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§ Energetic charged particles lose energy via Coulomb collisions with background 
electrons and ions, and coupling to plasma waves, as they move through a plasma 
(dE/dx)

§ Stopping power in high-energy-density plasmas has been a challenging problem for 
both theory and experiment, especially in degenerate/strongly-coupled plasmas 
and/or near the maximum in dE/dx (‘Bragg peak’)

§ In the past few years several new experiments have provided strong constraints on 
dE/dx at relevant conditions and are distinguishing stopping models

Charged-particle transport is important microphysics for fusion 
scenarios and understanding basic plasmas
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§ Review of theoretical models and motivation

§ Overview of parameter space

§ First measurement of dE/dx in warm-dense-matter plasma

§ Accelerator beams through laser-generated plasmas

§ Exploding pusher D3He self-emission

§ Shock-compressed WDM on NIF

§ Summary and future problems

Outline
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Energy balance in ICF depends on transport properties mediated by 
charged-particle interactions (dE/dx is one)

Equation of state

Radiation

T-relaxation

Thermal conduction

Stopping power

Not Shown:
Electrical conduction
Diffusion

Mediated by 
charged 
particle 

interactions

Paul Grabowski
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Stopping power is a fundamental transport property and 
important for applications (ICF)

plasma

E0 E1 < E0
+

dE/dx: energy loss rate from a projectile to the plasma particles:

In addition to a fundamental measurement, stopping power is 
important for fusion self-heating and burn, and some alternative 

fusion concepts (heavy-ion drivers, proton fast ignition)
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Stopping power is simple in ‘ideal’ plasmas, but becomes 
complex when other effects are important

For a fast projectile in a low density high-temperature plasma, you can quickly 
derive a textbook/Spitzer type of stopping power based on binary collisions 
between a ‘test’ particle (t) and field particle (f):

5

Probing charged-particle stopping inWDM plasma

5.1 Introduction

Fusion reactions of interest to terrestrial energy production and laboratory nuclear astrophysics
commonly produce energetic charged particles. As these products traverse any ambient material,
they lose momentum via Coulomb collisions with ions and electrons in that material. This problem
was first treated by Bohr, who was interested in energetic ↵ particles traversing material1. The
rate of energy loss per path length traversed (dE/dx) is called the ‘stopping power’.

For nomenclature, the particle of interest (traversing the ambient material and losing energy)
is typically referred to as the ‘test particle’ (subscript t) or ‘projectile’. The ambient material is
composed of ‘field’ (subscript f), ‘plasma’, or ‘background’ particles.

A simple expression for the stopping power can be derived (following Ref. 2). In a collision
with an ambient particle, the energy transferred is

�E =
(�p)2

2mf

. (5.1)

Note the inverse dependence on the field particle mass - in most cases, the field electrons will
dominate the stopping power. The momentum transferred in a Coulomb collision is2:

�p =
2mfvtp

1 + (b/r0)2
, (5.2)

where b is the impact parameter, vt is the test particle velocity, and

r0 =
ZfZte2

mfv2t
(5.3)

is referred to as the ‘Landau length’, also referred to as b90 or the impact parameter corresponding
to a 90� collision. Z refers to the charge of the particles in atomic units, and e is the fundamental
charge. The energy exchanged is thus

�E =
2(ZtZfe2)2

mfv2t

1

b2 + r2
0

. (5.4)
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Combining these results, the stopping power can be written:

dE

dx
= �

4⇡(ZtZfe2)2

mfv2t
nf log⇤, (5.5)

where nf is the field-particle number density; this expression is often simplified with the field plasma
frequency !2

pf
⌘ 4⇡Z2

f
e2nf/mf to:

dE

dx
= �

✓
Zte

vt

◆
2

!2

pf
log⇤. (5.6)

The quantity log⇤ is the ‘Coulomb Logarithm’ (sometimes referred to as the ‘Stopping Number’
L). In this simple derivation, it is given by an integral over possible impact parameters:

log⇤ =

Z
bmax

0

bdb

b2 + r2
0

=
1

2
log

✓
1 +

b2max

r2
0

◆
, (5.7)

where bmax is a quasi-arbitrary cuto↵, necessary to prevent a logarithmic divergence, but physically
motivated. The last expression is often approximated as log⇤ ⇡ log(bmax/r0) in the limit bmax �
r0.

The preceding derivation treated classical binary collisions with free field particles. In general,
stopping theories can be grouped into a categories such as bound-electron stopping, binary collisions
with free field particles, and plasma dielectric response theories. More generally a mixture of the
three may be appropriate, depending on the the ambient material. Brief summaries of the stopping
power in these regimes is given in the following sections.

5.1.1 Bound-electron stopping theory

The physics of stopping on bound electrons was first treated in detail by Bethe3 and Bloch4. The
stopping power is taken in the form of Eq. 5.5 with the Coulomb logarithm given as the ratio of
the maximum to minimum momentum transfer in a collision with an electron. The latter is taken
as the electron’s ionization energy, and the former is taken as 2mev2t , so that:

log⇤ = log

✓
2mev2t

I

◆
. (5.8)

In systems with multiple electron energy levels, an average-ionization potential is used (I ! Ī),
which is typically defined as

Zb log Ī
X

n

fn logEn, (5.9)

where for each electron state n, fn is the oscillator strength and En is the binding energy2. In
practice, e↵ective ionization potentials are often determined from experimental data5.

5.1.2 Binary collision stopping theory

In plasmas, the binary collision stopping theory is typically approached through the kinetic equa-
tions6. More recently and of relevance to ICF, the Li-Petrasso theory7,8 is commonly used. The
result is close to Eq. 5.5, except a correction is added for low particle energies in the form of the
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Combining these results, the stopping power can be written:

dE
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mfv2t
nf log⇤, (5.5)

where nf is the field-particle number density; this expression is often simplified with the field plasma
frequency !2

pf
⌘ 4⇡Z2

f
e2nf/mf to:

dE

dx
= �

✓
Zte

vt

◆
2

!2

pf
log⇤. (5.6)

The quantity log⇤ is the ‘Coulomb Logarithm’ (sometimes referred to as the ‘Stopping Number’
L). In this simple derivation, it is given by an integral over possible impact parameters:

log⇤ =

Z
bmax

0

bdb

b2 + r2
0

=
1

2
log

✓
1 +

b2max

r2
0

◆
, (5.7)

where bmax is a quasi-arbitrary cuto↵, necessary to prevent a logarithmic divergence, but physically
motivated. The last expression is often approximated as log⇤ ⇡ log(bmax/r0) in the limit bmax �
r0.

The preceding derivation treated classical binary collisions with free field particles. In general,
stopping theories can be grouped into a categories such as bound-electron stopping, binary collisions
with free field particles, and plasma dielectric response theories. More generally a mixture of the
three may be appropriate, depending on the the ambient material. Brief summaries of the stopping
power in these regimes is given in the following sections.

