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The areal density (�R) of D3He filled plastic capsules imploded at OMEGA has been measured at
shock coalescence (1.7 ns) and, 400 ps later, during compressive burn, through the energy downshift of
14.7-MeV D3He protons. In this time interval, the azimuthally averaged �R changes from 13� 2:5 to
70� 8 mg=cm2. The experiments demonstrate that fuel-shell mix is absent in the central regions at
shock coalescence, and that the shell has no holes during compressive burn. We conjecture that �R
asymmetries measured during compressive burn may be seeded by the time of shock coalescence.
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with 60 beams of frequency-tripled (351 nm) UV light in
a 1-ns square pulse and total energy of 21.6 kJ [17]. Full

occurs about 400 ps after the shock [19]. For each of
the two peaks in each spectrum, the average energy
Proper assembly of capsule mass in inertial confine-
ment fusion (ICF) implosions is of fundamental impor-
tance for achieving ignition [1–3], and experimental
information about implosion dynamics is crucial both
for understanding how assembly occurs and for critically
evaluating numerical simulations. Without carefully tail-
ored assembly of the fuel, hot-spot ignition planned for
the National Ignition Facility (NIF) [1–4] and the Laser
Megajoule Facility (LMJ) [5] will fail. Hot-spot ignition
relies on shock coalescence to ‘‘ignite’’ the hot spot,
followed by propagation and burn of the compressed
‘‘shell’’ material (compressive burn). The relationship
between these events must be understood to ensure the
success of ICF ignition. To elucidate these issues, we
report on gated measurements of areal density (�R) at
pivotal moments during implosions: first at shock coales-
cence, and then 400 ps later during compressive burn.
These measurements were accomplished through the use
of 14.7-MeV protons generated by the fusion of the fuel
constituents deuterium (D) and helium (3He), in implod-
ing capsules with 24-�m-thick plastic (CH) shells [6,7].
An accurate determination of �R evolution and asymme-
try is made by measuring the proton energy downshift at
different times and in many different directions.

Earlier measurements of �R utilizing primary 14.7-
MeV protons [6–8] and secondary protons [9] concen-
trated on properties and dynamics during compressive
burn for implosions of capsules with 20-�m-thick CH
shells. These studies included �R asymmetries [8–10],
fuel-shell mix [11–14], and the effects of beam
smoothing upon fuel �R [8,11,15]. In addition, x-ray
absorption techniques [16] have been used to study as-
pects of �R modulations at peak compression and during
decompression.

Direct-drive implosions were conducted on OMEGA,
0031-9007=03=90(9)=095002(4)$20.00 
smoothing of the laser beams was used [11], and beam-to-
beam energy imbalance was typically � 5% rms. Two
types of hydrodynamically similar capsules were used,
all with nominal diameters of 940 �m and shell thick-
nesses of 24 �m. CH-shelled capsules were filled with
approximately 6 atm of D2 and 12 atm of 3He. Capsules
with shells of CD (or 1 �m of CD inside of 23 �m of CH)
were filled with approximately 20 atm of 3He. The prin-
cipal diagnostics for this work were high-resolution,
charged-particle spectrometers simultaneously viewing
each implosion from different directions (the spectrom-
eters and their properties are described in Ref. [7]).
In addition, the neutron temporal diagnostic measured
the D fusion burn histories [18] on hydroequivalent D2

implosions.
The following reactions occur in imploding capsules

fueled with D and 3He:

D� D ! p�3:0 MeV� � T�1:0 MeV�; (1)

D� D ! n�2:5 MeV� � 3He�0:8 MeV�; (2)

D� 3He ! p�14:7 MeV� � ��3:6 MeV�: (3)

This analysis uses the high-energy proton of Reaction (3)
because it can easily penetrate the larger �R during
compressive burn while, in contrast, the 3.0-MeV protons
of Reaction (1) are ranged out. Figure 1 shows proton
spectra obtained simultaneously at five different viewing
angles for shot 24811. In each spectrum, two distinct
peaks are clearly evident. The narrow, higher-energy
peak is associated with the burn of duration �40 ps at
shock coalescence, while the broader, lower-energy peak
is associated with the �150 ps compressive burn which
2003 The American Physical Society 095002-1
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FIG. 2. The average energy downshifts (from 14.7 MeV) for
the shock and compression burn peaks of each spectrum from
shot 24811 (as shown in Fig. 1) and from several others. From
plasma stopping power calculations [20], values of h�Ri can be
associated with the plotted values of �Ep, and the right-hand
vertical axis scale is meant to show the approximate corre-
spondence (Table I lists more exact values for averages over
groups of shots).

