliminating said means for locally
heating such that said vaporized material con-
denses and freezes on said target in a solid substan-

tially unilorm layer.
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3. A method of forming a substantially uniform lager
of material on a surface of a micraballoon comprising
the steps of:
depositing a layer of material on said surface by con-
tacting said surface with said material in an isother-
mal freezing cell at eryogenic temperatures:

locally heating said microballoon to vaporize said
layer of matenal; and then,

rapidly removing local heating such that said material

condenses and Ireezes on said surface of said micro-
balloon in a solid substantially uniform layer.
* * * * *



