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Thermalization of near-band-gap excited carriers in an intrinsic GaAs quantum well is studied using

ensemble Monte Carlo simulation. Carrier-carrier interaction is treated like two-particle collisions due

to the screened Coulomb interaction. The indistinguishability of two colliding electrons (holes) is includ-

ed by taking into account the exchange electron-electron (hole-hole) scattering between the electrons
(holes) of like spin. The model is modified to the case of spin-polarized carriers. We show that the
thermalization of the spin-polarized carriers is several times slower than the thermalization of the spin-

randomized ones when the carrier density exceeds 10" cm . The effect is due to the exchange scatter-

ing, which significantly weakens the direct Coulomb scattering in the dense carrier gas. For small densi-

ties the exchange becomes negligible. Possibilities to observe the exchange experimentally are discussed.

pronounced difference tends to disappear with decreasing
carrier density. The effect is due to the exchange which
significantly weakens the e eand -h hCoulo-mb interac-
tions in the dense SP plasma. We discuss a chance to
detect the exchange by comparative measurements of the
thermalization of SP (Ref. 20) and SR (Refs. 4 and 5)
plasmas.

In Sec. II we discuss the MC model. In Sec. III we
show numerical results for an isolated electron gas and in
Sec. IV we extend the discussion to an interacting e-h
plasma. Concluding remarks are given in Sec. V.

I. INTRODUCTION

II. TRANSPORT MODEL AND SIMULATION
PROCEDURE

We assume that photoexcited electrons and holes occu-
py the lowest electron and heavy-hole subband in a rec-
tangular 10-nm GaAs quantum well. The hole genera-
tion within the light-hole subbands is neglected assuming
the photoexcitation is close to the band gap. '

EfFective-mass approximation and sine-envelope function
are used to describe the electron and hole quantum states.
Carrier-polar optic-phonon scattering is taken into ac-
count using conventional MC. ' Carrier-acoustic pho-
non interaction is modeled assuming elastic scattering. '

Its presence in the simulation is in fact unimportant be-
cause elastic scattering does not contribute to the relaxa-
tion of the energy distribution. Due to the same reason,
we entirely neglect ionized impurity scattering. In what
follows, we discuss carrier-carrier scattering.

An electron or a hole changes its in-plane wave vector
from k to k' by collision with another electron or hole,
which is scattered from ko to ko. The probability of such
scattering is given by Fermi's golden rule as

S„„,, = M 5[e(k}+E(ko}—E(k') —E(ko}],

where e(k) is the carrier energy and M is the square of
the scattering amplitude. Taking

M =/M„„

When two electrons or holes of like spin collide, the
direct Coulomb scattering between them is weakened by
the exchange scattering' which is a quantum effect aris-
ing from the particle indistinguishability. Femtosecond
pump-probe spectroscopy of the GaAs crystals and
quantum wells ' leads to observation of the thermaliza-
tion of the nonthermal electron-hole (e-h) plasma by e e, -
e-h and h-h scattering, but there was no attempt to isolate
the exchange effect in the e eand h-h-collisions.

In numerous Monte Carlo (MC) simulations of
carrier-carrier scattering, the exchange was either ig-
nored6 '3 or overestimated by completely neglecting the
collisions between the carriers of like spin. ' ' Wingreen
and Combescot' have shown that the exchange is negli-
gible in the nondegenerate limit. However, at very high
electron concentrations, molecular-dynamics-coupled
MC simulations' ' demonstrate the reduction of the e-e
interaction due to the exchange effect. Recently, ' we
have included the exchange effect into the traditional
(Fermi-golden-rule-based) MC simulation. About a 30%
reduction of the e-e scattering rate in the GaAs quantum
well was found for a sheet electron density of 1.5X10"
cm at 77 K and at mean electron energies not very far
from equilibrium.

