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Outline 

§  Basic kinetics of fusion reactions 
§  Ion temperature effects on neutron spectrum energy 

width 
§  Effects of fluid velocity on neutron spectrum 

–  Directed motion 
–  Expanding or contracting spherical shells 
–  Random distribution of energies 
–  Comparison with past experiments 

§  DD vs DT temperatures 
§  Model for residual kinetic energy 
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Main points 

§  The energy distribution of fusion neutron is determined 
by the velocity of the center-of-mass of the reacting 
particles 

§  Fluid motion a fraction of the thermal velocity can lead to 
substantial broadening of the neutron distribution 

§  This broadening affects the DT and DD neutrons 
differently 

§  Energy going into fluid motion has several times the 
effect of thermal energy at broadening the spectrum 
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Fusion product energies are determined by 
kinetics of the reaction 
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T 

D 

α	


n 
In the center of mass frame, conservation 
of energy and momentum results in a 
narrow neutron energy spread. 

E 'n =
ma

ma +mn

Q+K( )

Q comes from the smaller mass of the alpha and n than for the two hydrogen 
isotopes. [Q = ( md + mt – mα – mn )c2 ] 

K is the kinetic energy of the reacting particles and is determined from the 
overlap of the cross section with the distribution of relative velocities 
between the reacting species. 

The distribution of values of K contributes a minimal amount to the neutron 
energy distribution. 
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Some spread comes from the width of the 
Gamow peak, but not much 
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For a Maxwellian plasma, the ion energy 
falls as exp(-E/kT) 
 
The fusion cross section rises rapidly 
with energy 
 
The Gamow peak is the product, showing 
the peak value of K and the spread 
 
For DT   FWHM of K  Neutron 

    portion 
 

 1 keV  4.7 keV  3.8 keV 
 3 keV  11.9 keV  9.5 keV 

 10 keV  31.8 keV  25.4 keV 
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Motion of the center-of-mass changes the 
neutron energy in the lab frame 
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So the change in the neutron energy due to the center-of-mass motion is: 
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ΔEn is proportional to vcm 
(NOT vcm

2) 
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Two Maxwellians can be expressed in terms 
of relative and center-of-mass velocities 
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For Maxwellians of a 
given temperature: 

The product is given by: 
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Where: 

µ =
mDmT

mD +mT

M =mD +mT

v = vD − vT

V = mDvD +mTvT
mD +mTThus, two Maxwellians have a center-of-

mass distribution with a width: 
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From the width of the center-of-mass 
distribution, the neutron width can be found 
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ΔEn = "En 2
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kT
M

Setting using vcm,z = vcmcos θ, 
and the width of the distribution 
of vcm,z , σv,z=kT/M, gives: 
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Since: !vn =
2 !En

mn

We get: 

σ n =
2mnkT !En

M

See, for example, H. Brysk, Plasma Phys. 15, 611 (1973). 
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The spreading due to the center-of-mass is 
the dominant contribution  

Ion Temperature 
(keV) 

Gamow Peak 
FWHM 
(keV) 

“Brysk” FWHM 
(keV) 

1 3.8 177 

3 9.5 306 

10 25.4 559 
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From the measured neutron width, an ion 
temperature is inferred 
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From the previous slide: 

σ n =
2mnkT !En

M

See, for example, Murphy, Chrien, and Klare, RSI 68, 610 (1997). 

Thus: 

kT = M
2mn !En

σ 2
n
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σn is often measured using the time-of-
flight broadening of the neutron signal. 
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Collective motion of the source leads to 
upshift in one direction, down shift in the 
other 
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Our previous expression, which was used for the center 
of mass velocity of two particles, can be applied to the 
plasma as a whole: 

for the expected shift due to Tion, as discussed in Sec. II.
The expected energy-shift difference for the two shots asso-
ciated with Tion is 2.7 keV.21 The observed difference in
mean energy after correcting for the Tion related shift is
67 6 19 keV, which is substantially larger than the MRS
energy calibration uncertainty (here, the result from
N110620 has been corrected for a measured CD2 foil-
position shift of 370 6 100 lm, while no correction is
applied for N111215, where the foil position is only known
to 61 mm).

MRS measurements of the mean neutron energy have
been made on 28 cryogenically layered DT implosions and
one surrogate26 DT implosion (Fig. 3(a)), and on six DT
exploding pusher implosions (Fig. 3(b)). The mean energies
are reported as shifts relative to the average value of the
mean energy for the cryogenically layered DT implosions,
which is used to define the MRS energy calibration. Note
that two detector arrays are fielded in the MRS (black hollow
symbols and red solid symbols in Fig. 3, respectively). The
average mean energy shift determined from layered and sur-
rogate data recorded on the first detector array (black, 20
shots) is þ2 keV, while the average energy shift for cryo-
genically layered DT data on the second detector array (red,
9 shots) is "4 keV. From these observations, it is clear that
any systematic difference in mean energy between the two
detector arrays is negligible. Unlike for the layered implo-
sions, the “red” array provides a higher average energy shift
for the Exploding Pushers (Fig. 3(b)), further supporting
the conclusion of no significant difference between the two
detector arrays. Data from both detector arrays are conse-
quently used to infer velocity with the same methods and
error analysis, without any detector array-dependent
corrections.

