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Preface to the Series 

The RIKEN BNL Research Center (RBRC) was established in April 1997 
at Brookhaven National Laboratory. It is funded by the "Rikagaku 
Kenkyusho" (RIKEN, The Institute of Physical and Chemical Research) of. 
Japan. The Center is dedicated to the study of strong interactions, including 
spin physics, lattice QCD, and RHIC physics through the nurturing of a new 
generation of young physicists. 

The RBRC has both a theory and experimental component. At present 
the theoretical group has 4 Fellows and 3 Research Associates as well as 11 
RHIC PhysicsRJniversity Fellows (academic year 2003-2004). To date there are 
approximately 30 graduates from the program of which 13 have attained tenure 
positions at major institutions worldwide. The experimental group is smaller 
and has 2 Fellows and 3 RHIC PhysicsRJniversity Fellows and 3 Research 
Associates, and historically 6 individuals have attained permanent positions. 

Beginning in 2001 a new RIKEN Spin Program (RSP) category was 
implemented at RBRC. These appointments are joint positions of RBRC and 
RIKEN and include the following positions in theory and experiment: RSP 
Researchers, RSP Research Associates, and Young Researchers, who are 
mentored by senior RBRC Scientists. A number of RIKEN Jr. Research 
Associates and Visiting Scientists also contribute to the physics program at the 
Center. 

RBRC has an active workshop program on strong interaction physics 
with each workshop focused on a specific physics problem. Each workshop 
speaker is encouraged to select a few of the most important transparencies from 
his or her presentation, accompanied by a page of explanation. This material is 
collected at the end of the workshop by the organizer to.form proceedings, 
which can therefore be available within a short time. To date there are sixty- 
eight proceeding volumes available. 

. 

The construction of a 0.6 teraflops parallel processor, dedicated to lattice 
QCD, begun at the Center on February 19,1998, was completed on August 28, 
1998 and is still operational. A 10 teraflops QCDOC computer in under 
construction and expected to be completed this year. 

N. P. Samios, Director 
November 2004 

"Work performed under the auspices ofU.S.D.0.E. Contract No. DE-AC02-98CHlOS86. 
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Introduction 

The Relativistic Heavy Ion Collider (RHIC) was commissioned for heavy ion collisions 
and for polarized pp collisions in 2001. All principal components of the accelerator 
chain were operational by the 2003 RHIC run. Approximately 50 papers on RHIC 
experimental results have been published in refereed journals to date. This is a 
testament to the vast amount of exciting new information and the unprecedented 
analysis and publication rate from RHIC. A number of signals of creation of matter at 
extreme energy density, and of new physics in that matter, have been observed. The 
RHIC community has been heavily engaged in discussion about these signals, and 
about the appropriate level of proof for Quark Gluon Plasma discovery at the RHIC. 
In fact, such discussions were the subject of an earlier RBRC Workshop. 

One of the striking results from heavy ion collisions at RHIC is that the quark gluon 
plasma accessible appears to be strongly coupled. The properties of strongly coupled 
plasmas are of intense interest in the traditional Plasma Physics community, who have 
been developing tools to study such matter theoretically and experimentally. Despite 
the fact that one plasma interacts electromagnetically and the other through the 
strong interaction, there is tremendous commonality in the intellectual approach and 
even the theoretical and experimental tools. It is important to broaden the discussion 
of Quark Gluon Plasma discovery beyond possible signals of deconfinement to also 
encompass signals of plasma phenomena in heavy ion collisions. 

Thus it is imperative establish more direct contact among Nuclear, Plasma and 
Atomic physicists to share techniques and ideas. RHIC physicists will benefit from 
familiarity with typical plasma diagnostics and theoretical methods to study strongly 
coupled plasmas. Plasma and Atomic physicists may fmd new techniques parallel to 
the multi-particle correlations used in RHIC data analysis, and theoretical tools to 
study high energy density matter where the coupling constant is not small. 

The goal of this Workshop was to bring together experts at the forefront of theoretical 
and experimental work on strongly coupled systems in the three communities. From 
the variety and depth of the presentations at the workshop, we believe that we 
successfully fostered the exchange of information and ideas. Furthermore, many 
overlaps and possible exchanges of techniques were identified. Extremely interesting 
discussions took place, identifying possible avenues for further exchanges and 
interdisciplinary collaborations. 

We are most grateful for the enthusiastic participation in this 2 day Workshop by 
members of the RHIC, Plasma and Atomic Physics communities. The Workshop 
would not have been possible without the support of the RIKEN BNL Research 
Center and National Science Foundation. We thank Brookhaven National Laboratory 
and the U.S. Department of Energy for providing the facilities for holding this 
workshop. And, our most sincere thanks go to the RIKEN and BNL administrative 
staff, especially to Pamela Esposito. Her professional, efficient, and patient work 
made this Workshop happen. 
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What is so remarkable about the 
sQGP discovered at RHIC ? 

(strongly coupled Quark Gluon Plasma) 

See http://nt3 .phy s .columbia. edu/people/gyulassy/Talks/2004.12.1 GJU3RC-Plasrnd 

M.Gyulassy, L. McLerran nucl-th/0405013, Nuc1.Phys.A in press 
M.Gyulassy: Erice Lectures 8/30/04 
http://nt3.phys.columbia.edu/people/gyulassyTTalks/2004.08.30~Erice/ 

Gyulassy RBRC/BNL 12/16/04 
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Failure of weak coupling perturbative QCD expansion 

High Temperature QCD 
Perturbation Theory 

(EBraaten and A. Nieto, PRL 76 (96) 1417) 
(C.Zliai and 6. Kastening. PRD 52 (95) 7232) 

F.Karsch et al, PLE 478 (00) 477 

16EX4 improved gauge and staggered q 
Quark - Gluon Plasma Pressure ~,,-r14 ,M.-r 
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The sQGP must be almost a perfect fluid ! 

Gluon Transport 
D.Molnar, MG (01) 
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Navier-Stokes 
D.Teaney (03) 
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Transport coefficients of gluon plasma 

Lattice QCD vs pQCD vs N=4 SUSY 

Lattice QCD: A.Nakamura and S.Sakai, hep-lat10406009 

1 
S 

6 Lb3X8 

). 24’xs JHEP 0305:051,2003 

1.5 2 2.5 3 
V T C  

N=4 SUSY: Policastro, Son, Starinets (2001) 
Kovtun,Son,Starinets (2004) 

pQCD: Danielewics, MG, .... (1985) 
Gyulassy RBRClBNL 12/16/04 

Strongly Coupled Plasmas (Ichimaru Vol2) 

1 Important Role of dynamic correlations at large I? 1 
V,(k)L Z’ u(k) IsJk. 0) represents ihe Fourier-transformed interionic potintial a id  8Jk.b) 
static screening function of the clectrom, eq. (3.1 16). They then evaluated the shear viscosity r) Y 
aid of the collision term in the static LFC approximation, eq. (2.81): 

where 

W 
and ~ : ’ ( k ,  w )  is the free-particle polarizability of the ions. eq. (2.77). 

In table 9. we list the computed values of the reduced shear viscositv v* = 4, Mn,o.a2 
Oik35flowIiz~d charge apprwlmsmi in 9ronglL coupied 

Golden, Kalman, 
P1as.Phys. 2000 

Gyulassy RBRClBNL 12/16/04 
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Conclusion Part I: 

QCD pressure Poco accounts well for 
the fine structure (pT , mh ) of elliptic flow at RHlC 

Even more remarkably, the QGP at T<3T, 
Seems to saturate the ~ j ~ j ~ a ~  viscosity bound! 

strongly coupled plasma 
sQGP 

better the physics we need to 
study and compare to SCM in other fields 

Gyulassy RBRCBNL 12/16/04 
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GRV I Absolute scale pQCD jet tomography L I EKS 
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Gyulassy RBRClBNL 12/16/04 
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PHASE TRANSITIONS, TRANSPORT PROCESSES AND DYNAMIC 

ATOMIC PLASMAS 
CORRELATION IN STRONGLY COULOMB-COUPLED, 

Setsuo Ichimaru 
The University of Tokyo, Bunkyo-ku, Tokyo, Japan 

Equations of state in various phases of hydrogen matter are evaluated through the dielectric 
formulation in strong Coulomb coupling as well as by the classical and the quantum-statistical 
Monte Carlo simulations [l]. The resultant phase diagrams describe phase transitions such as 

' metallization (or ionization), Wigner crystallization and spin-magnetization [2,3]. We note on 
the possibility of accounting for the magnetic fields and temperatures observed on the surfaces 

of magnetic white dwarfs in terms of such a magnetic phase diagram for metallic hydrogen. 
A novel theory of dynamic correlation in a viscoelastic one-component plasma ( O m )  is 

developed [4, 51. Fully convergent kinetic equations are thereby obtained by a fluctuation- 
theoretic formulation of the collision integrals. A self-consistent solution to the kinetic 
equations then lead to determination of the dynamic structure factor, S(k, o), and the 
coefficient q of shear viscosity in the ordinary fluid states as well as in the metastable, 

supercooled states; the results agree with molecular-dynamics simulation data Steep increase 
in q and the viscoelastic relaxation time, concurrent with appearance of the quasielastic peak 

in S(k, o), implies a possible transition into a glassy state in such a supercooled OCP. 

