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Nuclear reaction rates and energy in stellar plasmas: The effect of highly
damped modes *

Merav Opher,™ Luis O. Silva, Dean E. Dauger, Viktor K. Decyk, and John M. Dawson
Physics and Astronomy Department, University of California, Los Angeles, Los Angeles,
California 90095-1547

(Received 23 October 2000; accepted 13 February 2001

The effects of the highly damped modes in the energy and reaction rates in a plasma are discussed.
These modes, with wave numbédss kp, even being only weakly excited, with less thiggslT per

mode, make a significant contribution to the energy and screening in a plasma. When the de Broglie
wavelength is much less than the distance of closest approach of thermal electrons, a classical
analysis of the plasma can be made. It is assumed, in the classical analysis—~w&hthat the

energy of the fluctuationd w<<kgT. Using the fluctuation-dissipation theorem, the spectra of
fluctuations with7 #0 is appreciably decreased. The decrease is mainly for the highly damped
modes at high frequencies-(0.5—3gT). Reaction rates are enhanced in a plasma due to the
screening of the reacting ions. This is taken into account by the Salpeter factor, which assumes slow
motion for the ions. The implication of including the highly damped mogish 7 #0) in the

nuclear reaction rates in a plasma is discussed. Finally, the investigations presently done on these
effects in particle simulations with th&éheet modeand themultiparticle quantum simulation code

are described. €001 American Institute of Physic§DOI: 10.1063/1.1362533

I. INTRODUCTION mainly in the normal modes, around the plasma frequency
for example(in the case of the longitudinal component of a
Plasma effects can drastically modify important phe-nonmagnetized plasmaand that the contribution of the
nomena in astronomy such as the energy density in the earlyyasimodes would be negligible. We show that the contribu-
universe and the neutrino flux produced in the interior of thejon for the Debye—Fekel correlation energy, for instance,
Sun. Plasma physics has been extensively studied in thg appreciable. This is crucial since by not taking the limit of
laboratory. However, in astronomy, research on plasmas has .o for classical plasmas, the fluctuations carried by the
received little attention. The lack of a more consistent invesyighly damped modes are strongly affected. Therefore, by
tigation of the plasma effects is particularly true for plasmadecreasing the energy in the highly damped modes, the en-

effects in basic processes such as reaction rates and equat@@y of the plasma is strongly affected. The fluctuations in

of state. As all stars possess very hot and. dense plasm asma can also affect the screening and the enhancement of
plasma effects on reaction rates and equations of state c

ianificantly affect stell luti lculati Th ¢ uclear reaction rates. We will comment on that and on the
significantly affect stellar evolution calculations. These ef- | . e highly damped modes.

fects can also influence the early universe, especially at the Presently, we are investigating the effects of fluctuations

radiation epoch, when the amount of energy in the plasma is . . . .
! . . n particle simulations using two approaches: through a clas-
comparable to the amount of energy in the radiatipho- m parti imutat using two app ug

tons sical description with thesheet modéland through a quan-

We discuss in the present article the effects of quasi:[um description with themultiparticle quantum cod# The

modes and fluctuations in plasma on energy and reactioﬂl"j‘smas in the ipterior of stars are dens'e enough that quan-
rates. Even nonmagnetized plasmas contain an oscillatin m effects are important. Many analytical calculations to

magnetic and electric fields that produce fluctuations in den’’ clude quantl_Jm effects have been at.ternp'Fed. However, all
sity for example. The fluctuation-dissipation theorem is athese calculations suffer from several limitations, such as not

powerful description of the fluctuations in plasma for it natu-ncluding, for example, nonlinear effects. Although many
rally includes all the fluctuations, such as the quasimodes. Studies have used classical codes to investigate plasma, cur-

What are quasimodes or highly damped modes? Thikently there are no existing quantum particle codes that can
denomination refers to modes that are not the normal modg4rectly simulate basic plasma effetghe only existing
of the plasma. For example, in the case of a nonmagnetizegPde deals with very few particles-2). Themultiparticle
plasma, all modes that are natasmons(in the longitudinal ~ duantum codes a cutting edge code to investigate quantum
component or photons(in the transverse compongntve  effects in plasma that is able to handle hundreds of quantum

would expect that the energy in the fluctuations residearticles and analyze a wide spectrum of frequencies and
wave numbers.

