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reflect local perturbations in meit delivery. These may be short-
lived phenomena, relative to the convective process that supports
the long-wavelength pattern. The variation in size, location and
longevity of magmatic segments suggests that oceanic crust may
be a patchwork (in plan view) of lozenge-shaped igneous units
which are each associated with a distinctive set of physical and
chemical characteristics in three dimensions, and whose size is
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determined by the scale of the parent magmatic segment.
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Laser-driven implosion of thermonuclear fuel to

20 to 40gcm™

R. L. McCrory, J. M. Soures, C. P. Verdon, F. J. Marshall, S. A. Letzring, S. Skupsky,
T. J. Kessler, R. L. Kremens, J. P. Knauer, H. Kim, J. Delettrez, R. L. Keck & D. K. Bradley

Laboratory for Laser Energetics, University of Rochester, 250 East River Road, Rochester, New York 14623-1299, USA

Inertial fusion requires the compression of fusion fuel to densities approaching 1,000 times the density of liquid DT.
Compression of DT to densities in the range of 100 to 200 times its liquid density has been achieved using cryogenically
cooled solid-fuel-layer DT-filled capsules irradiated directly with high-intensity symmetric short-wavelength laser radiation.

THE compression of deuterium-tritium (DT) to high densities
represents a critical test of the feasibility of laser fusion'. An
extremely high degree of drive uniformity and symmetry and
an ablative low-entropy implosion of fuel capsules are prere-
quisites for high-density compression. One approach to inertial
fusion currently being investigated involves the conversion of
laser energy to X rays to drive the implosion (indirect or
hohlraum drive)®. The alternative approach, direct laser irradi-
ation of capsules, may be more energy-efficient than indirect
drive if stringent drive uniformity requirements are achieved’.
A critical test of the potential of direct drive to meet these
requirements has been carried out in cryogenic target experi-
ments conducted on the OMEGA laser facility at the University
of Rochester. These experiments, which use a comprehensive
set of diagnostics to characterize the time history of the
implosion and the compressed-fuel conditions, have resulted in
the first direct measurement of high fusion-fuel areal density
produced by laser fusion. Compressed DT fuel densities of
~20-40 g cm™>, 100 to 200 times the density of liquid DT (100-
200 x LD), were achieved, the highest yet attained in direct-drive
inertial fusion experiments.

Two sets of implosion experiments were carried out. The first
set, in which the fuel was initially in the gas phase, was conducted

to develop, activate and calibrate diagnostics needed to charac-
terize the acceleration phase of the target implosion and to
measure the core conditions at the time of neutron production.
These experiments produced fuel densities greater than 50 x LD;
the results were used for a detailed comparison of theoretical
calculations. Details of this series of experiments have been
reported previously®. For the series of target implosion experi-
ments described here the fuel was initially in the solid phase.
Cryogenic cooling was required, together with substantial
improvements to both target irradiation and diagnostic tech-
niques, to achieve and measure greatly increased compressed,
fuel densities of ~100-200x LD.

Previous experiments® have reported compressed-fuel
densities of ~100 x LD using nuclear activation techniques that
measure the shell areal density (pAR) of the material surround-
ing the thermonuclear fuel. The compressed-fuel density was
deduced by assuming mass conservation, a one-dimensional
model of the compressed core and pressure balance, to relate
the shell areal density to that of the fuel. In the experiments
reported here the fuel areal density (pR) is measured directly
during the time of neutron production. This measurement is
insensitive to the shell areal density and to the temperature of
the imploded material and is independent of the amount of shell
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Fig. 1 Line-outs of the target-plane intensity distributions show
marked improvement in uniformity (for low-frequency modes)
after phase conversion. Numerous hot spots, each about 5% to
10% of the target-plane beam diameter, are replaced by a reproduc-
ible intensity envelope that contains small-scale speckle.

material mixed within the fuel region,; it is the first such measure-
ment of highly compressed thermonuclear fuel.