Relevance of such a glass transition in laboratory experiments is examined in terms of the 
lifetimes of metastable states against homogeneous nucleation of a crystalline state. 

A cursory remark is made in conjunction with a quark gluon plasma and a color glass 

condensate with the QCD matter. 
[I] See, for example, S. Ichimaru, Statistical Pl& Physics. Vol. I: Basic Principles 

(Addison-Wesley, Reading, MA, 1992; Westview, Boulder, CO, 2004); Vol. 11: 

Condensed Plasmas (Addison-Wesley, Reading, MA, 1994; Westview, Boulder, CO, 

2004). 
121 H. Kitamura and S. Ichimaru, J. Phys. SOC. Jpn 67,950 (1998). 

[3] S. Ichimaru, Phys. Plasmas 8,48 (2001). 

141 S. Ichimaru and S. Tanaka, Phys. Rev. Lett. 56,2815 (1986). 
[5] S. Tanaka and S. Ichimaru, Phys. Rev. A 35,4743 (1987). 
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Metal-Insulator Transitions in Hydrogen Matter 
H. Kitamura and S. fehirnaru, J. Phys. Soc. Jpn 67,950 (1998) 

cMI 
I Pm 
T 

cMI 
I Pm 
T 

-4 -3 -2 -1 0 1 2 

log10 Pm (g/cm3> 

Atomic ionization: 

Molecular ionization: . 

H * p + e-- 13.6 eV (= 1 Ry) 

H2 * H2+ + e-- 15.45 eV (= 1.13 Ry) 

H2 * H+H-d447eV(=033Ry) 

Molecular diwociation: 

Molecular-ionic dissociation: 
H2+ * H+p-2467eV(=O.l8Ry) 

-4 -3 -2 -1 0 1 2 

log10 Pm (g/cm3> 

Atomic ionization: 

Molecular ionization: . 

H * p + e-- 13.6 eV (= 1 Ry) 

H2 * H2+ + e-- 15.45 eV (= 1.13 Ry) 

H2 * H+H-d447eV(=O33Ry) 

Molecular diwociation: 

Molecular-ionic dissociation: 

H2+ * H + p - 2467 eV (= 0.18 Ry) 

0,0019 gkm3 
= 2.04~104 K 
P = 3.0 kbar 

Electronic Screening and Binding Energies 
Effective radii, Rb, of bound electrons 

Lowering of binding energies e3 Increase in Rb 
f ( x )  = 1 - 1.9585 x + 1.2172 x2 - 0.24900 2 + 0.012973 x” 

f (0) = 1 f(1.17) = 0 
dRb = rJ’(a@,J = 1, for “pressure ionization’ 
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PHASE DIAGRAM OF METALLIC HYDROGEN AND 
MAGNETIC WHITE DWARFS 

. -  
1-4x106 strongly coup~eci pm (g/cm3) 4 .0~103 

RS 161 22.4 
~~ r 6.6~103 6.6~105 degenerate - 

BM = 4nQp 0 0.159 0.317 
B M  (G)  2.6~105 8.0~106 

r S  517 34.4 (b = 1 .4~1@~ erg/@ 
Numerals at the dashed and chain curves denote the decimal 
exponents of & in gauss. Diamond markers plot observed 
surkcefield strengths (Be) vs. surf'ace temperatures (T-) 
for 25 magnetic white dwarfs. [J. Weisheit, in EEernentcay Pivcesses 

: ~ o c .  ~j  en^^^ (+XIS. S. ~chimsarar'an 

rg Rea 31 
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-- ~ _ _  GENERALIZED - VISCOELASTIC ~ THEORY 
FOR GLASS - TRANSITIONS - 

IN STRONGLY COUPLED PLASMAS - __ _ _ _ _ _ _ _ ~  

S. Echimaru and S. Tanaka, Phys. Rev. Lett. 56,2815 (1986) 
S.' Tanaka and S. Ichimaru, Phys. Rev. A 35,4743 (1987) 

QUESTION: Can a "glassy plasma" be produced, 
when a one-component plasma (OCP) is supercaoled 
below a Wigner-transition temperature, sufficiently 
fast to avoid hamogeneous nucleation of crystals? 

REMARKS: An OCP is probably a most difficult 
system to make a glass - - symmetric interaction; 
point charges; too "elusive" to lock themselves into 
a glassy state 

PURPOSES OF THE STUDY 

0 To develop a theory of dynamic correlation in the 
strongiy coupled OCP through the generalized 
viscoelastic formalism, so thatthe MD simulation 
results for both S(k,o) and (shear viscosity) are 
well reproduced. 

0 To extend the theory to plasmas in a supercooled, 
metastable, fluid state (r, = 178 < r < rc gt.t. -103). 

0 To analyze a possibility of glass transition, revealed 
in the formation of a quasi-elastic peak in S(k,o). 

10 



0 To estimate the lifetime of the metastable fluid in 
terms of its self-diffusion and the probability of 
spontaneous nucleation of crystals - rate of "rapid 
quen,ch" necessary to maintain the glassy state. 

6 To relate the theory with a possible experiment. 

PRINCIPAL RESULTS 

6 Shear viscosity q in supercooled OCP fluids 
q* = r/mnq,a2 up = 2/4nn(~ejVm 

I I I I I 
1 t 

r* 
10 

- 0 PRESENT 
+ WB 
0 MD 

t 

0. 
I ": I L I  1 1 1 I ]  
0.1 I 10 100 r1000 

6 If a Penning-trapped, non-neutral W e +  plasma at 
n == 1010 cm-3 is laser-cooled to I? = 900 - 1000, within 
a time scale of 2x(lO - 105) sec, the resulting state 
will be a glass rather than a crystal. 
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incoherent thermal limit 
at high temperatures 

h) lowering temperature and/or 
increase in density 

{increase in coupling) 

u 
coherent limit at high 
densities (energies) 

IONOZED GAS Quark Gluon Plasma (QGP) 

e in viscssi 

FLUID METALLIC HYDROGEN 

r = e2(hd3)’”/k,T 

crystal I i ne nucleation). 

Color Glass Condensate ? (CGC) 
SOLID METALLIC HYDROGEN 



w 
w 

Quark-Gluon Plasma and Lattice ,QCD 

T. Hatsuda (Univ. Tokyo) 

1. Progress in lattice QCD 
- equation of state of hot plasma 
- static and dynamic correlations ->. strongly coupled plasma ? 

2. Need to be done 
- full QCD for small m, small a and large L 
- full QCD for dynamic correlations 

. (viscosity, colored bound states etc) 

3. Computer resources 
- massive computers 410Tflops) + sharing lattice data 

(see, Lattice QCD simulations via International Research Network, 
Sep. 2 1 -24, 2004, http://www. rccp.tsu ku ba.ac.j plworks hop/ilft04/) 

4. Need new ideas 
- cold degenerate plasma 
- far from equilibrium 
- ideas to and from QED plasma and atomic condensates 



QGP forg << I ( T >> 100 GeV) 

Relativistic plasma : 

I nter-particle Electric Magnetic 
distance screening screening 

Debye number : 

.... 3.. . .. ._ . . . ~ ~ ... 

