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Among the final shots at the Nova laser [Campbedtl, al, Rev. Sci. Instrum57, 2101 (1986)] was a se-
ries testing the VISAR (Velocity Interferometry System for Any Reflector) technique that will be the primary
diagnostic for timing the shocks in a NIF (National Ignition Facility) ignition capsule. At Nova, the VISAR
technique worked over the range of shock strengths and with the precision required for the NIF shock timing
job — shock velocities in liquid Bfrom 12 pm/ns to 65um/ns with better than 2% accuracy. VISAR images
showed stronger shocks overtaking weaker ones, which is the basis of the plan for setting the pulse shape for the
NIF ignition campaign. The technique is so precise that VISAR measurements may also play a role in certifying
beam-to-beam and shot-to-shot repeatability of NIF laser pulses.

1 INTRODUCTION 4|I|I|I|I|||I|I|I|I|||I|I|I|I|||I|I|I:

Ignition targets planned for the National Ignition Facility
(NIF) require a pulse shape with a low power foot designed
to send a carefully timed series of shocks through the frozen
DT (deuterium-tritium) shell. If the shocks are too closely
spaced, they coalesce within the DT ice; if too widely spaced,
the DT ice decompresses between shocks. Unless the shocks
are spaced correctly, the DT winds up on a high adiabat and
fails to reach highpr at the end of the implosion[1]. This

paper describes a technique for achieving this correct shock UL UL LG
timing, and experiments that have been done to verify the ap- 0 5 10 15
proach. time (ns)

The plan for achieving the proper shock timing (that is, the _ o o
proper pulse shape) for a NIF ignition capsule relies on a diagElG' LA typical laser pulse for an |nd|rec§ drive ignition capsule has
nostic instrument called VISAR[2] (which stands for Velocity ﬂnr;gtn Ztggju;r:gti:feﬂ?nﬁ%eé?ii‘eggcesn%”;ﬂgltﬁir;gssgss he power of the
Interferometry System for Any Reflector). A VISAR look- ' '
ing into liquid hydrogen very accurately measures the speed
of an approaching shock; the cold liquid is transparent, while1

shocked hydrogen is a highly reflective metal[3]. Section Ii ures designed to control shock timing. The height of the first

explains how we will use the leading shock measurements tgtep sets the crucial first shock strength; once t.his Is set, the
adjust the laser pulse shape, converging to the proper pulse fcg:i?g t?g?ﬁffgﬁ;g:} Ia;g?;g? sezonad rarl]g g;',:ﬁ Sr:gcf]sogg'
driving an ignition capsule after several timing shots. SectionOf the fo rshzcksl Ima pcoalesce S.'th'?'l tthT 'ceLI]a e’r and
[l discusses the Nova[4] VISAR experiments from March to u y withi ! yer,

May of 1999 that demonstrate both the accuracy and dynami l.l four muhst Ereik outtoLthetr;ce Iaygr iha tlgh'tfstﬁqug_rll_c'e.
range we need to carry out our NIF shock timing plan. INce €ach Shock overtakes the previous one, 1 the ice

layer were thicker, the shocks would begin to coalesce at a
depth just inside the actual ice layer thickness. A reasonable
design criterion is for the first three shocks to coalesce at a
Il NIF SHOCK TIMING PLAN single point and time — about §5n from the ablator inter-
face, when the actual ice thickness in the capsule igr80
Four shocks traverse the DT ice main fuel layer in indi- The fourth shock can overtake the others somewhat later.
rectly driven NIF ignition capsules[5]. The first three quarters This coalescence criterion for the first three shocks does not
of the laser pulse launches this shock sequence in a series mécessarily provide the optimum pulse, but it does guarantee
steps. The strength and timing of the shocks depends on ttedequate shock timing. The overtake depth is actually a free
power and timing of the steps in the laser pulse, but the preparameter; the capsule will be well-timed over a range of co-
cise relationship is difficult to compute without experimental alescence depths of several microns.
input. Absorption of the laser, conversion to X-rays, and X- How accurately must the first three shocks coalesce in or-
ray ablation are all complicated processes, and the combinetkr for the capsule to ignite? Studies of capsule sensitivity
modeling uncertainties may exceed the tolerance of an ignindicate that a pulse step timing error of ordet00 ps (or a
tion capsule to errors in pulse shape. Hence, we will use afoot power error of order=5%) will be acceptable[6], even
experimental procedure to find the proper pulse shape. for rather sensitive capsules. For the#@/ns first shock, a
A typical ignition pulse, shown in Fig. 1, has several fea-+100 ps timing error corresponds #2 pum in coalescence