“paper UI2 6, Bull. Am. Phys. Sod5, 203 (2000, The o_utlme of this paper |s_the follovylng:.l_n the Sec. II,
tInvited speaker. we describe the electromagnetic fluctuations; in Secs. Il and
dElectronic mail: merav@physics.ucla.edu IV, we comment on the effect of the highly damped modes
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on the energy of a plasma and in reaction rates. We wilexcite new modes and repeat the process and the amount of
concentrate on the recent work of Opher and Ofli609*  fluctuations is related to the dissipation.”

that used a semiclassical treatment; in Sec. V, we describe The fluctuation-dissipation theorem gives for the spectra
our present investigation of those effects with thleeet of the electromagnetic fluctuations in an isotropic plasma in
model and themultiparticle quantum codeand finally, in  thermal equilibriun,

Sec. VII, we draw conclusions, commenting on the implica-

tion of those effects in astronomy and in the early universe.

(E)w h Ime,
8w  gholkgT_1q le,|?
Il. ELECTROMAGNETIC FLUCTUATIONS A Im e+
Plasma presents electromagnetic fluctuations even in +Zeﬁw/kBT_1 kc\??’ @
thermal equilibrium and in a nonmagnetized state. Detailed ET_(Z)
study of the electromagnetic fluctuations has been performed
by DawsorT, Rostokeret al.® Sitenkoet al,” and Akhiezer
et al® Most of these results are compiled in the books of  (B?),,, h kc\?2  Imey
Sitenko and Akhiezeet al®° There has been a long tradi- 8r  CgholkeT_q (;) KoL 22 2
tion in plasma studies to use the analysis of the fluctuations e1— (;)

in a plasma as a powerful tool to investigate intrinsic prop-
erties of plasma like the amount of energy, screening, and
diffusion. For example, the studies of IchimafuQ’Neiland ~ wheres, andes+ are, respectively, the longitudinal and trans-
Rostokert? and Lie and Ichikaw® of the correlation energy verse permittivities of the plasma. The first and second terms
of a plasma; of Dawsdrand Linet al* on the energy and of Eq. (1) are the longitudinal and transverse electric field
screening properties, and the analysis of anomalous electrdluctuations, respectively. The advantage of using the
diffusion using the magnetic fluctuations. The fundamentafluctuation-dissipation theorem is that we are able to estimate
approach to determine the fluctuation properties of any syshe energy in the electromagnetic fluctuations for all frequen-
tem in the linear regime is the fluctuation-dissipation theo-cies and wave numbers. This estimation requires the dielec-
rem. tric permittivities obtained from the description of the

The level of thermal fluctuations in a plasma is related toplasma. The calculation includes not only the energy in the
the dissipative characteristics and temperature of the plasm#uctuations that are normal modes of the plasma, such as
Plasma waves are emitted by particles as they move aboptasmons and photons, but also the energy in the fluctuations
the plasma and are absorb@xg., Landau dampedy the that do not propagate, or are short-lived, i.e., quasimodes.
plasma. The balance between emission and absorption leadlbe expressions given in Eq&l) and (2) are a quantum
to a thermal level of field fluctuations. The fluctuation- description of the plasmaWorks such as that by Opher and
dissipation theorem describes this level of fluctuations thaOphef are semiclassical descriptions because even though
includes, besides theormal modesof the plasma, modes the expression for the fluctuations was quantic, the dielectric
that have short lifetime, transient modes. For short-livedpermittivities used were classical. For a relativistic or quan-
modes, as the damping is faster, the excitation has to beim description, it is necessary to obtain adequate dielectric
faster so that the emission is equal to the absorption in thepermittivities. This is true also if we are interested in includ-
mal equilibirium. ing nonlinear effects in the dielectric permittivities.