Experimental configuration

The OMEGA laser is a 24-beam Nd: phosphate-glass laser that
is frequency-tripled to operate in the ultraviolet (351 nm) using
the polarization mismatch scheme®. Experiments were perfor-
med by irradiating targets with 1,000- to 1,500-J ultraviolet
radiation delivered in 600 to 700-ps (FWHM) gaussian-shaped
laser pulses. Before these experiments major improvements were
made to the OMEGA laser system irradiation-uniformity on
target. These improvements were implemented as a result of
comprehensive measurements of both beam amplitude and
phase, in conjunction with numerical models to simulate sources
of target-plane irradiation nonuniformity. Phase defects
throughout the amplifier chain, the KDP conversion cells and
transport optics were identified as dominant factors controlling
the intensity profile in the target plane.

Hot-spot intensity nonuniformities in the OMEGA target
plane were found to be caused principally by spatial variations
in the near-field phase front of each laser beam. In order to
increase the uniformity of target irradiation we implemented,
through the use of two-level distributed phase plates (DPPs)?,
a technique originally suggested by Kato er al’ that modifies
the phase fronts of the laser beams to produce ~250,000 overlap-
ping ‘beamlets’ on target. (A DPP is composed of an ordered
array of transparent hexagonal elements in which phase retarda-
tion is randomly distributed among the elements by using a
thin-film layer to introduce optical path differences.) Figure 1
shows cross sections of the target-plane intensity distributions
before and after phase conversion with a DPP; the numerous
hot spots are replaced by a reproducible and uniform envelope
that contains small-scale speckle.
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Fig.2 Overall improvement in the irradiation uniformity on target

is assessed by computing a 24-beam superposition of intensities

and a spherical harmonic decomposition. The intensity nonunifor-

mity (o, ., %) is reduced by a factor of 6 for modes /=2 to 20,

and by a factor of 4 for modes /=2 to 60. Smoothing by 1% of
the beam diameter is assumed.

The overall target irradiation uniformity is computed by
superposing the intensities from all 24 beams of the OMEGA
system. The resulting intensity pattern can be then decomposed
into spherical harmonics. Figure 2 shows the computed overall
improvement of the target irradiation uniformity through the
use of the DPPs. The intensity nonuniformity, o, ., (%), is
improved by a factor of 6 for low-order modes (2=<1=20) and
by a factor of 4 for modes 2 to 60. Smoothing in the plasma by
1% of the beam diameter (~3 wm) is assumed. Beam-to-beam
energy balance was ~5%, beam-to-beam timing error was <3 ps
and the individual beam placement on target was accurate to
=10 um. Based on the above measured quantities and the calcu-
lated superposition, the illumination nonuniformity for the
entire series of experiments was estimated to be <12% (o, 1,)-

An integrated cryogenic system, which used the fast-refreeze
technique originally developed by KMS Fusion, Inc. (Ann
Arbor, Michigan, USA)®, was used in the experiments for pro-
ducing, positioning, protecting and documenting glass shells
containing a frozen DT layer. The target-positioning and viewing
system allows for three-dimensional positioning of the cryogeni-
cally cooled target to within =5 um and measurement of the
frozen-fuel-layer thickness and uniformity to within £1 pm. The
targets were glass shells with a diameter of 200 to 300 pm, wall
thickness of 3 to 7 um. These were filled with DT at 100 atm
and which forms a layer ~5 pm thick next to the glass shell
when cooled below 19 K. The targets were held at the center of
the OMEGA target chamber by spider-silk fibres (<0.5 um in
diameter) drawn across a U-shaped mount. To ensure
mechanical stability the target and fibre assembly was coated
with a 0.2-pm-thick layer of parylene. The mounted target was
cooled to below the freezing temperature of DT in a liquid-He-
cooled shroud. The frozen DT layer was prepared further by
repeated heating with an Ar-ion laser followed by rapid cooling,



NATURE VOL. 335 15 SEPTEMBER 1988

until a layer with a thickness variation of less than 20% was
obtained. Approximately 40 ms before target irradiation, the
cooling shroud was rapidly retracted, exposing the target to the
ambient environment for ~10 ms. (The length of time required
for the DT layer to melt was ~30 ms.)

A number of complementary nuclear, X-ray and particle
diagnostic systems, including a four-frame high-speed X-ray
framing camera and polycarbonate (CR-39) nuclear track detec-
tors, were used to measure simultaneously the target perfor-
mance®.