ignition target depth for the planar liquid Pthan we would for the curved
solid DT. (The current best guess is that thg dalescence
depth should be equal to the DT ice layer thickness, rather
~«— ablator than a few microns greater.) The hohlraum designs will ob-
viously be slightly different as well; we may compensate for
those differences by slight modifications either in the pulse
shape or in the timing target’s hohlraum. NIF ignition cap-
sules are robust enough to tolerate the very small timing er-
rors introduced by imperfections in these compensating ad-
justments.

The plan as described here does not address timing the
fourth shock, which may require some considerations other
than a simple extension of the VISAR measurements. The
fourth shock must overtake the first three somewhat later,
introducing different timing considerations. Also, it suffi-
ciently strong, and radiation temperatures behind are suffi-
ciently high, that preheat may compromise the VISAR mea-

-<— DT ice
-«——DT gas

shock timing target

ablator (identical) ) . i :
e . surement. In simulations, it is relatively easy to get the fourth
liquid DD (thick) shock timed correctly, when the first three are good. If we sus-
pect the fourth shock timing is preventing ignition on NIF, a
few shots with different timing would suffice to scan through
all plausible launch times.
optional The first step in a NIF shock timing campaign will be to se-
L =5 iF anvil lect the ablator material and thickness. (We are working on ex-
perimental techniques for optimizing this choice.) About six
to eight shots with shock timing packages will suffice to find
VISAR the pulse shape parameters which cause the first three shocks
Doppler to coalesce at the selected depth in the liquid(lbe DT ice
interferometer thickness in the capsule): The first two or three shots will ad-

just the strength of the first shock, and spread the second and
FIG. 2: A VISAR shock timing target differs somewhat from the NIF third out beyond the required spacing. The next step is to
ignition capsule it mocks up. The ablator material and thickness arenove the timing of the second shock back, so that it overtakes
identical, but the shock timing package is planar. A thick liquid D the first at the required depth; this will take another two or
layer in the shock timing package replaces the DT ice layer in thehree shots. The final step is to pull back the timing of the
ignition capsule. The LiF anvil is optional and does not affect thethjrd shock until it coalesces at the same point as the first two.
interesting part of the shock propagation. Only the position of the leading shock needs to be measured

to carry out this program; the VISAR is an ideal instrument

. . . ) for the job.
depth (ignoring the difference between a change in shock

launch time and the corresponding change in overtake time). NOva experiments prove that a VISAR diagnostic can mea-

For the 80pm layer thickness of these capsulgs2 pm in ~ Sure the entire range 'of'sho'ck spgeds with the precision re-

coalescence depth represea®5pm/ns or 2.5% in velocity, uired for the shock timing job. Fig. 3 shows some of the
In order to time the shocks for a NIF ignition capsule, weNOva data along with the leading shock speed in the liquid

will use an experimental analogue of the technique we use t2 for a detuned NIF ignition pulse (the three shocks are in-
tune capsules with simulations. Instead of a series of simuld€ntionally spread out, as they will be during the first step of

tions where we adjust the pulse shape until the shocks bre4R€ iming series). The first shock speed is|20/ns; after

out from the DT ice in a tight sequence, we will perform a the second shock overtake; it, the Igat_ﬁng shock s_peed jumps
series of shock timing shots, monitoring shock coalescenchP t0 38Hm/ns; after the third shock joins, the leading shock
with a VISAR, and adjusting the pulse shape until the first!S Moving at 69um/ns. The required coalescence depth is

three shocks coalesce at the proper depth. 80 um, with +2 pm precision. The figure also shows VISAR
Fig. 2 compares the shock timing target to the ignition tar-data from three Nova shots; VISAR sees the overtake events

