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Long range dicorrelated stopping of relativistic electrons in ultradense plasmas
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Paris Xl, 91405 Orsay, France
(Received 29 October 1999

Fundamental features of dynamically dicorrelated relativistic electrons in the MeV energy range that interact
with very dense and hot hydrogenic plasmas of fusion interest are thoroughly investigated. The target is
modeled with a Drudelike dielectric function. Longitudinal and undamped pair correlations along overall drift
velocity are contrasted to transverse ones decaying exponentially over several tens of target screening length
N\p . Other novel behaviors include a much higher response to target temperature variations than to density
ones for the ratio of dicorrelated to uncorrelated stopping.

PACS numbgs): 52.40.Mj, 52.50.Jm, 52.50.Lp

[. INTRODUCTION hydrogenic targets of ICF interest. Then, we think it possible
to elaborate a coherent formalism frcorrelated stopping
In the field of inertially confined thermonuclear fusion with N=2 for a given REB of practical significance.
(ICF) one presently witnesses a strong interest in basic phys- Relativistic two-electron stopping as formulated in Ref.
ics issues relevant to the interaction of laser produced andf]is briefly recalled in Sec. Il. The resulting impact expres-
intense relativistic electron beaniREBS, in the MeV en-  SION for correlated stopping is detailed in Sec. Ill. The hy-

er range, with precompressed hydrogenic deuteri ncli_rogeni_c targe_t pl_asma is given a_dispersionless Drud_elike
+t%i);ium fgel [lvv;] P press ydrogeni uteru dielectric function in Sec. IV. Numerical results for the ratios

Corresponding target parameters highlight a rather ex9f dicorrelated to uncorrelated relativistic stopping are ex-
P g target p gnig plained in Sec. V and summarized in Sec. VI.

treme range: £T,<20keV and 1<n, <10 ecm 3. It
has already been notic¢d] that an isolated electron projec- I. BASIC FORMALISM

tile essentially loses energy through inelastic collisions with o o

target electrons and the excitation of Langmuir collective Two electron projectiles in close proximityR;<Vawy)
modes. On the other hand, quasielastic deflections on targt® €ach other may combine their separate stopping through
ions monitor an erratic projectile range, much longer than thdarget polarization. Following Jacksor8] discussion of the
effective REBs penetration depf8]. Bohr method, we write the total work done on an atom in the

Here, we intend to stress the quantitative significance of"€dium by & passing cluster of particles|#s]

local target polarization when two projectiles fly in close o L

vicinity of each other in the precompressed hydrogenic fuel. AE=J dtf E-jd. 1
Extensive and previous studies dedicated to nonrelativis- o

tic ion projectiles in much more dilute fully ionized and hy-  |n the usual way, this can be written in terms of Fourier

drogenic plasmak3,4] have already demonstrated that a col-transforms in frequency as
lective excitation due to a tagged projectile can modify the
stopping performances of nearby projectiles thus experienc- _ PR = =12

ing a surfing(wake effect rather well documented in cold ~ “F~ 27N €], (mio)lie(w)|[E[*+ p(o)|H[T]dw,
targets[5,6]. If one considers a given dynamically dicorre- 2)
lated projectiles pair, one observes alternatively positive and | | ) ,

negative interferences in the energy loss processes. They dt@Ving introduced the linear relations

comparable, in absolute value, to the isolated projectile A
losses, on most of its velocity range. In the case of nonrela- n
tivistic ion projectiles, the correlation effects remain notice-

- . . O\
able as long as the pair interdistance is smaller than the target
electron screening lengthy . When one turns his attention T
to relativistic electron projectiles, one is surprised to witness —— a
a similar dicorrelated stopping effect, but for pair interdis- REGION I

tances larger thanp . This unexpected behavior is indeed
confirmed by working out the relevant correlated stopping

L N ; : REGION II
within an appropriate impact formalism proposed some time
ago by Rule and Chg7] along the lines of relativistic stop- FIG. 1. The separation of the target plasma medium into a close-
ping for isolated particles with large impact parameter colli-collision part and a distant-collision part. The vectdrand —1i are
sions, outlined previously by Feri8] and Jacksof9]. unit normals to the surface surrounding the current. Here the

