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Teller Medal Lecture IFSA2001:

Problems and solutions in the design and analysis of early laser driven

high energy density and ICF target physics experiments

Mordecai D. Rosen

Lawrence Livermore National Laboratory
University of California

Livermore, Ca 94551

The high energy density (HED) and inertial confinement fusion (ICF) physics community relies on
increasingly sophisticated high power laser driven experiments to advance the field. We review early
work in the design and analysis of such experiments, and discuss the problems encountered. By
finding solutions to those problems we put the field on firmer ground, al~owing the community to
develop it to the exciting stage it is in today. Specific examples include: drive and preheat in
complex hohlraum geometries with the complicating effects of sample motion; and issues in the
successful design of laboratory soft x-ray lasers and in the invention of methods to reduce the
required optical laser driver energy by several orders of magnitude.

1. Introduction
The field of inertial confinement fhsion (ICF) naturally lives in the parameter space of high

energy density (HED). Even the initial shock pressure driving a high gain capsule [1] is of order 1
megabar (1 MB) or 1012 erg/cm3, followed by successive shocks nearing 100 MB that ultimately
accelerates the frozen DT pusher to “thermonuclear speeds” of order 3 107 cm/sec. When the DT
pusher then stagnates upon implosion, that kinetic energy is converted to thermal energy and fusion
ensues, with local pressures exceeding 1 TB ! In other applications of high power optical lasers such
as drivers of exploding foil laboratory soft x-ray lasers [2], dense hot plasmas with internal pressures
of some 10 MB serve as the Iasing medium.

The field of HED in general, then, relies on increasingly sophisticated high power laser
driven experiments in order to advance. In this paper we review early and heretofore unpublished
work in the design and analysis of such experiments, and discuss the problems encountered and how
solutions were found. In Section 2 we discuss x-ray drive and preheat in complex hohlraum
geometries, and the complicating effects of sample motion. Section 3 will review some issues in the
successful design of laboratory soft x-ray lasers and in the invention of methods to reduce the
required optical laser driver energy by several orders of magnitude. Common to these examples was
the necessity to look at the problem from a larger, fresh point of view in order to find solutions to the
problems. By finding those solutions we put the field of HED studies on firmer ground, allowing the
community to develop it to the exciting stage it is in today.

2. Half-hohlraum HED physics experiments
2.1 Experimental Results

The history of early ICF implosion campaigns is briefly reviewed in Ref [1]. In the mid to
late 70’s much effort was expended on the 2-beam Argus laser at LLNL to drive glass encased DT
spherical capsules indirectly with laser produced x-rays inside a gold cylindrical can or hohlraum.
The 2 beams entered on either side of the can through laser entrance holes (LEHs) and impinged on



on-axis gold cones that were meant to scatter the light in an axisymmetric pattern onto the walls of
the can, in the “primary” region, where they would produce x-rays. The capsule sat in the center of
the “secondary”, between the 2 cones, and radiation flowed to it by passing through the annular
region between the on axis scattering cone and the cylinder walls. This was a way to preserve axi-
symmetry for driving the capsule (under the constraint of having only 2 beams) while not
illuminating the capsule directly. The goal of the implosions was to reach the milestone of densities
of some 20 grrdcm3 or 100 X liquid density The campaign was called “Cairn” which means
milestone.