“Coulomb” couplina parameter : 

Coulomb asT g2 r =  N -- - 

0 
0 

0 

0 
0 

0 
0 

0 
0 

S. Ichimaru, Rev. Mod. Phys. 54 (’82) 1071 



~~~~ ~~~ 

I. Strong coupling problem 

2. Non-Abelian magnetic problem 

+- 

g - 2 for T=200-400 MeV 3 badly behaved perturbation series 

soft magnetic gluons are always non-perturbativeeven if g -.) 0 
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1 ccbound state above T, (quenched) 
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1 Possible hierarchy of QCD plasma 
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Heavy Ion Collisions as “QGP” Probes - Mark D. Baker - BNL 

16 December, 2004 

The strong force, governed by Quantum Chromodynamics (QCD), is an important, 
fundamental force, and is responsible for 99% of the visible mass in the universe since 
only about 1% of the mass of normal nuclear matter is due to the Higgs coupling with up 
and down “current” quarks. The rest is due to confinement and chiral symmetry 
breaking. At temperatures of around 2 ~ 1 0 ’ ~  degrees K, normal nuclear and hadronic 
matter is expected to give way to a deconfined state of matter known as the “Quark 
Gluon Plasma” (QGP). We attempt to create this matter at the Relativistic Heavy Ion 
Collider (FZIIC) at Brookhaven National Laboratory (BNL) and study it using two large 
detectors: PHENIX and STAR, and two small detectors: BRAHMS and PHOBOS. 

Slide 1A shows some characteristics of our “plasma experiments. These heavy ion 
collisions typically occur at a rate of -9 kHz, with each collision creating matter that lasts 
for 10s of yoctoseconds (1 ys = s). A head-on heavy ion collision creates up to 5000 
charged particles as shown in slide 1B. 

In addition to the large number of particles, we know that we have created bulk matter 
because we see evidence of pressure in the system. The strongest evidence is the strength 
of the azimuthal asymmetry, known as elliptic flow, and characterized by 
VZ=<COS~(@-@R)>, where @ is the azimuthal angle around the beam-collision axis, z, and 
@R is the reaction plane. This can be seen in slides 2A-2B. Describing this asymmetry 
requires ideal or almost-ideal hydrodynamics or an anomalously high cross-section in a 
partonic cascade. Further evidence of rapid expansion (pressure) can be found in the 
particle spectra and correlations. This matter can be characterized at (chemical) freezeout 
by a single temperature of 176 MeV (or 2 ~ 1 0 ’ ~  degrees K) as can be seen in slide 3A. 

Freezeout only occurs after some cooling of the system. We can also estimate the energy 
density of this matter (not shown) to be 5-25 GeV/fm3. Slide 3B shows where this matter 
falls on the theoretical energy density vs. temperature curve and allows us to estimate the 
initial temperature of the matter at 250-350 MeV, solidly above the critical temperature. 
Slides 4A and 4B show where the matter created at RHIC falls in T , ~ B  and T,p planes: 
dramatically hotter and denser than any other known plasmas. 

Slides 5A and 5B show the evidence that the medium is very dense and is opaque when 
probed by high momentum partons produced in the initial collision. Instead of back-to- 
back jets from the entire volume, this matter only emits single jets from the surface. 

Based on all of this evidence, and accepting input from various approximate solutions to 
QCD, the simplest explanation is that we have formed a deconfined state of matter, which 
could perhaps be called a “QGP”. Further theoretical work and experimental study is 
needed to overconstrain and really test QCD as well as understanding the nature of this 
matter. 

19 



Bunch-bunch collisions 

Crossings occur at 9 MHz (“shot frequency”) 
- 120 x d(3.83 km) 

Typically (99.9%) nothing happens! 
- 109 ions spread out over - n(400ym)2 

a,, - 12 nm =12 x106fm 
d,, - 14 fm 

- 1 O9 *(d,Ja2,) 2= 1 O9 *(I 0-6) = 1 0-3 
Collisions at - 9 kHz 

(not to scale!) 
qleb -200 mm 
*---------, 

oT-400pm G~ , -+ -- Y 

Mark D. Baker . (not to scale!) Strongly Coupled Plasmas 

How many produced particles? 

Mark D. Baker 

r 1 5  -5 0 

# of charged particles (central collision): 

5060&50 @ 200 GeV 
4170&10 @ 130 GeV 
168Ort100 @ 19.6 GeV 

Strongly Coupled Plasmas 
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Elliptic Flow 
,article 
isymmetry ,- 

I Hydrodynamic model 
Huovinen, Kolb, Hein 

0.2 0.4 0.6 0.8 1 0 
0 

n c t l h n a x  

Central 
a Normalized Multiplicity 0 
Peripheral Strongly Coupled Plasmas Mark D. Baker 

Need large o to describe v, 

Second clue! 

Parton cascade using free q,g 
scattering cross sections 
underpredicts pressure 

Must use hydrodynamics OR very 
high cross-sections in cascade. 

D i i i i nn! 

Mark D. Baker Strongly Coupled Plasmas 
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Thermometer II: Particle Ratios 

t 

- 
- i - - +  s -130GeV V- 

Model ref i t  with all data - - T = 176 MeV, flh = 41 MeV 
10.l r 

- 
BrauwMunzinger et al., PLB 518 (2001) 41 D. Magestro (updated July 22,2002) 

130 GeV: T - 176 MeV 

176 MeV fl 1 O! 
Mark D. Baker I Strongly Coupled Plasmas 
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c-:? 1 CERN SPS (4s = 17 GeV) 
E, - 2-1 0 GeV/fm3 '12 

.I c 3.- 190-290 MeV 
- 

iy  - 

BNL RHlC (4s = 200 GeV) 8 -  

6 - 5-25 GeV/fm3 
T. - 250-350 MeV 
-!! 

4 

2 

0 
100 200 300 400 500 600 

Temperature 

Mark D. Baker Strongly Coupled Plasmas 
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233 - 

200 - 

IM - 

IW - 

M- 

0 

Mark D. Baker 

Putting it all together 
..I 

(chemical freezeout) 1: Universal curve! 
RHIC: 
- "bulk" matter 
- high energy density 

Einitial - 5-25 GeV/fm3 
(lattice 3 TI >250 MeV) 

- early collective expansion 

qua&-gluon plasma 

demnfi-nl 

a i d y u r a b n  - freezeout near T, .... * .................... 
ul.Nll-"I 

, 260 4w ew s w m  12w 

Baryonic Potential pa [MeV] Strongly Coupled Plasmas 
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High pT particles are suppressed! - 

a Central 7$ (0-10%) 
Peripheral rcD (80-92%) 

AuAu 200 GeV 
12 

......... ...... ......................... 

I ' + ' t l  0.41 . , i * * i i *9 i *  
0 9  .................................................................... * A v .  ........ i.s.1.. ........ 

2 4 6 -  8 10 
R (GeVlc) 

Mark D. Baker 

~ 

PRL91,072301(2003) 

Proportional to 
the density of 
scattering centers 
(gluons) 
+ dN$dy -1000 

Strongly Coupled Plasmas 

Mark D. Baker 

Look for the jet on the other side 
Peripheral Au f Au ndR~mMvyl,~,r STAR PIU 90,082302 (2003) 

9. 1 
D,!Au i- Au) = D, ( p  + p )  -t B(1-t v,' cos(2A@)] : o& 1 
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A short pulse laser can isochorlcally heat materials to 
high temperature and pressure 

+!.[A$%%$w ~ ; 
f$#@&$pw- .\I 

Short pulse of optical 
or x-ray radiation 
- interrogates the heated 
material before it can 
expand (e100 fs) 1 f heats material 

30- 100 fs laser 
pulse in 

Aluminum p - T diagram 
10,000 

A 1000 

2 
v 2 

f 100 

E 

S 
CI 

c 
10 

10’4 1 0-2 1 102 

Density (glcm-3) 
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W e  probe Si K-alpha heating of AI with reflectivity 
and interferometry ,,{,g&$k?i - 

“ “ r q & $ / H ~  * 

D 
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We have observed expansion and reflectivity changes 
of X-ray heated AI 

we,>d44!&%!# ,,.,,, .:;. ;;f+. ~ , v&# " 

Interferometry image at 40 ps  
after x-ray irradiation 

3.01- 
Expansion vs. time 

-1 MeV 
'roton arrival . 

/ 
Initial slow expansion is from x-ray pulse arrival 
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A cluster irradiated by an intense fs laser creates a 
microplasma which explodes after excitation 

-"#4$$,$ !+A&$tJ .?* . " 
'&pV~@* .." 

laser field 
55 atom argon duster 
before irradiation Simulation with I = 1016 W/cm2 

Az = 50 f~ 

1) time = - 100 fs 

6 

2) time = - 20 fs 
electrons confined by 
space charge forces 

* 

f -  . 

* 
Laser field begins to heat and 
expel electrons from cluster 

3) time = + 20 fs 

8 

1 

ions explode by Coulomb farces 
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Simulations indicate that space-charge forces retain 
electrons within the cluster when the size increases -,,&?4qj#&& ~  pi^^, r‘ 

13 atom Ar cluster size = 6 atom 55 atom 
25 . 

-10D -5D 0 50 -100 -50 0 

Time (fs) 
50 -10D -50 0 50 

10 

4 

2 :: ........ 0 .......- .“..---~-- 
Neglecting \ collisional 

....-.- C..._... *-- 

d 
o”..Q--- 

ionization 
0 ,  , , I J 

0 6 13 55 

Number of Atoms per Cluster 

i 5 Y 

2000 

With collisional 
ionization 

1000 

500 

0 
0 6 13 55 

Number of Atoms per Cluster 
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The explosion of a cluster irradiated at high intensity can 
often be described by one of two simple models , , ~ ~ ~ ~ ~ ~ ~  - *: 

+4@$jp7 k% '' 

Hydrodynamic expansion ' Coulomb expansion 

,, positively charged sphere n ambipolar sheath 
with radius rand initisi density n 

f(E)& - E-112 e-(SElkTd 

(asymptotic region for a spheri- 
cat, isothermal expansion) 

Hydro expansion reflects 
electron energy distribution 
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Collective behavior of the confined electron cloud is 
important in the laser cluster interaction 4#f$4,y4d, N& 8 b*, 