The quasimodesgor heavily damped modgsire modes Recently, Tajima and collaboratdrgevisited the study
with high wave numbek>ky. Therefore, we are talking of fluctuations. They discussed a very interesting suggestion
about physical phenomena that exist inside the Deby¢hat the magnetic fluctuations could result in a spontaneous
sphere. For the plasmas treated, the closest distance betweawagnetic field in a plasma in thermal equilibrium since the
the particlesd is much less than the Debye sphere, i.e.,magnetic spectrum in a plasma at low frequencie®J) has
Kmax=1/d>kp. For example, foT=10 K, n=10" cm 3, an intense peak. The plasma description used was a cold
Kmax=1.1X 10" kp. For these plasmas, the number of par-plasma description with the collisions described by binary
ticles inside the Debye sphere is largd0* (g~10"%). The interactions. A later description by Opher and Opher
particles traveling inside the Debye sphere feel the fluctuatt1997' including thermal effectsin addition to collisiony,
ing electric fields of the bare particles and are continuoushshowed that, in fact, the magnetic spectrum is not a black-
scattered by these fields. As they move, they emit plasmbody spectrum being distorted at low frequencies. However,
waves. These waves have a very small phase vel¢aitk the high intensity peak at low frequencies is strongly
>kp), less than the thermal velocity of the other particlesdamped. Extending this study to the transverse electric field,
and are heavily Landau damped. By suffering Landau dampOpher and Ophet1997!’ showed that the electromagnetic
ing they transfer energy to other modes. The particles excitspectrum(the sum of the magnetic and the transverse spec-
new modes which are again short lived and the process isum) is different from a blackbody spectrum in vacuum. It
repeated. As noted by Tajimet al,'® “an individual mode  has a plateau at low frequencies, possessing more energy
(or field) decays by a certain dissipation, giving up energy tothan the blackbody spectrum in vacuum. This shows the
particles or other modes, while particlésr other modes  power of a tool like fluctuation-dissipation theorem.
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Ill. ON THE ENERGY AND SPECTRA OF THE expressions of the fluctuation-dissipation which is a quantum
FLUCTUATIONS FOR A CLASSICAL PLASMA WITH description for the plasma but the dielectric permittivity was
h#0 a classical one. Therefore, the description of the particles,

The classical theory states that the energy of a plasma i\ﬁvl(gf:o?fe{nzgg dlo_?ﬁewﬁzszlqzs‘:'scfﬂ éjigstvf/re]feﬂ?ss;:%?sin the
thermal equilibrium is given by the ideal gas thermal energy, d : P

3/2 kgT plus a correction due to the interactions of the par-tsr?ensgot::;tthae dfoi(r:c;‘glgimzveer:engtrzg;'ea: irrr:ucg Ssrr:ZIIeILthg
ticles in a plasmag.,,. To examine the question of the PP P P '

energy of a plasma through the fluctuations we need to est[:gurely classical case, whein—0, the Debye-Hekel theory

mate the energy contained in the fluctuations. Therefore, ong recovered. This study showed that quantum corrections,

must integrate Eq91) and (2) over wave number and fre- even to classical plasma, can be very important.

qguency, with a specific dielectric permittivity. This will give . 'U tht'ﬁ_ sectlcl)%r; ;Ne su[nmarllzg our regentl article O?] re-
us the energy in the electric fieldongitudinal and trans- vViewing this work “1rying o explain in a simple way, why

verss and in the magnetic field. The quantity that is inter- this result was obtained and what was exactly the role of the

esting, in fact, is not the energy in the fluctuations, but homp'ghllilfdﬁmpeg tr::.odest. Some of the qduesttlorgﬁ ralste?fby tr&|s
much the fluctuations contribute to the plasma energy. Fo?eiﬁ OlloW. bls gxtra entt_argy :‘Nt?\S ﬂuet 0 i € c-u oh ;,lse
that, it is necessary to subtract fro(rEE) the energy of the I the wave number Integration of the fiuctuations, what was

" . .
particles when they are far apart from each other. This give%ﬁfa eff?ct ofa nonztﬁrbh.vxrlcg modzs we(;e resporr115|ble fo;
us what is called the correlation enerdy,,,, of the par- IS extra energy, the highly damped modes, Such as modes

i ?
ticles. The energy of the particles that are separated fro igher ‘ha!” the peak of the blackbody, whére>kgT ? In
each other, at infinityE,.;, is given by e following we summarize our recent analy$is.