As can be seen in Fig. 3(a), the measured mean energy
shifts for the cryogenically layered DT implosions are gener-
ally small. Comparing individual measurements, velocities
of order 60 km/s are inferred along the MRS LOS for
the extreme cases (N110620, N110914, N111215, and
N120720). When looking at all shots, the calculated reduced

v2 between the experimentally measured values and the “null
velocity” hypothesis is 1.9. In contrast, mean energy shifts
are substantial for a few of the polar direct drive DT explod-
ing pushers (Fig. 3(b)). Determined collective fuel velocities
along the MRS LOS range from "70 6 30 km/s (for shot
N120721) to 210 6 30 km/s (for shot N120217). The calcu-
lated reduced v2 of 12.9 between the six data points and their
average clearly indicates that the data are not consistent with
the “null velocity” hypothesis.

V. DISCUSSION

MRS measurements of the mean energy of the DT neu-
tron spectrum show substantial collective fuel velocities
along the MRS LOS for a few DT exploding pusher implo-
sions driven in polar direct drive configuration. This is not
surprising given the high sensitivity to drive intensity asym-
metries when using this configuration (Sec. I). Measured
collective velocities are indeed found to correlate with out-
of-spec laser intensities. The highest velocity shot N120217,
for example, had eight dropped laser beams in the direction
of the MRS, leading to a drive configuration literally pushing
the implosion towards the MRS.

For cryogenically layered DT implosions, the MRS
measurements indicate, on the other hand, that the collec-
tive fuel velocities along the MRS LOS are low. As dis-
cussed in Sec. I, recent integrated analysis of x-ray and
neutron data indicate a residual kinetic energy of #3 kJ
(Ref. 6) during burn. This energy could go into radial or tur-
bulent flow, or into collective fuel motion of the type dis-
cussed in this paper. If we assume that the energy goes into
collective fuel motion, a 190 km/s velocity must be
invoked. This corresponds to a mean neutron energy shift
of #100 keV, which can in principle be observed by a neu-
tron spectrometer positioned in the line of motion. The ab-
sence of such substantial energy shifts in the MRS data
might indicate that turbulent or radial flows would be a
likely explanation for the missing energy. However, the
MRS measurements would also be consistent with a

FIG. 3. MRS measurement of the mean neutron energy shift for (a) cryogenically layered DT implosions from June 2011 to September 2012 (and DT surrogate
implosion N120923) and (b) polar direct drive DT exploding pusher implosions. All shifts are reported relative to the weighted average for the cryogenically
layered implosions in panel (a) (which is taken as the MRS energy calibration) and after correcting for the expected shift due to Tion (on shots where actual
CD2 foil position data are available, a correction for the foil position has also been applied). The solid red points represent data taken on one MRS detector
array, hollow black points on the other. Velocity along the MRS LOS can be inferred from the energy shift according to vcollective$1.84%DEn. The observed
velocities are small for the layered implosions. Calculated reduced v2 between the experimentally measured values in (a) and the “null velocity” hypothesis is
1.9. On the other hand, observed energy shifts are substantial for a few of the exploding pusher implosions in (b), indicating significant velocity along the
MRS LOS. Here, reduced v2 between the experimentally measured values and the “null velocity” hypothesis is 12.9.

042707-4 Gatu Johnson et al. Phys. Plasmas 20, 042707 (2013)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
192.12.184.6 On: Thu, 27 Mar 2014 18:41:57

Cryo-layered implosions PDD Exploding pushers 

M. Gatu-Johnson et al, Phys Plasmas 20, 042707 (2013). 

M Gatu-Johnson et al report measurements of 
this effect on NIF shots using the MRS. 
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Now consider an ensemble of fluid elements 
with a Gaussian distribution of velocities 
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Why Gaussian? 
Continuous distribution of velocities 
Characterized by a single number 
Simplifies the math 
 

Using: 
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Convolving the contributions of thermal 
CM and fluid CM, we can show: 
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Interpreting the measured neutron width as 
due entirely to ion temperature over 
estimates Ti 
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kT = M
2mn !En

σ 2
n

Using the relationship: 

We can show: 

kTapp =
M

2mn !En

×2mn !E kT
M

+σ 2
v, f

#
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= kT +Mσ 2
v, f

Thus, a Gaussian fluid velocity 
increases the apparent ion 

temperature an amount 
proportional to the sum of the 

masses of the reactants.   