As the Argus laser was 1.06 ~m light, we now know in retrospect how challenging a goal
“100 X“ was, since hot electrons were readily (though somewhat erratically) produced by laser
plasma instabilities. These hot electrons caused preheat of the capsule making high-density
implosions quite difficult to achieve. However, the inside of a tiny implosion is difficult to diagnose,
and doubly so when that implosion is inside a closed can. In order to study the Cairn failure
mechanisms in detail, we designed experiments that effectively cut these hohlraums exactly in half, at
the mid-plane, and closed off most of the open end with a back plate made of AU wall material. All
that was visible then to the outside worid, through a 200 pm diameter diagnostic hole in the center of
the back plate, was the inner surface of the capsule hemisphere. In fact we used a flat slab of glass of
equivalent thickness to the capsule pusher instead of a hemisphere. An example of these “haIf-Cairn”
targets is shown in Fig. (l).
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The incident laser beam provided about 700 J in 1 ns to the “half-hohlraum” (“half’, of course
only in the sense of what the ultimate goal of the study was - understanding implosions in a “full”, 2
sided illumination hohlraum. The “half-Cairn” is certainly as much a hohlraum, or x-ray oven, as a
full Cairn.). On the “drive” side of the glass slab (namely the side facing the inside of the hohlraum),
and local to its surface (namely in the “secondary” part of the half hohlraum, behind the gold
scattering cone) we measured the radiation temperature (T,) to be about 120 eV. We used a sub-keV
10 channel, broadband, 250 psec resolution x-ray detector named Dante that measures the emission
coming from a hole in the side of the hohlraum. (The “primary” region of the half-hohlraum had a T,
[measured in a similar fashion] of about 140 eV.) Since the Dante was not spatially resolved, the can
had large shields on it so that the hole is the only likely x-ray source that Dante can see (the shields
block, for exarpple, a plume of x-ray emitting plasma flowing out the LEH). We also measured the
production of hot electrons by monitoring the high-energy bremsstrahlung x-rays they produced



when they stopped in material, with a time and space integrated x-ray detector called FFLEX. We
inferred that about 60 J of hot electrons were produced, with a temperature of about 70 keV.

On the cold or “burn-thru” side of the glass slab, namely the side facing the outside world,
“peeking out” through the 200 pm diameter hole in the back plate of the half-hohh-sum, we measured
the temperature vs. time in 2 ways. We used another Dante spectrometer, and we also used a spatially
resolving, absolutely calibrated, 15 ps resolution optical streak camera called the streaked optical
pyrometer (or “stroptometer” for short). Fig. (2) shows the results of those 2 measurements. Initially
these results raised even more questions than they answered! The early time signals are probably
consistent, given the poorer time resolution of the Dante. The stroptometer shows a prompt preheat
signal of about 1.4 eV by the laser peak. Then what clearly appears to be a shock sharply breaks out
the back to about 8 eV. The Dante gives a comparable signal of about 11 eV. The mystery seems to
be the late time signals. The stroptometer records a “bum-thru” signal of about 20 eV at about 1.5 ns
after the laser peak, whereas the Dante records a 44 eV signal emerging past 2 ns. (The Dante signs.I
is really a flux of x-rays, whose magnitude is interpreted as a temperature by assuming that the signal
emerged from the 200 pm diameter hole in the back plate of the can through which the cold side of
the glass slab is visible). Besides the mystery of the 2 temperatures and 2 break out times, is the
overriding mystery that the burn thru signal, if any, was expected to occur much later than either of
those 2 times.

Since this was the first time such a physics experiment was attempted with laser driven
hohlraums, it was important to get a fundamental understanding of the situation via simple models
and rough estimates, besides doing complex 1-D and 2-D simulations with a tool like LASNEX [3].
So let us proceed systematically as we describe the data analysis.
2.2 Data analysis: Hot electron driven preheat