In the present work we intend to stress the basic properseparation distanca is taken equal to the plasma target screening
ties of dicorrelated stopping for relativistic electron pairs inlength\p .
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FIG. 2. Dicorrelated stopping ratiR [Eq. (20)] for a projectile
electron pair with interdistances=r, =1\ taken (respectively b) =1 r=1
parallel and transverse to overall drift velocify=0.96c, flowing in

a hydrogenic plasma with,=10?ecm™3. R is given in terms of F
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R dicorrelated electron pair in a hydrogenic plasmaTat 10 keV
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094201 The work done by a cluster in passing through a slab of
- medium with thicknessiz is then given by(see Fig. 1
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FIG. 3. RatioR in terms of target electron density, for a .
dicorrelated projectile pair withy=r, =1\p and V=0.9& in a +1m w(w)|H|?]. (5)
hydrogenic plasma(a T.=5 keV, (b) T,=10keV, and(c) T,
=20keV. Therefore the energy loss per unit distance is (=0)
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FIG. 5. RatioR in a T,=20keV hydrogenic plasma. Transverse pair interdistancis kept fixed, whiler, is allowed to vary(a) n,
=10%ecm 3, (b) n.=10"ecm 3, and(c) n.=10%ecm 3.

dE

dz

dE 1 (= 27 * -
E:ﬁja bdbfO dqﬁjo wlme(w)|E(w)|?do (7)
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1 » . -
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FIG. 6. RatioR for a two-electron pair flowing in a,=10?®ecm 3 hydrogenic plasma withr, fixed and varyingr,.
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This form suggests defining the following stopping-power
componentgl Eij(ﬁij)/dz, which are functions of the sepa-

ration vectorsliij, from theith to the jth particle in the
cluster:
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= 1 (= 27 o . ) and(10). For instance, the cross term in the integrand of Eq.
Ezﬂfabdbjo d¢fow|m8(w)|Ei((o)| do, (10) reads
9
and N 2 ZZ; e? 1 )
ReE} -Ej=— —— —; Ree "“Re/t|
oE; (B) T ivj el
AL IR (b-Ry
RS P K1\ b)K1(\jp)
XIms(w)ReEi*-Ej(w)dw, (10

Uilj L x\2y 2 *
wherea is the radius shown in Fig. 1. In the sequel we shall + 7 A AKoATDIKo(Ajp) |, (12)
seta=N\p.
The energy loss for aN-cluster can then be expressed as

N where ¢ andb quadratures performed by Rule and GRg

dE dEu dE; dE; finally allow for the dicorrelated stopping contribution
=2+ 22 || (Y
dz & dz 1<i<jgN dz dz
in terms of the penetration distanzén target. dE, dE,,(R”) dEij(F_iji) 3
lll. DICORRELATED STOPPING dz dz dz
Scalar components of electric fields due to correlated
electron projectiles 1 and 2 allow us to explicfé Egs.(9) Under the form

*

N\ 7\
(Ree"“%X’”sz 7 (KOO ROLA KA D)o jb) + AFbKo(AT D)1 (Ajb) IS

dE, 2 zizjezf Ime
- — [ON()
dz 7 viv; Jo BE
*= ~ * = =~ = *x —iwRy /v; }\T)\I
1o\ RO[ATEK (N A)Ko(NfA) — AjiaK(N @)K (N[ A) ]} + Ree™ '3 'Az_)\*z{Ko(MRﬂ
i

X[ A bKs(NF D) o(\b) + A% bKo(NF D)1 3(Ab) T+ 1o\ RO[A FEK (N B Ko(AFE) — Ay KN B KA (AT} |

(14
|
with and
R,, R, >a |o|
a= = 25)12
[a, R <a A v (1=F%)
and
IV. TARGET DIELECTRIC FUNCTION
Aij=N\; ()\*2 '2 1)_ In view of the very high velocity regime of present con-
“p cern, it appears appropriate to qualify the supercompressed

electron target with a dispersion-free dielectric function,

The single particle stopping pertaining to the first term in theWhICh reads as

right-hand side of Eq(1l) in the R—0 limit, yields the

Fermi expressiofi8] .
4 p
Es s(w)=1 o(o+ivey) a7
i =27°s, (15)
in a Drude form suitable for high-velocity REBs with a col-
where lision frequency
2 € 1 3.8x 10 *[ny(cm )]
= —_p2 > e
=702 ), do w Im{Ko(Noa) : B ” (16) Veol = T.(eV) 72 InA, (18
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given in terms of plasma parameters. For the case of a V. CORRELATED STOPPING
deuteriumttritium (DT) thermonuclear fuel compressed at