(@ The first point was to clarify the role of the highly
n 4re? damped modes in classical plasmas and about the cutoff used
Einfzzf dk o (3 in the wave number integration. When integrating the spec-
tra, a cutoff is necessary since the fluid description breaks
SubtractingE;,; from the energy in the fluctuationdE?)  down at small distances. In fact, we show that the extra en-

give us the correlation energy, ergy is not due to the cutoff in wave number. At first, it
E _(E2\_E 4 might seem confusing given that works like that of Tajima
corr=(EL) ~ Einr 4 etal’took it as being the Debye wave number. The black-

The standard classical descriptld? uses the limit of4 ~ body spectrum is only obtained at high frequencies if we
—0 implying thatZw<kgT. In this limit Egs. (1) and (2) allow the wave number to be much higher than the Debye
turn out to be proportional tokgT/w) and can be integrated Wave number. In the case of Tajineaal'® they had to im-

in wave number in a general way with the aid of the pose a blackbody spectrum at high frequencies and fit it with
Kramers—Kronig relations without even specifying the par-the spectra at low frequencies. Opher and Obhieedkpyax
ticular dielectric permittivity. For instance, the longitudinal being one over the closest distance between the particles in

component turn out to be the plasma and obtained the blackbody naturally. However,
by examining Eq.(6) it is clear that the Debye—Hkel
<Ef>k:nkBT[1_ 1 ] (5) theory already assumes thiet-k,. Therefore, even in the
2 &1(k,0) pure classical case with— 0, the highly damped modes are

included in the standard treatment and contribute to the en-
ergy. This can be seen in Fig. 1, which shows the longitudi-
ne? 1 nal spectra(E?), /(E?),—o for the classical case witlh
Ecor=— —J 1+( —0 [Eq.(1)] vs w/ w,, for diferentk’'s. The parameters are

In the case of a collisionless electron plasma,

T 2
klko) T=10 K, andn=10"® cm 2 and the peak of the blackbody
1 3 2 k iS 232w . The full curve is fork=0.01kp, the dotted curve
=~|12,9/)|3NT|  arcta ko) (6)  for 0.1kp, the dashed curve for 1, and the long-dash is

. ) for k=100 k. Since as plasmons occupy the phase space
whereg is the plasma parameter. Fo¥-kp, we obtain the  for )~ . and fork<kp, we can see the great contribution
standard result for the correlation energy, the Debyeskdli  of the quasimodes extending to frequency around the peak of

energy(for higher orders irg see Ref. 1P the blackbody. The knee in all the curves is due to the Lan-
3 1 dau damping atv~kv.. As expected, the knee moves to
Ecorrz—EnT(E ) (7)  the right for higherk's. This emphasizes that even for a

classical calculation, wittk — 0, the modes with frequency
Opher and Ophe(1999* recently obtained the interesting different from the plasma frequency carry a substantial por-
result that the energy in a plasma is orders of magnitudéion of the energy.
higher than the Debye-lgkel result. For example, fof (b) What is the effect of not taking the limit é—07? In
=10° K and n=10"% cm™3, E,,, obtained was 10larger  Eq. (1) we can see that the presencefioiffects the factor
than @/127)(3/2nT). They calculated in the same way de- 7/(exp(fiw/kgT)—1) (since the permittivity used is classi-
scribed previously, the correlation energy for classical plaseal). This factor in the limit ofz—0 turn out to bekgT/w.
masbut assumed a finitd:. That is, they used the general In Fig. 2 we plotted the spectrurdE?),/(EZ),—o VS
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FIG. 1. The longitudinal spectiE?),, /{EZ),,—q VS o/ w,, for differentk’s. o ) _ _

The parameters afB=1¢° K, andn= 10 cm* and the peak of the black- FIG. 3. The longitudinal energyEf),, as a function of the maximum
body is 232sp. The full curve is fork=0.01kp , the dotted for 0.kp , the freque_ncy of the integratiofalready |nteg‘rated in wave numbeThe full
dashed for 1kp, and the long-dash is fde= 100k . curve is fori—0 and the dashed curve is fbr=0.