~~~~~~~” ’ 1 p  

+ E  We can calculate the natural frequency of a cluster by 
looking at the response when two solid charge spheres 
are displaced a small distance x and released 

- + 
+ 

h e n ,  + 
Ex = x 

3 
d’x &e&, 
dt’ 3m, 

+ X = O  7 

The solutions to this equation are oscillatory with frequency el S 2.5 P 
g 2.0 

3 1.0 

resonance” akin to the giant resonance in 
nuclear physics 2 0.0 

c Lc) CP - A  
- 
Q, 

& 1.5 
Q. 

E 
m 

m 
The cluster microplasma exhibits a “giant .- C 0.5 

c 

0 5 10 15 20 

ne/n crit 
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Siiiiulations of Cold, Confined, One-Component Plasmas 
John Schiffer, Physics Division, Argonne Nat’l Lab. 

Past and current work on simulatioiis of classical one-component plasmas, confined 
in devices such as ion traps or accelerator storage rings will be summarized. Topics 
include 

The forms of ordering in cold systems from few particles to many, including the 

Dimensional phase transitions induced by the nature of the environment, from one- 

The phase transition and latent heat from liquid to solid state for finite systems. 
0 Systems confined in rf fields, such as quadrupole traps and the concept of 

A recent attempt at exploring the properties of a cold, confined one-component 

w b.) evolution shell structure. 

dimensional systems to two and three, including ordered ion beams. 

temperature in such systems. 

plasma with a logarithmic potential shows some similarities and some differences 
compared to a Coulomb plasma. 
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VOLUME IO. NUMBER 6 PHYSICAL R E V I E W  L E T T E R S  8 FEBRUARY 1993 

Phase Transitbits in Anisotrapicdy Confined Ionic Crystals 

J. P. Shiner  
Physics Dirislun. Argunne National Lnboratwy. Argonne, Iliiriois 60439 

and Tke Unliursiiy of Chicago. Chiragu. Illinois 6m37 
(Rcaivai 17 Scptcmber 1992) 

Crystalline. mnfincd ionic syslcmr exhibit well defined phasc transitions FLS a runelion of Ihc anisulro- 
py of (be confining potenliml. The lransilims from one lo Iwo dimensions. fmm lwo to three, and b.ek 
from thrcc lo Iwo h8va been invcrligated as a function of chis rnsiolmpy with d e c u l a r  dynamics simu- 
lations. The anisotropy ut which such lransilionr occur seem5 (0 be proporlional lo a power of the num- 
ber of confined inns. 

RATIO OF C~NFINING FORCES 
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c 

1 4 LO 449 
Temp-ramre t i/r x LOW, 

One-Component Coulomb Plasma 
Solid-liquid phase transition in 10000 ions 
confined t o  a sphere 

Tracked in Sharpness of 
Peak in Correlation Function 
Sharpness in Shell Structure 
Diffusion Rate 

6 Correlation F~iuction 

2 

10 

4. 

1 . T ' -  

One-Component Quark Plasma 

1000 particles. Here, the solid-to-liquid 'phase 
transition' seems t o  occur at about the same 
temperature (I?= 300), as that in a corresponding 
(1000 ion) Coulomb system. 

But note that here 
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Equations of State 
Derived from HED laboratory experiments." 

ucRL-PREs-208770 

Richard W. Lee and Stephen B. Libby 
V Division 

Physics and Advanced Technologies 
LLNL 

University of California 

Laboratory experiments focused on understanding of the Equation of State (EOS) 
in the High Energy Density regime are performed on various high-energy laser and pulse 
power facilities. The primary effort over the past decade has been the development of 
experimental techniques to measure the EOS accurately. This has in turn led to the work 
on perfecting measurement along the primary shock Hugoniot. This approach was 
clearly motivated by the fact that one only requires the measurement of two variables, 
e.g., the shock velocity and the pusher velocity, to provide an absolute EOS while 
relative measurement, using a known standard, requires only one variable! However, 
there is room for deep concern as in situ measurements of the state of the shocked 
material are missing, That is, although one may assume that the Hugoniot conditions are 
satisfied one must ensure that the shocked matter has equilibrated, that the density - or 
partide spacing - is measured, and the temperature of the matter is bracketed. Desired in 
situ measurements'include luminescence spectroscopy to confirm the temperature and x- 
ray scattering to determine S(k,o). The state of play is decidedly worse for measurement 
off-Hugoniot as all the drawbacks are amplified by having to interrogate an ill-defined 
hydrodynamic state of the matter. 

The positive aspects of the current EOS measurements along the principal Hugoniot are: 
1) Systems can be driven to very high pressures (> 10 Mar) 
2) Shocks can be verified to be temporally stable and spatial uniform 
3) Two independent variables can be measured to reasonable accuracy 
4) Measurements of additional physical parameters can be carried out, including 
reflectivity (to get at the dielectric 'hc t ion  &(a)), and pyrometry (shock 
temperature). 

5) Measurement of in situ properties (such as S(k,o)) have not been achieved 
6) Different methods for generating the shocks provide differ results 
7) Errors in the state variables are amplified, as these are not measured directly 
8) Measurement off-Hugoniot are completely unsatisfactory; but, represent the 

While, the drawbacks of the technique are understood and numerous: 

vast majority of the phase-space 

So, progress has been made but much research is needed. 

* Work Performed underthe auspices of the US Department of Energy by LLNL under 
contract No. W-7405-ENG-48 

39 



In I n -  
- Increased compressibility --4 increased p --4 increased yield 
- Reduced Rayleigh-Taylor growth during implosion --3 less mixing of 

pusher and gas 
- Decreased sensitivity to drive --4 greater margin for ignition 

tr law-mass st 
- No sudden phase transition mayano phase separation 
- Significance now being explored 
- Renewed interest in theory of H EOS at high pressure 

EOS 12/16/04 



CH+0.25% Br+5% 0 

For ignition, need 
hot-spot with Tion - 10 
keV, pR,, - 0.3 g/cm2 

I D  picture 2D or 3D picture 

Hot-spot perimeter 

DT/Be interface 
= * -  ' Stagnation shock 
__II 



Hugoniot is locus of p-T points arising from an ideal strong shock 

- -  P -  L US 

F - F, = p~(LA)(up - 0) 

P - P, = pOusup 

dQ= dE + PdV 

u u2 
POUS 2 

E - Eo - 

0 4 unknowns (p, P, Us, Up) and 2 equations 
EOS 12/16/04 = need 2 quantities for absolute measurement 