get. There are three important differences: First, the shock®"Y clearly, and the shock speeds observed on Nova essen-

timing package is planar, although the ablator material and@!ly span the range that the NIF observations require.
thickness are the same as the spherical capsule. Second, théifter the fourth shock, the leading shock speed jumps to
hydrogen is liquid B in the timing package, and solid DT well over 100pm/ns; the radiation precursor in front of such

in the capsule. Third, the timing package is on the hohlrauna strong shock may make a VISAR shock speed measurement
wall, while the capsule is centered. To compensate for thesenpossible, although information about the timing of the over-
differences, we may choose a slightly different coalescenctake might be available.
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FIG. 3: The Nova VISAR experiments cover the full range of shock position (mm)
strengths required for the NIF shock timing plan. Shock overtake (at target)

events, which are the heart of the shock timing plan, show up nicely

in VISAR data. The pulse in the simulated NIF shock timing data is . . .
mistimed so that the first three shocks coalesce sequentially, rathgllG' 5 Th? 6.7911n_1/ns/fr|nge VISAR image fro_m shot 29940809
than simultaneously. IS typical high quality VISAR Qat_a. Honzon_tal is pot_h_ position on
the target and phase; vertical is time. The discontinuities at 2 ns and
5.3 ns are shock breakout and coalescence, respectively. Increasing
curvature of the shock front as it propagates causes the triangular
lll.  NOVA VISAR EXPERIMENTS envelope of the fringes.

The Nova targets were halfraums (that is, hohlraums with , ) .
only a single laser entrance hole) heated by the five wedhe two legs is @mt/A. (There is a small, subtle, additional
beams of Nova, as sketched in Fig. 4. There were two gifcorrection[2].) I—_|ence, the phase difference is proportional to
ferent pulse shapes, a 2 ns “square” pulse and a 6 ns “PS108€ shock velocity. _ _
pulse, with wide range of drive energies for each pulse shape. One interferometer had delay timef 15.8 ps, the other in-
About a dozen shots gave high quality VISAR data. terferometer had = 51.7 ps. The instrument with the longer
The VISAR diagnostic consists of an 808 nm probe Iaserdelay time is more sensitive, and makes the high precision

which passes through the liquichPreflects off the shock front S10Ck sSpeed measurement. However, at firifhs/fringe, the
(or, early in time, the B-ablator interface), then returns to a

high precision interferometer has a phase shift of many fringes
pair of interferometers. One leg of each interferometer in-fo_r shock speeds of GW”S- The purpose (.)f the instrument
cludes a time delay, so that the light reflected from the shoc _'th the ;horter delgy IS to _dgtermlne the integer part of the
at any time interferes with the light reflected at a slightly ringe shift for the h.'gh precision mstrument. iny one plau-
later time. In essence, the time delayed leg of the interferSible shock speed is consistent with the fractional part of the
ometer is shorter than the undelayed leg by the distance t

H‘éinge shifts recorded by the two interferometers. With two
shock travels in the delay time Accounting for the short- interferometers, the higher sensitivity instrument can make
ening of the vacuum wavelengih= 808 nm by the refrac-

velocity measurements to within about 1.5% of the NIF first
tive indexn = 1.13 of liquid Dy, the phase difference between shock speed.

A VISAR is an imaging interferometer: The image of the
target forms where the two legs recombine and interfere. By

1 mm slightly tilting the beam splitter that recombines the legs, the
— 808 nm phase difference can be translated into spatial fringes; the
Au Cu probe beam fringe spacing is proportional to the tilt. Finally, a streak

halfraum | cold finger camera with its slit perpendicular to the spatial fringe pat-

Nova = '[‘)‘:”‘d tern records the image; phase and position at the target are
drive 80-150 eV / hi-res combined on one axis of the final image, while time is the
b(‘z_;ms other axis. Fig. 5 is the high resolution VISAR image made
on shot 29040809. The triangular shape of the region where
the fringes are visible results from the increasing curvature of