In this work, we present MC simulation of the
thermalization of the e-h plasma excited into the intrinsic
GaAs quantum well. ' The exchange scattering is in-
cluded by deriving the e-e and h-h scattering rates from
Fermi s golden rule for indistinguishable particles. Un-
like the above-cited experiments and calculations, which
deal with spin-randomized (SR) plasma, we also study the
thermalization of the spin-polarized (SP) plasma. In the
SP plasma each e e(h-h) collisio-n occurs between the
electrons (holes) of like spin and the effect of exchange is,
therefore, more important than in the SR plasma. We
find that the thermalization of the SP plasma is several
times slower than the thermalization of the SR plasma
when the density of the e-h pairs exceeds 10"cm . This
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where Performing the summation in (4) (Ref. 23) one gets

N, e m 2„H2(g) H~(g')
8ne, R3 o Q e (Q) Q' e (Q')

is the matrix element for the screened Coulomb energy 8'
of the colliding carriers, it is implicitly assumed that the
scattering k~k', ko —+ko is distinguishable from the ex-
change scattering k —+ko, ko —+k'. This is correct, to a
good approximation, for e-h scattering. For e-e and h-h

scattering, the colliding particles are indistinguishable
and exchange scattering modifies M as follows. ' When
electrons or holes with parallel spins collide, the interfer-
ence occurs between the matrix element Mk k k, k, and

the "exchange" matrix element Mk k „,„,. Then, in-
0 Os

stead of (2), one has to take

where

Q(qr) = Ik —kol sin

Q'(p) = lk —
kol cos

H(Q)H(Q')
Qe(Q)Q'e(Q')

(7)

M —IM„„„,„,—M„„

Introducing the probability p that the spins of colliding
electrons (holes) are parallel, the "averaged" square of
the scattering amplitude reads

M —
—, Ip IMk k k, k™kk,

+(1—p)( IM„„„,„, I
+ IM„„„,„,I2)I, (3)

where p =
—,
' for SR plasma, p =1 for SP plasma, and the

extra factor of —, is justified in the discussion of Eq. (4).
The e-e (h-h) scattering rate based on (3) can be calcu-

lated in a similar way like the rates without exchange. '

First we calculate the pair scattering rate

A, ( Ik —kol ) =Ns A g Sk k
k', ko

(4)

where Ns is the electron (hole) sheet density and A is the
normalization area for the plane waves Ik ).Since for M
given by (3) we haveS, =S

k kook ko k ko~ko k

summation in (4) leads to double counting of each transi-
tion. To avoid this, the factor of —, was introduced into

(3). The matrix element M„„„,„, is given as ' '
1

8
—e H(Q)

k ko k ko A k+ko k+ko 2e, ge(g)

where Q = lk —k'I = Iko —kol, e, is the static permittivity,
and e(Q) is the screening function (specified below). The
form factor

H(Q)= Jdz Jdzog (z)P (zo)e (6)

where P(z) is the (sine) envelope function [H(Q) is com-
puted like in our previous work'~].

When the spins are antiparallel, the interference does not
occur and

Ma IMkk k k& I +IMkk

p is the scattering angle between the vectors g—=k —ko
and g' =k' —ko, and m is the e8'ective mass
(m =m, =0.067mo for electrons, m =m& =0.44mo for
heavy holes). The third term on the right-hand side of (7)
describes the exchange e-e (h-h) scattering.

The e-h pair scattering rate is obtained in a similar
way, but S„„„,„, in (4) is expressed through (2). The

result is

8mefi 0 Q e(Q)
(9)

where @=2m,mk/(m, +mk ), N, is the hole sheet densi-

ty, Q(q&) is given by (8), and qr is the scattering angle be-
tween the vectors g =Ju(k/m, —ko/mk ) and

g p('k=/m, '—ko/mi, ). For the h-e scattering, the "hole
variables" in (9) have to be replaced by the "electron vari-
ables" and vice versa. Expression (9) is not reduced to (7)
when electrons and holes are considered as identical par-
ticles. This is due to the omission of the exchange e-h

scattering, which is negligible in GaAs. If one neglects
the exchange term in (7), then (7) and (9) become identical
for m, =mk =m. (This would not be the case if the ma-
trix elements for e-h and h-h scattering would be derived
more precisely, including overlap integrals for the Bloch
functions. To our knowledge, such a derivation is still
missing for quantum wells in the literature. )

In the approximation of static screening' '

e m, f, (k=O)
e(Q) =1+g,

4m@,A

e mI,
+A

4~@,A

f„(k=0)
(10)

where g is the spin-degeneracy factor and f (k) is the dis-
tribution function for electrons (e) and holes (h). In case
of heavy holes, static-screening approximation (10) is
reasonable for e-h and h-h interactions. Screening of e-
e interaction is, however, strongly overestimated by (10)
due to the heavy-hole contribution. Holes have to give
zero contribution to the dynamic screening of the e-e in-
teraction for mh ~ oo. Static screening (10) does not obey
this requirement and gives a xnuch stronger screening of
the e-e interaction by holes than by electrons during the
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~' '(k) =-—y Z(lk ko l) .
1 1