5.1.1 Bound-electron stopping theory

The physics of stopping on bound electrons was first treated in detail by Bethe3 and Bloch4. The
stopping power is taken in the form of Eq. 5.5 with the Coulomb logarithm given as the ratio of
the maximum to minimum momentum transfer in a collision with an electron. The latter is taken
as the electron’s ionization energy, and the former is taken as 2mev2t , so that:

log⇤ = log

✓
2mev2t

I

◆
. (5.8)

In systems with multiple electron energy levels, an average-ionization potential is used (I ! Ī),
which is typically defined as

Zb log Ī
X

n

fn logEn, (5.9)

where for each electron state n, fn is the oscillator strength and En is the binding energy2. In
practice, e↵ective ionization potentials are often determined from experimental data5.

5.1.2 Binary collision stopping theory

In plasmas, the binary collision stopping theory is typically approached through the kinetic equa-
tions6. More recently and of relevance to ICF, the Li-Petrasso theory7,8 is commonly used. The
result is close to Eq. 5.5, except a correction is added for low particle energies in the form of the
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tions6. More recently and of relevance to ICF, the Li-Petrasso theory7,8 is commonly used. The
result is close to Eq. 5.5, except a correction is added for low particle energies in the form of the

log⇤ = log
⇣

�D
bmin

⌘

This breaks down when:
• Restrictions on plasma particle states 

(bound electrons, degeneracy)
• Non-uniformity in the plasma (strongly-

coupled systems)
• Collective effects of the plasma 
• Projectile velocity comparable to the 

thermal velocity (Bragg peak)
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Schematic of the stopping power:

�dhEi
dx

v

slow

moderate
fast

Diffusion
Temp. Relaxation
DC Conductivity

Stopping in HDM
Thermal Conductivity

Stopping in CDM and 
WDM

vi ve

Paul Grabowski

“Bragg peak”
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§ Lenard-Balescu: Weak interactions, dynamical many-body effects. Maynard-Deutsch (MD)1

§ Boltzmann: Binary approximation, employ a known, numerically-generated, or experimentally-
measured cross section. + basic ‘collective effects’, get Li-Petrasso (LP)2

§ Gould-Dewitt: T-Matrix3 gives low velocity limit to infinite order, essentially a combination of 
Lenard-Balescu and Boltzmann

§ Brown-Preston-Singleton4: Uses dimensional continuation analysis to cancel small and large k 
Coulomb divergences (weakly-coupled non-degenerate)

General categories of theories:

@hEi
@t

=
@hEi
@t

static

T-Matrix
+

@hEi
@t

dynamics

Born
� @hEi

@t

static

Born

@E

@t
= lim

D!3�

@E

@t
+ lim

D!3+

@E

@t
1: G. Maynard, C. Deutsch, Phys. Rev. A (1982)
2: C.K. Li, R.D. Petrasso., Phys. Rev. Lett. (1993)
3: D.O. Gericke et al., Phys. Lett. A (1996)
4: L.S. Brown et al., Phys. Reports (2005)
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For ICF, we want to know the DT-a range to about 10-15%

Stopping range

Other problems (tent, 
asymmetry, RT, …)

Good

Bad

Failure in 1D w/ no other problems

Failure even with 
local deposition

Nominal

Where we want to be

Where are we?

Steve HaanEnergy required to get ignition is roughly linear with stopping range

Other assumptions include partition to electron/ion populations and modification of DT reactivity
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Stopping in colder denser material does not matter to getting 
ignition

Radius

Density, temperature We need the a’s to stop in the hot, relatively low-density hot-
spot

They DO stop when they get to the edge of the hot-spot

The only leverage could be the shape of the profile as it 
affects deceleration Rayleigh-Taylor, but for ±50% multipliers 
the profile looks the same until burn is robust, if it ever is

Stopping in the colder denser fuel CAN matter to 
higher order processes that can be used as diagnostics

Steve Haan

Uncertainty in dE/dx (a range):
>25%: “LIFE” changing
10-20% Important but not dominant
<10%: ”Good enough”
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More generally we are interested plasmas that are non-equilibrium, 
multispecies and involve a variety of radiative, atomic and thermonuclear 
processes

-329 cm 10

-327 cm 10

-325 cm 10

-323 cm 10

-321 cm 10
eV 104eV 10 eV 102 eV 103

-321 cm 10

de
ns

ity

Temperature

HydrogenHydrogen+3%Au

Stro
ngly

Coupled

Modera
tel

y C
oupled

Wea
kly

 Coupled
 

Characteristics of hot dense radiative plasmas:
• Non-equilibrium (multi-temperature)
• Multi-species

– Low Z ions (p, D, T, He3..)
– High Z impurities (C, N, O, Cl, Xe..)

• Atomic and radiative processes
– Photoionization
– Electron impact ionization

• Thermonuclear (TN) burn
• Hydrodynamic mixing and turbulence
• Transport effects

– Conductivity
– Viscosity Iso-contours of Gei

Frank Graziani
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Codes that model HED rely on models that need to be validated with 
experimental data and underwritten by high fidelity physics codes 

ICF

-
-

-
-

--+ +
+

+
+

Electron-ion
coupling

Ion stopping
power

Thermonuclear
reactions

Conduction, diffusion, viscosity

Design codes

Turbulence and mix

Frank Graziani
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Programmatically relevant HED experiments are driven by asking 
what matters and how accurate do I need the physics?

Application

Physics 
requirement

HED  experiments
High fidelity 

physics codes

Design Code

Assess impact
Are we done? Drivers and priority

Improved physics 
Regimes of validity
Defines bounds

Defines data and
physics needs 

Frank Graziani
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How should we use HED experimental capabilities to validate 
models and advance our understanding of burn physics?

• Stewardship
• Design codes underwritten by data and theory provide the basis

• HED experiments and programmatic applications
• What constitutes a programmatically relevant experiment?
• HED experiments must confirm, refute or improve our computations
• Programmatically relevant data must

• Validate a model or set of equations 
• Improve a model or set of equations

• Prioritization of areas of investigation is critical
• …not everything matters 
• Relevant regimes are important

Validate dE/dx 
models in some 
relevant regimes

Frank Graziani
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§ Review of theoretical models and motivation

§ Overview of parameter space

§ First measurement of dE/dx in warm-dense-matter plasma

§ Accelerator beams through laser-generated plasmas

§ Exploding pusher D3He self-emission

§ Shock-compressed WDM on NIF

§ Summary and future problems

Outline
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Overview of experimental parameter space:
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Overview of experimental parameter space:
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Overview of experimental parameter space:
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“Recent” Work
W. Cayzac et al., PRE 92 (2015)
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PRL 122 (2019)
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Overview of experimental parameter space:
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Overview of experimental parameter space:
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Measuring the stopping power requires three key ‘pieces’ of an 
experiment:

Particle Source

Subject plasma

S
p

e
c
t
r
o

m
e

t
e

r

• Well 

characterized

• Ideally 

monoenergetic, 

isotropic

• Well characterized

conditions (known n
e
, 

T
e
)

• Uniform

• Quiescent over particle 

probing

• No spurious 

electromagnetic fields

• Relevant

• Accurate and 

precise.