Al or Pl Pl or sapphire the shock front (and the ablator) as it moves away from the
ablator L vacuum window initial interface position. Late in time, only a small spot near
(some shots) the center of the shock remains parallel enough to the origi-

~ nalinterface to reflect the probe all the way back to the streak
FIG. 4: Nova VISAR targets (March-May 1999) were very similar camera. Shock breakout and overtake events show up as dis-
to the proposed NIF shock timing targets. continuities in the fringe pattern. The low precision VISAR
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TABLE I: Thickness of Db layer compared to integral of VISAR
speed from shock breakout to LiF impact. Uncertainties are scat- Z
ter among lineouts at various positions, not our estimate of absolute 30 -
accuracy. Speed -

29030407

29041209

Shot Layergm) Hi-res VISAR Lo-res VISAR 20032311

20042703 116 1171 12310 - 204
29050407 113 1152 125+5 10 z
29052003 222.5 2243 22345 - -
_ 0—|—I‘|‘rT R RN RN RN AR NN o
29041305 148 1362 A ? L 1 i
Time (ns)

laser off

image made on the same shot determines the integer part of
any fringe discontinuities. FIG. 6: The dark. curves are.VISAR data from 2 ns square pul;es for

We do not have usable X-ray drive data for these shots, anfa;ur shots; the_hlgher the drive energy, the faster the s_,hock. Lineouts

- . at several positions are plotted for each shot. The light curves are

most of the PSlOO'Iaser power data is Compromlsed (thess?mulations. X-ray drive multipliers force the initial shock strength
were some of the final shots before Nova was dismantled},, natch the data in each case, so only the breakout time and decay
Furthermore, the VISAR data strongly suggests an additionghe are fair measures of simulation accuracy.
problem that complicates the question of the drive on these
shots: Water ice may have condensed out of the vacuum
chamber on the interior of some these cryogenic hohlraums, . . . . .
unpredictably altering the X-ray drive by z)ilsgmuch as 10 eV, High resolution VISAR data from the first three LiF anvil
Unrelated cryogenic Nova experiments definitely had wategc_ms d_emonstrate one to two perce_nt measurement accuracy.
condensation problems, and two of the VISAR shots showe ith this Novg instrument, the error n th_e coalgscence depth
a 15% difference in shock speed, despite being identical shofg 80 um required for th? N.”: shock timing series WOL."d. be
on the same day with only a 1.6% difference in incident en- Hm, or at most_zpm, which is more Fhan ad_equate _for timing
ergy according to the laser diagnostics, and no other indicaNl_F shocks. This Ieyel of accuracy is consistent with directly
tions of problems (such as beam clipping). driven VISAR experiments, as well.

Nevertheless, the Nova VISAR data stand on their own The low resolution VISAR should be a little over three
merits. The VISAR technique definitely works with an in- times less accurate. In the fourth LiF anvil shot, the high reso-
directly driven ablator, at least up to drive temperatures ofution VISAR failed, and the low resolution VISAR gave 8%
150 eV. Most of the Nova shots had aluminum ablators, butess than the measured distance to the anvil. This is near the
one shot had a po|y|m|de ablator, so either metal or p|ast|@% error that would be consistent with a claim of 2% accuracy
ablators work. Shock coalescence events, where a strongB the high precision instrument, but there is another possible
shock overtakes the leading shock, show up beautifully irffxplanation for that discrepancy: The other three shots had
the VISAR images; the basic idea for the NIF shock timingmuch lower drive; the highest was 29052003 at about 120 eV,
plan is therefore sound. In these indirect drive experimentsWhile shot 29041305 went up to about 145 eV drive. In simu-
the VISAR recorded shock speeds in liquid Banging from  lations, the X-ray preheat of the LiF on shot 29041305 causes
12 pm/ns to 65pm/ns, corresponding to drive temperaturesit to expand by several microns, while LiF preheat is com-
ranging from 80 eV to 150 eV. Finally, the Nova VISAR data Pletely negligible for the other shots. Hence, the distance tra-
demonstrated an accuracy of aboutlﬂnﬁ’ns (_‘]_/20 fringe), at versed by the shock before impaCt on 29041305 may actually
least up to velocities of 3@m/ns. Thus, the Nova data verifies have been somewhat less than the preshot distance from abla-
the accuracy and range needed for timing the first three shock@r to LiF. Thus, preheat makes direct verification of VISAR
in the NIF ignition targets. accuracy at high drive difficult. However, shot 29052003 is

