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This shockless mode for liner implosions could have
several benefits for MagLIF. First, shockless compression is
more efficient hydrodynamically than shock compression
(i.e., less energy is wasted by shock heating of the liner ma-
terial). Second, keeping the liner temperature and entropy
lower (i.e., keeping the liner on a lower adiabat) could result
in a more compressed liner during the implosion. This would
be beneficial to MagLIF because according to Eq. (20) in
Ref. 1, the fusion yield should scale roughly as C1=2

L , where
CL is the imploding liner’s areal density at stagnation. Third,
as was shown in Ref. 20, the imploding liners that were
shocklessly compressed maintained solid state inner surfaces
for most, if not all of the implosion. The solid state inner por-
tion maintains material strength, which could in turn
decrease the MRT feedthrough rate, as well as decrease the

deleterious effects of the electro-thermal instability.35,36

Fourth, a solid state inner surface also maintains a higher
electrical conductivity than a melted liner, and thus shock-
less compression could result in more efficient magnetic flux
compression (i.e., more efficient compression of an applied
Bz field, which is an important component of the MagLIF
concept). Fifth, a solid-state inner surface will eject little or
no liner mass into the fusion fuel, potentially reducing radia-
tive losses. Sixth, from a pulsed-power perspective, the lon-
ger rise times of the shaped current pulses associated with
shockless compression can be more efficient in terms of the
total electromagnetic energy delivered to the load. This is
because some energy is lost in the various pulse compression
stages of the Z accelerator (i.e., pulse energy is traded for
power amplification). Seventh, these longer rise times would

FIG. 4. Comparisons between shock and shockless (quasi-isentropic) liner compression. All of the liners were AR¼ 4 Be liners with initial inner and outer
radii of 2.39 and 3.19 mm, respectively. (a) Example radiographic image of a shockwave propagating through the liner wall with the full 0%–100% transmis-
sion range displayed. (b) Same as (a) with only 0%–30% transmission displayed in order to enhance the contrast of the shock front within the liner wall. (c)
Reconstructed mass density image obtained by Abel inverting the radiograph shown in (a). (d) Example radiographic image of a liner undergoing shockless
(quasi-isentropic) compression and with the full 0%–100% transmission range displayed. (e) Same as (d) with only 0%–30% transmission displayed. (f)
Reconstructed mass density image obtained by Abel inverting the radiograph shown in (d). (g) Two representative load current pulses on the Z accelerator.
The standard short pulse (red) was used to drive the shock compression experiments while the shaped pulse (blue) was used to drive the shockless compression
experiments. (h) Radial mass density profiles from shock compression experiments. Also plotted are two radial mass density profiles from a 1D ALEGRA sim-
ulation. The two simulation times plotted correspond to the earliest and latest experiment times. (i) Radial mass density profiles from shockless compression
experiments. The shockless compression data presented here are the same data that were presented in Refs. 18 and 19.
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[1]	
  

6151 6 0.5-eV photons for imaging. The radiographs are
recorded on Fujifilm Imaging Plate, which responds linearly
to the monochromatic, 6151-eV exposure. Each radiograph
is calibrated by zeroing and normalizing the exposure using
samples taken from nominally opaque regions and nominally
transparent regions, respectively. After correcting for any
smoothly varying gradients in exposure levels, the transmis-
sion error is usually reduced to a few percent over most of
each image area. The time resolution for each image is 1 ns,
while the spatial resolution is 15 lm.

The Be liners used in these experiments were all AR¼ 6
liners with inner and outer radii of 2.89 and 3.47 mm, respec-
tively (see Fig. 1(c)). As mentioned above, we inserted a
2-lm-thick Al sleeve just within (and adjacent to) the inner
radius of each Be liner to enhance the contrast and visibility
of the imploding liner’s inner surface in the radiographs.
The outer surface of each Be liner was machined on a lathe
with a precision diamond-tipped cutting tool. The resulting
outer surface finishes had root-mean-square roughnesses of
100–250 nm and contained very fine azimuthally correlated
striations due to the cutting process. These liner surface
finishes were essentially the same as those that were
described in detail in Refs. 13 and 16. The liners were not
polished or further modified.

Surrounding each Be liner was a solid Be return-current
can (see Fig. 1(c)). Each can had a 125-lm wall thickness
and a 13-mm inner radius, and was approximately uniformly
transparent to the 6151-eV backlighter. The minor attenua-
tion that the return-current cans caused was corrected for by
the radiograph normalization and gradient-correction proc-
esses mentioned above. These thin-walled cans were used to
provide unobstructed views of the imploding liners, as well
as to provide azimuthally uniform load current delivery.