Experimental results

Measurements of the absorption and the fractional conversion
of the absorbed energy into X rays were found to be in good
agreement with one-dimensional hydrodynamic code simula-
tions of targets used in these experiments. Typically 60% to
80% of the incident laser energy was absorbed by the target®.
Measurements of the X-ray conversion efficiency show that
approximately 15% to 20% of the absorbed energy was conver-
ted to X rays with energies below 9 keV (ref. 4). Time- and
space-resolved measurements of the X-ray emission were used
to measure the time history of the implosion. The results of
these measurements are in general agreement with the one-
dimensional code predictions, implying that the actual target
drive (the fraction of the absorbed energy converted to kinetic
energy of the pusher) is close to that predicted by the simulations.
Figure 3 shows the result of a series of X-ray pinhole photo-
graphs obtained on a single shot with a four-frame X-ray framing
camera'?. Analysis of these data and comparison to the code
prediction are shown in Fig. 4. The good agreement between
the observed and predicted shell radius as a function of time
confirms the accuracy of the theoretical modelling of the frac-
tional incident laser energy converted into shell kinetic energy.

The fuel condition at the time of neutron production was
measured with the ‘knock-on’ diagnostic''. In this technique,
the number of deuterium and tritium ions scattered by 14.1-MeV
fusion neutrons is detected using a series of polycarbonate
(CR-39) track-detector foils'!. The number of such ions (knock-
ons) is directly proportional to the fuel pR. Three sets of knock-
on detectors were positioned at nearly mutually orthogonal
positions about the target, both to increase collecting solid angle
and to provide a representative sample of the average knock-on
flux. The diameter and length of tracks in the CR-39 foils were

2r, =240 pm

t, +250ps

TR

t,+500ps ty, +750ps

Fig. 3 A set of X-ray images taken on a cryogenic target experi-

ment (number 16054) with the four-frame gated intensifier system

coupled to an X-ray pinhole camera. The temporal separation

between frames is 250 ps and the frame width is 125 ps. For refer-

ence, the first image is taken as zero time (¢,). These images have

not been corrected for spatial nonuniformity in the gain of the
intensifier.
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Fig. 4 Measured shell X-ray emission radius versus time deter-
mined from the framing camera images in Fig. 3 and one-
dimensional (LILAC) code predictions of the same.

used to separate the knock-ons from background protons. This
method of background discrimination was tested on low pR
implosions for which there should not be any significant slowing
down of the knock-ons in the target; the expected knock-on
spectrum is well known from the n-D and n-T elastic-scattering
cross sections'?. The measured results were in good agreement
with the spectrum predicted theoretically'’.

The track selection criteria limit the number of knock-ons
detected by a single foil to a discrete energy window that includes
only a fraction of the knock-on spectrum. This fraction depends
on the distortion of the knock-on spectrum caused by energy
loss of the particles as they pass through the target. In general,
the knock-on energy loss is a function of pR, pAR and tem-
perature. We used a multi-foil configuration that detects a nearly
constant fraction of the knock-on flux, independent of pR, pAR
and temperature. Figure 5 shows calculated knock-on spectra
for both low pR,. ., and high pR,,., using a five-foil configur-
ation. The deuterons have a longer range than the tritons and
therefore can penetrate a higher value of total areal density
(pRioia;=pR+pAR). For the low-density case (pR, =
20 mg cm™?) the peak of the deuteron spectrum (produced from
near head-on collisions between deuterons and neutrons) lies
in the window of foil 5, whereas for the high-density case
(pR,os =40 mg cm™?) the deuteron peak has shifted to foil 3.
Although the fraction of deuterons detected in any one of foils
2 to 5 differs depending on the degree of slowing down in the
target, the sum of knock-ons detected in foils 2 to 5 is a nearly
constant fraction, fp, of the total knock-on number. The fraction
is fp=0.085, to within 5%, for pR,,= 50 mgcem 2 This is
an upper bound on f;, and is independent of the amount of
slowing down. For higher pR,,;, fp will always be less than
0.085 as the deuterons are slowed down out of the windows of
the foils. The fuel areal density can be obtained from the number
of detected deuteron knock-on tracks by

Kp [ 4m\ 1
pR=5.4x103—9(—”)—
Ya \20) o

where K, is the sum of knock-on tracks detected in foils 2 to
5, Af) is the solid angle subtended by the foils and Yy is the
neutron yield. As f, appears in the denominator of this
expression, by using its upper bound we are able to obtain a
lower bound for pR.