Four of the shots with good VISAR data included an LiF already a stronger shock than the first shock at NIF, and the
anvil in the liquid Dy, placed a precisely measured distanceliF impact accuracy for that shot is unambiguous.
from the ablator surface. The impact of the shock on the Even though the drive is uncertain, the Nova VISAR data
LiF shows up as a sudden drop in the velocity measured bgompares well to simulations of the shocks. Multiplying a
the VISAR. (The shock transmitted into the LiF is too weak drive shape and spectrum from a crude hohlraum simulation
to change the transparency of LiF, so the VISAR continuedy a factor chosen to match the measured shock strength at
to reflect from the R-LiF interface after impact. However, breakout time gives a satisfactory comparison for all of the
changes in the optical properties of the shocked LiF compro2 ns drive data. Fig. 6 shows the shock speed as a function
mise the recorded interface velocity after the shock reachesf time for the four 2 ns drive shots with aluminum ablators.
the LiF.) The time integral of the VISAR velocity from shock The laser turned off at 2 ns, before any of these shocks even
breakout to LiF impact must equal the known distance frombroke out into the B, which is why the shock speed decreases
ablator to LiF; any discrepancy represents inaccuracy in thevith time. The simulations match this decay rate quite well,
VISAR measurement. Table | shows the results of these fouwith the possible exception of 29032204. The shock was so
experiments. weak for that shot, that the reflection required by the VISAR is
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FIG. 7: The dark curves are VISAR data from 6 ns PS100 pulses fof G- 8 The three upper curves are the X-ray drives corresponding

two shots; the higher the drive energy, the faster the shock. Lineou the three simulationsdoft Sr:ﬁt 2&040‘809' pJotted ifn Eigt' ;gégezg)\gg
at several positions are plotted for each shot. The light curves ar WEr CUrVes corréspond 1o the two simufations ot sho )

simulations. The various simulations correspond to the different X- he dark curves match 'the VISAR shock overtake times best. _The
ray drive histories shown in Fig. 8 overtake time and combined shock strength are sensitive to details of
o the drive shape.

probably marginal. Certainly, VISAR cannot measure shockyT jce, not to reproduce some calculated X-ray drive history.

speeds in liquid P any smaller than 29032204. The planar liquid B shock timing package is a good surrogate
The shots with the 6 ns PS100 pulse shape are more intefor the capsule, so a pulse that makes shocks coalesce at the

esting. In that case, the drive is sometimes long enough tproper depth in the shock timing package will be very close to

launch a second shock. The 3 at a very low density com-  the proper shape for driving the capsule. The VISAR has the

pared to the aluminum (or plastic) ablator. Therefore, wheraccuracy and dynamic range to find that proper pulse shape by

the first shock breaks into the;Da strong rarefaction wave experiment.Ab initio simulations with comparable accuracy

runs back through the ablator. When this wave reaches thare unnecessary.

ablation front, the ablator begins to accelerate. If the accel-

eration persists, the ablator reaches a speed higher than the IV. SUMMARY

speed that the interface originally jumped into the Runch-

ing a second shock into the,Dwhich eventually overtakes | the Nova VISAR experiments, we measured shock ve-

the first. The VISAR records the shock coalescence as a SUgcities in liquid D, from 12 um/ns to 65pum/ns with bet-

den increase in the speed of the leading shock. Although thg, than 2% accuracy. This is good enough to carry out our

mechanism for launching this second shock is not the same §§F shock timing plan, so that we can experimentally find
in a NIF shock timing package, the hydrodynamlcs inthe D ang verify the correct pulse shape to drive an ignition cap-
which the VISAR measures, is identical: A second shock rungje. vISAR experiments continue at the Omega laser in col-