• Ideally direct, or 

a well-

understood 

indirect
measurement

• At some conditions, expected differences 

in dE/dx are small (~%) 

Usually have to make some tradeoffs…
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§ Published:
— Fast protons in WDM
— D3He self emission from exploding pushers (Frenje)
— Inferred dE/dx from RIF neutrons (Hayes)
— Accelerator beam ions through laser-generated plasma (Cayzac)

§ Experiments/analysis in progress:
— Inferred dE/dx from secondary neutrons (Sayre/Cerjan)
— Expanded studies of WDM dE/dx (Lahmann)
— dE/dx in compressed implosion shells (McEvoy)
— Shock-compressed WDM on NIF

§ Less than successful attempts (on my part):
— TNSA protons in isochoric heated WDM on OMEGA EP
— Quasi-monoenergetic heavy ions on Trident through shock-heated plasma

In recent years a number of relevant stopping power 
experiments have been conducted:
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§ Review of theoretical models and motivation

§ Overview of parameter space

§ First measurement of dE/dx in warm-dense-matter plasma

§ Accelerator beams through laser-generated plasmas

§ Exploding pusher D3He self-emission

§ Shock-compressed WDM on NIF

§ Summary and future problems

Outline
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On OMEGA, D3He protons were used to probe isochorically-
heated Be to measure dE/dx

D3He

18atm

Be plug

Ag-coated
tube

protons

Source Drive

Subject Drive

Exploding pusher
D3He proton source

Subject
Target

X rays Plasma state:
Te ~ 32 eV
Z* ~ 2.4
q ~ 2
Ge ~ 0.3

protons

A.B. Zylstra et al., PRL 114, 215002 (2015)

Some drawbacks: Te
and Z* not the best 

characterized, vp>>vte.
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Proton spectroscopy shows an enhanced stopping power in 
WDM compared to cold

11 12 13 14 15 16

Proton Energy (MeV)

0.0

0.5

1.0

1.5

Yi
el

d
/M

eV
×109

Downshifted

SourceWarm (72018)

Cold (72026)

High-precision 
spectroscopy1 allows a 1% 
DE measurement2 using 

this technique

1: F.H. Seguin et al., RSI 83, 10D908 (2012) 2: A.B. Zylstra et al., PRL 114, 215002 (2015)
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The measured energy downshifts show good agreement with 
our best theoretical models
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Using a Bethe-style stopping power constrains WDM electronic 
structure models

These LDA models are used 
for general calculations of 

collisional transport 
phenomena in WDM
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H. Andersen and J. Ziegler, (Pergamon, New York, 1979). S. B. Hansen et al., Phys. Rev. E 72, 036408 (2005). 
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§ Review of theoretical models and motivation

§ Overview of parameter space

§ First measurement of dE/dx in warm-dense-matter plasma

§ Accelerator beams through laser-generated plasmas

§ Exploding pusher D3He self-emission

§ Shock-compressed WDM on NIF

§ Summary and future problems

Outline
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A group at GSI developed a novel beam-plasma stopping power 
experiment

W. Cayzac et al., Nature Communications 8, 15693 (2017)

Fig. 2d in the high-velocity region. The time evolution of the
effective charge in the plasma applying these models is shown in
Fig. 3a and compared with the mean charge state in the solid
target (Zsol¼ 4.88 according to Ziegler et al.28). The effective
charge is enhanced in the plasma compared to the solid target,
mainly due to a smaller electron capture cross section of the
projectiles. The increase reaches from half to a full charge state
depending on the model, which contributes by up to 19 or 45%,
respectively, to the stopping-power enhancement.

The simulated energy loss DEsim is calculated as the integral of
the stopping power along the ion trajectory

DEsim¼"
Z

@E
rðxÞ@x½ & rðxÞdx½ &; ð4Þ

where the stopping power is expressed as an energy loss per unit
of areal density. Each energy-loss value is averaged over the
plasma parameters in a 5.5 ns range corresponding to the
experimental bunch duration.

Experimental results. The experimental energy loss DEexp is
determined from the time shifts in the detector signals due to ions
penetrating the plasma compared to undisturbed ions, for
different probing times within the relevant interval t¼ 0–15 ns.
The data for the experimental energy loss, compiled from eight
different shots, are presented in Fig. 3b–d. Each value is
normalized to the energy loss in the corresponding solid target
(measured to be in the range 0.83±0.03 MeV) for smoothing out
the few per cent shot-to-shot differences in the target thickness.
The error bars correspond to one s.d. (1s) of the uncertainty in
the time shifts. DEexp is enhanced by up to 50% compared to the
solid state, both due to a more efficient momentum transfer of the

projectile ions to the plasma free electrons and due to the increase
in the beam charge state.

The data are compared with the predictions of the Li–Petrasso
(LP) stopping model7 which here stands for the
standard stopping approaches and gives similar results19 to
the standard stopping model by Deutsch4 or dielectric
approach5,6. Furthermore, we compare to the model by
Brown–Preston–Singleton (BPS)18 and the T-matrix
formulation employing a velocity-dependent screening length
(TM)17, which both include a detailed treatment of close binary
collisions as well as quantum diffraction effects. In Fig. 3b, the
data are compared with the LP and TM predictions applying the
three considered models for the effective charge. Only the TM
stopping model combined with either the Gus’kov or Kreussler
charge model agrees with the measurements, while other
simulations overestimate the energy loss by at least 20%. For
simplicity, only the Gus’kov model is used in the following. In
Fig. 3c, the data are additionally compared with the BPS model,
which predicts values very similar to the TM model. Moreover,
the effect of the transversal beam as well as plasma profiles
is illustrated. For each model, the shaded area indicates the
energy-loss reduction (up to 10%) when considering the 2D
plasma profile with a transversal decrease in areal density (bottom
line) instead of the 1D profile along the ion axis (upper line).