2 N,.
(12)

Replacing the integrands in (7) and (9) by the constant

e m,C,„=2 g, f, (k =0)
4m.e,R

2
—2

e mI,
+gi, , f~« =0)

4m@,fi
(13)

which is greater than the integrands, we obtain from (12}
constant scattering rates

thermalization, because m& )&m, . This is not reasonable,
because heavy holes can hardly follow fast changes of
electron positions. Therefore, for e-e interaction we use
expression (10) without the third term on its right ha-nd

side. With this screening model we find simulation re-
suIts (not shown here) close to those obtained for near-
band-gap excited plasma with dynamic screening (Fig. 1

in Ref. 12). Similar improvements of static screening
were reported for bulk GaAs. Therefore, we believe
that the inclusion of dynamic screening would not
significantly modify our quantitative analysis of the ex-
change.

The carrier-carrier scattering rate of a carrier of wave
vector k, A,

' '(k), is given as

N

N,.

where i is the particle index and N is the number of simu-
lated electrons [for A,

' '(k) and A,
" '(k)] or holes [for

"(k) and V "(k)]. The rates V '(k) are implement-
ed into the MC simulation through the following rejec-
tion technique. '

Instead of (11)we consider the two times lower scatter-
ing rate

timation of the carrier-carrier scattering rate would ap-
pear in the simulation, because each carrier from the
simulated ensemble is scattered not only according to its
own scattering probability but also when it is chosen as a
scattering partner. When the rate (12) is used instead of
(11), the above rejection technique ensures that simulated
carriers are effectively scattered with scattering rate
(1 1) 15

To include Fermi statistics, the final carrier state after
the collision, kf, is accepted, if f (kf } is less than a num-
ber randomly chosen between 0 and 1. Otherwise, the
collision is rejected. To calculate f (k) we proceed as fol-
lows. s In the two-dimensional (2D) k space, a grid is set
up with mesh cells of the area hk„b, k„(b,k„=b,k =104
cm ). The maximum occupation number of a cell, al-
lowed by the Pauli exclusion principle, can be expressed
as"

N = b,k„b,k„(2~)'
(16)

The distribution function f (k) in the whole grid is com-
puted using the relation f (k) =n (k)/N~, where n(k) is
the number of electrons (holes) in a cell and k is the cell
center position. For sufBciently small area hk„hk„and
for N »1, f(k) is a good occupation number for any
state k inside the cell [our choice of b,k„b,k» ensures a re-
laxation towards the Fermi function even for the most
degenerate distribution (see Fig. 3 in the next section) and
a more fine discretization does not change the results]. In
(10} and (16) one has g, =gz =2 for the SR e hplasma, -

but g, =g&=1 for the SP e hplasma -due to the spin
alignment.

In the simulation, photoexcited electrons and holes
start their motion from Gaussian energy distributions. '

f, (k), fz(k} and e(Q) are recalculated after short time
steps 6,.

1 N, e m

3 max4e R
(14) III. EXCHANGE EFFECTS IN AN ISOLATED

ELECTRON GAS

for e eand h hsca-ttering an-d a similar expression (with
m replaced by IM) for e hscattering. -The scattering rateI' ' is used in the normal MC framework' ' together
with electron-phonon scattering rates. When the free
flight of the simulated carrier (of wave vector k) is inter-
rupted and the carrier-carrier scattering channel is select-
ed, we select a scattering partner of wave vector ko at
random from the ensemble. Then we select the angle y at
random between 0 and 2~, we calculate the integrand in
(7) [or in (9), when the e hcollision takes-place], and we
test the inequality

rC,„(integrand, (15)

where r is a random number between 0 and l. If (15) is
fulfilled, the collision as well as the angle y are accepted
and new wave vectors, k' and ko, are computed from the
energy and momentum conservation laws. ' ' If (15) is
not fulfilled, the collision is rejected and self-scattering
occurs (we put k' =k and ko= ko}.