ol wpear, Wherewpeqis the frequency peak of the blackbody
for k=kqay, in cases wheri—0 (full curve) and ##0 difference between the dotted curve and the full and dashed
(dashed curve We can see that even at frequencies less thaurve is the correlation enerdfq. (4)] and it is, as ex-
the peak of the blackbody this factor has a major influencePected, a small value-g, the Debye—Hakel result. The
The spectra with finitéh substantially decreased from the €nergy spectrum in the case ®f-0 approaches the dotted
one with#—0. This shows clearly that quantum effects areCUrve,Eiyt, while the case witth #0 does not approach the
important even foclassicalplasmas atlassicalfrequencies —dotted curve but a different plateau value. This is why Opher
(hw<kgT). and Ophetobtained an energy so different from the standard
(c) Why did Opher and Ophénbtain this extra energy? calculation: The g_reat difference _in energy \{vﬁh—>0 and
In Fig. 3 we plotted the longitudinal energyE?),, as a the case witth # 0 is concentrated in frequencies from 0.5 to
function of the maximum frequency of the integratitai-  2-Owpear- AlSO, this implies that the energy of the fluctua-
ready integrated in wave numbeBoth the cases withk tions with finite ##0 is in fact reduced. So where is the
—0 (full curve) and# #0 (dashed curveare plotted. As we  €xtra energy coming from? The answer is in the energy of
increase the maximum frequency of integration, the energ{ne particles at infinity. We have to clarify that if by not
increases as expected, approaching a plateau since we endaking the limit of2—0 to be finite, the energy of the par-
up summing all the modes in the plasma that carry the enticles atinfinity is still given by Eq(3). We expect that when
ergy. The dotted curve is the energy of the particles sepdhe plasma parametey (or the density approaches zeray
rated at infinity,E;, calculated classicallfEq. (3)]. The  =(3nT)E,, will tend to zero as there are no interactions. In
fact lowering g, Ay approaches zero, whera, is the
Debye—Hukel result. However, the same does not occur
T=105K, n=10 " cm® with A, where instead it approaches a constant vah®e06,

approximately the plateau approached by the dotted curve.
1e+00 The energy of a plasma is given bg=3nT+3A=E,
1e-01 + ((E?)—E;y), whereE, is the energy of an ideal gas, and
g le2 Eins the energy of the particles at infinity. The fact tH&?)
o 1e08 does not approack;; when g approaches zero means that
y Te04 the energy when the particles are infinitely apByt;, has to
N:s 1e-05 be corrected. As we commented before, the integration in
Ty :::gj wave number diverges for bottE?) and forE;,. The cor-
108 relation energy is fir_1ite because bdt?) andE;y dive_rge in
1e00 _the same way. This means that we expect thawill be
1010 independent of the choice &f,,, (for k>kp). In fact, vary-

ing the cutoff aroundk,,,, we show that the correlation en-
ergy for ##0 has a strong dependence kp,,. For the
same range of cut-off\o (A—0) is constant® This shows
again that the analysis of quantum effects, even in a classical
FIG. 2. The spectruniE®),, /(E?), —o VS &/ @peaT0r K=Kmay, in the cases plasma, is very important but that they also need to be in-
with #—0 (full curve) and with# #0 (dashed curve cluded in the energy of the particles at infinity.

00 05 10 15 20 25 30 35 4.0 45

o/ Opeak
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IV. ELECTROMAGNETIC FLUCTUATION EFFECTS IN !
REACTION RATES