0 6asic configuration uses an method when shock material can be 
radiographed 

0 Preheat: c few hundred C 

6 0 Planarity of shock: - 0.2% 

0 Steadiness of shock pressure: - 2% 

0 Accuracy of velocity: AU,/U, - 2% 

But, there remains no in situ probe of 
the state of the shocked material 

basic configuration schematic 
EOS 12/16/04 



P 
P 

- 
X-ray 

yscope 
and 

streak 
camera 

2 )  Shock generating laser 
Metal Beryllium 

pusher , / foil 

window 3) Probe laser 

x-rays 

Iron foil 

/ 2) X-ray generating laser 

streak camera record 

* Slope of shock front yields Us 
Slope of pusher interface gives Up 



a 

0 

Reflectivity, pyrometry, and other laser techniques corroborate D, data 
Z pulsed power "flyer plate" relative measurements do not 

10 

R 

4 5 6 7 

ideal gas 
single shock 
maximum 
compression - 

EOS 12/16/04 

t-----.o------i 

I 
I - I. 

e 
I 

cold curve (T=O) - 
.,a T<O 

R - 
m F I  I - 1 I I 

5 6 

Density (plp,) 

. _. Sesame 1972 
LM 

r_ FVT,REMC - FVTcPlasma 
C- 0 WPMD 

X GasGun 
0 Nova 
X ZMachine 
A High Explosivc 

DAC 

Theory and simulation 
are not in agreement 
with data or each other 

Only the Z pulsed power 
and larger lasers can 
access the regime 

Improvements and 
resolution essential 



Pb phase diagram shows paucity of data Diagnostics for €OS 

~ ~ ~ ~ i @ ~ ~ ~ ~ ~ ~ ~ ~ ~  
Measure piston 
velocif yldensity 

Be 

-VIS AB 
Laser (Doppler interferogram of 

Thornson Scattering 
(Doppler spectroscopy 
of ions and electrons) 

Luminescence 
Spetroscopy 

0.S 1.2 1 k 2.0 2.4 2.8 
Entropy (J/g/K) Diagnostic currently include: 

lsochoric heating I isentropic expansion 

Principal and porous Hugoniots shock compression 

experiments Visar Doppler i’nterferometry 
Studied release isentropes (S) 

Luminescence 
X-rad iog rap h y 

Pyrometry 
Reflectivity 

Isobaric expansion (IEX) 

Ionization degree (45) and non-ideality parameter (r) are Develop x-ray scattering to probe the bulk: 
shown 

EOS 12/16/04 measure S(k,co) 



Hydrodynamic Simula.tion of Relativistic Heavy Ion 
Collisions 

Tetsufuini Hirano 

Depwtment of Physics, Columbia University 
First data reported by the STAR Collaboratfon at RHIC [l] are sig- 

nificant meaning because the observed large magnitude of elliptic flow for 
charged hadrons is consistent with hydrodynamic predictions [2]. This sug- 
gests that large pressure, possibly in the partonic phase, is built at the early 
stage (r  - 0.G fm/c) in Au+Au collisions at Jsnrnr = 130 and 200 GeV. This 
situation at RHIC is in contrast to that at lower energies such as AGS or 
SPS where hydrodynamics always overpredicts the data [3]. ,Moreover, this 
also suggests that the effect of the viscosity in the QGP phase is remarkably 
small and that the QGP is almost a perfect fluid [4). Hadronic transport 
models are very good to describe experimental data at lower energies, while 
they fail to reproduce such large values of elliptic flow parameter at RHIC.So 
the importance of hydrodynamics is rising in heavy ion physics. To under- 
stand these experimental data, hydrodynamic analyses ase also performed 
extensively [5, 61. In this short review, we highlight several results on elliptic 
flow from hydrodynamic calculations. 

References 

K. H. Ackermann et al. (STAR Collaboration), Phys. Rev. Lett. 86 402 
(2001). 

P. F. Kolb, P. Huovinen, U. Heinz and H. Heiselberg Phys. Lett. B 500 
232 (2001): P. Huovinen, P. F. Kolb, U. If7. Heinz, P. V. Ruuskanen and 
S. A. Voloshin, Phys. Lett. B 503 58(2001): P. F. Kolb, U. IT. Heinz, 
P. Huovinen, I<. J. Eskola and K. Tuominen, Nucl. Phys. A696 
197(2001). 

C. Alt e t  al. (iYA49 Collaboration), Phys. Rev. C 68 034903 
(2003): G. Agakicliiev et al. (CERES/NA45 Collaboration), 
Phys. Rev. Lett. 92 032301 (2004). 

E. Shuryak, 2004 J. Phys. G 30 S1221 (2004): D. Teaney, Phys. Rev. C 
68 034913 (2003). 

P. Huovinen, in Quark Gluon Plasma 3 eds. R Hwa and X iY Wang 
(Singapore, World Scientific, 2003) 

P. F. Kolb and U. Heinz, in Quark Gluon Plasma, 3 eds. R Hwa and X 
N Wang (Singapore, World Scientific, 2003) 

47 



P m 

No secondary interaction 

8 z a 
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Particle Density Dependence of 
Elliptic Flow 
NA49( ’03) 

n 
Y 

I- 

0.2 1 

0.1 1 

(11s) dN,, ldy 

Number density per 
unit transverse area 

Dimension 
2D+boost 

Kolb, Sollfrank, Heinz (’00) 

1 
( 0  EoS 

nv. 

QGP + hadrons (chem. eq.) 

Sudden freezeout 
Deco u p I i n 4 

1 .Hydrodynamic response is 
const. v*/E- 0.2 @ RHIC 
~Exp .  data reach hydrodynamic 

1 limit at RHIC for the first time. 

Dawn o f  the hydro age?. 1 
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Particle Density Dependence of 
Ellip tic Flow (cont d.) 

Teaney, Lauret, Shuryak(’O1) 

2D+boost inv. 

Parametrized by latent heat 
(LH8, LH16, LH-infinity) 
Hadrons 
QGP+hadrons (chem. eq.) 

0 Decou pl i ng 
0 Hybrid (Boltzmann eq.) 

Dimension 

0 EoS 

I Deviation at lower energies can be filled by 
I “viscosity” in hadron gases 
1 Latent heat -0.8 GeV/fm3 is favored. 



"Fine Structure" of v2: 
Transverse Momentum Dependence 

, Huovinen et aL('O1) 
Dimension 

2D+boost inv. 
0 EoS 

QGP + RG (chem. eq.) 

0 Sudden freezeout 
Decoupling 

PHEN IX('03) 

Correct pT dependence 
up to p+l.5 GeV/c 
Mass ordering 

0 Deviation in small wave 
length regions + Effects other than hydro 



Summary: A Probable Scenario 

\ 
I I 

Colliding 
nuclei 

-+ 
proper time t 

, 

Thermalization time 
-8.5-1 .Ofm/c 
Mean energy density 
-5.5-6 GeU/fm3 @ 1  fm/c -8.8 GeU/fm3 

I I ,  I '  
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Directed (sideward) Flow 
Example: E877 (AGS, 11 AGeV) 

protons deuterons P\. 
SY ' 
d 

.i 

P X  

0.1 

0 

-0.1 

0.5 

c 

-0.5 

Au +Au 

11 AGeV Doto 0 

*a 1 1  AGeV Hydro 
0. mo.* HM 

-1 0 1 



Interplay of passage/expansion 
times 

Passage time: 2W(Pcrnycrn) 
Expansion time: WC, 
c,=cddp/d& - speed of sound 



v, Excitation Function 

Q 

-0.02 

Rich structure 

Transition from in- 
plane t o  out-of -plane 
and back t o  in-plane 
emission 

Geometry effect in 
addition t o  (smooth?) 
change in pressure 



Elliptic flow => sensitivity to early system 
0.1 2 

Q. 1 

“E I I i pt ic f I ow” 
evidence of 
collective motion 0.08 

sensitive to earlypressur o,oB 

evidence for 0.04 

2 0 early thermalization 
QGP in early stage 

QAX? 