σ v, f =
kTapp − kT

M
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How much energy is contained in the fluid 
velocity? Thermal energy? 
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The kinetic energy can be calculated: 

Ek =V
1
2∫ ρv2 fk v( )d3v

Using a Gaussian distribution: 

fk v f( ) = 1
2πσ v

2( )
3/2 vf

2e−v f
2 /2σ v

2

Which integrates to: 

Ek =
3
2
ρσ v

2V

The thermal energy is given by: 

Eth =V
3
2
ni + ne( )kT

For hydrogenic species, ni=ne, so: 

Eth = 3kT
ρVNA

A
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The fraction of energy in fluid velocity affects 
the apparent ion temperature 
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Note: 
The factor in front of Ek is 2/3 
 
The factor in front of Eth is: 

 2.5/[3(5)] for DT 
 2.5/[3(4)] for DD 

 
Factor of 4.0 for DT 
Factor of 3.2 for DD 

Energy into kinetic 
energy is 3.2 to 4.0 
times as important in 
spreading the 
neutron energy than 
is thermal energy. 
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Increased kinetic energy fraction raises 
apparent ion temperature while lowering 
actual ion temperature 
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10 kJ into 50 µm 
radius plasma 

at 50 g/cm3  
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Conclusions: Stagnation in ICF implosions is 
often incomplete 

§  Ion temperature determination from neutron spectra 
usually assumes a stationary plasma 

§  Residual motion can significantly affect the inference of 
an ion temperature 

§  Comparison of DD and DT ion temperatures in DT 
plasmas can provide a measure of the fluid velocities 
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Imploding/exploding shell of fusing material 
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A uniformly expanding or contracting shell of fusing material will have a 
single velocity, but all directions. In this case, cos θ is uniformly distributed 
between -1 and 1, so based on the expression: 

ΔEn = "En 2
vcm
vn
cosθ
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If the shell has a finite temperature, then the neutron energy distribution is a 
convolution of the Gaussian with the square function described above. 
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Gas bag targets 
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In the early 1990’s, LLNL and LANL 
performed “long scale length plasma” 
experiments to understand LPI effects 
relevant to NIF. 
 
A subset of these were filled with 
deuterated hydrocarbon gas. 
 
 

fill tubes 

aluminum 
washer 

GXI 
imaging J 

Streaked 
' .... 

polyimide skin 

/.75mm 

4.50 mm 

.......... "--""'---h\: --""- ---*-
... imaging 

2.50 mm carbon fibers 

FIG.!. Diagram of a gas bag target showing the aluminum washer, poly-
imide skin, gas fill tubes, and diagnostic views. 

gas is fully ionized during the laser heating pulse, resulting 
in an electron plasma density that is about 0.1 times the 
critical density (n c ) for 0.35 ,urn (3w) laser light. For some 
shots, deuterated neopentane (CSDI2)' or mixtures of C5C12 
and CSD12 are used to study the effect of hydrogen concen-
tration on laser-plasma instability growth. For other shots, 
mixtures of propane (C3Hg) or methane (CH4) are used at 1.0 
atm to produce plasmas with lower electron densities. 

Trace quantities of chlorine (CI) and argon (Ar) are 
added to the gas fill to allow a measurement of the plasma 
electron temperature using K-shell spectroscopy. For some 
shots, 6 or 9 ,urn carbon (C) fibers coated with metals such as 
titanium (Ti) and chromium (Cr) were placed inside the gas 
bag targets. These fibers are heated by the surrounding 
plasma, and the high-Z material expands outward to come 
into pressure eqUilibrium with the O.Inc plasma. The K-shell 
line emission is used to measure Te at different positions in 
the plasma. Details of the spectroscopy measurements are 
presented elsewhere.9.10 

III. GAS BAG EXPERIMENTS 

The gas bag target is heated by the Nova laser, with 
approximately 25 kJ of 3w light. Nine beams each deliver 
2.5 kJ to the target in a I ns square pulse. The tenth beam 
(beam 7) is used as a plasma probe, with approximately 2 kJ 
of laser energy, delayed 500 ps relative to the other beams. 
This probe beam is configured with a random phase plate. 
Results of the interaction of this beam with the underdense 
gas bag plasma are presented elsewhere.6 

In order to generate a uniform plasma for the laser-
plasma interaction experiments, various laser focusing geom-
etries were tested for the nine heater beams. The uniformity 
of the plasma was characterized with time-resolved x-ray 
pinhole images recorded using the gated x-ray imager 
(GXn.ll the west axial imager (WAX),12 and a streaked 
x-ray pinhole camera. The pinhole cameras are positioned to 
view the plasma. as shown in Fig. 1. The pinhole cameras are 
filtered to record images in x rays greater than about 2.5 ke V 

3162 Phys. Plasmas, Vol. 2, No.8, August 1995 

f" }. 

'" <. 