014 i

It is known that nuclear reaction rates in plasma proceed oo,
at a higher rate than inferred from laboratory experiments. A@'1E_3:
This is because in a plasma, ions are not naked, but ar(”i E
surrounded by electrons that form a shielding cloud around .= ‘44
them. The polarization clouds partially screen their charges”‘\? 155 ]
resulting in a lower Coulomb barrier between them and an E
enhanced tunneling probability. The first to discuss this ef- %1%
fect was Salpetel® He assumed adiabaticity during the col- 1E_7,f
lisions, which means that the electrons and ions rearrange '
themselves so the polarization cloud follows the colliding o 20 20 40 20 o0 70 0 80 100 10 130 130 10 150
particles at all times. The reaction rak,is then found to be e,
increased by the factd¥=expU,/T).?°[In the static case in ’
the we:zk screening limit, the enhancing factor isFl_t?l- ;1- Tlfcl)s EOter&tia{d’;gzmdk/(‘{’z)k%);o Vslfzé/wpefOf_thflLeaiggrE—l‘ll:,
expZ,Z,€°/(TRy)), the Salpeter factof. with 1= andn=L10=cm “. 1he Solid curve IS 1ok= o, the
The exact effect of the plasma on screening has, in thgaShed curve fok=10kp, and the dotted curve fde=ko.
last few years, been a source of great controversy. The solar o , .
neutrinoyproblem has lead to a gareful study of )pl)lasma ef:r: 10" K and r_1= 10°* cm is plotted, showmg the wnpor-
fects in reaction rates. The solar neutrino problem is evifance of the highly damped modes. The solid curve iskfor
dence that measurements of electron neutrino fluxes in four 100 Ko, the dashed curve fdk=10 kp, and the dotted
different experimentf SAGE (Russian—American gallium CU’ve for k=kp. We see that fork=kp, the potential
experimen?! Kamiokande? Gallex® and Homestaké], (¢%) .« has non-negligible values only at low fre_quenues.
showed that there is a deficit of neutrinos measured comiowever, fork=10kp andk=100kp, the potentiald,,
pared to the number predicted by the standard solar modetPréads out to high frequencies. For these high valuds of
There have been a number of watkS! discussing if the instead of dropping abruptly @i~ w;., the curves decrease
screening is in fact described by the Salpeter factor addres§lowly with frequency. There is thus a substantial contribu-
ing the possibility of dynamic corrections. Carragbal,?>  tion for o> wpe. Therefore, for large wave numbers, ik.,
for example, argued that the enhancement factor should aczKp, fluctuations make a substantial contribution at fre-
count for the velocity of the colliding particles. Gruzirfév quenc;?s.mgher than the plasma frequency. Opher and Opher
argued that there are no dynamic corrections in statisticd?000°" find that for the plasm7as studied, electron—proton
equilibrium. More recently, Bahcakt al®? revisited these plagmass W'tt‘g temperatures 2016 K 3and 3densmes
works pointing out that the screening is given by the Salpeteilozm_102 cm ®, the reaction ratep—p, “He—He, and
factor. The Salpeter result is predicted by the Debyéekdl P~ N are increased up to 8%—13%. Even if the exact role
theory (with #—0). Here we comment on the work of of'quantum correcthn has to be more carefully e?(amlned,
Opher and Ophef20003! that examined the role of highly this work s_hows the importance of quantum corrections even
damped modes and how the enhancement ratio is modifid@" @ classical plasma. _ _
when the limiti —0 is not taken, in a classical plasma. The ~ Besides this work, another interesting aspect of the fluc-
electromagnetic fluctuations in the plasma act as a banTuatmns that could affect the screening is short time fluctua-
ground to the interacting ions. They used the same descriglons- In Sec. V we present the result from tigeet model
tion as in Sec. IIl, a mixture of a classical description of the(Valid in the limit of 72— 0), which for long time average
dielectric permittivity, but not assuming that-0, therefore ~ réproduced the Debye—ldkel prediction(Eq. (7)], that lead
quantizing the fields. The enhancement factor can be writtefP the Salpeter screening. However, for short time periods,

as a function of the background fluctuating potential, thf: potential reaches values much higher than the Debye—
Huckel average. In fact, this is the same claim made by

F=1+2,7,e%¢?) B%+ -=exp(Z,Z,e%($?)B?), (8)  Shaviv and Shav/ that only the long time average of the
electrostatic potential energy of a test particle in thermal
wheres=1/T (kg=1). (¢°) is related to the fluctuations of equilibrium is given by Salpeter. However, because the re-
the longitudinal electric field in a plasma{é?)  action rates are instantaneous phenomena, the ions feel the
=(E?) /K. When(¢?),, is integrated for all wave num- oscillating potential rather than the long time average poten-
bersk, but only for frequencies up te-wpe (<T), the Sal-  tja1. All those attempts point out the great importance of a

peter potential is recovered. Through the fluctuation-petter understanding of the role of thermal fluctuations and
dissipation theorem they evaluated the screening potentighighly damped modes.