Without the factor of —,
' in (12), the artificial overes-

First we study the efFect of the exchange scattering on
the thermalization of an isolated electron gas, i.e., we
neglect the presence of photoexcited heavy holes. This
enables us to isolate exchange effects in a most ideal sys-
tem, in the gas of indistinguishable particles. We start
the simulations with an initial Gaussian energy distribu-
tion centered at 0.02 eV with a half width of 0.01 eV. '

The MC time step 5, is 5 fs and N = 14400. We plot the
calculated energy-distribution function normalized like
the occupation number f,(e, ) or like the so-called total
occupancy g,f, (E, ).

In Fig. 1 we show the total occupancy g,f, (e, ) versus
time t for three de'erent sheet densities of photoexcited
electrons. Only e-e scattering is taken into account. For
each sheet density, the ther malization of the initial
Gaussian energy distribution towards quasiequilibrium
Fermi distribution is slower for the SP electron gas
(dashed lines} than for the SR electron gas (solid lines).
The most pronounced difference between the thermaliza-
tion rates of the SP and SR electron gases is found for
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N, =3.5X10" cm (to compare the thermalization
rates we compare the times necessary for the disappear-
ance of the initial Gaussian peak). The difference be-
tween the thermalization rates becomes smaller with de-
creasing sheet electron density.

To demonstrate the origin of this difference, Fig. 2
shows the same results as Fig. 1, but without the ex-
change effect. More precisely, the results in Fig. 2 are ob-
tained by omitting the third term in the integrand on the
right-hand side of (7). Clearly, without the exchange
effect the SP electron gas is thermalized within almost the
same time as the SR gas. The slightly slower thermaliza-
tion of the SP gas at the highest sheet density is due to
the Pauli exclusion principle: Since g, = 1, the k space is
available to the two times lower number of electrons and
final electron states after the e-e collisions, k' and ko, are
blocked with higher probability than in the case of the
SR gas.

[Since the initial f, (e, ) is generated from the analytical
Gaussian function using random numbers, small statisti-
cal deviations from the analytical function f, (E, ) appear.
Due to these deviations, about 3% greater peak value
than owe appeared in Figs. 1 —3 for N, =3.5X10" cm
This small error disappears within several femtoseconds
and can no longer appear due to the application of the
Pauli exclusion principle. ]

In Fig. 3, occupation number f, (E, ) versus time t is
shown for 1V, =3.5 X 10" cm . The thermalization
without electron-phonon interaction (e-e only) is com-
pared with the thermalization at 77 and 300 K, when
electron-phonon interaction is included. The occupation
numbers converge to the quasiequilibrium Fermi-
distribution functions (the curves labeled by F) which are
calculated as follows. Quasi-Fermi energy is obtained
from the condition

N, =g, (2tr) 'f dkf, (k),

with f, (k) taken as the Fermi function. The electron
temperature in the Fermi function is equal to the lattice
temperature when electron-phonon interaction is con-
sidered. %hen only the e-e interaction is considered, the
electron temperature is obtained by numerically solving
the equation

(e, ) =g, (2n. ) Idke, (k)f, (k),

where the mean electron energy (e, ) is determined by
the initial Gaussian distribution and f, (k) is taken as the
Fermi function.

At 300 K, as time progresses, electrons are "pumped"
into the high-energy tail of the distribution. This is due to
the optical-phonon absorption because the emission is
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FIG. 1. Total electron occupancy g,f,(e, ) as a function of electron energy at time instants 0, 50, 100, 200, and 400 fs for sheet
electron densities N, =2X10', 10", and 3.5X10" cm . Solid curves are for the spin-randomized electron gas {g,=2), dashed
curves are for the spin-polarized electron gas (g, =1).The initial Gaussian distribution is centered at 0.02 eV with a 0.02 spread.
Only e-e scattering is taken into account. Distributions for N, =10"and 2X10' cm are scaled by factors of 3.5 and 17.5, respec-
tively. At the highest sheet density, the initial peak is thermalized within about 400 fs when the gas is spin-polarized, but within 100
fs in the other case.
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FIG. 2. The same as in Fig. 1, except that e-e scattering is taken into account without the exchange efFect.
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FIO. 3. Occupation number f,(e, ) as a function of electron energy at time instants 0, 50, 100, 200, and 400 fs for sheet electron
density N, =3.5 X 10"cm . The resul'ts obtained by taking into account only e-e scattering (e-e only) are compared with the results
that also include electron-phonon interaction at T=77 and 300 K. Solid curves are for the spin-randomized electron gas, dashed
curves are for the spin-polarized electron gas. Occupation numbers at each time instant are compared with a quasiequilibrium
Fermi-distribution function which is labeled I'.
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weaker in near-band-gap excitation conditions ' at 300
K. At T =77 K, the optical-phonon absorption is negligi-
ble, while the optical-phonon emission causes the filling
of low-energy states with progressing time. Nevertheless,
for t 200 fs, the thermalization is governed mainly by
e-e scattering and the difference between the thermaliza-
tion rates of the SP and SR distribution is attributable to
exchange effect.