./ 
';' 

0.5 nun/division 

FIG. 2. Sequence of GXI images showing (a) the laser beam imprint on the 
polyimide skin and (b)-(d) the laser heating the full gas in a CsH12-filled gas 
bag as a function of time. The vertical color bar is linear with x-ray intensity. 
Black corresponds to maximum x-ray emission. 

energy. Such x rays are produced both by carbon free-free 
emission, as well as by Ar and CI K-shell line emission from 
the dopants added to the gas. 

A. Converging beam spots 

In one set of experiments. the gas bags are illuminated 
with large spot. converging focus beams that overlap to 
cover most of the target surface. The heater beams in each 
cluster are aligned and focused to a point along the washer 
axis at the plane of the washer surface on that side. The focus 
for each beam is then moved 6.78 mm farther into the gas 
bag along the beam direction, so that the beams are converg-
ing with a 1.7 mm diam at the surface of the target. This 
results in most of the poly imide skin being directly heated at 
nearly a uniform intensity of 1.3 X 1014 W!cm2• The Laser 
imprint is clearly visible in x-ray emission in Fig. 2, as the 
high-density skin is initially heated. The structure that is vis-
ible is due to a beam block positioned in the center of each 
beam. In some images, the different segments of the KDP 
crystal frequency conversion array are also visible. 

It takes approximately 100-200 ps for the ionization 
front of the heater beams to propagate far enough into the 
gas bag to blur out the structure of the individual beam spots. 
The laser ionization front propagates through the gas volume 
of the target, ionizing and heating it to create a large plasma. 

A scatter plate was installed in the Nova target chamber 
directly opposite one of the beams (beam 7). The 3w laser 
light that is transmitted through the plasma late in time 
strikes the plate and is scattered. This scattered light is re-
corded with an optical streak camera positioned to view the 
scatter plate. The time history of the scattered light shows the 
time the ionization front propagates through to the center of 
the gas bag. Once the ionization front reaches the center of 

Kalantar et al. 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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Kalantar et al, Phys Plasmas 2, 3161 (1995). 

one expects with a Maxwellian ion distribution. Neutron
spectra from gas bag targets appear in several cases to be
composed of a wide plateau and a narrow peak.

The gas bag neutron spectra can be analyzed using a
model which assumes that, in addition to neutrons coming
from a stationary plasma at a given ion temperature, there are
also neutrons born in an expanding shell of plasma. Figure 2
shows fits using this model for the summed spectra from all
of the deuterated gas bags for which Tion data were available
at the time of this analysis ~a! and for one particular target
~b!. In both cases, expansion velocities of about 83107 cm/s
are implied ~approximately twice the sound speed at Te53
keV!, and the derived ion temperatures are significantly re-
duced from that obtained using a single-Gaussian fit. Scat-
tered neutrons which arrive late at Tion may exaggerate the
neutron population on the low-energy side of the peak; how-
ever, neutron spectra from implosions of deuterium-filled
capsules do not show this effect ~Fig. 3!.

IV. IMPLOSIONS WITH DEUTERATED PLASTIC
SHELLS

Mix of pusher material into fuel due to growth of hydro-
dynamic instabilities can reduce the performance of ICF cap-
sules. Indirect-drive experiments have been performed with

ICF capsules with varying surface finish in an effort to dem-
onstrate that mix can be measured by observing the decrease
in neutron yield with increasing surface roughness.17

A complementary set of experiments were performed in
which hydrogen was substituted for the deuterium fuel, and
the pusher was replaced with deuterated plastic.9 In this ex-
periment, mix might be expected to increase neutron yield as
pusher material heats up due to its contact with hot fuel. This
is shown to be a minor effect, however, as the density of the
deuterium introduced decreases while the temperature in-
creases with increasing surface roughness

The neutron yield obtained in simulations of these im-
plosions @Fig. 4~a!# are in very good agreement with the
measured values over the range of surface finished used in
the experiments. The ion temperatures derived from the neu-
tron spectra are, however, much larger than in the simula-
tions. This is difficult to reconcile since the measured ion
temperature would imply a reaction rate which is a factor of
200 higher than that obtained from the simulations.9

The predicted ion temperature of about 0.55 keV would
lead to a neutron energy width of about 60 keV FWHM. The
measured spectra instead had a width, summed over all
shots, of 99 keV.9 If the width is increased due to a spherical
contraction of the neutron emitting region, then the neutron
width will increase linearly with the radial velocity of the
contraction ~rather than in quadrature!. The measured half
width of the neutron energy spectrum then is seen to increase
over the predicted by about 20 keV. From Eq. ~3!, this cor-
responds to a radial velocity of 93106 cm/s. This is in the
middle of the range predicted by the numerical simulations
for the flow speeds of the spikes during the period during
which the neutrons are produced.9

FIG. 2. Summed neutron spectra ~a! from all deuterated gas bag targets ~d!,
along with a Gaussian fit ~thin line!, and a fit which assumes both a Gauss-
ian component and an expanding shell of hot gas ~thick line!. The Gaussian
fit implies an ion temperature of 3.5 keV, while the modified fit implies only
1.6 keV with an expansion velocity of 8.13107 cm/s; and ~b! data from a
single shot in which the fit corresponds to an ion temperature of 0.75 keV
and an expansion velocity of 7.83107 cm/s.