The fuel density averaged over the time of thermonuclear
burn (neutron-averaged density) can be estimated from the
measured pR by assuming a simple model for the distribution
of the fuel in the burn region. One such model! (the ‘ice-block’
model) assumes that the fuel is compressed uniformly into a
region of radius R and that neutron production occurs at the
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Fig. 5 Relative number of knock-ons in each of the five CR-39
foils for pR,,. =20 mgem 2 and pR, =40 mg em~2. Each foil
is preceded by different amounts of moderating material to bring
different parts of the knock-on spectrum into the foil’s energy
window. For deuterons (D) and tritons (T) the knock-on-energy
range (MeV) detected by each foil is: (1) D (6.2-7.6), T (7.3-10.6);
(2) D (8.2-9.7), T (9.8-10.6); (3) D(9.4-10.7); (4) D (9.8-11.1);
(5) D (11.0-12.6). For pR =5 mg cm ™2 all tritons will have slowed
down below ~9.8 MeV so that only deuterons will produce tracks
in the energy window for foils 2 to 5.

centre of this region'’. Under the assumption that all of the
initial mass of fuel, M, is compressed into this region, the fuel
density is p = (47/3M)"?*(pR)*'*. If any of the assumptions of
the model are relaxed, a higher estimate of fuel density would
result. For example, if the neutron production were constant
across the fuel volume the resulting inferred density would be
approximately 50% higher than would be estimated on the basis
of the ice-block model. Numerical models of the implosion
always suggest a higher fuel density at the edge of the core due
to a near pressure-balance at the time of stagnation. This effect
will always produce higher average densities for the same pR
than those predicted by the ice-block model.

Measurements of the neutron-averaged fuel areal density were
made on a series of cryogenic target experiments. The measured
fuel areal densities (obtained from the knock-on diagnostic)
and the fuel mass densities inferred using the ice-block mode]l
are shown in Fig. 6. The error bars are calculated from the
combined relative errors in measurement of the neutron yield
and the knock-on fiux. The highest values of fuel pR ~20-
35mgcm 2. The corresponding fuel densities inferred from
these experimental results are ~20-40 g cm .

The observed neutron yields (10°-10%) and neutron-weighted
fuel areal densities (20-35 mg cm™2) were below those predicted
by one-dimensional simulations. The yields were ~107* of pre-
dicted values whereas the fuel areal densities were typically 0.2
to 0.5 of the predicted values. The reasons for these discrepancies
are still being investigated, but we suggest that departures from
one-dimensional performance are due primarily to residual
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Fig. 6 a, Measured fuel areal density plotted as a function of

calculated convergence ratio (Cy) for cryogenic target experiments

(the convergence ratio is defined as initial fuel-pusher interface

radius divided by the minimum fuel-pusher interface radius). b,

Fuel density inferred from measured fuel areal density plotted as

a function of Cy assuming the ice-block model'* for the fuel and
neutron burn distribution.

imperfections in the level of illumination uniformity presently
attained with the OMEGA system.

Summary

A series of direct-illumination, ablatively driven implosion
experiments was carried out on the 24-beam 351-nm OMEGA
laser system using frozen-fuel DT-filled glass shell targets. Dis-
tributed phase plates were used to improve the irradiation uni-
formity levels on target. Measurements of the energy coupling
to the target confirm the high level of collisional absorption and
efficient conversion of the absorbed energy to pusher kinetic
energy expected with short-wavelength laser illumination. Typi-
cal measured absorption fractions were ~60%-80% of the
incident laser energy and are in good agreement with predicted
values. Likewise, the measured and predicted shell radius-
versus-time were in good agreement with one-dimensional simu-
lations. These results show that gross features of the implosion
phase are modelled accurately by one-dimensional simulations.