Q 



Conclusions and Outlook 

Elliptic flow at RHIC => Evidence for early 
pressure 

b\ First time hydro works in heavy ion 
0 

collisions! 
0 Indications of re-interaction between 

constituent quarks 
0 Will charm flow at RHIC? 
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Axel Drees, University Stony Brook, RBRC workshop at BNL 
Strongly Coupled Plasmas: Electromagnetic, Nuclear and Atomic; December 16-17 2004 

Typical external probes in plasma physics are short in wavelength compared to the characteristic 
wavelength of the plasma. Measurement oftheir transmission yields information about the opacity and 
density of the plasma. In heavy ion collisions, the timescale is too short to use an external probe 
source, but quarks and gluons scattered with high momentum transfer in the initial nucleon-nucleon 
collisions are short wavelength probes which carry color charge. The production rate and distribution 
of these probes can be calculated with QCD, and their fragmentation into jets of hadrons 
benchmarked in pi-p collisions. Using these, transmission through the Quark Gluon Plasma can be 
measured. 

A large suppression in the production of high momentum hadrons from such jets is observed in 
central Au+Au collisions. This suppression is seen also for the partner parton for jets emitted from the 
surface of the collision. No suppression is seen in d+Au collisions, indicating that the suppression is 
an effect of the hot, dense system present in Au+Au collisions but absent in d+Au. Using an opacity 
expansion, the observed suppression factor indicates that a system with 1000 gluons per unity rapidity 
at an initial energy density of -15 GeVIW is formed. 

This kind of probe should also allow measurement of plasma properties, using coincidences of two 
or more hadrons to track interactions of the probe with the medium. It may be possible to elucidate the 
speed of sound in the quark gluon plasma fiom a “splash” pattern on the away side, or probe the 
coupling strength by detecting jet fragments which have been boosted by the expanding medium. 

_--,--- . - .--A- “ X  
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Nuciear 
Modification 
Factor: 

yield (A  uAu)/ AIco,, 
Rm (PT = yie/d(pp) 
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Axel Drees 



e no AuAu @ 200 GeV (0-10%] 

U no pp @ 200 GeV [NcoU(O-10%) scaled] 7,. . Uncertainty in N pp scaling @'At 
7, 
"';. 
t. 
4 *.: 

F,. 

PHENIX 

lod 
I , !  , , I  , / I  I I , I I I I  

a 2 4 6 a 10 
no pT (GeVlc) 

4 I 
e r -  - 1.6 

1.2 
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GLV calculation: 

0.61 tt dNg/dy - 11 00 
e - 15 GeV/fm3 

O i ’  “ 2 ‘  ‘4’ “A‘  “ 8 ‘  ‘‘16 ! ‘ i 2  ‘14, ‘ ‘ 
pr (GeVk) 

Axel Drees 
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d -p+p min. bi 

* Au+AuCen 
'CI 

g 0.11 i - m I I I I - $  ! 

I , , ,  , : , , , :  , I , ,  I ,  I ,  
2 

-1 0 1 2 3 4 

A 4, (radians) 
Near-side: p+p, d+Au, Au+Au similar 
Back-to-back Au+Au strongly suppressed relative to p+p and d+Au 

Integrate yields in 
some I$ window on 
near and away side 

Axel Drees 
ST@NY 
B 

66 



Heavy Quarkonium 

and 

Color Screening 

Dmitri Kharzeev 

hruclear Theory Group, 

Physics Department, 

Brookhaven8 National Laboratorv, 

Upton, N Y  11973-5000, USA 

QCD has a remarkable property of color anti-screening, or the "asymptotic free- 

dom". As a result, the bound states of heavy quark and anti-quark (heavy quarko- 

nia) may in the first approximation be described with the use of a Coulomb potential 

generated by perturbative gluon exchanges. In quark-gluon plasma, due to the scat,- 

tering of Coulomb gluons off the heat bath, the heavy quark potential gets screened; 

therefore at sufficiently high temperatures the bound states will dissolve. Another 

dissociation mechanism is "ionization" of the bound states by thermal gluons, similar 

to photo-effect. This talk discusses the relative importance of the two mechanisms 

in view of the recent lattice results and the experimental data from RHIC and SPS. 
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Diagnosing .Collective 
Plasma Modes 

We are interested in modeling the dynamical properties of dense, strongly coupled plasmas. These plasmas are characterized by ratio of the 
potential to the kinetic energy per particle being greater than one and, at large enough density and/or low enough temperature, by the 
degeneracy of the free electron gas. The dynamics of dense, strongly coupled plasmas is characterized by collective modes, such as the ion- 
acoustic wave or the electron plasma wave, whose spectra contain a wealth of information about the equilibrium and transporf properties of the 
plasma. Light scattering experiments (Thomson scattering) from free electrons constitute a probe of the collective behavior of the plasmas and, 
in principle, a diagnostic of the plasma if the scattered spectrum of radiation can be predicted. An important quantity is the spectrum of the 
electron density-density fluctuations, the so-called dynamic structure factor S,,(k, w), since it is directly probed in Thomson scattering (here k and o 
are, respectively, the wave-vector annd the frequency of the electron density fluctuations). We illustrate the difficulty of constructing a theory of 
S,,(k, 0) by constructing gradually more complicated models and comparing their predictions to molecular dynamics calculations, which play a 
crucial role in calibrating our understanding of dynamical properties. First, we consider two simple sum-rule models to show how strong coupling 
manifests itself in the dispersive properties of the’collective modes: here, the screened one-component plasma model (Yukawa) is used, which 
has ion-acoustic wave dispersion. These models contain exact information on the structural (liquid-like) properties of the system, and are able to 
reproduce qualitatively the dispersion of the mode. However, purely static information is not enough to model the collisional mechanisms (such 
as viscosity, heat transport ...) responsible for the width of the modes. In order to go beyond these simple models, one uses the fluctuation- 
dissipation, which connects S,,(k, w) to the electron-electron response function Xee(k, a). ,yeelk, m) is written exactly in terms of the ideal gas 
response function, the interaction potential between particles, and the so-called dynamical local-field correction G(k, 4. As such, the model 
reproduces the independent particle system behavior when the system is probed at large momentum transfer k, as well as collective effects at 
smaller wave-vector because of the presence of the mean-field. The difficulty resides in modeling G(k,wJ, which contains both the structural and 
collisional information of the system, that strongly affect the position as well as the width of the modes. We show that frequency-independent 
models, based on the satisfaction of basic sum-rules, is not enough to reproduce the positionsand the shape of fhe resonances. A calculation for 
a dense aluminum plasma show the strong sensitivity of the ion-acoustic peak to the models. This is important because the ion-acoustic peak is 
likely to display the effects of strong coupling more prominently than the electron wave, since the ions are often cooler and have higher charge 
states Z. G(k,w) is a truly frequency dependent quantity, and even a viscoelastic model is not able to reproduce the simulation data. We also 
illustrate the impact of degeneracy on the shape of the spectrum: as the temperature decreases, properties become insensitive to the 
temperature and depend essentially on the density. 

-.I 
v1 

Michael S. Murillo & Jer6me Daligault 

Theoretical Division 

Los Alamos National Laboratory 



Experimental Configuration: Thomson Sca tt.ering 
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Why they should (?) be expected 

0 Similarities and Differences with conventional plasmas 

0 Possible implications 

0 Directions for further research 

Is a weak-coupling treatment really in contradiction with 

hydrodynamic behavior as observed a t  RHIC? 

Guy D. MQQW 

:,:eta g I is 1 ;.?$<!$ 14 k.&r$C>* j( 9 ' k  :.> I\ i , f\*Lj i If!:: 

P. Arnold, .J. %...enagfian, L. Y a f k  



82 



There are gluonic fields which obey Maxwell equations. 

Small deBroigle wavelength quarks (and gluons!) act like 
point-particle charges for these gluonic fields 

00 w 

Classical particle + classical field description is justified a t  

leading order in as (and underlies Saturation/ c-, picture) 



If I assume 

1. Saturation picture, f(Qs) N a;' a t  t N Q;l 

3. Bjorken hydrodynamics (1-dimensional expansion) 

4. No (other) fast isotropization mechanism 

Then exponentiation timescale for in 

than age of plasma for all t > Q i l .  
shorter 

Arnold, Lcnaghan, GDM hep-ph/0307325 (JH P0308:002) 



Q soft B fields grow to the  scale 

the scale where ELamor N mE1 the coherence length, and 

n 
r do they saturate a t  

g g 
where nonabelian interactions become important (gauge 

fields mutually interact, charges color-rotate on the A field 
coherence length, etc)? 
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Three Vignettes of the Equation of State and Transport in Dense Plasmas* 

Stephen B. Libby 
V Division 

Physics and Advanced Technologies 
LLNL 

University of California 

Three basic laser-plasma situations were used to illustrate the measurement, 
computation, degree of control and understanding of basic transport and equation 
phenomena in high energy density physics. These were: 1- two modes of inertial fusion - 
‘hot spot’ ignition driven by convergent shocks, and ‘fast ignition’ driven by a short pulse 
laser generated relativistic electron beam. A related topic is the development of K-alpha 
sources both for investigating relativistic electron propagation in dense plasmas and using 
the K-alpha x-rays as a backlighter. 2 - the dielectric function and electrical conductivity 
of short pulse driven plasmas and exploding wires. 3 - laser-plasma x-ray conversion, 
necessitating understanding the dynamics of non equilibrium radiative behaviors - 
‘WLTE” physics. 