In Fig. 3d, we finally display the global error on DEsim due
to uncertainties in the electron temperature and in the free
electron density, using the LP and the TM stopping-power
models. Taking as respective uncertainties the maximum
differences resulting from the simulation benchmarking
against the density measurements, we performed complementary
energy-loss calculations, first for temperature profiles
T 0e¼Te±40 eV, and second for free electron density profiles

Interferometry

Lens+RPP Lens+RPP PHELIX Diamond
detector

FilterPlasma
target

462 mm

16.6 mm

15 mm

Faraday
cage

Degrader
Pinhole
0.5 mm

Ions

nhelix

17.3 mm

Degrader

Plasma target

a

b c

Figure 1 | Experimental set-up. (a) Schematics of the experimental set-up. Two high-energy laser beams are focused on a 100 mg cm" 2 thick carbon foil
with a 1 mm diameter obtained by beam smoothing using RPP. The plasma electron density is measured with a laser interferometry diagnostic. The ion
beam is collimated through a 0.5 mm diameter pinhole and degraded through a carbon foil before interacting with the plasma, and it is detected after a
462 mm TOF distance. (b) Time-integrated picture of one plasma shot registered with a digital camera. (c) Picture of the TOF detector displaying the ten
diamond samples mounted on their printed circuit board.

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms15693 ARTICLE

NATURE COMMUNICATIONS | 8:15693 | DOI: 10.1038/ncomms15693 | www.nature.com/naturecommunications 3

Limited to low-pressure plasmas by beam bunch duration (setting confinement timescale)
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Uniformity of plasma conditions is a ‘con’ of this technique and 
requires modeling for interpretation:

W. Cayzac et al., Nature Communications 8, 15693 (2017)

n0e¼ ne/2 and n0e¼ 2 ne, respectively. However, the areal density
was kept as measured here. As the stopping power decreases with
temperature and with density in the considered parameter range,
the upper boundaries of the energy-loss calculations correspond
to the lower temperature and density, while the lower energy-loss
boundaries are obtained for the highest allowed temperature and
density. The uncertainty in temperature leads to a maximum
error of ±15%, and the uncertainty in density, a maximum
error of ±10% on DEsim. Assuming these contributions as
independent, a maximum global error on DEsim of around ±15%
is estimated. This error remains smaller than the discrepancy
between the predictions of the LP model and the experimental
data, while the TM predictions are within the 1s experimental
error bars. This demonstrates that the plasma parameters are
known with a sufficient precision to discriminate between these
stopping-power models with our measurements. We are able to
distinguish between the models because the considered ion beam
and plasma parameters lead to large stopping powers and also
strong beam–plasma coupling, which imply important differences
between the predictions. The LP model and, thus, also other
perturbative models, systematically overestimate the energy loss
by 20–25%, that is, outside the 1s error bars. In contrast, the TM
and the BPS predictions prove to be good fits to the experimental
data. Hence, in the studied parameter range, our results disprove
the standard perturbative models, while they support the TM and
the BPS models. In addition, the results also support the beam
charge-state formalisms by Gus’kov and Kreussler.

Consequently, our data provide a conclusive test of
stopping-power predictions for the velocity range around the
Bragg peak by discriminating between different classes of theories
in highly ionized plasmas to better than 1s. Our results show that
even for nearly ideal and nondegenerate plasma conditions, close
collisions between the projectiles and the plasma electrons modify
the stopping power for slow- to medium-velocity ions
significantly. Therefore, widely applied models for the stopping
power that are essentially based on perturbation theory, fail to
reproduce our experimental data and are ruled out by our
measurements. Instead, approaches that include a full description
of binary collisions agree with the data. This means that the
dominant Coulomb collisions need to be more accurately
modelled in the important velocity range around the Bragg peak.
This finding has also strong implications for other transport and
relaxation properties like temperature equilibration29 or thermal
and electrical conductivity30 where close collisions play a
similarly important role.

Future developments of these experiments include energy-loss
measurements with protons and a-particles. These projectiles,
directly relevant for ICF, are essentially fully stripped in a plasma,
which removes the need to model the beam charge state. Thus,
theories can then be compared even more directly with measured
data and more precise insights into the physics of collisional
processes can be gained. Other techniques are required to obtain
data for even slower particles at the end of the range.
Furthermore, modelling the complex physics of self-heating and
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Figure 2 | Plasma characterization. (a) Raw interferometry data for the plasma for t¼ 11 ns (right), compared with the reference measurement (left).
The target surface is located on the left side of each picture. (b) Comparison between measured and simulated free electron density (ne) profiles along the
ion axis (x) for t¼ 7 and 11 ns respectively. Experimental error bars, of approximatively 20%, are not represented. (c) 2D map of the simulations of the
free electron density (ne) for t¼ 7 ns, in units of cm" 3 and represented in logarithmic scale. The solid arrow stands for the ion axis (1D plasma profile)
used in the energy-loss calculations throughout the paper. The dotted arrows delimit the transversal region considered for the energy-loss calculation
using a 2D plasma profile in Fig. 3c. (d) Energy-loss measurements for the same plasma versus the probing time, for argon projectile ions at a velocity ratio
vp/ve

thE3.111. The data are compared with the predictions of the LP and the TM stopping-power models applying a Monte-Carlo description as well as the

Gus’kov and the Kreussler models for the effective projectile charge state. The energy loss is normalized to its value in the solid target (100%), as well as
the plasma areal density (rR). The error bars correspond to one s.d. (1s) of the uncertainty in the time shifts of the signals obtained from the TOF
measurements.
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n0e¼ ne/2 and n0e¼ 2 ne, respectively. However, the areal density
was kept as measured here. As the stopping power decreases with
temperature and with density in the considered parameter range,
the upper boundaries of the energy-loss calculations correspond
to the lower temperature and density, while the lower energy-loss
boundaries are obtained for the highest allowed temperature and
density. The uncertainty in temperature leads to a maximum
error of ±15%, and the uncertainty in density, a maximum
error of ±10% on DEsim. Assuming these contributions as
independent, a maximum global error on DEsim of around ±15%
is estimated. This error remains smaller than the discrepancy
between the predictions of the LP model and the experimental
data, while the TM predictions are within the 1s experimental
error bars. This demonstrates that the plasma parameters are
known with a sufficient precision to discriminate between these
stopping-power models with our measurements. We are able to
distinguish between the models because the considered ion beam
and plasma parameters lead to large stopping powers and also
strong beam–plasma coupling, which imply important differences
between the predictions. The LP model and, thus, also other
perturbative models, systematically overestimate the energy loss
by 20–25%, that is, outside the 1s error bars. In contrast, the TM
and the BPS predictions prove to be good fits to the experimental
data. Hence, in the studied parameter range, our results disprove
the standard perturbative models, while they support the TM and
the BPS models. In addition, the results also support the beam
charge-state formalisms by Gus’kov and Kreussler.

Consequently, our data provide a conclusive test of
stopping-power predictions for the velocity range around the
Bragg peak by discriminating between different classes of theories
in highly ionized plasmas to better than 1s. Our results show that
even for nearly ideal and nondegenerate plasma conditions, close
collisions between the projectiles and the plasma electrons modify
the stopping power for slow- to medium-velocity ions
significantly. Therefore, widely applied models for the stopping
power that are essentially based on perturbation theory, fail to
reproduce our experimental data and are ruled out by our
measurements. Instead, approaches that include a full description
of binary collisions agree with the data. This means that the
dominant Coulomb collisions need to be more accurately
modelled in the important velocity range around the Bragg peak.
This finding has also strong implications for other transport and
relaxation properties like temperature equilibration29 or thermal
and electrical conductivity30 where close collisions play a
similarly important role.

