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Abstract. The full wavevector and frequency dependent complex dielectric function for two component classical and quantum rare hot plasmas have been derived. The real part of dielectric function
is obtained in the form of a series. Difference between quantum and classical real and imaginary
parts of dielectric function have been brought out by making explicit calculations. The quantum
nature of the plasma brings about significant changes in both parts depending upon the magnitude of
quantum parameter, R (= 8.93()%h)/~).
Expressions for the dynamic structure factors for both two component classical and quantum
plasma have been evaluated for different values of the mass of the positive component ra+, temperature T+ and wavevector/r It is found that the plasma exhibits well defined collective modes
for certain values of Ifc[ accompanied by varying disorder which depends upon the values of m+ as
well as on Ifr and T+. For the quantum case the collective modes are less well defined as compared
to the corresponding classical case, thus proving that quantum nature introduces inherent disorder
in the system. But for both the cases, increase in temperature destroys collective modes. Another
feature is the appearance of a hump near w = 0 which becomes smaller and vanishes as the quantum
parameter is decreased.
Instability of plasma modes in the presence of constant electric field has also been worked out for
the quantum case.

Keywords. Generalised dielectric function; two component hot rare quantum and classical plasmas;
dynamic structure factor; instability of plasma waves.
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1. Introduction
Recently we have reported
quantum and classical one
either from the solution of
27r/A, A is the wavelength

[1] the results of our investigations on collective motions in
component rare hot plasmas. Collective modes are obtained
the equation Re
= 0 (where k is wavevector, lkl =
of plasma and w is angular frequency) or the singularities of

e([c),w
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the dynamical structure factor, S(k,aJ), which is related to the full dielectric function,
e(k, w), of the system. In the classical case, unlike earlier studies, we have shown that it
is possible to obtain a full e(k, co) valid for all values of k and co. Further, an expression
for weakly degenerate one component rare hot plasma is derived which correctly reduces
to the corresponding classical case and takes into account the contribution of all orders
in h 2, h being Planck's constant. Using these dielectric functions for the classical and
quantum plasmas various aspects of collective motions in them have been studied and
reported [ 1]. In these studies however, only one component of the plasma has been assumed
to be mobile. In the present study we allow the other component also to move [2,3]. That is,
we report the results of investigations of the dynamics of two component rare hot quantum
and classical plasmas, which are encountered in ionosphere, intergalactic space and solid
state, particularly in semiconductors at appropriate densities and temperatures.
The quantum nature of the plasma depends on the ratio of the thermal de Broglie wavelength Ath = h / ~
of a particle and the mean interparticle distance 2rs of the
particles, where rs = (3/47rn_) 1/a n_ is the number density of the particles. If this ratio
is negligibly small, the plasma is termed as classical. Such a situation is encountered in
rare plasma, i.e., low density plasma at not very low temperature - an example of which is
plasma in doped semiconductors when n_ ,-~ 1018 cm -3 at T ,,~ 330 K. However, when
this is not the case, i.e., Ath/2rs > 1 the quantum mechanical effect, purely due to the
dual nature of the particle starts manifesting itself. Such an effect occurs in a plasma of
any density at very low temperatures and can be obtained in doped semiconductors. If
Ath/2rs >> 1, then the other quantum mechanical effects like exchange interaction come
into play as happens in a metallic plasma. In the present communication we are confining
ourselves to the case Ath/2rs > 1, in order to bring out the change from the classical
plasma solely due to the duality of the particles. This is a basic problem as the interaction potential in the plasma under consideration, is accurately known as Coulombic and
therefore, the study of this type does not suffer from the inaccuracies in the knowledge of
interparticle potential, as happens to be the case in an ordinary fluid or a liquid. In view
of this the collective dynamic study given by S(k, ~o) is extremely important to bring out
the effect of such a quantum study. Further, it may be possible now to perform appropriate
experiment to check such quantum mechanical effects which have been discussed in detail
in w
In the next section are described the relevant mathematical formalism for:
(i) the general k, w and temperature dependent complex dielectric function for the quantum two component rare hot plasma;
(ii) dynamic structure factor, S(k, co); zero frequency dynamic structure factor, S(k, 0);
static structure factor, S(k) and
(iii) instability of the two component quantum plasma in the presence of external electric
field.
In w are reported the results and discussion of the detailed computations of different
physical quantities and in the last section prominent conclusion of the study have been
recorded.
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2. Mathematical formalism

2.1 Dielectric function e~:(k, w)
The general wavevector and frequency dependent dielectric function for two component
plasma is given as [2,3]:
e+(k,w) = 1 + 4:ra+(/c,w) + @ra_(k,w),

(1)

where, a+([c,w) are the polarizabilities for positive and negative components of the
plasma. These polarizabilities for the case of rare hot quantum plasma, having Maxwellian
momentum distribution functions for both the components, are given as [1,4-6]:
47ra Q,(k,w) = -27ri
T - [ F i 4=(k,~)
- F~(~,~)],

(2)

with

F~2(~,w)_4~n• f

( ~)

@•
- -dT +

)

2--m~k - - ~

J'

.

(3)

(4)

where F~2(k,w ) represent the two particle quantum distribution functions for the two
components, negative ( - ) and positive (+) of the plasma. Subscript 1 and 2 refer to f(p+ +
hk/2) and f(P:l: - h[r respectively in the integral of expression (3). p+, T+, m+, n+
are respectively the linear momenta, temperatures, masses and densities of positive and
negative components of plasma, lel is the electronic charge present on positive and negative
components of plasma, kB is Boltzmann constant and A is determined by the following
sum rule [ 1]:

fo e<)w Im eQ(k w)dw = ~Wp+,
71" 2
where, Wp+
2 (-_ (4zrn• 2)/m+) are angular plasma frequencies of +ve and - r e components. Substituting (4) in (3) and after performing integration, (3) is substituted in (2) to
get the polarizabilities. These are then substituted in (1) to obtain the following expression
for dielectric function, e Q,(k, w).