FIG. 3. A comparison of the high-energy wings of the neutron energy dis-
tribution for the sum of all deuterated gas bags and for the sum of implo-
sions demonstrating that implosions do not create the increased high-energy
distribution seen in gas bag targets.

616 Rev. Sci. Instrum., Vol. 68, No. 1, January 1997 Plasma diagnostics

Neutron spectra had a broad 
component not seen in spectra from 
implosions. 
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Gas bag neutron spectra could be fit with a 
temperature and an expansion velocity 
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Plasma Phys. Control. Fusion 53 (2011) 045002 B Appelbe and J Chittenden
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Figure 4. The neutron spectra produced by a uniform imploding shell of deuterium with
T = 0.5 keV are shown in the top diagram for implosion velocities of 3 × 105 m s−1 and
6 × 105 m s−1. The spectrum produced by a stationary Maxwellian plasma with T = 0.5 keV
is shown for comparison. The thermal velocity at this temperature is vth =

√
3T/mi =

2.68 × 105 m s−1. The corresponding spectra for T = 2 keV are shown in the bottom diagram
where vth = 5.36 × 105 m s−1.

temperature is shown as a contour plot for a range of temperatures and implosion velocities.
The broadening factor is greatest for low temperature and high implosion velocity plasma
shells. However, even in the temperature range 1–8 keV a broadening factor of 2 can occur for
implosion velocities of the order 105 m s−1.

4.4. Beam–target example

Beam–target plasmas can arise in the case of neutral beam heating in Tokamaks [13] and due
to transient electric fields in deuterium z-pinches [14]. We can use (40) to study the neutron
spectrum arising from such a beam–target interaction. As in the case of a plasma with bulk
fluid motion the spectrum will be anisotropic with the greatest energy shift being in the beam
direction. However, unlike the bulk fluid motion case, the number of neutrons emitted is also
anisotropic, with the greatest number emitted in the beam direction.

The parameters that determine the beam–target neutron spectrum include the target
temperature, beam energy and dispersion of the beam, the most important of which are the
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Appelbe and Chittenden, Plasma Phys 
Control. Fusion 53, 045002 (2011). 

Appelbe and Chittenden 
provide a formal, accurate 
derivation of this distribution.  
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which is the equation used in ref. 17 to fit the non-gaussian portion of the spectrum from

experiments investigating large scale-length plasmas [19].

Appelbe and Chittenden [20] have reported a general method for calculating the spectrum

of fusion products with arbitrary distribution functions for the reacting particles, including

bulk motion or drifts. Their techniques allow calculations without approximation, allowing

the comparison to approximation methods to verify their validity. As examples, they include

the spectrum from a drifting plasma and for imploding shells.

In this paper, the e↵ects of a distribution of fluid velocities on the neutron spectrum

from a fusion plasma are derived. We consider the case where some fraction of the energy

delivered to a fusion plasma is turbulent kinetic energy rather than thermal energy, while

the total energy delivered to the fuel remains constant. It will be shown that kinetic fluid

motion has a greater e↵ect on the width of the neutron spectrum than an equal amount of

thermal energy. Thus, if some fraction of the energy delivered to the fuel remains in the

form of turbulent kinetic energy, the ion temperature of the plasma will be decreased due

reduced thermal energy, but the width of the neutron spectrum will actually increase. The

broadening is shown to be greater for DT neutrons than for DD neutrons, leading to higher

DT ion temperatures on experiments in which both DD and DT neutrons are measured.

This provides a means to estimate the importance of turbulent broadening.

II. EFFECT OF KINETIC ENERGY ON THE NEUTRON WIDTH

If we assume a plasma with a uniform temperature T and density ⇢, and a volume V ,

and assume that the energy is distributed between thermal energy and kinetic energy, then
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which is the equation used in ref. 17 to fit the non-gaussian portion of the spectrum from

experiments investigating large scale-length plasmas [19].
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of fusion products with arbitrary distribution functions for the reacting particles, including

bulk motion or drifts. Their techniques allow calculations without approximation, allowing

the comparison to approximation methods to verify their validity. As examples, they include

the spectrum from a drifting plasma and for imploding shells.

In this paper, the e↵ects of a distribution of fluid velocities on the neutron spectrum

from a fusion plasma are derived. We consider the case where some fraction of the energy

delivered to a fusion plasma is turbulent kinetic energy rather than thermal energy, while

the total energy delivered to the fuel remains constant. It will be shown that kinetic fluid

motion has a greater e↵ect on the width of the neutron spectrum than an equal amount of

thermal energy. Thus, if some fraction of the energy delivered to the fuel remains in the

form of turbulent kinetic energy, the ion temperature of the plasma will be decreased due

reduced thermal energy, but the width of the neutron spectrum will actually increase. The

broadening is shown to be greater for DT neutrons than for DD neutrons, leading to higher

DT ion temperatures on experiments in which both DD and DT neutrons are measured.
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The convolution of a Gaussian and a square 
function can be written: 

one expects with a Maxwellian ion distribution. Neutron
spectra from gas bag targets appear in several cases to be
composed of a wide plateau and a narrow peak.