Future developments of these experiments include energy-loss
measurements with protons and a-particles. These projectiles,
directly relevant for ICF, are essentially fully stripped in a plasma,
which removes the need to model the beam charge state. Thus,
theories can then be compared even more directly with measured
data and more precise insights into the physics of collisional
processes can be gained. Other techniques are required to obtain
data for even slower particles at the end of the range.
Furthermore, modelling the complex physics of self-heating and
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Figure 2 | Plasma characterization. (a) Raw interferometry data for the plasma for t¼ 11 ns (right), compared with the reference measurement (left).
The target surface is located on the left side of each picture. (b) Comparison between measured and simulated free electron density (ne) profiles along the
ion axis (x) for t¼ 7 and 11 ns respectively. Experimental error bars, of approximatively 20%, are not represented. (c) 2D map of the simulations of the
free electron density (ne) for t¼ 7 ns, in units of cm" 3 and represented in logarithmic scale. The solid arrow stands for the ion axis (1D plasma profile)
used in the energy-loss calculations throughout the paper. The dotted arrows delimit the transversal region considered for the energy-loss calculation
using a 2D plasma profile in Fig. 3c. (d) Energy-loss measurements for the same plasma versus the probing time, for argon projectile ions at a velocity ratio
vp/ve

thE3.111. The data are compared with the predictions of the LP and the TM stopping-power models applying a Monte-Carlo description as well as the

Gus’kov and the Kreussler models for the effective projectile charge state. The energy loss is normalized to its value in the solid target (100%), as well as
the plasma areal density (rR). The error bars correspond to one s.d. (1s) of the uncertainty in the time shifts of the signals obtained from the TOF
measurements.
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A unique aspect is the ability to use novel projectile ions:
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n0e¼ ne/2 and n0e¼ 2 ne, respectively. However, the areal density
was kept as measured here. As the stopping power decreases with
temperature and with density in the considered parameter range,
the upper boundaries of the energy-loss calculations correspond
to the lower temperature and density, while the lower energy-loss
boundaries are obtained for the highest allowed temperature and
density. The uncertainty in temperature leads to a maximum
error of ±15%, and the uncertainty in density, a maximum
error of ±10% on DEsim. Assuming these contributions as
independent, a maximum global error on DEsim of around ±15%
is estimated. This error remains smaller than the discrepancy
between the predictions of the LP model and the experimental
data, while the TM predictions are within the 1s experimental
error bars. This demonstrates that the plasma parameters are
known with a sufficient precision to discriminate between these
stopping-power models with our measurements. We are able to
distinguish between the models because the considered ion beam
and plasma parameters lead to large stopping powers and also
strong beam–plasma coupling, which imply important differences
between the predictions. The LP model and, thus, also other
perturbative models, systematically overestimate the energy loss
by 20–25%, that is, outside the 1s error bars. In contrast, the TM
and the BPS predictions prove to be good fits to the experimental
data. Hence, in the studied parameter range, our results disprove
the standard perturbative models, while they support the TM and
the BPS models. In addition, the results also support the beam
charge-state formalisms by Gus’kov and Kreussler.

Consequently, our data provide a conclusive test of
stopping-power predictions for the velocity range around the
Bragg peak by discriminating between different classes of theories
in highly ionized plasmas to better than 1s. Our results show that
even for nearly ideal and nondegenerate plasma conditions, close
collisions between the projectiles and the plasma electrons modify
the stopping power for slow- to medium-velocity ions
significantly. Therefore, widely applied models for the stopping
power that are essentially based on perturbation theory, fail to
reproduce our experimental data and are ruled out by our
measurements. Instead, approaches that include a full description
of binary collisions agree with the data. This means that the
dominant Coulomb collisions need to be more accurately
modelled in the important velocity range around the Bragg peak.
This finding has also strong implications for other transport and
relaxation properties like temperature equilibration29 or thermal
and electrical conductivity30 where close collisions play a
similarly important role.

Future developments of these experiments include energy-loss
measurements with protons and a-particles. These projectiles,
directly relevant for ICF, are essentially fully stripped in a plasma,
which removes the need to model the beam charge state. Thus,
theories can then be compared even more directly with measured
data and more precise insights into the physics of collisional
processes can be gained. Other techniques are required to obtain
data for even slower particles at the end of the range.
Furthermore, modelling the complex physics of self-heating and
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Figure 2 | Plasma characterization. (a) Raw interferometry data for the plasma for t¼ 11 ns (right), compared with the reference measurement (left).
The target surface is located on the left side of each picture. (b) Comparison between measured and simulated free electron density (ne) profiles along the
ion axis (x) for t¼ 7 and 11 ns respectively. Experimental error bars, of approximatively 20%, are not represented. (c) 2D map of the simulations of the
free electron density (ne) for t¼ 7 ns, in units of cm" 3 and represented in logarithmic scale. The solid arrow stands for the ion axis (1D plasma profile)
used in the energy-loss calculations throughout the paper. The dotted arrows delimit the transversal region considered for the energy-loss calculation
using a 2D plasma profile in Fig. 3c. (d) Energy-loss measurements for the same plasma versus the probing time, for argon projectile ions at a velocity ratio
vp/ve

thE3.111. The data are compared with the predictions of the LP and the TM stopping-power models applying a Monte-Carlo description as well as the

Gus’kov and the Kreussler models for the effective projectile charge state. The energy loss is normalized to its value in the solid target (100%), as well as
the plasma areal density (rR). The error bars correspond to one s.d. (1s) of the uncertainty in the time shifts of the signals obtained from the TOF
measurements.
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A complication for higher-Z ions is charge exchange in the plasma
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With N beam and uncertainty analysis, the GSI data can begin to 
discriminate theories near the Bragg peak: 

W. Cayzac et al., Nature Communications 8, 15693 (2017)

burn waves in ICF fuels requires additional experimental data at
the Bragg peak for degenerate and moderately coupled plasmas.

Methods
Set-up. The nitrogen beam had an original ion energy of 3.6 MeV per nucleon.
The bunches had a frequency of 36 MHz, featured Gaussian temporal profiles with
a duration of 5.5 ns at full width at half maximum (FWHM) and contained about
one thousand ions each. Nitrogen was chosen as projectile as the lightest ion
species available at the time of the experiment, in order to simplify the beam
charge-state distribution in the plasma insofar as possible.