As mentioned above, 60 J of hot electrons with a temperature of about 70 keV were created in
the primary region of the hohlraum where the laser interacts with plasma. The question is how much
of this impinged onto the glass sample (we’ll call it EinCfor energy incident). To estimate the transport
of the hot electrons in the complex half-hohlraum geometry we needed to use both electron number
and energy albedoes from both gold and glass of (0.5,0.7) and (O.13,0.45) respectively. Thus, for
example, if 100 mono-energetic electrons impinge on glass, 13 are reflected (the rest stick) and have
45% of their initial energy. We start our crude “transport” calculation with an arbitrary 100 J worth of
hot eiectrons in the primary. We compute the areas of the primary gold walls, the LEH, and the AP~,
the annular area around the cone through which the hot electrons can enter the secondary region of
the half-Cairn. The electrons are then parceled out to these 3 destinations by the fraction of their
areas of that total of the 3, and then the albedoes are applied. Thus after the first iteration, 38.5 % of
the original 100 J worth of hot electrons are reflected from the gold wall back into the primary with
0.7 of their temperature. Another 38.5 J worth are lost in the gold wall of the primary, as is another
38.5 J x 0.3 worth (deposited energy by the reflected electrons). Another 3 J worth are lost out the
LEH, and 20 J worth enter the secondary. The second iteration goes through a similar process, this
time both in the primary, and in the secondary. After 3 iterations we find EinCequal to 1.2 J worth of
hot electrons impinging on the glass slab at their full initial temperature (70 keV), and 0.8 J at 50
keV. Had we simply taken the area ratio of the glass sample divided by the total area for the entire
half-Cairn, our estimate for EinCwould have been 3 times higher, and wrong.

This calculation started with an arbitrary 100 J. Since our experiment had 60 J observed, we
reduce our result for EiaCby a factor of 0.6. Moreover, since the preheat signal is overtaken by the
shock signal at the time of the laser peak, only half of the (time integrated result of) 60 J contributed
to the preheat signal at that time, so we multiply Eiw by another factor of 0.5.

We can now calculate the expected signal. Taking an ideal equation of state, but
supplementing it by adding to the specific heat a factor of 2 to account for ionization energy, and



another factor of 2 to account for the hydro expansion of the preheated material, our equation for T,
reads

T. (Z + 1)= 3.8 10”’&(J/gin) with Z = 0.8 T~v ln . (1)
Here e is the deposited energy due to the hot electrons in J/gin. The range L for the hot electrons is
given [4] by:

k = 0.3pm ( T. (keV) / Z. )2& ‘n (2)
where for our case of glass Z~ = 10, and for T~ =70, 50 keV, we get k = 50, 25 pm respectively.
These ranges are considerably longer than the 12.4 pm thickness of the glass. Therefore, the&of Eq.
(1) is simply EinCdivided by the respective b, and divided by the density p of the glass (2.5 g/cm3)
and by the area of the glass sample (7 10-4cm2). Then Eq. (1) gives T. of 1.7 eV, in close agreement
with the observed 1.4 eV.
2.3 Data analysis: X-ray driven shock waves

As mentioned in Sec. 2.1, the measure drive was TP= 140 eV in the primary region of the
hohlraum and, more relevantly, T~= 120 eV in the secondary region which drives the glass slab.
Because of length limitations-on this manuscript we will not reproduce here a detailed worked
example, for precisely our situation, that has already been published in reference [5]. There we
worked out a model based on simple energy balance in the primary and secondary region (x-ray
sources balanced by energy losses of a diffusive Marshak wave into the walls, as well as loss out the
LEH and into the glass sample). Our quantitative estimates for TP and T~ were found there to be in
close agreement with the observations.

Working through the radiation ablation hydrodynamics in glass can lead to a prediction for
the pressure generated by such a process: P = 8 T~.v 3 t.,’4 MB. Thus for our parameters T = T~ =
1.2 heV, and t.,= 1, we expect a 14 MB shock to propagate through the glass slab. This strong shock
should quadruple the pre-shock density, and thus we estimate the post shock temperature via

Te(z+l)=(A/4po)PMB again with Z = 0.8 T~v *D (3)
where A is the atomic weight of glass of 20. Thus with a 14 MB shock, we expect a 9.5 eV shock
temperature, which agrees well with the measured 8-11 eV. Estimating the shock velocity by the
strong shock relations v~ 2 = 4 P / 3 pO, gives v~ = 3106 cm/s. Thus the shock will traverse the 12.4
~m glass in about 400 psec, breaking out the back well within the 1 ns laser pulse width, as is indeed
observed.