Using track detectors to measure the elastically scattered fuel
ions, fuel areal densities of ~20-35mgecm > were measured
directly, implying neutron-averaged fuel densities of ~20-
40 g cm™ (100-200X LD). These are the first direct measure-
ments of the fuel areal density of highly compressed fusion fuel
that do not involve any assumptions about temperature or fuel-
shell mixing. The inferred fuel densities are the highest attained
for any direct-drive laser-fusion experiment.
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Thymic major histocompatibility complex antigens
and the a8 T-cell receptor determine the
CD4/CDS8 phenotype of T cells

Hung Sia Teh™, Pawel Kisielow'*, Bernadette Scott”, Hiroyuki Kishi’, Yasushi Uematsu’,
Horst Bluthmann® & Harald von Boehmer®

* Basel Institute for Immunology, 487 Grenzacherstrasse, CH-4058 Basel, Switzerland
T Central Research Units, F. Hoflmann-LaRoche, CH-4002 Basel, Switzerland

T-cell receptors and T-cell subsets were analysed in T-cell receptor transgenic mice expressing « and B T-cell receptor genes
isolated from a male-specific, H-2D"-restricted CD478" T-cell clone. The results indicate that the specific interaction of
the T-cell receptor on immature thymocytes with thymic major histocompatibility complex antigens determines the differenti-

ation of CD47 8" thymocytes into either CD4*8~ or CD4 8" mature T cells.

THYMUSs-derived lymphocytes (T cells) recognize antigen on
the surface of antigen-presenting cells in the context of class I
or class II major histocompatibility complex (MHC) molecules
using the heterodimeric @B T-cell receptor (TCR)'“. CD4 and
CDS8 molecules, expressed on the surface of T cells, bind to
nonpolymorphic portions of class IT and class | MHC molecules,
respectively, and enhance the binding of the TCR to its ligand™*.
This binding of CD4 and CD8 molecules to MHC antigens may,
in addition, contribute to signals leading to T-cell activation.

It is thought that the selection of the antigen-specific T-cell
repertoire involves the negative selection (suppression or dele-
tion) of autospecific T cells®®. Some authors have also proposed
that T cells are positively selected by thymic MHC antigens
such that T cells, emerging from the thymus, bind foreign anti-
gens predominantly in the context of self-MHC molecules® 2.
To examine both aspects of T-cell repertoire selection we con-
structed TCR transgenic mice which expressed, on a large frac-
tion of their T cells, a receptor which binds to H-Y antigen in
the context of class I H-2D" molecules. We used monoclonal
antibodies that identify the transgenic receptor expressed in
these mice to analyse negative selection in male af transgenic
H-2° mice, which express the H-Y antigen as well as H-2D"
molecules. In addition, the analysis of female af transgenic
mice which express different thymic MHC antigens should
reveal the possible impact of MHC molecules on the selection
of T cells in the absence of nominal (H-Y) antigen.

In a previous report we have described our experiments on
the mechanism of self-tolerance: from the comparison of af
transgenic male and female H-2° mice we concluded that auto-
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specific T cells were deleted in male mice. It was shown that
this deletion involved predominantly immature CD4*8" thy-
mocytes, which contain the precursors of mature, single positive,
CD4%8™ and CD4 8" T cells®">.

There is less compelling evidence for the positive selection
of T cells by thymic MHC antigens in the absence of nominal
(H-Y) antigen: there have been reports of T cells recognizing
foreign antigens predominantly in the context of those MHC
molecules which they encountered during their maturation in
the thymus® ', It was also reported that animals that received
large doses of class II MHC-antigen-specific antibodies were
devoid of CD4"8™ T cells**. This could mean that antibodies
can interfere with the positive selection of CD4"8 T cells by
thymic class II MHC antigens. These experiments do not,
however, address the question of whether the 8 TCR is invol-
ved in the selection process. On the basis of these and other
experiments'® one of us proposed that the interaction of the
TCR on immature thymocytes with thymic MHC antigens will
rescue immature T cells from programmed cell death and deter-
mine their further differentiation into mature CD4'8” and
CD478" T cells. In the absence of nominal antigen, the interac-
tion of the TCR with class II or class I thymic MHC antigens
will direct the differentiation of immature T cells into CD4*8”~
and CD478" mature T cells, respectively'®!”. This model pre-
dicts that in aB transgenic H-2" mice the transgenic af TCR
should be expressed only on CD478" and not CD4*8™ T cells
because it was originally expressed on a class I-restricted
CD478" T cell which presumably was selected by class | MHC
antigens in the thymus of C57B1/6 mice. Here we describe
several observations, made in female a8 transgenic mice, that
are consistent with this model.

Firstly, the proportion of CD478" thymocytes was elevated
in aB transgenic H-2° but not H-2* or H-2° mice. Secondly,
using monoclonal antibodies specific for the transgenic receptor,