The PHELIX and nhelix beams are generated with wavelengths of 1,053 and
1,064 nm respectively, amplified in similar Nd:glass chains and frequency-doubled
using, respectively, potassium dihydrogen phosphate and deuterated potassium
dihydrogen phosphate crystals before focusing on the target. The beams have a
pulse duration of 7 ns (FWHM) and their energy was measured to be 28±4 J. They
are spatially smoothed using random phase plates (RPP)31, manufactured by
Scitech Precision Ltd., a spin-off from Rutherford Appleton Laboratory, Didcot,
UK. The RPP create a top-hat focus profile with a 1 mm diameter on the target,
resulting in a laser intensity on target IE5! 1011 W cm" 2 and in transversally
uniform plasma parameters within this area. Moreover, 3D plasma expansion
effects on the energy-loss measurements are minimized by probing the target only
in its central region through the use of a 0.5 mm diameter pinhole located a few
centimetres in front of the degrader. The two laser beams are synchronized with
each other and with the ion beam with a precision better than 1 ns, which
corresponds to the maximum jitter of the system.

The interferometry beam is generated by an oscillator synchronized with the
nhelix oscillator. A detailed description of the interferometer can be found
elsewhere25.

All the used foils (targets, degraders and detector filters) were produced at GSI
Target Laboratory and were calibrated, along with the detector, in several
preliminary experimental campaigns.

Targets. The targets for plasma generation are self-supporting carbon
foils obtained by resistance evaporation under high vacuum32. They had a mass
density of rE1.3 g cm" 3 and an initial areal density in the range 96±5 mg cm" 2,
the areal density of each foil being known with a precision of ±1 mg cm" 2.

The degraders had a density r¼ 1.84 g cm" 3 and were produced by
rolling carbon foils down to a thickness approaching the required value
of 41mm predicted by simulations using the SRIM/TRIM code28. These
simulations predict a straggling of the beam energies of 5% at 1s (±30 keV per
nucleon), corresponding to a straggling of the beam velocities smaller than 3% and
an angular straggling of ±3!. The degrader is positioned 15 mm in front of the
target, which both ensures a free path for the heating lasers and limits the
transverse broadening of the ion beam when probing the plasma. Monte-Carlo
simulations show that the uncertainty on the TOF measurement induced by the
energy straggling of the beam is smaller than 1%. The degrader was systematically
destroyed by the plasma emission and expansion from the target and had to be
changed after each shot. The mean ion energy was determined from the TOF
measurement with a precision better than ±0.010 MeV per nucleon and it
remained in the range 0.586±0.016 MeV per nucleon over the various shots. The
stopping-power variations due to the beam energy straggling and due to the beam
energy variation from shot-to-shot remain limited to 1%, which can be neglected
compared to the uncertainties in the plasma parameters. The ablation of the
degrader surface, caused by the plasma X-ray emission and subsequent expansion,
was monitored with an optical streak camera and proved to only be significant later
than 25 ns after the beginning of the laser heating of the target, which does not
affect the energy-loss measurements, performed in the first 15 ns.

TOF diagnostic. The TOF detector is based on ten identical polycrystalline CVD
diamond samples, manufactured by Diamond Materials GmbH, a Spin-Off from
Fraunhofer Institute IAF in Freiburg, Germany. They were metallized at GSI Target
Laboratory with the help of a magnetron-sputtering device, with layers of, from
inwards to outwards, 100 nm titanium, 30 nm platinum and 20 nm gold. Each
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Figure 3 | Energy-loss results. (a) Effective charge state of a nitrogen bunch in the plasma versus time according to a Monte-Carlo description as well as
the Kreussler and the Gus’kov models, compared with the mean charge state in the solid target Zsol¼4.88. All values are averaged over the ion trajectory
through the target. (b) Measured energy loss as a function of the bunch probing time and normalized to its value in the solid target (taken to be 100%)
compared with the predictions of the LP and the TM stopping-power models applying the Monte-Carlo, Kreussler and Gus’kov projectile charge models
respectively. The simulated target areal density (rR), also normalized to its value in the solid target, represents the 3D plasma expansion dynamics.
(c) Measured energy loss compared with the predictions of the LP, TM as well as BPS stopping-power models using the Gus’kov projectile charge model.
The shaded areas show the differences between calculations considering the 1D (upper lines) or 2D plasma profile (bottom lines) respectively (cf. Fig. 2c).
(d) Measured energy loss compared with calculations for the LP and TM stopping-power models using the Gus’kov projectile charge model, corresponding
to the originally simulated density and temperature profiles (LP; TM), densities n0e¼ ne/2 and temperatures T0e¼ Te"40 eV (LP max; TM max) as well
as densities n0e¼ 2 ne and temperatures T0e¼ Teþ40 eV (LP min; TM min), respectively. The shaded areas thus illustrate the maximum error in the
energy-loss calculation due to uncertainties in the plasma parameters. Due to time averaging over the 5.5 ns bunch, the beam charge state in a as well as
the energy loss in (b–d) for t¼0 ns, are already larger than their respective values in the solid target. The error bars on the energy loss correspond to one
s.d. (1s) of the uncertainty in the time shifts in the detector signals.
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Recently Johan et al. at MIT developed a platform to look at the 
D3He self-emission particle downshifts:

Measurements of Ion Stopping Around the Bragg Peak in High-Energy-Density Plasmas

J. A. Frenje,1 P. E. Grabowski,2 C. K. Li,1 F. H. Séguin,1 A. B. Zylstra,1,* M. Gatu Johnson,1 R. D. Petrasso,1
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For the first time, quantitative measurements of ion stopping at energies around the Bragg peak (or peak
ion stopping, which occurs at an ion velocity comparable to the average thermal electron velocity), and its
dependence on electron temperature (Te) and electron number density (ne) in the range of 0.5–4.0 keVand
3 × 1022 to 3 × 1023 cm−3 have been conducted, respectively. It is experimentally demonstrated that the
position and amplitude of the Bragg peak varies strongly with Te with ne. The importance of including
quantum diffraction is also demonstrated in the stopping-power modeling of high-energy-density plasmas.