The load current that drove the implosion of each
experiment is shown in Fig. 1(d). Each current pulse was
measured by four _B probes located 6 cm from the cylindrical
axis of symmetry.24 For this particular set of experiments,
the anode and cathode geometries in the load region (Fig.
1(c)) were varied from experiment to experiment to test vari-
ous power flow designs. As a result, the load current varied

substantially throughout this particular set of experiments.
Nevertheless, best efforts have been made to time synchron-
ize the resulting current pulses, and thus obtain relative radi-
ograph timing from one experiment to the next. These
radiograph times are also shown in Fig. 1(d) along with ref-
erence implosion trajectories for the liner’s inner and outer
surfaces from a 1D simulation that used the ALEGRA radia-
tion magneto-hydrodynamics code.25,26

The radiographic data collected are presented in Fig. 2.
In Fig. 2(a), we show the full 0%–100% transmission range,
however this results in relatively dark images. Thus, in Fig.
2(b), we show the zoomed-in transmission range of
0%–30%. This lightens the images considerably and enhan-
ces the contrast between the thin (and darker) Al material
and the thick (and lighter) Be material. In Fig. 2(c), we pres-
ent mass density images (cut-through slices) that were gener-
ated by Abel inverting the corresponding transmission data
shown in Fig. 2(a). These Abel inversion results further
enhance the visibility of the liner’s inner surface, while pro-
viding liner mass density information as well. The error asso-
ciated with these reconstructions is predominantly due to
azimuthal asymmetries in the MRT structure.27 There is
some additional error introduced at radii less than or equal to
that of the Al layer because two materials overlap at those
radii and only one opacity (that of Be) has been assumed in
the Abel inversion algorithm. However, because the Al layer
is so thin, the error introduced turns out to be negligible.

For the earliest three image times (the top three rows of
Fig. 2), a solid 1-mm-diameter tungsten rod was placed on
axis to limit the implosion convergence. This was done to
reduce the production of pinch radiation that can expose the
imaging plate detector of the radiography diagnostic (com-
monly referred to as “time-integrated self-emission”). Also
apparent in the top three rows of Fig. 2 are micro- _B probes,
which were used to measure the azimuthal component of the
magnetic field that penetrated the liner interior. These micro-
_B measurements are presented in Sec. IV. For the latest four

image times (the bottom four rows of Fig. 2), a smaller
200-lm-diameter tungsten wire was used so that the implo-
sion could be imaged at the higher convergences shown.
However, this also led to more time-integrated self-emission
in the images (i.e., the white amorphous regions near the top
of the pinch axis in these later images).

In the images presented in Fig. 2, one can directly
observe the position and state of the liner’s inner surface
(i.e., the dark Al layer). One can also see that the inner sur-
face remains remarkably smooth and that the degree of MRT
feedthrough is mild, agreeing well with that predicted in the
original MagLIF paper (see Fig. 9 in Ref. 1). This is true at
least up to an inner surface convergence ratio of about 5,
which is the highest convergence ratio that we have been
able to measure so far using this radiographic technique (tim-
ing jitter from one experiment to the next makes it very diffi-
cult to obtain an image between a converge ratio of 5 and
stagnation). Still, it is interesting to note that for the MagLIF
concept, the fuel radius at stagnation (the radius at which the
imploding liner’s inner surface is stopped and turned around
by the fuel pressure) is approximately 100 lm, which is the
radius of the on-axis tungsten wire in the later radiographs of

FIG. 1. (a) and (b) Schematic illustrations of the two-frame monochromatic
radiography diagnostic. (c) Half-section illustration of the load region for a
typical Be liner experiment on the Z accelerator. (d) Drive current and radio-
graph times (vertical lines) from each experiment and reference implosion
trajectories for the liner’s inner and outer surfaces from a 1D simulation.
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  Crystal	
  imaging:	
  Incidence	
  angle	
  constraints	
  

▪  Backlighter:	
  
▪  M	
  =	
  6	
  
▪  Crystal:	
  R	
  =	
  250	
  mm	
  
▪  r	
  =	
  100	
  µm	
  source	
  
▪  Ls	
  ≈	
  0.29	
  mm	
  

▪  Imager:	
  