The gas bag neutron spectra can be analyzed using a
model which assumes that, in addition to neutrons coming
from a stationary plasma at a given ion temperature, there are
also neutrons born in an expanding shell of plasma. Figure 2
shows fits using this model for the summed spectra from all
of the deuterated gas bags for which Tion data were available
at the time of this analysis ~a! and for one particular target
~b!. In both cases, expansion velocities of about 83107 cm/s
are implied ~approximately twice the sound speed at Te53
keV!, and the derived ion temperatures are significantly re-
duced from that obtained using a single-Gaussian fit. Scat-
tered neutrons which arrive late at Tion may exaggerate the
neutron population on the low-energy side of the peak; how-
ever, neutron spectra from implosions of deuterium-filled
capsules do not show this effect ~Fig. 3!.

IV. IMPLOSIONS WITH DEUTERATED PLASTIC
SHELLS

Mix of pusher material into fuel due to growth of hydro-
dynamic instabilities can reduce the performance of ICF cap-
sules. Indirect-drive experiments have been performed with

ICF capsules with varying surface finish in an effort to dem-
onstrate that mix can be measured by observing the decrease
in neutron yield with increasing surface roughness.17

A complementary set of experiments were performed in
which hydrogen was substituted for the deuterium fuel, and
the pusher was replaced with deuterated plastic.9 In this ex-
periment, mix might be expected to increase neutron yield as
pusher material heats up due to its contact with hot fuel. This
is shown to be a minor effect, however, as the density of the
deuterium introduced decreases while the temperature in-
creases with increasing surface roughness

The neutron yield obtained in simulations of these im-
plosions @Fig. 4~a!# are in very good agreement with the
measured values over the range of surface finished used in
the experiments. The ion temperatures derived from the neu-
tron spectra are, however, much larger than in the simula-
tions. This is difficult to reconcile since the measured ion
temperature would imply a reaction rate which is a factor of
200 higher than that obtained from the simulations.9

The predicted ion temperature of about 0.55 keV would
lead to a neutron energy width of about 60 keV FWHM. The
measured spectra instead had a width, summed over all
shots, of 99 keV.9 If the width is increased due to a spherical
contraction of the neutron emitting region, then the neutron
width will increase linearly with the radial velocity of the
contraction ~rather than in quadrature!. The measured half
width of the neutron energy spectrum then is seen to increase
over the predicted by about 20 keV. From Eq. ~3!, this cor-
responds to a radial velocity of 93106 cm/s. This is in the
middle of the range predicted by the numerical simulations
for the flow speeds of the spikes during the period during
which the neutrons are produced.9

FIG. 2. Summed neutron spectra ~a! from all deuterated gas bag targets ~d!,
along with a Gaussian fit ~thin line!, and a fit which assumes both a Gauss-
ian component and an expanding shell of hot gas ~thick line!. The Gaussian
fit implies an ion temperature of 3.5 keV, while the modified fit implies only
1.6 keV with an expansion velocity of 8.13107 cm/s; and ~b! data from a
single shot in which the fit corresponds to an ion temperature of 0.75 keV
and an expansion velocity of 7.83107 cm/s.

FIG. 3. A comparison of the high-energy wings of the neutron energy dis-
tribution for the sum of all deuterated gas bags and for the sum of implo-
sions demonstrating that implosions do not create the increased high-energy
distribution seen in gas bag targets.

616 Rev. Sci. Instrum., Vol. 68, No. 1, January 1997 Plasma diagnostics
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spectra: 0.75 keV, 7.8 × 107 cm/s 
expansion. 
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one expects with a Maxwellian ion distribution. Neutron
spectra from gas bag targets appear in several cases to be
composed of a wide plateau and a narrow peak.

The gas bag neutron spectra can be analyzed using a
model which assumes that, in addition to neutrons coming
from a stationary plasma at a given ion temperature, there are
also neutrons born in an expanding shell of plasma. Figure 2
shows fits using this model for the summed spectra from all
of the deuterated gas bags for which Tion data were available
at the time of this analysis ~a! and for one particular target
~b!. In both cases, expansion velocities of about 83107 cm/s
are implied ~approximately twice the sound speed at Te53
keV!, and the derived ion temperatures are significantly re-
duced from that obtained using a single-Gaussian fit. Scat-
tered neutrons which arrive late at Tion may exaggerate the
neutron population on the low-energy side of the peak; how-
ever, neutron spectra from implosions of deuterium-filled
capsules do not show this effect ~Fig. 3!.