In the first instance, both fusion schemes and K-alpha production rely on the 
understanding of dE/dx for both slow, heavy ions, and relativistic electrons in hot dense 
media. As might be expected for a Coulomb scattering problem, dE/dx is complicated by 
the subtle interplay of infrared and ultraviolet divergences. L. Brown has shown recently 
that dimensional regularization is a useful way to sort out these effects. It is also 
important to stress the fact (due to kinematics) that particle ranges increase enormously 
as the average plasma electron velocity exceeds that of the projectile in question. 

Electrical conductivity importantly enters the applications and study of both 
pulsed power and laser produced high energy density plasmas. Several reasonably 
effective methods exist for computing plasma electrical conductivities in the strongly 
coupled, dense plasma regime. For example, the ‘Zimk formula’ is applicable for liquid 
metals and dense plasmas because the static structure factor S(q) and the screened 
pseudopotential v,(q) seen the by conduction electrons are peaked in the same q region. 
However, such methods are all effectively ‘Boltzmann closures’ enforcing average 
relaxation times at the expense of effects such as possible coherent backscattering. These 
issues require the use of the linear response Kubo formula, and carefully assessing the 
role of all diagrams. Surprisingly, recent experiments in both exploding wires and short 
pulse laser-plasma reflectivity have given preliminary evidence that such effects (more 
typical of low temperature condensed matter physics) may occur in few volt plasmas at 
densities between .1 gdcc and .0001 gr/cc. 

Non-local thermal equilibrium (NLTE) radiation transfer is ubiquitous in laser- 
plasma applications. Unlike ‘local thermal equilibrium’ (LTE) where all ion populations 
and the Maxwellian continuum are characterized by a single electron temperature, in 
NLTE the ion populations depend on the full non-Planckian radiation field. While 
arbitrary.transient NLTE phenomena remain quite difficult to compute, the special case 
of near equilibrium steady state NLTE can be treated with a ‘linear response’ method that 
effectively determines all possible atomic ion responses in terms of a single precomputed 
matrix that captures the entropy flow. 
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Finally, several important topics were left out because of time constraints. These 
include the Dharmawardana - Perrot theory of non-equilibrium relaxation in multi- 
temperature plasmas as well as the Dashen-Ma-Bemstein-Rajaraman theory of the 
equilibrium equation of state in terms of the relevant S-matrix elements. F. Rogers’s 
ACTEX (activity expansion) plasma EOS code is a practical implementation of the latter 
philosophy for dense plasmas where it is crucial to consistently include both ionic bound 
and continuum scattering states. 

* UCRL-PRES-208781. Work Performed under the auspices of the US Department of 
Energy by LLNL under contract No. W-7405-ENG-48 
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I D  picture . 

n Main 
I uuu 

CH+0.25% Br+5% 0 1.11 mm 

0.87\ / DTsolid 

\ / 0.3 DTgas malcc For ignition, need 
" V hot-spot with Tion - I O  

keV, pR,, - 0.3 g/cm2 

m2 
I O  
Transpbrt 12/17/04 

2D or 3D picture 

Hot-spot perimeter 
Stagnation shock 
DT/Be interface 



P m 
laser 

Shifted Kix lines from i partially ionized re#ion 

Ag 192 J Vulcan 2x10’7 W/cm2 (H-S Park ‘03) 

~a line from nearly. 
neutral region 

OK, experiments serve both a fast electron velocity 
distribution and dE/dx diagnostic and for the development 
of petawatt driven hard x-ray backlighters. Interpretation of 
experiments requires attention to atomic physics issues. 

Ka emission depends on e- 
transport and atomic processes 
over 
a wide temperature range 

Transport 1211 7/04 

.Detailed relativistic energy shifts and electron 
impact cross sections are required to get an 
accurate picture of the emission spectra and 
f I uorescen t yield. 
*The problem of the relaxation of a non- 
Maxwellian electron distribution in the presence 
of NLTE atomic physics is analogous to that of 
NLTE radiation transfer. 
.Radiation trapping? 
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Present Motivation: 
- Theory and experiment give evidence for conductivities below ‘loffe-Regel’ minimum 

‘metallic’ conductivity for a variety of plasmas with 

<. 1 1 P -eP’<kT < 5eV .0001<- 
2 &’solid 

- M. Des’arlais et. al., Confrib. PIasma Phys. 41 (2001), H. Yoneda et. al., Phys. Rev. Leff. 91, 
o75ood (2003). 

W - loffe-Regel ds.  metallic conductivity minimum is 
h, 

Evidence that the conductivity 
component G is anomalously 
small even after taking into 
account ionization balance! 

. . .  

Transport 12/17/04 



Non-LTE In a mufti-dimensional space? 

%=A".. 

n ~ 2  .- 
Strong radiative 
drrcRy 

Electron continuum 
and ion Charge 
state Q c I 
Rydberg states neat 

"Isolated" levels 
often non-LTE 
unless sufficient 
collisions andlor 
radintion 

A simple model (Griem) for the 
eleclron density required to 
drive a given level n to LTE is 

' LTE 

Radiotlve effects play a key role 
in driving LTE in many situations 

* Non-LTE effects are significant in 
laser-plasma experiments 

Ground stale of ion 
charge state Q 

- I1 = 1 

e Our radiation transfer models 
often need to account for NLTE 

Near-LTE non-LTE is a 
precisely-defined class of states M 

1 p, Te, (Iv) - for SOgroups, a 62-dimanslonal space 1 
Write 5 = E, (T,) 

Neur LTE, photon group tcmpahweTv = Te + 6Tv 

N u t  LTE, expect 

Calculate A,,,. for ion In LTE with perturbation ST,. 

I Photonaate~gyhv'changaikeopacltysthvI 

LLL hv hv hv  

* Each photon frequency-group is another degree of fFeedom 
* The state of the atom Is dekrmlned by the set of variables p, Te, (Iv} 

Many near-LTE plasmas can be analyzed 
using the linear-response method E! 

Ion plum photon beam 

Ion nwr boundary 
of medium 

Ian 1 



Our Strategy: extract NLTE physics in simpler way near LTE limit avoiding 
computational explosion (complexity example: M shell iron - I O3 configurations like 
ls22s22p63s3p23d5d -+ 106-107 lines - as Z increases the number of lines grows fast!) 
Earlier ideas: for electron dominated plasmas, Pitaevski, Gurevich, and Beigman 
studied electron currents in principal quantum number space (L&L vol. 9); also Scovil 
and Schulz-Dubois analyzed the steady state maser as a Carnot engine, PRL 2,1959. 
(also note analogous treatment of the Overhauser effect). 
We study the linear response of an LTE atom (ion) subject to a steady imposed 
radiation spectrum I, constituting effective temperature shifts 6T, away from B,(T,). 
The resulting Response Matrix in frequency group space Rvvy naturally separates the 
problem of radiation - hydrodynamics from the underlying kinetics and lines. 
Because RvVy expresses entropy flow, it obeys Onsager constraints. 
- R,,, is symmetric and has a straightforward form in terms of the plasma rate 

coefficients. Consistency test for NLTE codes. 
- The principle of minimum entropy production is obeyed. 
- Computed examples in 3 NLTE models show a large range of linear response. 
- Inline RvVy tabulation scheme offers enormous NLTE rad-hydro acceleration. 

* Libby, Graziani, More, Kato, 13fh conf. LIRPP, AlP 1997; More, Kato, Faussurier. Libbv. 
JQSRT, 2001 ; DeCoster, JQSRT, 2001. 