One dimensional LASNEX simulations of this experiment, corrected for the hot electron
transport factors discussed above, indeed confirm all of our simple estimates, and reproduces the
early time cold side of the glass preheat and shock temperatures, However those results also show
that the cold side is not predicted to “burn-thru” and should stay at the 10 eV level. What then,
accounts for the mysterious late time signals of Fig. (2)? Stepping back, and taking a larger, fresh
view of the situation brought us answers.
2.4 Data analysis: X-ray driven sample motion: “Cork popping”

When the shock wave breaks out of the back of the glass, a rarefaction wave propagates back
to the radiation ablation front. A pressure gradient is then set up which accelerates the “payload” –
the unablated portion of the glass slab- as a whole. The central 200 pm portion of the glass is then
“cookie cut” out of the hole in the back of the hohlraum, and moves out of the hohlraum. This
“popped cork” then releases hot ablated gas that was previously “bottled up” within the hohlraum and
makes it visible to the 2 detectors. Thus, indeed the glass slab does not burn through, but rather
allows the “cold side” detectors to see hot intema~ plasma as the popped cork’s cold side moves out
of the way of their line of sight. Since the detectors view the cold side at 2 different angles, they see a
hot late-time signal at different times, corresponding to the cold popped cork moving out of their
respective lines of sight. A schematic that illustrates this concept is shown in Fig. (3).
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Let us estimate the effect. The amount of glass ablated, again calculated by working through
the radiation ablation hydrodynamics in glass is given by 5X = m / pO= 910”4 Tl,.v 225~, ‘G/p. (cm).
Thus for our parameters (T= 1.2, t= 1) we get 8X = 5.4 pm ablated. The payload acceleration will then
be given by a = F / m = P /p. (12.4 ~m - 8X) where for our case of 14 MB pressure, a = 81015 cm2/s.
We now can calculate the distance the payload will move as a function of time:

d=l/2ata2+at, t= 10~m+40(wm/ns)L, (4)
where we take the acceleration time t, to be 1/2 ns because the shock does not break out the back until
the peak of the laser when half the 1 ns pulse is over. To estimate the late time signals of the 2
detectors we note that the stroptometer is at 55° from the target normal, so the 100 pm radius, cold
payload slug must travel 70 ~m before the stroptometer can see past it into the hot hohlraum. The
Dante is at 45° so the cork must pop out 100 pm from the can before the Dante can see past its cold
side into the hot hohlraum. Setting d=70, 100 pm in Eq. (4) and solving for t leads to predictions of
late signals of 1.5, 2.25 ns for the 2 detectors respectively. These times are quite close to those
observed as per Fig. (2). Our 1-D LASNEX simulations confirm our estimates of this payload
motion as well.
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Fig. (3): schematic of cork popping. Fig. (4): Snapshot of popped cork’s p and T.

We are left with one remaining mystery. Why do the 2 detectors differ in the temperature they
see at late times? Here 2-D LASNEX simulations help us with the answer. In Fig (4) we show a
snapshot in time of the densities and temperatures of the popped cork and its surrounding hot plasma
liberated from the hohlraum. The Dante line of sight passes through material of density p = 510-3
g/cm3 and temperature of 25-30 eV. The 100 eV photons detected by Dante have an opacity K of
about 3 104cm2/g in such a plasma which means their mean free path, 1 / Kp, is 66 pm. Thus this hot
gas liberated by cork popping is optically thick. Dante does not see all the way into the small hot exit
hole, but rather (recall it is not spatially resolved) sees a much larger area radiating at 25-30 eV.
Indeed as Fig (5) shows, a complete post processing of the 2-D LASNEX simulation, mimicking the
Dante detector and all of its channels, shows that the emission of 100 eV photons, (dark regions in
the figure) come from a large area “halo” around the cold (low emission, bright region in the figure)
image of the 260 pm diameter glass plug’s cold side. Moreover, in Fig. (6) we show the simulated
Dante spectrum “collected” from that snapshot in time of the hot glass plasma of Figs. (4) and (5),