IV. IMPLOSIONS WITH DEUTERATED PLASTIC
SHELLS

Mix of pusher material into fuel due to growth of hydro-
dynamic instabilities can reduce the performance of ICF cap-
sules. Indirect-drive experiments have been performed with

ICF capsules with varying surface finish in an effort to dem-
onstrate that mix can be measured by observing the decrease
in neutron yield with increasing surface roughness.17

A complementary set of experiments were performed in
which hydrogen was substituted for the deuterium fuel, and
the pusher was replaced with deuterated plastic.9 In this ex-
periment, mix might be expected to increase neutron yield as
pusher material heats up due to its contact with hot fuel. This
is shown to be a minor effect, however, as the density of the
deuterium introduced decreases while the temperature in-
creases with increasing surface roughness

The neutron yield obtained in simulations of these im-
plosions @Fig. 4~a!# are in very good agreement with the
measured values over the range of surface finished used in
the experiments. The ion temperatures derived from the neu-
tron spectra are, however, much larger than in the simula-
tions. This is difficult to reconcile since the measured ion
temperature would imply a reaction rate which is a factor of
200 higher than that obtained from the simulations.9

The predicted ion temperature of about 0.55 keV would
lead to a neutron energy width of about 60 keV FWHM. The
measured spectra instead had a width, summed over all
shots, of 99 keV.9 If the width is increased due to a spherical
contraction of the neutron emitting region, then the neutron
width will increase linearly with the radial velocity of the
contraction ~rather than in quadrature!. The measured half
width of the neutron energy spectrum then is seen to increase
over the predicted by about 20 keV. From Eq. ~3!, this cor-
responds to a radial velocity of 93106 cm/s. This is in the
middle of the range predicted by the numerical simulations
for the flow speeds of the spikes during the period during
which the neutrons are produced.9

FIG. 2. Summed neutron spectra ~a! from all deuterated gas bag targets ~d!,
along with a Gaussian fit ~thin line!, and a fit which assumes both a Gauss-
ian component and an expanding shell of hot gas ~thick line!. The Gaussian
fit implies an ion temperature of 3.5 keV, while the modified fit implies only
1.6 keV with an expansion velocity of 8.13107 cm/s; and ~b! data from a
single shot in which the fit corresponds to an ion temperature of 0.75 keV
and an expansion velocity of 7.83107 cm/s.

FIG. 3. A comparison of the high-energy wings of the neutron energy dis-
tribution for the sum of all deuterated gas bags and for the sum of implo-
sions demonstrating that implosions do not create the increased high-energy
distribution seen in gas bag targets.
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Summed spectra from all deuterated 
GASBAG targets: 
 
Gaussian fit gives 3.5 keV 
Shell fit gives 1.6 keV, 8.1 × 107 cm/s 
 
Murphy, Chrien, and Klare, RSI 68, 614 (1997); 
Chrien et al, Phys Plasmas 5, 768 (1998). 

V. CONCLUSIONS

Ion temperatures derived from neutron energy spectra
have been shown to be invalid under circumstances in which
bulk motion of the reacting plasma is present. Expansion at
velocities near the sound speed appear to be present in open
geometry ‘‘gas bag’’ targets, producing neutron energy spec-
tra which imply much higher ion temperatures than are con-
sistent with the neutron yields. Likewise, flow velocities in
deuterated plastic shell targets have lead to wider neutron
spectra than predicted in simulations that accurately predict
neutron yield.

In order to prevent future confusion in the interpretation
of experimentally determined ion temperatures, the effects of
flows should be included in any simulation of experiments in
which the neutron-emitting region may exhibit bulk motion
relative to the neutron detector. If this is done, neutron data
will reveal information on the structure of flow rates in the
plasma as well as information about the temperature of the
reacting region.
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Chrien’s CD shell implosions match the 
simulated neutron yield, but apparent 
Tion is off by a factor of three. 
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Examples: Landen Ge-doped, high-
convergence Nova implosions 

§  O. L. Landen, et al [Phys. Plasmas 3, 2094 (1996)] 
reported: 
–  Temperatures 30% greater than calculated for indirectly 

driven capsule experiments performed on the Nova laser 
–  Simulated yield was 3–4 times the observed yield. 
–  Attribute the effects to a smaller emitting core than 

calculated with less burn in the cooler regions outside the 
core so that the burn-averaged ion temperature is higher 
than calculated.  
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V. CONCLUSIONS

Ion temperatures derived from neutron energy spectra
have been shown to be invalid under circumstances in which
bulk motion of the reacting plasma is present. Expansion at
velocities near the sound speed appear to be present in open
geometry ‘‘gas bag’’ targets, producing neutron energy spec-
tra which imply much higher ion temperatures than are con-
sistent with the neutron yields. Likewise, flow velocities in
deuterated plastic shell targets have lead to wider neutron
spectra than predicted in simulations that accurately predict
neutron yield.