Transport 12/17/04 
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MEASUREMENT OF SCREENING EHHANCEMENT TO NUCLEAR 

STRONGLY CORRELATED NONNEUTRAL PLASMA 
REACTION RATES USING A STRONGLY-MAGNETIZED, 

Dan Dubin, Dept. of Physics UCSD 
Supported by the NSF/DOE partnership 

ABSTRACT: 
In the hot dense interiors of stars and giant planets, nuclear reactions 
are predicted to occur at rates that are significantly enhanced 
compared to the low density Gamow rates. As first discussed by 
Salpeter and others around 50 years ago, the reason for the 
enhancement is that the surrounding plasma screens colliding pairs, 
increasing the probability of the close collisions that are required for 
nuclear reactions. In two manuscripts Dubin PRL, Jensen PRL, in 
press 2004) we show how this predicted enhancement can be 
studied and experimentally tested over a wide range of parameters 
for the first time. The tests can be done at low energy by studying the 
energy equipartition rate of ions stored in a Penning trap and laser 
cooled to milliKelvin temperatures, where the ions form a strongly 
coupled plasma. In the strong magnetic field of the Penning trap the 
the trapped ions execute rapid cyclotron motion. The kinetic energy of 
this motion is an "adiabatic invariant". Like nuclear energy, this 
cyclotron energy is released only through rare close collisions 
between ions that break the adiabatic invariant. When the plasma is 
strongly correlated, close collisions are more likely because of 
plasma screening and the rate of cyclotron energy release is 
enhanced, in just the same manner as for nuclear reactions. 
Experiments at NlST with laser cooled Be* ions have observed a 
release of cyclotron energy which is more than 10 orders of 
magnitude faster than that predicted by theory without the 
enhancement factor 
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Higher parallel energy collision: 

Collision timescale 

abaticity parameter 1 
-._-.**. _**_ -_-- 

f c'! *4:.Yy p* 

Close collisions release this energy 
w.r 

1.d 

In cold, strongly-magnetized plasma, most collisions have bin C hIl >> 1 
Only supertherrnal ions release the cyclotron energy 
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Strongly-Interacting Cold Atoms 

J. E. Thomas 

Physics Department, Duke University, Durham, North Carolina 27708-0305 . 

We produce and study a degenerate, strongly-interacting Fermi gas of 6Li atoms. 

In the experiments, a 50-50 mixture of spin-up and spin-down atoms is magnetically 

tuned to a Feshbach resonance, where strong interactions are observed, and then 

cooled by evaporation in a stable optical trap [l, 21. 

Near the resonance, the zero-energy s-wave scattering length is large compared 

to the interparticle spacing, which in turn is large compared to the range of the 

twc-body interaction potential. Under these conditions, the gas is unitary and me- 

chanically stable. Strongly interacting Fermi gases exhibit universal behavior, and 

therefore provide a paradigm for strong interactions in nature, such as pairing inter- 

actions in high temperature superconductors and hydrodynamics in nuclear matter. 

We have studied the hydrodynamics of the gas, both in the expansion dynamics 

and in the collective modes of the trapped cloud. Upon release from a cigar-shaped 

trap, the cloud exhibits highly anisotropic expansion, standing nearly still in the axial 

direction, while expanding rapidly in the transverse direction [2]. This behavior is 

analogous to the “elliptic flow” which is believed to occur in a quark-gluon plasma. 

A radial breathing mode is excited in the trapped gas by releasing the cloud for 

a short time, and then recapturing it. By precisely measuring the frequencies and 

damping times of this mode as a function of magnetic field and temperature, we 

test state-of-the-art predictions of the equation of state for this strongly-interacting 

many-body system. We observe a breakdown in hydrodynamics at high magnetic 

field and we find that the damping rate decreases linearly with temperature at low 

temperature. Both of these observations provide evidence for the onset of superfluid 

hydrodynamics at a high reduced temperature [3,4]. 

Recently, we have made the first attempt to measure the heat capacity of a 

strongly-interacting Fenni gas 151. We first add a precisely determined energy to 

the gas. Then, a temperature parameter is determined from the spatial profile of the 

heated gas. We plot the total energy as a function of the measured temperature pa- 
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rameter and observe a, transition in behavior at a reduced temperature of 0.3. Above 

this temperature, the gas behaves as a normal Fermi gas of particles with increased 

mass. Below this temperature, the energy versus temperature exhibits an abrupt 

change in slope. Using a pseudogap model, which originated in the study of high 

temperature superconductivity, this change in slope has recently been interpreted as 

a consequence of high temperature superfluidity [SI. 

[I] J. E. Thomas and M. E. Gehm, “Optically trapped Fermi gases,” Amer. Sci. 92,238-245 (2004). 

[2] K. M. O’Hara, S. L. Hemmer, M. E. Gehm, S. R. Granade, J. E. Thomas, “Observation of a 
’ 

[3] J. Kinast, S. L. Hemmer, M. E. Gehm, A. Turlapov, J. E. Thomas,“Evidence for superfluidity 

strongly interacting, degenerate, Fermi gas of atoms: Science 298, 2179 (2002). 

in a resonantly interacting Fe+ gas,” Phys. Rev. Lett. 92, 150402 (2004). 

[4] J. Kinast, -4. Turlapov, J. E. Thomas, “Breakdown of hydrodynamics in the radial breathing 

mode of a strongly interacting Fermi gas,” Phys. Rev. A 70, 051401(R)(2004). 

[5] J. Kinast, A. Turlapov, and J. E. Thomas, “h4easurement of the heat capacity of a strongly- 

interacting Fermi gas,” arXiv:cond-mat/0409283 (2004). 

[6] Q. Chen, J. Stajic, K. Levin, “Thermodynamics of ultracold fermions in traps,” arXiv:cond- 

mat/0411090 (2004). 
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Radial Breathing Mode: 

n 
i Reduced Number: 

CT N/3 

r 
‘0 012 014 016 0.8 

I 
l ! O  1!2 114 
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Duke 
Physics 

Atom Coaffng and lLripplng 

Input Energy vs Measured Temperature 
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- idealgas 
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Viscosity and universality 

a There is no need 
to specify 
constituents or a 
mean free path: 

c-' c-' P 

in P 

P 

can provide a 
definition I 

.For cold atoms 

Should be the universal 
dimensionless constant 
.Scattering rate must 
be T-I-J h/EF m... 





H 
\ The lines marked RHIC and SPS show the 

M 9  I csc paths matter makes while cooling, in 

I > Brookhaven (USA) and CERN (Switzerland) \ 

Chemical potential pB related to baryon charge 



Bound States Above Tc 

Hong- Jo Park, a Chang-Hwan Lee, a 

presented by Gerald E. Brown 

“Department of Physics, Pusan National University, Pusan 609-735, Korea 
(E-mail: hongjopark@pusan. ac.kr. cleeapusan. ac.kr) 

bDepartment of Physics and Astronomy, 
State University of New York, Stony Brook, NY 11794, USA 

(E-mail: Ellen. Popenoe@sunysb. edu) 

~~ ~ 

Abstract 

%‘e discuss the problem of mass, noting that meson masses decrease with increasing 
scale as the dynamically generated condensate of “soft glue” is .melted. We then 
extend the Bielefeld LGS color singlet interaction computed for heavy quarks in 
a model-dependent way of including the Ampere law velocity-velocity interaction. 
Parameterizing the resulting interaction in terms of running coupling coilstants and 
including screening, we find that the masses of T ,  0, p and AI excitations, 32 degrees 
of freedom in all, go to zero (in the chiral limit) as T --+ Tc essentially independently 
of the input quark (thermal) masses, as long as the latter is in the range of 1 - 2 
GeV, calculated also in Bielefeld. We discuss other LGS which show ijq bound states, 
which we interpret as our chirally restored mesons, f0r.T > T,. 

Preprint submitted to RBRC Workshop 1 17 17 December 2004 ’ 
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Fig. 1. Potentials from LGS for various T.  The Thick line correspond to the Coulomb 
interaction with constant coupling as '= 0.5. Note that hq = 1.4 GeV is used for 
the finite quark size effect. The LGS' results for T = 1.4TC (downward triangle) is 
close to the Coulomb potentid. 
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Fig. 4. Mass of bound states. The fitting curves show that the mass of bound states 
approaches to zero as T goes to Tc. 
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