▪  M	
  =	
  10	
  
▪  Crystal:	
  R	
  =	
  250	
  mm,	
  10	
  ×	
  10	
  mm	
  
▪  Ls	
  =	
  10	
  mm	
  

ESF	
  width	
  scales	
  as:	
  	
  ʍ Ϭ ϳ >Ɛ ϭ ϭ
D

ϭ ƐŝŶϮ ɽ ϭ

current	
  6.151	
  keV	
  
backlighter	
  

86°	
  Bragg	
  angle	
  

Lowest	
  achievable	
  Bragg	
  angle	
   Largest	
  achievable	
  Bragg	
  angle	
  



	
  Search	
  for	
  line	
  &	
  crystal	
  combina8ons	
  

Possible	
  combinaBons:	
  6320	
  
Total	
  number	
  of	
  matches:	
  92	
  
Total	
  number	
  of	
  Kα,β	
  matches:	
  52	
  
Total	
  number	
  of	
  Heα	
  matches:	
  40	
  

Descrip8on	
   Quan8ty	
  

Elements	
   Mn,	
  Fe,	
  Co,	
  Ni,	
  Cu,	
  Zn,	
  Ga,	
  Ge,	
  As,	
  Se,	
  Br,	
  
Kr,	
  Rb,	
  Sr,	
  Y,	
  Zr	
  

Nuclear	
  charges	
   Z	
  =	
  25	
  -­‐	
  40	
  

Spectral	
  lines	
   He	
  resonance,	
  He	
  intercombinaBon,	
  	
  
Kα1,	
  Kα2,	
  Kβ	
  

Energy	
  range	
  (E)	
   5.8	
  –	
  17.7	
  keV	
  

Crystals	
  (2d)	
   α-­‐Quartz,	
  Ge,	
  Si,	
  Mica	
  

ReflecBon	
  orders	
  (m)	
   1	
  –	
  5	
  (for	
  Si,	
  Ge,	
  Mica)	
  
1	
  –	
  3	
  (for	
  Quartz)	
  

Crystal	
   Miller	
  
indices	
  

α-­‐Quartz	
   1010	
  

1011	
  

1012	
  

1120	
  

1122	
  

2020	
  

2023	
  

2131	
  

2240	
  

2243	
  

2354	
  

3140	
  

5052	
  

Mica	
   002	
  

331	
  

Si	
   111	
  

220	
  

Ge	
   400	
  

111	
  

220	
  

422	
  

Post-­‐search	
  selecBon	
  criteria:	
  	
  
▪  Imager:	
  

▪  σ	
  <	
  30	
  µm	
  ⇒	
  ϑ	
  ≳	
  86°	
  

▪  Backlighter:	
  
▪  ϑ	
  =	
  [76°,	
  90°]	
  
▪  α-­‐Quartz:	
  m	
  =	
  1	
  
▪  no	
  Kβ	
  



	
  Self-­‐emission	
  imager	
  combina8ons	
  

Line	
   Energy	
  
[keV]	
   Crystal	
   2d	
  spacing	
  

[Å]	
  
Reflec8on	
  
order	
  

Bragg	
  
angle	
  [°]	
  

Zr	
  He	
  2p	
  3P1	
   16.189	
   Si	
  (220)	
   3.8403117	
   5	
   85.65	
  

Co	
  Kβ	
   7.649	
   α-­‐Qz	
  (5052)	
   1.624	
   1	
   86.42	
  

Zr	
  Kα2	
   15.691	
   α-­‐Qz	
  (2354)	
   1.5825	
   2	
   86.99	
  

Zr	
  Kα1	
   15.775	
   α-­‐Qz	
  (3140)	
   2.3604	
   3	
   87.33	
  

Cu	
  Kα1	
   8.048	
   α-­‐Qz	
  (2131)	
   3.082	
   2	
   88.69	
  

As	
  Kα2	
   10.508	
   α-­‐Qz	
  (3140)	
   2.3604	
   2	
   88.72	
  

Ge	
  Kα1	
   9.886	
   Si	
  (111)	
   6.2712	
   5	
   89.11	
  



	
  Backlighter	
  line	
  &	
  crystal	
  combina8ons	
  

*For	
  most	
  cases	
  only	
  resonance	
  lines	
  and	
  Kα1	
  are	
  shown,	
  intercombinaBon	
  line	
  (y)	
  
and	
  Kα2	
  will	
  work	
  as	
  well.	
  Kβ	
  is	
  generally	
  too	
  inefficient.	
  