TABLE I. Values of h�Ri inferred from measured D3He pro-
ton energy losses (calculated with the slowing-down formalism
of Ref. [20], using energies averaged over all available spectra
for each shot). For capsules with D3He fuel and CH shells, it
was assumed that the slowing was dominated by CH at Te �
1 keV and � 
 2 g=cm3 at shock coalescence or 20 g=cm3 at
compression burn. For capsules with 3He fuel in CD shells,
which produce no shock yield, it was assumed that the slowing
was dominated by CD at Te � 1 keV and � 
 20 g=cm3. The
‘‘�’’ refers not to measurement uncertainties but to the stan-
dard deviation about the mean of individual measurements for
each shot.

h�Rishock h�Ricomp

Shot Fuel Shell (mg=cm2) (mg=cm2)

24806 18 atm D3He 24 �m CH 13:2� 2:6 70:6� 9:7
24811 18 atm D3He 24 �m CH 13:3� 2:0 71:6� 6:1
24812 18 atm D3He 24 �m CH 13:0� 2:5 71:1� 9:2
25614 18 atm D3He 24 �m CH 13:7� 2:6 67:6� 6:7
27473 18 atm D3He 24 �m CH 12:9� 2:3 70:1� 5:8
27485 18 atm D3He 24 �m CH 15:2� 1:6 67:8� 12:1

27474 20 atm 3He 24 �m CD � � � 79:5� 8:3
27479 20 atm 3He 24 �m CD � � � 81:5� 16:4
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FIG. 1. Spectra of high-energy protons generated from the
fusion of D and 3He in an imploding ICF capsule (shot 24811).
The spectrometers viewed the implosion from five different
directions; each plot is identified by the OMEGA port used
(Ref. [7] shows a port diagram). The narrow high-energy peak
is associated with shock-coalescence burn, the broad low-
energy peak with compressive burn.
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downshift of the 14.7 MeV protons was evaluated and is
shown in Fig. 2 along with data from several other shots.
Through the use of plasma stopping power calculations
[20], these energy downshifts are related to the capsule
�R (Fig. 2 and Table I). The capsule �R at shock coales-
cence, which occurs 1:7� 0:1 ns after the beginning of
the 1-ns laser pulse when no electric fields are present
[21], is 13:0� 2:5 mg=cm2. During compressive burn, the
average �R has increased to 70� 8 mg=cm2. Since the
temperature of the shell is at or below 1 keVat both shock
and compression times, and since nearly all energy loss
occurs through the shell [6,9], these �R determinations
are insensitive to exact values of the evolving tempera-
ture and density [20]. Table I summarizes the data of
Fig. 2, which also show that asymmetries as large as
30 mg=cm2 in areal density exist during compressive
burn in these implosions. This effect has been reported
for capsules with 20-�m-thick shells [8,9] and for cryo-
genic capsules [9].

The ion temperature at shock burn can be measured
from the spectra. As shown in Fig. 3, the shock peak is
well fit by a Gaussian. After accounting for the effects of
the instrument response [6,7], a Doppler-derived ion tem-
perature of 6� 1 keV is obtained. This temperature is
higher than the neutron-derived Doppler-width tempera-
ture characterizing the compressive burn, which is about
095002-2
3 keV. This method of temperature determination from
the width of the 14.7-MeV proton spectrum has been
previously used for thin-shell, high-temperature implo-
sions [6]. At shock burn (for thick shell implosions), the
shell is relatively ‘‘thin,’’ the shock-induced ion tempera-
ture is relatively high, and the duration ( � 40 ps) is
sufficiently short that little evolution in �R occurs. In
095002-2
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FIG. 4. The shock-induced burn which is present in plot (a) is
absent when the fuel is changed to pure 3He within a CD shell
[plot (b)], although the compressive burn is still present be-
cause of fuel-shell mix. Besides validating the identification of
the shock-induced peak, these data demonstrate the absence of
shell-fuel mix in the central regions of the capsule at shock
coalescence.
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FIG. 5. A comparison of 1D simulation to data from
shot 24811.
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FIG. 3. A shock-induced ion temperature can be determined
by fitting a Gaussian to the shock peak, correcting for the
instrument response, and assuming Doppler broadening. For
this spectrum the result is 6.8 keV, and the mean for all spectra
from this shot (24811) is 6 keV with a standard deviation
of 1 keV.
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contrast, the compression burn peak for the protons (as
noted previously [6]) is far wider than the Doppler width
and, the effects of measured asymmetry [6–8] and ge-
ometry [7] not withstanding, largely reflects �R evolution
over the compressive burn ( � 150 ps).