which very closely reproduces the 5 broad Dante channels of data. Note that the spectrum has a color

temperature of about 25 eV. We can integrate the energy of that spectrum, and get a total flux. If we
assume misleadingly (as Dante did originally when quoting its temperature of 44 eV) that the flux is
all coming from the small 200 ~m diameter hole in the back plate, then LASNEX too would
characterize that flux with a “brightness” temperature of 44 eV. The stroptometer is spatially
resolved, so it was not “fooled”, and reported the temperature of the optically thick liberated gas
correctly, as 20 eV.
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Fig. (5): Simulated cold-side image. Fig. (6): Simulated cold-side spectrum vs. data.

2.5 Implications of the work
‘The shift from bewilderment to total understanding of the cold–side bum-thru signals in this,

the first half-hohlraum physics experiment, gave a big boost of confidence to workers in the field,
and spurred them on to make further rapid progress. Preheat detection was soon augmented by
spatially resolving Kcz emission “diagnostics, These later helped identify B fields in hohlraum
plasmas and have played a large role in fast igniter research. Shock wave detection progressed from
Qngle slab to the more accurate stepped slab to measure shock velocities. That evolved further to
wedge shaped slabs [6] to monitor shock velocity continuously, thus allowing for accurate pulse
shaping data. Shocks were also produced by one x-ray driven plate colliding into another [7], acting
as a power amplifier by collecting energy over a long time, storing it as kinetic energy, and
delivering it rapidly back to thermal pressure during the collision. This led to very high shock
pressures being achieved [8]. Further experimental refinements led to the ability to do detailed
equation of state measurements [9], and material strength measurements at high pressure [10]. The
cork popping was a “poor man’ s“ way of measuring pusher speed. Soon, x-ray backlighting took
over as a much clearer way to do so [11]. That soon led to quantitative measurements of hydro
instabilities [12], and eventually to the mocking up of such exotic phenomenon as astrophysical jets
from galactic centers[ 13]! While in these initial half-Cairn experiments we never really did “bum-
thru”, we learned enough to redesign experiments that really did have bona-fide radiation bum-thru
signals, which taught us much about material opacities [S]. We used the same technique to improve
hohlraum energetic by testing “cocktail” materials [14] that were combinations of elements that
scattered x-rays more effectively back into the hohlraum, and burned through later in time.
Eventually, exquisitely detailed frequency dependant opacities were also m~s~~ in half hohlraums
as well [15]. In addition, the “ultimate” in burn-thru experiments (due to the minor role



hydrodynamic motion plays in it) supersonic, diffusive radiative heat flow through low density high
Z foams, driven by half hohlraums have also been achieved[16].

Thus this body of work has contributed to understanding ICF target physics and performance,
and to HED science, with astrophysics as a particular application. Moreover, this body of work,
already maturing by the early 90’s, allowed the US national weapons lab directors to recommend
that the US government attempt the experiment known as science based stockpile stewardship 17],
whose most salient components are the cessation of nuclear testing, the creation of even larger HED
facilities such as the National Ignition Facility, and the establishment of modem supercomputing
capabilities.

3. Laboratory X-ray lasers
3.1 Solving the initial probIems

By the mid 80’s there had been many years of attempts at producing a soft x-ray laser in the
laboratory, without success. Our first challenge was to guess what were the true reasons for those
failures. The atomic physics predictions for population inversions were based on complex
calculations. Could they be wrong? We took a different tack. We assumed the atomic physics
predictions were reasonably accurate, and concentrated on the propagation of the x-ray laser pulse.
Refraction in steep density gradients could rapidly steer the beam out of the gain medium, thus
lowering the effective gain to the realm of the undetectable. We adapted a target from our ICF
experience- exploding foils [2] that produced relatively uniform scale lengths, of order 100 pm,
which would be sufficient to greatly lessen beam steering, and allow the effective gain to be close to
its theoretical values. This turned out to be a correct guess, and a successful strategy. Analogous to
the ICF work described in Sec. 2 above, we supplemented our successful full blown XRL
experiments with physics experiments of the exploding foils themselves, diagnosing them in space
and time, and successfully predicting that behavior, both with simple analytic models [18], and with
complex LASNEX simulations.