From Fig. 3 one also sees that the SP gas relaxes to a
more degenerate Fermi distribution than the SR gas.
Since both gases relax to different Fermi distributions at
the same sheet density, it may seem rather problematic to
ascribe the differences between the nonequilibriurn distri-
butions to exchange e-e scattering. Figures 1 and 2, how-
ever, show that the exchange is a main source of the
differences between the distributions when only e-e

scattering is operative and, based on Fig. 3, this remains
valid also in the presence of the electron-phonon interac-
tion during the first 200 fs.

This section has three main results. (1) Exchange
effects tend to deccelerate the thermalization of the elec-
tron gas, when the gas density increases. (2) Exchange
effects are extremely important in the dense SP electron
gas. (3) They are much weaker in the dense SR electron
gas, but they should also be taken into account (compare
the solid curves in Figs. 1 and 2). After the original sub-

mission of this paper, Collet and Snoke reported on
the thermalization of the SR gas in bulk GaAs. Snoke ar-

gued analytically that the contribution of the exchange
term is negligible when the screening is weak, i.e., when
the electron density is low (see also Ref. 16). Collet calcu-
lated numerically the e-e scattering rate for a fixed initial
Gaussian distribution. He found that exchange
significantly decreases the e-e scattering rate at high den-

sities, but its effect is small at low densities. These results
are in general agreement with our present work. We
have, however, preferred to calculate the time develop-
ment of the distribution because this is observed experi-
mentally ' (additionally, the scattering rate varies during
the thermalization because the distribution is not fixed).

IV. EXCHANGE EFFECTS IN THE e-h PLASMA

According to the discussion from the preceding sec-
tion, for a direct detection of exchange effects one needs
to excite high electron densities and to compare the
thermalizations of the SR and SP electron gases. Direct
observation of nonthermal SR electron distribution was

recently reported for p-type GaAs, but an application of
the measurement technique to the detection of the ex-
change seems to be problematic (low electron densities
were probed through electron-acceptor luminescence).

In the pump-probe experiments of Knox et al. , non-
thermal distributions of the SR electrons and holes were
observed in highly excited GaAs quantum wells and the
measurement technique was recently applied to the obser-
vation of nontherma1 distributions of SP carriers. In
this section, we would like to argue that a proper com-
bination of the mentioned pump-probe experiments
could, in principle, provide a direct detection of the ex-
change.

SR carriers are excited and probed by linearly polar-
ized pump and probe pulses, ' while SP carriers have to
be excited by circularly polarized pump pulse. Absorp-
tion of right-circularly polarized light in GaAs (Ref. 31)
excites electrons of spin —

—,
' from —

—,
' heavy-hole states

and electrons of spin —,
' from —

—,
' light-hole states. These

transitions, having relative strength of 3 and 1 (Ref. 32)
provide partially SP electron gas. Fully SP electron gas
can be created in GaAs quantum wells by matching the
excitation laser wavelength to the heavy-hole electron
transition energy and suppressing, therefore, the light-
hole electron transitions due to the energy splitting of the
heavy-hole and the light-hole levels. After right (left)
-circularly polarized photoexcitation, the population of
carriers with spins up (down) along the direction of the
light propagation is created. Since the relaxation time
necessary to randomize the orientation of spins is
10' —10 ps (Refs. 32 and 33), it is possible to neglect the
spin-relaxation process at least during first 400 fs when
the fast thermalization of the energy distribution takes
place.