300 g/cm, one has In order to assess quantitatively the significance of the

presently considered long ranged correlations, we now pay
attention to the ratio

INA=In[9N\p]=6.305

dE./dz

R= 2dE.Jdz 20

with T=5 keV andn,=10*ecm 3,

It is also useful to recognize that theindependent ex-
pression(17) fulfills exactly the w-sum rule of the right-hand side of Eqg14) and (16), respectively,
with the target dielectric functiofl?).

We now intend to document numerically the basic fea-

f do o Im - EwZ (19 tures and trends of the dicorrelated stopping r&i¢Eq.
0 e(w) 2°° (20)]. In connection with the interaction physics of the fast-
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FIG. 7. Same caption as in Fig. 5 with andr, permuted.(a T.=1 keV, (b) T.=5 keV, (c) Te=10keV, and(d) T,=20keV. V

=0.9¢6c.



PRE 61 LONG RANGE DICORRELATED STOPPING B. .. 4327
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FIG. 7. (Continued.

ignitor scenario we stress correlated stopping of relativistidR decreases with increasing target temperature at finged
electron pairs with overall drift velocity)y=0.96c (kinetic ~ Otherwise statedR increases with target plasma parameter
energy/electros3.084 Me\) slowing down in a very dense A =e?kgT.\p. Moreover, Figs. 2 and 3 show unambigu-
hydrogenic plasma with #8<n,<10®ecm 2 density and ously thatR has practically non, variations in the given
temperaturél =1 keV. Pair interdistances are, respectively,range of interest. It remains constant to within four digits for
taken parallel ;) and transverser() to v. They are mea- a given pair orientation. On the other hand, Figs. 4 advocate
sured in number of target electron Debye length. In the  the usual orientation hierarchy with maximum correlated
nomenclature used in E¢l4) one has to read now,=R;  stopping for transverse pdisee Fig. &)], already observed

andr, =R, . at nonrelativistic velocitie¥.
A. Overall behavior B. n, behavior
Figures 2 and 3, respectively, highlight andn, trends The insensitivity ofR to n variations is made even more

for a typical projectile pair oriented ait/4 with respect ta. conspicuous in Figs. 5 with, fixed and increasing, for
Both captions demonstrate that the correlated stopping ratiseveraln, values in aT.=20keV hydrogenic plasma and
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with the same projectile velocity, as above. What appearsion (14), it appears immediately that th€y(x) factors are
even more striking is the repetition of an identical oscillatorymonitoring the presently noticed monotonous behavior,
pattern wherr, is changed, whatever, may be. The given while R changes sign through harmonic terms. Here, dRjo,
R, pattern is again rigorously reproducednat=10?°*ecm 3  decays by orders of magnitude from 1 up to 20 keV.
andT,=20 keV[Fig. 6a)].

VI. SUMMARY

C. T variations We proceeded to a thorough investigation of dicorrelated

Keeping ne=10? ecm 3 (Figs. 6§ and varyingT, be- stopping for pairs of relativistic electrons interacting with an
tween 1 and 20 keV results in a very different picture. Theultradense, albeit weakly coupled, hydrogenic plasma of ICF
oscillation period decreases significantly witl while |R| interest. Modeled with a Drudelike dielectric function, cor-
increases by orders of magnitude between 20 and 1 keVfelation effects14] have been shown to be non-negligible
whenr, >\p. Permuting now; with r, , and keeping;,  through the stopping rati® [Eqg. (20)] over several tens of
fixed, whiler, runs up to 108, produces monotonous de- target electron screening lengths. They are often of the order
caying(or increasing patterfigiccording to the sign dk (see  of isolated, uncorrelated stopping contributiofi$). R ex-
Figs. 7. |R remains nonnegligible on a largest range at  hibits more sensitivity to temperature than to density varia-
lowestT, value(largest coupling\ ). Going back to expres- tions, as far as target parameters are concerned.
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