After our initial successes on the Novette green light laser (2 beams of the Nova laser) in
1984, producing about 100 W of 200 ~ radiation from 3p-3s Ne-like Se [19], we made rapid
progress. By the end of the 80’s we had upped that output to 1 MW [20], and demonstrated lasing at
sub 100 ~ with Ne – like Ag [21]. We use~ an analog to that scheme, the 4d-4p Ni-like scheme [22]
in Ta to demonstrate gain [23] at the 45A quite relevant for holography of biological samples in
water. Our technologists developed x-ray optics, so a triple pass cavity was demonstrated [24], and
initial x-ray imaging applications were accomplished as well [25, 26]. However we knew that the
field would not really flourish into one filled with practical applications if the driver remained the
huge 2 beams of Nova [27]. Thus, once again, we needed to step back, take a larger look at what we
were doing, and find a fresh way to accomplish our goals.
3.2 Solving the next generation of problems: towards tabletop lasing

The key to our initial success was the uniform lasing medium, so we asked ourselves if we
could pre-form that medium at minimal energy cost. Once formed, could we “flash heat” it to lasing
conditions, using the short pulse (low energy but high power) laser technology that was becoming
small, chea , and commonplace in the late 80’s. By way of comparison, the conventional way to

Iachieve 40 saturated (gain-length product of about 15) lasing with Ni-like W, would require a 1.5
cm long foil, with a gain coefficient of 10 cm-l. That foil, in our conventional way, would be
illuminated for 1 ns, at 6 1014W/cm2 with a line focussed 100 pm by 1.5 cm spot. This translates to 9
kJ – a hugely expensive proposition. If instead we simply formed the plasma with a 1 ns, 1.5 cm by
50 pm line focus spot, at the very low irradiance of 21012 W/cm2, it could produce, over time the
correct density profde that would allow propagation without refraction. That translated into a mere
15 J of energy. Then, at that proper time when the density gradient was “right”, we’d bring in a short
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20 ps pulse, tightly focussed to 1.5 cm by 30 pm, at the proper high irradiance of 6 1014W/cm* to
create the Ni-like state and the population inversion. That would require 54 J. All told, more than a
100 fold savings in required driver energy, and a true tabletop system. Our detailed calculations [28]
of such a scheme are shown in Fig (6), and confirmed our notions of its feasibility. Note that the gain
coefficient in the center of the foil is predicted to be nearly 10 cm”’, as per our assumptions above.
Of course it takes the XRL beam 50 ps to propagate down the full 1.5 cm length of the plasma
medium, whereas the gain only lasts about 20 ps. Thus the 20 ps pump pulse will have to be “phase
driven” down the 1.5 cm length of the plasma medium. There are well known techniques for doing
this [29], We also realized [28, 30] that capillary discharges could also be a good tabletop approach.
The mid to late 90’s featured several groups [31,32] succeeding in making tabletop XRLS using
these schemes, thus making it far more likely that practical applications will one day be
commonplace.

Fig. (6): At foil center, T., n., gain, & % ion-state vs. time. Arrow indicates onset of short pulse

4.0 Summary and Conclusions
The ICF/HED half-hohlraum work described in Sec. 2, and the XRL work of Sec. 3 share

several features in common. Initial failures of the integrated experiment, be it high-density
implosion, or actual XRL, led to designs and tests of physics experiments. Both sirnple models and
complex simulations were important tools in those designs and in the data analysis. Solving the
initial problems with those physics experiment required looking at the problem from a larger, fresh
point of view. The ensuing very successful development of these fields has been most gratifying, and
is a tribute to our many coworkers in these fields, which we now proceed to acknowledge.
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