DOI: 10.1103/PhysRevLett.115.205001 PACS numbers: 52.25.Fi, 52.38.Ph, 52.70.Nc

A fundamental understanding of DT-alpha stopping in
high-energy-density plasmas (HEDP) is essential to achiev-
ing hot-spot ignition at the National Ignition Facility (NIF)
[1]. This requires accurate knowledge about the evolution
of plasma conditions and the DT-alpha transport and energy
deposition in plasmas for a wide range of electron (Te) and
ion temperatures (Ti) spanning from tens of eV to tens
of keV, and electron number densities (ne) from ∼1021
to ∼1026 cm−3.
Over the last decades, ion stopping in weakly coupled

to strongly coupled HEDP has been subject to extensive
analytical and numerical studies [2–10], but only a limited
set of experimental data exists to validate these theories.
Most previous experiments also used only one type of ion
with relatively high initial energy, in plasmas with ne <
1023 cm−3 and Te < 60 eV [11–21]. In addition, none of
these experiments probed the detailed characteristics of the
Bragg peak (or peak ion stopping), which occurs at an ion
velocity comparable to the average thermal electron veloc-
ity. To the best of our knowledge, only one experimental
attempt to do this was made by Hicks et al. [22], who
measured ion stopping in a plasma with Ti of ∼5 keV and
ne of ∼1022 cm−3. In this experiment, Hicks et al. mea-
sured energy loss of the ions produced in the nuclear
reactions

Dþ D → tð1.01 MeVÞ þ pð3.02 MeVÞ; ð1Þ

Dþ 3He → 4Heð3.71 MeVÞ þ pð14.63 MeVÞ; ð2Þ

where the birth energies shown in the parentheses are for a
“zero temperature” plasma [23]. From the observed energy
losses of these ions, Hicks et al. were able to describe
qualitatively the behavior of the ion stopping for one
plasma condition. The work described here makes signifi-
cant advances over previous experimental efforts, by

quantitatively assessing the characteristics of the ion stop-
ping around the Bragg peak for different HEDP conditions.
This was done through accurate measurements of energy
loss of the four ions, produced in reactions (1) and (2).
The new experiment, carried out at the OMEGA laser

[24], involved implosions of eighteen thin SiO2 capsules
filled with equimolar deuterium-3He gas. The capsule
shells were 850 to 950 μm in diameter, 2.1 to 2.8 μm
thick, and had an initial gas-fill pressure ranging from 3 to
27 atm. These capsules were imploded with sixty laser
beams that uniformly delivered up to 10.6 kJ to the capsule
in a 0.6-ns or 1-ns square pulse, resulting in a laser intensity
on capsule up to ∼4 × 1014 W=cm2 [25]. Table I lists the
capsule and laser parameters, along with some measured
and inferred implosion parameters for a subset of four
implosions discussed in detail in this Letter.
To determine the energy lost by the four ions as they

traversed the plasma, energy spectra of the emitted ions
were measured simultaneously with two magnet-based
charged-particle spectrometers (CPS1 and CPS2) [28].
Six wedge-range-filter proton spectrometers [28] posi-
tioned at various locations around the implosion were also
used to measure D3He-proton spectrum. An example of
spectra measured with CPS2 for two implosions, with
similar total areal-density (ρR ) values [29], where most of
the energy loss took place in the cold remaining glass shell
(blue spectra) and in the hot D3He fuel (red spectra) is
shown in Fig. 1. By contrasting the measured mean
energies, indicated in Fig. 1, to the birth energies of the
ions (temperature corrected), an average energy loss
(−ΔE i) was determined and used to assess the plasma
stopping power. As shown in Fig. 1, the DD tritons, DD
protons, and D3He alphas display significantly larger−ΔE i
in the cold plasma than in the hot plasma. The D3He
protons, on the other hand, exhibit a similar −ΔE i in these
two plasmas, as they probe plasma stopping at velocities
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well above the Bragg peak. These differences are discussed
in detail below. In addition, the uncertainties associated
with the measured mean energies shown in Fig. 1, are
mainly due to the spectrometer energy-calibration error (in
some cases statistics also affects the uncertainties), which
dictates the total uncertainty in the determined −ΔEi.
To make use of the measured −ΔEi and assess the

plasma stopping power, it is necessary to determine the
HEDP conditions through which the ions traversed. For
each implosion, a Ti and a DD yield were measured from
the Doppler broadened neutron-time-of-flight signal [30].
A second measurement of Ti was obtained for each
implosion from the DD-D3He yield ratio, and the Ti values
and uncertainties used in this Letter are weighted averages
of these two measurements. D3He and DD burn profiles
were measured with the proton core imaging system [31],
and the D3He and DD burn duration was measured with the

particle temporal diagnostic and neutron temporal diag-
nostic (NTD) [32,33], respectively. A secondary-neutron
yield relative to the primary neutron yield (Y2n=Y1n) was
also measured for a D3He-fuel ρR determination [34].
For the eighteen implosions, the measured DD and D3He

yield ranged from 2.0 × 109 to 1.2 × 1010 and from 1.2 ×
108 to 1.3 × 1010, respectively; Ti ranged from 2.7 to
11.6 keV; the DD- and D3He-burn duration both ranged
from 150 to 180 ps; and the measured size of the DD- and
D3He-burn profiles ranged from ∼45 to ∼100 μm and ∼30
to ∼60 μm (radius at 1=e relative to the peak intensity),
respectively. Using 1D modeling of the implosion, involv-
ing a parabolic temperature profile and constant D3He-fuel
density, a good match to these nuclear observables was
found for average ion-number densities (ni) ranging of
2 × 1022 to 2 × 1023 cm−3 (ne ≈ 1.5ni for these D3He
plasmas). Te could not be measured directly in these
experiments, but was qualitatively and independently
assessed from the ne, ni, Ti, and burn-duration data. A
Y2n=Y1n ratio up to ð3.96 " 0.17Þ × 10−4 was measured,
which corresponds to a D3He fuel ρR up to 7 mg=cm2. The
ρR of the remaining unablated shell was determined from
benchmarked 1D simulations [35], which indicate that the
fuel ρR is about an order of magnitude larger than the
remaining-shell ρR for the implosions with a 1-ns laser-
pulse drive, while the remaining-shell ρR dominates the
D3He-fuel ρR for the implosions with a 0.4-ns laser pulse.
As a consequence, the ion energy loss is mainly taking
place in the D3He fuel in the 1-ns implosions and in the
remaining unablated shell in the 0.4-ns implosions.
Although the HEDP conditions have been characterized,

the information is not sufficient for distinguishing state-
of-the-art plasma-stopping-power theories at vi ∼ vth, i.e.,
at the Bragg peak, which is the long-term goal of this effort.
For this, we need information on how the spatial profiles of
ne and Te vary in time during the nuclear production
period. Instead, our aim is twofold. First, we simply aim to
experimentally demonstrate that the amplitude of the
position and amplitude of the Bragg peak varies strongly
with Te with ne. Second, as the impact parameter of the
closest approach between the projectile ions and plasma
electrons can be smaller than the de Broglie wavelength, we

TABLE I. Capsule and laser parameters for four selected implosions, and measured DD burned-averaged Ti and determined key
implosion parameters [ni, Te, ne (ne ≈ 1.5ni), plasma-coupling parameter (Γ), degeneracy parameter (θ) [27] and total ρR, for the region
where the energy loss mainly occurred]. For implosion 29828, the energy loss took place mainly in the colder glass-shell plasma, while
for the other implosions, the energy loss took place mainly in the hotter D3He plasma.