In order to prevent future confusion in the interpretation
of experimentally determined ion temperatures, the effects of
flows should be included in any simulation of experiments in
which the neutron-emitting region may exhibit bulk motion
relative to the neutron detector. If this is done, neutron data
will reveal information on the structure of flow rates in the
plasma as well as information about the temperature of the
reacting region.
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σ v, f =
kTapp − kT

M

Chrien et al imploded H-filled CD shells 
with varying surface roughness. 
 
Yield agreed with simulations; Ti did not. 
 
Assuming simulated Ti (0.6 keV) is 
correct and measured Ti (1.4 keV) is 
affected by motion, 

R. E. Chrien, N. M. Hoffman, J. D. Colvin, C. J. Keane, O. L. 
Landen, and B. A. Hammel, Phys. Plasmas 5, 768 (1998). 

Gives a velocity of 1.4 × 107 cm/s.  
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σ v, f =
kTapp − kT

M

Rigg et al imploded capsules with 
deuterium and 3He fill. They measured 
the yield of D(d,n)3He and 3He(d,p)4He. 
The ratio of the rates of these reactions 
is temperature dependent. 
 
Temperature from neutron spectroscopy 
exceeded that from yield ratios by 0.7 to 
1.7 keV. Using 

J. R. Rygg, J. A. Frenje, C. K. Li, F. H. Seguin, R. D. Petrasso, J. A. Delettrez, V. Y. 
Glebov, V. N. Goncharov, D. D. Meyerhofer, S. P. Regan, T. C. Sangster, and C. 
Stoeckl, Phys. Plasmas 13, 052702 (2006).  

Gives a velocity of 1.7 ± 0.4 × 107 cm/s.  10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

101

D
3 H

e/
D

D
 re

ac
tio

n 
ra

te
 ra

tio

0.1
2 4 6

1
2 4 6

10
2 4 6

100
Temperature (keV)



Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA 

UNCLASSIFIED 

Examples: Cyro-layered implosions on NIF 

Slide 26 

σ v, f =
kTapp − kT

M

Jones et al describe detailed modeling of cryogenic layered experiments 
on NIF. 
 
Simulations gave 3.4 keV expected ion temperature 
 
Measurements gave 4.43 keV. 
 
Assuming the simulation is correct, using: 
   

O. S. Jones et al, Phys. Plasmas 19, 056315 (2012).  

Gives a velocity of 1.4 × 107 cm/s.  
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σ v, f =
kTapp − kT

M

O. A. Hurricane et al report both DD and DT ion temperatures in their Nature 
paper. The ratio of TiDT to TiDD is 1.16 for one shot and 1.23 for a second. 
1.23 is near the value (1.25) when fluid velocity dominates the width. 
 
Park et al report DT ion temperatures that exceed simulated by 1.25±0.16 
keV (4.2 vs 2.95), and DD ion temperatures that exceed simulated by 
0.9±0.2 keV (3.7 vs 2.8). 
 
Using 

O. A. Hurricane et al, Nature 506, 0343 (2014). 
H.-S. Park et al, Phys. Rev. Lett. 112, 055001 (2014).  

Gives a velocity of  
   DT:   1.55 ± 0.10 × 107 cm/s 
   DD:  1.46 ± 0.16 × 107 cm/s 

Thus, a single velocity of ~1.5 × 107 cm/s brings the temperatures into 
agreement with each other and with simulations. 
Shell velocity was 3.12 × 107 cm/s  
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Things not considered but possibly relevant 

§  Kinetic effects 
–  Separation of D and T, increasing one relative to the 

other in hotter regions 
–  Long mean free paths relative to ion temperature 

gradient, hot ions escaping into cold plasma resulting 
in net outward motion 

§  Different temperatures for D and T 
§  Inaccuracies in the response function of current-mode 

neutron detectors 
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LLNL believes that they see apparent ion 
temperature anisotropies 

§  Different apparent ion temperatures are seen on different 
detectors at different locations 

§  Temperatures ranged from, for example, 2 to 4 keV on a 
single shot 

§  They believe that this may be an indication of anisotropic 
fluid motion in the burning plasma 
–  Working to develop models to determine fluid motions from observed ion 

temperatures 
–  Limited to low-mode by the analysis techniques 
–  Limited views prevent detailed analysis 
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Can experiments be performed to test this? 

§  Perform implosions with ~1% T and ~1% 3He in 
deuterium 
–  Use yield ratios of D3He to DD to get actual ion temperatures  
–  Compare DD and DT apparent ion temperatures to obtain fluid 

motion, and therefore corrected nToF ion temperatures 

§  Vary the fluid motion through: 
–  Drive asymmetry [Thomas & Kares, PRL 109, 075004 (2012)] 
–  Capsule roughness [Landen et al, JQSRT 54, 245 (1995)] 
–  Capsule shape [Dodd et al, LA-UR-13-20274] 
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