This guarantees the inclusion of the normal and the highly

damped modes. Because the reaction rates are exponentiafy PRESENT WORK: NUMERICAL ANALYSIS WITH
dependent on the screening potential, any tiny changes in the1E SHEET MODEL AND MULTIPARTICLE

potential will drastically affect reactions with large values of QUANTUM CODE

Z,Z, such asp—'Be andp-*N. In Fig. 4, the potential Presently with thenultiparticle quantum codand with
(%) 0 k!{ Dk -0 VS 0l wye for the reactionp—'*N, with  the sheet modele are investigating the fluctuations in the

1E-8
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FIG. 5. The longitudinal spectE?),, /{EZ),,—o VS @/ wpe. The full curve
is for k=0.3 kp, the dotted curve fok=39 ky, the dashed curve fdc FIG. 6. The longitudinal spectéE?), /nksT vs k/kp.
=59 kp, the long dashed curve fde=79 kp, and the dash-dot fdc=99
Kp .

tra and the presence of the Landau damping. The presence of

the non-normal modes is shown at high frequenciesafor
longitudinal electric field. The electrostatic sheet model is>w,.. The sheet model presents identical results. Figure 6
one of the oldest and most versatile one-dimensional modekhows, for the sheet model, the longitudinal spectra
for the investigation of plasmas:* It was used first to inves- (EZ),/nksT vs k/kp. The Debye—Hakel theory predicts
tigate electrostatic effects. Later, it was modified to allowthe result given by Eq(5) that for an electron plasma with
motions on the plane of the sheets, as well as perpendiculay(k,0)= (k?+k3)/k?, gives(E2)/nkgT=1/((k/kp)?+1).
to them* The one-species modetonsiders a plasma com- Both the temporal average and the theoretical prediction are
posed of a large number of identical charge sheets embeddgibtted as solid lines, being identical. It can be seen that even
in a fixed uniform neutralizing background. The sheets arehough the long time average is the Debye€kgl theory,
constrained to be perpendicular to, for example,xtaxis, the instant value of the longitudinal energy oscillates and is
and are allowed to move freely in thxedirection. They also very different from the Debye—Hikel value. This points out
are allowed to pass freely through each other. The twothat the short-time screening of nuclear reaction rates can be
species modét consists of both positively and negatively very different from Salpetefgiven by the Debye—Fzkel
charged sheets. theory).

Dauger(in collaboration with Decyk and Dawspmle-
veloped a multiparticle quantum particle-in-cell code. 'I_'h_|sV|. CONCLUSIONS
code models many particle quantum systems by combining
the semiclassical approximation of Feynman path integrals We discussed in this article the effect of fluctuations in
with a parallel plasma particle-in-cell code. Work done so farenergy and in reaction rates showing the great contribution
on the quantum particle-in-cell shows that the primary com-of highly damped modes even for the standard classical cal-
putational cost of the method is in tracing the classical traculation, the Debye—Hkel theory. Recent works showed
jectories through electromagnetic fields. In the implementathat the highly damped modes are responsible for an extra
tion, this is handled by a modified particle pusher andenergy in the tranverse component, at low frequencies. It
particle manager derived from a plasma particle-in-cell codealso indicates the importance of quantum effects even for
Combining these with a wave function depositor and aclassical plasmas. The spectra of fluctuations is significantly
plasma codes field solver forms the primary components ofeduced at frequencies from 0.5 to @Q. It also pointed
the quantum particle-in-cell code. The wave functiontat out the effect of fluctuations and highly damped modes in
+At is calculated using the action from the classical pathreaction rates. The results obtained from the numerical simu-
and depositing the virtual classical particle contribution on dations with quantum and classical codes were presented
grid in real space. showing the presence of highly damped modes. The sheet
Figure 5 shows the preliminary results with timeltipar-  model reproduced on average the Debyeekél prediction

ticle quantum code for the longitudinal spectra for the level of longitudinal fluctuations. However, it shows
(E?), /[{(E®),-o normalized vsw/w,e With 128 quantum  that large deviations can occur for short periods of time. This
particles (summed up to 10classic trajectoriesand with  indicates that the Salpeter enhancement factor can be correct
Kp=25Kgqgic- The full curve is fork=0.3kp, the dotted only for long time average. All these studies show the rich
curve fork=39kp, the dashed curve f&e=59k, the long  and varied phenomena that can be studied with fluctuations
dashed curve fok=79 kp, and the dash-dotted curve for in plasma. The study with the multiparticle quantum code
k=99 kp . This result agrees with the behavior of the theo-will be extended to analyze carefully quantum effects in re-
retical prediction, displayed in Fig. 1, which showslka-  action rates. This code is a cutting edge one since there is no
creases, an increase of the intensity of the longitudinal spegarticle code actually existing to simulate quantum effects in
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