	
  
‡Assume	
  1	
  kJ	
  laser	
  energy.	
  Conversion	
  efficiencies	
  taken	
  from	
  L.	
  Ruggles	
  et	
  al.,	
  Rev.	
  
Sci.	
  Instrum.	
  74,	
  2206	
  (2003),	
  H.-­‐S.	
  Park	
  et	
  al.,	
  Phys.	
  Plasmas	
  15,	
  072705	
  (2008)	
  and	
  
own	
  data.	
  C.e.	
  into	
  individual	
  lines	
  determined	
  with	
  PrismSPECT	
  simulaBons.	
  
§R	
  =	
  250	
  mm,	
  6x	
  magnificaBon,	
  3	
  eV	
  FWHM	
  spectral	
  line	
  width,	
  25	
  µm	
  detector	
  pixel	
  
size.	
  
	
  

Line*	
   Energy	
  [keV]	
   crystal	
   refl.	
  
order	
  

Bragg	
  angle	
  
[deg]	
  

photons	
  in	
  
4π	
  (×1014)‡	
  

photons/
pixel§	
  

Mn	
  Heα	
   6.151	
   Qz	
  (2243)	
   1	
   83.19	
   5	
   1730	
  

Ni	
  Heα	
  (y)	
   7.766	
   Ge	
  (111)	
   4	
   77.86	
   2.4	
   1220	
  

Ni	
  Heα	
  (y)	
   7.766	
   Qz	
  (5052)	
   1	
   79.44	
   2.4	
   1270	
  

Cu	
  Kα1	
   8.048	
   Si	
  (111)	
   4	
   79.31	
   2	
   1900	
  

Zn	
  Heα	
   8.950	
   Ge	
  (400)	
   2	
   78.44	
   0.5	
   400	
  

Ga	
  Heα	
   9.575	
   Ge	
  (220)	
   3	
   76.18	
   0.4	
   300	
  

Ge	
  Kα1	
   9.886	
   Si	
  (220)	
   3	
   78.45	
   1	
   500	
  

Zr	
  Kα1	
   15.775	
   Ge	
  (220)	
   5	
   79.22	
   0.8	
   90	
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  Benchmark	
  to	
  experiments:	
  Brightness	
  



	
  	
  	
  	
  Benchmark:	
  15.7	
  keV	
  backlighter	
  
▪  IniBal	
  tests	
  with	
  100	
  TW	
  arm	
  of	
  Z-­‐Petawaw:	
  70-­‐200	
  J,	
  500	
  fs	
  or	
  15	
  ps	
  

	
  
▪  X-­‐ray	
  source:	
  Zr	
  Kα1:	
  15.775	
  keV	
  

▪  Total	
  Kα	
  photons:	
  (1.1	
  ±	
  0.3)	
  ×	
  1013	
  

▪  Zr	
  Kα1	
  emission	
  imaged	
  with	
  Qz	
  3140	
  crystal	
  

	
  
▪  15.7	
  keV,	
  Ge	
  220	
  backlighter:	
  	
  

▪  ReflecBon	
  order:	
  5,	
  ϑ	
  =	
  79.22°,	
  M	
  =	
  2.15	
  

▪  Spa8al	
  resolu8on:	
  	
  
▪  Experiment:	
  ≈11-­‐12	
  lines/mm	
  →	
  80-­‐90	
  µm	
  

▪  Ray-­‐tracing	
  with	
  IP	
  broadening:	
  75	
  µm	
  

▪  Ray-­‐tracing	
  without	
  IP	
  broadening:	
  37	
  µm	
  

▪  Ray-­‐tracing	
  with	
  opBmized	
  posiBons:	
  20	
  µm	
  

▪  Image	
  brightness:	
  

▪  Experiment:	
  ≈	
  60	
  phot./px	
  

▪  Ray-­‐tracing:	
  ≈	
  80	
  phot./px	
  

Fluke	
  Biomedical	
  ResoluBon	
  Target	
  (#019-­‐500)	
  

Front	
  view	
  

Rear	
  view	
  



	
  Summary	
  

§  Spectral	
  line	
  and	
  x-­‐ray	
  crystal	
  survey	
  for	
  backlighBng	
  and	
  self-­‐emission	
  
imaging	
  

§  For	
  x-­‐ray	
  energies	
  between	
  6	
  and	
  16	
  keV:	
  
§  7	
  self-­‐emission	
  imager	
  combinaBons	
  
§  9	
  backlighter	
  combinaBons	
  
	
  