Problems arise from the fact that the e-h plasma is ex-
cited instead of the isolated electron gas. The observed
time-dependent differential transmission '

ET(fico, t)/T, ~ f, (E,(k), t)+f„(s„(k),t), (17)

does not allow one to distinguish the electron distribution

f, (s, ) from the heavy-hole distribution ft, (s&) and the
dynamics of electrons and holes is affected by the e-h in-

teractions. Thus one should study exchange in the in-

teracting e-h plasma.
Figure 4 shows the time evolution of the energy distri-

butions of electrons f, and holes ft„normalized like oc-
cupation numbers. Also shown is the transient
differential transmission f, (E,(k))+ft, (st, (k)) versus en-

«gy s, (k)+s„(k), which corresponds to the excess ener-

gy of the probe photon. ' The upper row shows the re-
sults for the SR plasma, the lower row the results for the
SP plasma. One sees that the relaxation of f, +ft, is

much slower for the SP plasma. To clarify the origin of
this effect, in Fig. 5 we present the thermalization of the
plasma without the exchange e-e and h-h scattering.
Compared with Fig. 4, the thermalization of the SP plas-
rna is now much faster, while the thermalization of the
SR plasma is only slightly faster. This demonstrates that
the exchange significantly weakens the eSciency of the
direct e-e and h-h collisions especially in the SP e-h plas-
ma. However, performing the calculations from Figs. 4
and 5 for X, =2X10' cm, we found almost the same
thermalization for the SP and SR plasmas with exchange
as well as without exchange. This implies that exchange
effects are only important in the dense plasma. All these
findings are similar to those for a dense electron gas (Sec.
III), because exchange h-h scattering manifests itself even

more clearly than exchange e-e scattering (note the very
slow thermalization of the SP hole distribution in Fig. 4)
and the e-h scattering does not mask the differences due
to the exchange.

The thermalization without exchange (Fig. 5) is still

slightly slower for the f, +ft, spectrum of the SP plasma.
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FIG. 4. Time evolution of the energy distribution of electrons (f, ) and holes (f„). Also shown is the transient differential
transmission f,(e, (k))+fq(sq(k) ) vs energy e, (k)+sq(k), which corresponds to the excess energy of the probe photon. The results
in the upper (lower) row are for the spin-randomized (spin-polarized) e-h plasma. The sheet density and the number of simulated e-h

pairs are N, =3 X 10"cm 2 and N= 14400, respectively. The MC time step t), is 5 fs. At t =0, distributions f, and f„are of Gauss-
ian shape with the half widths 8.7 and 1.3 meV, centered at 17.4 and 2.6 meV, respectively. Both carrier-carrier and carrier-phonon
interactions (at lattice temperature of 77 K) were considered. Exchange scattering is taken into account.

This is mainly due to the slower thermalization of the SP
electron gas, which is subjected to a stronger Pauli block-
ing of final states after the e-e and e-h collisions than the
SR electron gas.

Now we wish to point out one difficulty. It is in princi-
ple possible to excite initial condition max( f, +fs )= 1,
as used in Figs. 4 and 5 for the SR plasma. For
f, +fs &1 the absorption coefficient becomes negative
and a direct band to band absorption does now allow ex-
citation of f, +fh & 1 (Ref. 34), as used for the SP plas-
ma. Therefore, to avoid f, +ft, & 1 and to keep the same
initial conditions for the SR and SP distributions, calcula-
tions from Fig. 4 were repeated for two times lower N, .
As shown in Fig. 6, exchange still decelerates the
thermalization of the SP plasma in comparison with the
SR one, although the difference is now not so remarkable.
When the exchange is omitted, differences between the
f, +ft, spectra become negligible (see Fig. 7).

In Fig. 8 we show again the thermalization for
N, =3 X 10"cm, but for much broader initial distribu-
tions than in Fig. 4 in order to avoid f, +ft, &1. Ex-
change manifests itself in a similar way, but the thermali-
zation is now much faster. This is due to the enhanced
emission of optical phonons by electrons and also due to
the fact that the initial distributions are not so far from
the thermalized ones as in Fig. 4. As in previous cases,
the difference between the f, +ft, spectra becomes very
small, when the exchange is omitted (see Fig. 9).

Comparison of Figs. 4 and 8 shows that the width and
center position of the initial distributions strongly affect

SP IN- RANDOMIZED e - h PLASMA
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FIG. 5. The same spectra as in Fig. 4, but without exchange
scattering.
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