down and catches the first. laboration with the Laboratory for Laser Energetics. We rec-
Shock overtake events occurred in shots 29040809 anggnize the difficulty of designing a hohlraum that produces
29052003, as the VISAR data in Fig. 7 shows. (Two othetthe same X-ray drive on a planar shock timing package as
shots gave good shock coalescence data.) The figure alge ignition hohlraum produces on a capsule, given the same
shows that matching the observed shock speed as a functioniaker pulse. However we resolve this hohlraum design issue,
time with a simulation is much more challenging than for thethe VISAR diagnostic will allow us to directly verify that the
2 ns data. The exact time of the overtake and the strength @hocks launched by some particular pulse shape actually co-
the combined shock depend on the details of the X-ray pulsglesce at the proper depth in cryogenic hydrogen. Since that
shape. The gray curves in Fig. 7 represent simulations usoalescence is the whole reason for the fancy pulse shape in
ing several different X-ray drive histories; Fig. 8 plots the the first place, VISAR measurements give us exactly the feed-
corresponding drives. One drive shape shown for each shefack we need to experimentally find the proper pulse shape
matches the observed shock speed reasonably well, but tiér a NIF ignition capsule.
shock speed measurement does not uniquely determine theThe extraordinary precision of the VISAR shock speed
drive history. measurement may have uses beyond shock timing, as well.
Either more elaborate hohlraum models, or more elaborat#/ith VISAR we can reliably distinguish shock strength differ-
experiments, or both might corroborate the details of the X-ences of a few percent; with care we can build targets which
ray drive shapes that match these VISAR data. But considare identical to even better tolerance. Hence, a VISAR diag-
an alternate view: The details of the X-ray drive do not matternostic could check that a laser is delivering identical pulses
either at Nova or at NIF. The point of the NIF pulse shape is tdor months or years; this precision is comparable to or bet-
make the first three shocks coalesce at a particular depth in ther than the best laser diagnostics, and independent of any



evolutionary changes in either the laser or its diagnostics. A Acknowledgements
target-based repeatability measurement could also serve as a
power balance diagnostic. Also, in conjunction with high pre-
cision laser diagnostics, we could pefh‘?ps study whether ran- ) aurance Suter, Barbara Lasinski, and Stephen Pollaine
dom shot-to-shot shock strength variations exceed the varia- :
. o - gave us valuable advice about Nova and NIF hohlraum per-
tions in incident laser power. Any such application of VISAR
N . formance.

would become much more attractive if it were non-cryogenic
experiment. So far, VISAR has tracked directly driven shocks ) )
in water, plastic, and LiF; cryogenicZDs still the only indi- Marcus Knudson and James Asay of Sandia pointed out a
rectly driven material. correction to our VISAR data analysis.

Regardless of other possible applications, the Nova VISAR
experiments in cryogenic Dverify that shocks can be mea- This work was performed under the auspices of the
sured with sufficient accuracy, in the appropriate range of).S. Department of Energy by the University of California
strengths, for the case of most interest: cyrogenic ignition tarLawrence Livermore National Laboratory under contract No.
gets. W-7405-Eng-48.

[1] J. D. Lindl, Inertial Confinement FusignAIP Press/Springer- [4] E. M. Campbell, J. T. Hunt, E. S. Blisst. al, Rev. Sci. Instrum.

Verlag, New York, 1998), p. 46-52. 572101 (1986).
[2] L.M. Barker and R.E. Hollenbach, J. Appl. Phyd3 4669 [5] T.R. Dittrich, S. W. Haan, M. M. Marinalet. al, Phys. Plasmas,
(1972); L.M. Barker and K.W. Schuler, J. Appl. Phy45 3692 62164 (1999).
(1974). [6] W. J. Krauser, N. M. Hoffman, D. C. Wilsoret. al, Phys.
[3] P.M. Celliers, G.W. Collins, L.B. Da Silva, D.M. Gold, R. Plasmas3 2084 (1999); R. E. Olson, Fusion Technolo®3

Cauble, R.J. Wallace, M.E. Foord, and B.A. Hammel, Phys. Rev. 6 (2000).
Lett. , 845564 (2000).