§  DemonstraBon	
  of	
  15.7	
  keV	
  shortpulse	
  backlighBng	
  	
  
§  ≈0.6	
  phot./px/J	
  at	
  detector	
  for	
  M	
  =	
  2	
  
§  Brightness	
  scales	
  with	
  target	
  area	
  
§  ≈80	
  µm	
  spaBal	
  resoluBon	
  (detector	
  limited)	
  
§  20	
  µm	
  geometrical	
  limit	
  

§  15.7	
  keV	
  self-­‐emission	
  imaging	
  
§  Use	
  Qz	
  3140	
  instead	
  of	
  Qz	
  2354	
  
§  15.7	
  keV:	
  strong	
  emission	
  at	
  laser	
  focus,	
  almost	
  nothing	
  elsewhere	
  
§  Good	
  point	
  source	
  for	
  imaging	
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  Ni	
  backlighter:	
  Spa8al	
  resolu8on	
  

§  Knife	
  edge	
  measurements:	
  	
  
§  Meridional	
  ESF	
  =	
  (13.4	
  ±	
  0.4)	
  µm	
  
§  Sagiwal	
  ESF	
  =	
  (19	
  ±	
  2)	
  µm	
  

§  Post-­‐shot	
  ray-­‐tracing:	
  	
  
§  r	
  =	
  200	
  µm	
  source	
  
§  using	
  actual	
  distances	
  
§  with	
  rocking	
  curve	
  
§  with	
  IP	
  resoluBon	
  (ESF	
  =	
  106	
  µm)	
  
§  Meridional	
  ESF:	
  (12	
  ±	
  1)	
  µm	
  
§  Sagiwal	
  ESF:	
  (19	
  ±	
  2)	
  µm	
  

B14080502,	
  0.5	
  ns	
  picket	
  –	
  2.5	
  ns	
  delay	
  –	
  2	
  ns	
  main,	
  total	
  2.485	
  kJ	
  

0.5	
  mm	
  thick	
  W	
  edge	
  



Experiments	
  with	
  Z-­‐Petawao	
  (ZPW)	
  

▪  Laser	
  parameters:	
  
▪  70-­‐200	
  J,	
  500	
  fs	
  or	
  15	
  ps	
  
▪  I	
  ≈	
  7	
  ×	
  1018	
  -­‐	
  2	
  ×	
  1020	
  W/cm2	
  

▪  45°	
  s-­‐	
  or	
  45°	
  p-­‐polarizaBon	
  
	
  

▪  X-­‐ray	
  spectrometers:	
  
▪  flat	
  HOPG:	
  ZYA	
  grade,	
  2nd	
  order	
  
▪  CRITR:	
  cylindr.	
  α-­‐Quartz	
  1011	
  
▪  Single	
  Photon	
  Counter	
  (SPC)	
  

▪  X-­‐ray	
  imagers:	
  
▪  15.7	
  keV	
  Ge	
  220	
  backlighter	
  
▪  15.7	
  keV	
  Quartz	
  3140	
  imager	
  
▪  8	
  keV	
  Quartz	
  2131	
  imager	
  

	
  
▪  Total	
  number	
  of	
  Kα	
  photons:	
  (1.1	
  ±	
  0.3)	
  ×	
  1013	
  
▪  Laser-­‐to-­‐photon	
  energy	
  conversion	
  efficiency:	
  (2.8	
  ±	
  0.8)	
  ×	
  10-­‐4	
  
	
  

	
  

CRITR:	
  Compact,	
  rugged	
  in-­‐chamber	
  transmission	
  spectrometer	
  	
  



	
  Self	
  Emission	
  Imaging:	
  Copper	
  

laser	
  

*IP	
  over-­‐exposed	
  on	
  first	
  scan	
  

* 

Front	
  view	
  

Front	
  view	
  

Rear	
  view	
  

Laser	
  

Target:	
  250	
  ×	
  250	
  ×	
  25	
  µm3	
  MLT	
  
Laser:	
  100	
  J,	
  0.5	
  ps,	
  >1020	
  W/cm2	
  



	
  Self	
  Emission	
  Imaging:	
  Zirconium	
  

Ray	
  tracing:	
  1/r	
  profile	
  	
  

log10	
  

Front	
  view	
   Front	
  view	
  

Rear	
  view	
   Front	
  view	
  

Almost	
  no	
  large-­‐area	
  Kα	
  emission	
  ⟶	
  no	
  e-­‐	
  recirculaBon?	
  



	
  Efficiency	
  scaling	
  with	
  atomic	
  number	
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