To validate our interpretation that the high-energy
peak (Fig. 1) is due to shock coalescence, and to explore
other important aspects of implosion physics, a second
series of implosions was performed using a hydrody-
namically similar capsule with 20 atm of 3He in a
24-�m-thick CD shell. Spectra from these implosions
[see the example in Fig. 4(b)] show a single compression
peak downshifted in energy by about the same amount as
measured in the first series of experiments [see Fig. 4(a)].
Notably absent, however, is the shock peak in Fig. 4(a)
that occurs between 14 and 15 MeV. This means that
no D from the shell has mixed into the central, high-
temperature region at shock time [22]. Conversely, by the
time of compressive burn mixing of the CD shell with the
3He must have occurred (Fig. 4) in order for D3He reac-
tions to be present (see Refs. [11–14] for more discussion
of mix).

The spectrum of Fig. 4(b) can also be directly inter-
preted to mean that, at least for these implosions, the shell
is not riddled with holes during compressive burn even
though low-mode asymmetries exist (Fig. 2). If there
were holes there would be a high-energy peak in
Fig. 4(b). This issue is important since concern exists as
to whether shell breakup, as a consequence of Rayleigh-
Taylor instability, occurs prior to burn propagation and
ignition, thereby quenching ignition.

To improve our understanding of the physical processes
and to test the validity of 1D hydrodynamic simulations
in realistic circumstances, we show a comparison of
095002-3
simulated [23] and experimental charged-particle spectra
in Fig. 5. The basic structure of the experimental data is
reproduced reasonably well by the simulation, which used
a flux limiter of 0.06 [24,25]. Of particular relevance is
the comparison at shock coalescence since, as experimen-
tally demonstrated, the effects of mix are very minimal
and 1D simulations should be at their most accurate as
they do not include mix effects. In this context, the ratio
of experimental shock yield to theoretical is about 60%;
095002-3
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the predicted �R is 10:5 mg=cm2 while the experimental
value is 13� 2:5 mg=cm2; the predicted shock tempera-
ture is 8 keV, while the measurement is 6� 1 keV; and the
predicted interval between shock and compression burn is
500 ps, while the measured interval is about 400 ps. If
instead a larger flux limiter of 0.07 is used in the 1D
simulation, as some workers have advanced [26], the ratio
of experimental shock yield to the theoretical value is
reduced to 30%; the predicted �R increases slightly to
11:0 mg=cm2; the predicted temperature increases to
10 keV; and the interval between shock and compression
is reduced to about 400 ps. As shock timing and coales-
cence are critical to ignition at the NIF and the LMJ
[1–5], experiments that test the limits of validity of
simulation codes, as described herein, will be helpful to
this endeavor. Additionally, it seems entirely plausible
that similar measurements could be made at the NIF at
various phases in the development and testing of preigni-
tion capsules, if not ignition capsules themselves.

In summary, we have presented the first measurements
of �R evolution occurring in ICF implosions. In the
400 ps interval between shock coalescence and compres-
sion burn, the azimuthally averaged �R changed from
13:0� 2:5 to 70� 8 mg=cm2. The experiments demon-
strated that fuel-shell mix has not occurred in the central
regions of the imploding capsule at shock coalescence,
and that the shock-induced temperature is about 6 keV. As
mix is inconsequential at this stage of the implosion,
these and other measured parameters offer a sensitive
test of 1D shock physics simulations. The experiments
further demonstrated that, at least for these types of
implosions, gaps and holes do not riddle the shell at
compression burn.

Several intriguing avenues exist for advancing these
measurements and our understanding of implosion dy-
namics. As �R is sufficiently small at shock coalescence,
3.0-MeV protons from Reaction (1) will readily penetrate
the shell and lead, in principle, to a second independent
measurement of the shell �R at that instant. Such experi-
ments, as well as higher-accuracy spectrometers for D3He
fusion reactions, are being planned. With more accurate
�R measurements at shock coalescence, studies will be
undertaken to establish whether �R asymmetries exist at
that time, and whether these asymmetries persist and
amplify through the compression burn phase [9,10],
thereby accounting for the notable asymmetries that
have been measured at compression burn. In addition,
because of the strength of the shock flash, highly accurate
measurements of the D3He reaction burn history are
presently being implemented [27]. In combination with
the spectrally resolved measurements, these new develop-
ments will make possible precise measurements of shock
and compression times.
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