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Explore the potentially fruitful analogies between Quark-
Gluon Plasmas and Warm Dense Matter to provide
physical insights and theoretical guidance on the effects of
strong coupling on b-jet stopping power phenomenology
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Stopping Power Overview

• Stopping power is the ability of medium to slow down charged particle.
• It is the force against a projectile charged particle in medium [1]:

• Described along linear trajectory of particle.
• Important for understanding heating in Inertial Confinement Fusion (ICF).
• ICF fuel can be strongly coupled, therefore it is important to understand the

effects of strong coupling on stopping power.

PROJECT GOAL:
v Study effects of strong coupling on stopping power using a

simple model, the one component plasma (OCP).
v Determine the limits of analytic models for stopping power

with Molecular Dynamics (MD) simulations.
v We vary coupling strength and the ratio between projectile mass

and OCP particle mass.

Molecular Dynamics (MD) simulations

• Particles in box, with periodic sides.

• Calculate linear fit of averaged energy over time data for regions with
linear behavior. Repeat for different initial energy values.

• Number of particles: 50000 for Gamma .1, 10000 for Gamma 1, and 5000
for Gamma 50 and 100.

Stopping Power Calculated by Fitting Linear Region of 
E vs. t data

• Stopping power is calculated where dE(t)/dt is linear.
• Our runs for calculating stopping power are done over 5 plasma

frequencies (where dashed line is in the plot below).

We Compare MD Results with Two Analytic Models

Preliminary Conclusions:
v Strong coupling shifts peak and widens curve.
v Mass ratio does not affect higher velocity stopping, consistent with dielectric

theory.
v For low mass ratios and strong coupling, hard to associate slowing with

stopping power.

Stronger Coupling Shifts Linear Region of Data to Longer Times
• Higher gamma cases have linear dE/dt after longer times.

At Lower Mass Ratios, May Not Have Clear Linear Regions, Making
This Notion of Stopping Power Not Clear

• Linear regions hard to find for high coupling at low mass ratio.
• Is makes it hard to associate projectile slowing with stopping power.

One is the Dielectric Formalism
• [2]:

Here Z0 is the charge number of the projectile, e is the elementary unit of
charge, and ε(k, ω) is the dielectric function, given by:

V(k) is the transformed potential, and G(k) is the static local field correction
(LFC) function. Z here is the plasma dispersion function.
• Weakly coupled limit – G(k) is set to 0.
• LFC takes into account correlations.
• Calculated by hypernetted-chain equations (HNC).

The Other is the Binary Approximation
• [3]:

vr is the relative velocity. σtr(vr) is the collision cross section.
• Extend to strong coupling by use of effective potential theory (EPT).
• EPT: binary collision à potential of mean force, depends on pair

distribution function g(r) [4]:
φss’ = kBTln(gss’(r))

Strong Coupling Widens Stopping Power Curves and 
Shifts Peaks 

• Binary approximation predicts negative values [3] for low velocity at low
mass ratio.

• Dielectric model not dependent on mass ratio.
• Stronger coupling appears to widen the stopping power curve and shift

the peak to higher velocities (mentioned in [5]).
• Mass ratio does not affect higher velocities in data.

• Binary approximation curves with EPT cross sections
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Strongly Coupled Plasmas

• Coupling parameter for species s :

• Behavior for increasing Γ (left to right):

Gaseous à Dense à liquid à Solid/
Gas like Crystalline

(a.) (b.) (c.) (d.)
(a.) Particles of like charge and mass equilibrate for a certain time period.
(b.) A charged particle projectile with possibly different charge and mass is inserted with
initial kinetic energy.
(c.) The particle traverses through the plasma.
(d.) When the particle reaches the end of the simulation box, due to the periodic
boundaries, it returns at the other end traveling in the same direction. All particles do this.
In order to avoid effects arising from the periodic boundary, many particles and a large
enough box are needed.

Methods: molecular dynamics of dE/dx
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Q/q= 1
M/m= 1000

𝑡𝜔6

- We	are	performing	extensive	parameter	
study	of	dE/dx

M/m	,	Q/q	,	Γ
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- We	determined	viscosity	coefficient	and
location	of	viscosity	minimum
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Effect of strong coupling on dE/dx
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Weak	coupling	theory	breaks	down	for	𝜞 > 𝟎. 𝟏
but	strong	coupling	effects	arise	together	with	non-linear	effects
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MD	simulations

non-linearity only

appear at low velocities and around the stopping
power maximum. With increasing nonideality of
the target C ¼ 0:34 (ZC3=2 ¼ 2) and C ¼ 1:08
(ZC3=2 ¼ 11:2) this trend proceeds and an increas-
ing reduction of the stopping power in nonideal
targets develops at low velocities up to the velocity
where dE=ds is maximal. As we can conclude from
a variety of simulation runs at various Z and C, an
influence of the plasma nonideality typically starts
at CJ 0:1. In these runs we also studied the friction
coefficient RðZ;CÞ (20) in nonideal targets by MD
simulations [13,19] and found a very similar gen-

eral trend for the charge dependence as compared
to the mean-field treatment [36]. Thus the weaker
charge dependence Zx with xðZÞ < 2 mainly results
from the nonlinear ion–target coupling. The addi-
tional electron–electron correlations in nonideal
targets yield, however, a different offset of the MD
results for different C and thus a separate depen-
dence on C and Z as expected from a full many-
body dynamics. This separate dependence on Z
and C we also observed in MD simulations dedi-
cated to nonlinear screening. Again, the nonide-
ality of the target yields some small additional

Fig. 8. Normalized stopping power dE=ds=ðZC3=2Þ2 in units of 31=2kBT=C3=2kD as function of the ion velocity v in units of
vth ¼ ðkBT=mÞ1=2 for a fixed ion charge state Z ¼ 10 and plasma parameters C ¼ 0:05, 0.11, 0.34 and 1.08, which correspond to
ZC3=2 ¼ 0:11, 0.36, 2 and 11.2, respectively. The open squares with errobars are results of MD simulations, including electron–electron
correlations in the target, while the filled circles are the Vlasov (test-particle) simulations of the stopping in ideal collisionless targets.
The errorbars for the Vlasov results are of similar size as the symbols and are suppressed for reasons of clearness. The fits to the
simulation results (dotted and dashed curves) are introduced to guide the eye.

G. Zwicknagel / Nucl. Instr. and Meth. in Phys. Res. B 197 (2002) 22–38 35
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Summary

- Performed	simulations	to	understand	how	strong	coupling	effects	
affect	transport	properties	and	stopping	power	of	plasmas	

- We	will	now	work	with	DR	team	members	(I.	Vitev)	to	figure	out	
what	these	findings	tell	us	about	QGP’s

- Manuscript	on	dE/dx	in	preparation

- Work	done	in	collaboration	with	2017	summer	student	
David	Bernstein,	Univ.	of	Iowa.	David	has	started	a	PhD	
on	this	topic
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- Talks:	2017	APS-DPP	(contr.)	2017	White	Dwarfs	Physics	
Wkp (invited)	Charged	Particle	Transport	Wkp (invited)

1st milestone	met,	2nd well	underway

- Publications:	Phys. Rev. E 96, 043202 (2017) 95, 013206 (2017)