Shot Capsule Laser pulse
Laser energy

[kJ]
Ti

[keV]
ni

[cm−3]
Te

[keV]
ne

[cm−3]
Γ
[%] θ

Total ρR
[mg=cm2]

27814 D3Heð18 atmÞSiO2½2.3 μm%OD½948 μm% 1-ns square 8.4 3.7 2 × 1023 1.8 3 × 1023 0.9 110 8.1
29828 D3Heð18 atmÞSiO2½2.6 μm%OD½917 μm% 0.4-ns

Gaussian
9.4 6.7 3 × 1022 0.6 5 × 1022 1.4 120 2.0

43233 D3Heð18 atmÞSiO2½2.5 μm%OD½855 μm% 1-ns square 10.6 11.6 5 × 1022 3.9 8 × 1022 0.3 580 3.5
43235 D3Heð18 atmÞSiO2½2.5 μm%OD½854 μm% 1-ns square 9.9 10.1 2 × 1022 2.1 3 × 1022 0.3 600 1.4
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FIG. 1 (color online). CPS2-measued spectra of DD tritons,
D3He alphas, DD protons, and D3He protons produced in
implosions 29828 (blue) and 43233 (red). These experiments
were designed to generate similar total ρR values but to have most
of the ion energy loss taking place in the cold remaining shell for
implosion 29828 (blue spectra) and in the hot fuel for implosion
43233 (red spectra).
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Early experiments could not discriminate models because 
neither Te or rR were independently constrained:

J.A. Frenje et al., Phys. Rev. Lett. 115, 205001 (2015)

of the DD tritons, D3He alphas, and DD protons because
vth is similar to the velocities of these ions. In contrast, the
energy loss of the D3He-protons is insensitive to Te for
these plasma conditions, but linearly proportional to the ρR.
As a consequence, the classical modeling can be shown to
be experimentally inconsistent with the ρR measurement
and its uncertainty alone. We find that classical BPS theory
overpredicts the ion stopping, indicating the importance of
including quantum diffraction in the plasma-stopping-
power modeling of the energy-loss data in these weakly
coupled HEDP. In addition, the full BPS and LP formal-
isms agree with the data for vi > vth, while there are some
discrepancies for vi ∼ vth. However, as the plasma stopping
power at vi ∼ vth is highly sensitive to Te, and that a direct

measurement of Te is lacking, any definite conclusions
about the modeling of the data at vi ∼ vth cannot be made
with this data set. To further validate and elucidate
stopping-power formalisms at the Bragg peak, measure-
ments of neðr; tÞ and Teðr; tÞ will be conducted in future
experiments using x-ray imaging spectroscopy of a dopant
such as argon in the D3He fuel [37].
In summary, ion stopping around the Bragg peak and its

dependence on plasma conditions has been measured for
the first time in HEDP. The experimental data generally
support the predictions of the BPS and LP formalisms,
demonstrating the plasma stopping-power variation with Te
and ρR (or ne). It has also been experimentally demon-
strated that classical stopping overpredicts the ion stopping,
which is to be expected as it does not include quantum
diffraction. The BPS and LP formalisms, with 25%–30%
quantum reduction to the ion stopping, agree with the data
for vi > vth. There are some differences at vi ∼ vth, but the
current data set cannot distinguish between them. These
experimental results represent the first sensitive tests of
plasma-stopping-power theories around the Bragg peak, an
important first step towards accurately validating state-of-
the-art plasma-stopping-power theories, which use micro-
scopically based quantum approaches that overcome the
limitations of the BPS and LP models used in this work. In
addition, the long-term goal with this effort is to establish a
fundamental understanding of DT-alpha stopping in HEDP,
which is a prerequisite for achieving hot-spot ignition at
the NIF.
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FIG. 4 (color online). Stopping-power data illustrating ρR (or
ne) dependence. Measured and modeled −ΔEi=Z2

i versus Ei=A
for a low-ρR experiment (ne ∼ 3 × 1022 cm−3) (a), and for a high-
ρR experiment (ne ∼ 3 × 1023 cm−3) (b). The experimental and
modeled data shown in (a) have been multiplied with a factor of 5
to put the information on the same scale as used in (b). Inferred Te
was similar in these experiments. The black (green) curves
represent the BPS (LP) modeling. For the low-ρR experiment,
the reduced χ2 is 0.4 for LP and 0.2 for BPS, and for the high-ρR
experiment, the reduced χ2 is 2.3 for LP and 0.7 for BPS. The
errors on the inferred Te and ρR values were determined from the
reduced χ2 fit.
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With an independent constraint on rR, newer data agrees well 
with BPS until the lowest velocity:

J.A. Frenje et al., Phys. Rev. Lett. 122, 015002 (2019)
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This is probably the best constraint on hot-spot relevant dE/dx, 
but there is a discrepancy with BPS at low projectile velocity.
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§ Review of theoretical models and motivation

§ Overview of parameter space

§ First measurement of dE/dx in warm-dense-matter plasma

§ Accelerator beams through laser-generated plasmas

§ Exploding pusher D3He self-emission

§ Shock-compressed WDM on NIF

§ Summary and future problems

Outline
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Return to the parameter space:
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“Recent” Work
W. Cayzac et al., PRE 92 (2015)

Nature Comms (2017)
J. Frenje et al., PRL 114 (2015)

PRL 122 (2019)
A. Zylstra et al., PRL 114 (2015)
A.C. Hayes et al., PoP 22 (2015)

BPS does pretty good

Zimmerman MD parameterization 
does pretty good

+ we know BPS and MD are pretty close 
for HS conditions, so we expect them to 

be pretty good models for ICF
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§ Highly inhomogeneous plasmas (e.g. low-Z / high-Z mixture)

§ Charge exchange between projectile and plasma

§ Ion stopping in a hot-spot relevant plasma (and ion/electron partition)

§ Dense beam effects and modification of plasma (spatial or distribution)

§ Measurements near the Bragg peak in WDM plasmas

Stronger theoretical link between dE/dx measurements and other transport properties

Some missing topics (mostly experimental) that could be 
explored:

Difficulty?
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§ Benchmark data is now available in WDM regime (for fast particles) and more is 
coming:
— NIF data in strongly-coupled/highly-degenerate C and Be
— New OMEGA data on Be and other materials (B. Lahmann, MIT)

§ Data suggest that several models (BPS, MD, TM) do an good job for hot-spot dE/dx
— In particular the Cayzac/Frenje data show there isn’t a major discrepancy
— My opinion is we’re close to validating these models at the level desired for ICF
— Low-velocity point from Frenje 2019 paper should be resolved
— A more rigorous UQ analysis than my hand-waving could be done, comparing all theories to all data, 

to estimate the actual model uncertainty at hot-spot conditions

A summary of the last few years of dE/dx experiments:

2016 Santa Fe report: Intrinsic and Transport Properties Common Challenge 4: Stopping power: 
Understanding DT-α stopping is essential for modeling hot spots, burning plasmas, and credible scaling  
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