+ 2v'~m--iV•
-

(~v•

1+ g
2~v~

-e
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1 + -~ v/~kV+

2v'~m•177

+""

/];1
+i

- -

v'~
(5a)

~Q,(k,~) : ~ ( k , ~ ) + i~}~(k,~),

(Sb)

where V• = ~/(kBT+)/m-4- are the thermal velocities of the positive and negative components of plasma.
When h = 0, ~Q (k, w), i.e., (5a) reduces to corresponding dielectric function ~ (k, w)
for two component classical plasma:
9 cl
+ ze2:t:(k,w)

e~(k,w) = e~l,•
2

~,•

= 1 + kw~

2

td2

(6)
_9.)2

kw~ kw~ exp

x { 1 + )1 ( 5~ w2

w2 "~2 + " " } '
+ . ul~,2k2V~=j(

(7)

and

,

V~--~kV

+exp

~

.

(8)

When (w/(kV+)) < < 1, (7) reduces to the expression studied earlier [21. For
(w/(kV•
> > 1, it would be shown numerically that (7) reduces to Drude model for
two component plasma [2].

2.2 Dynamic structure factor, S + (k, w)
The dynamic structure factor, S(k, w) for a two component plasma being considered here
is essentially related to the two polarizabilities and the general dielectric function, e(k, w)
[3]. S(k, w), when the temperature of the two components is same, i.e., T+ = T_ (which
implies (wp+)/V~_
2
2 = k~_ = k 2_ = k~), where, kD = (27r)/AD, AD is Debye screening
length) but their masses may be different, is given as follows:

= 7rwk---~_Im 47ra_o (k, w)

eQ (k, w)

'

(9)

where
47rc~Q(k,w) = Re 47mQ(k,w) + i Im 4~raQ(k,w).
Expression (9) for Sq~(k, w) can be written down as:
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sQ(k,

03)

Nk 2

1

~ k ~_[(~(k, ~))~ + ~ ( k , ~))~]

u~(k,~),

(11)

where

U•

= Im4~raQ(k,w) [(1 + Re47raq+(k,w))eQ•

+eq2,•

Im 41raQ+(k,w)] + Re4~raq_(k,w)

[eQl,+(k,w) ImnTraO+(k,w)-e~+(k,w) (1 + Re4~raq+(k,w))] ,

(12)

where eQ•
are given by (5b)and (5a); Re47raQ,(k,w) and Im47ra~
(k, w) can be obtained using (1) and (5a) as

2 m4-V4-~ ~.
/r ~ ~- ~*/x,~),

Re 47ra~(k,w) = v ~ -w'+

(13)

with

A+(k,w) =

w

+
v+

x

e-

1 + -~

1+ g

:~.,•

2v~m+ V~
V+ + 2v~m:LV+

w

x

(
( ~7v+

hk

x/~kV+

+""

2x/~m:t:V•

2r177

+""

'

(14)

and

Im 4~raQ'(k'w) = g 2 k-7--VV~ hk

(

ehk

--e- ~---~w~-~ 2,/~m+v+

.

(15)

Particular cases
(i) Sq,(k, w) given by (11) reduces to its classical counterpart [3] when h = 0
(ii) S + (k, 0): Zero frequency dynamic structure factor
An expression for SQ,(k, w) in the limit w -4 0 is obtained which reduces to the following expression of S~ (k, 0) when w = 0
s,Q(k, O) =

nk 2

1

2Pi(k'~
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where,

[~ w~_

P•

1---~e-h~a~/s"~-~2- 1 + - ; P+
~ f+

= V -i;~y~ x ky_

1 + ff~-V-~ + ~-~2 f -

p+ 1

602

V

_-h

+

k / 8 m , 2 V,2 ( w ~ _ f
~2
~

-]

p+

p- f

v 2 [k u_~ -

[ Wp+
2 1 e_h2k2/Sm2+V~_ 602
k2v~ kv+

1 _h2k2/Sm2_V~_]

+ k w-~_k~_ e

,

(17a)

with

f• = e -h%2/sm~v:~ 1 + -~ 2v/~---~+V+ + ~

2v~m+V+] +""

" (17b)

S,q (k, 0) given by (16) goes to the classical expression of S~ (k, 0) when h = 0 [31.
(iii) S,Q(k) : Static structurefactor
SQ(k) in general is given as follows:

S~(k) = _1/~o SQ' (k,w') dw',
n

(18)

cr

Making use of the following Kramers-Kronig relation:

Re[47raq-(k'w){ l + 47raq+(k'~v)e~(k,w) }]
= ~

~

~

Im 4~raq_(k,w')

e~--~,~-;)

(19)

expression (18) becomes

S~(k) = ~-Re 47raq_(k, 0)

eQ(k,0)

"

(20)

Substituting the expressions for zero frequency dielectric function and polarisability, in
(20) one gets
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(21)

+

where f• are given by (17b).
When h = 0, SQ(k) given by (21) reduces to S~(k) [3].
When one of the components of the plasma, generally the positive component is considered to be static, the above expressions reduce to the corresponding expressions for one
component quantum and classical plasmas.

2.3 Instability in two component rare hot quantum plasma
When the static electric field, E, is applied to a two component plasma it produces
drift velocities, Vu• in the two components of the plasma. This results in the displaced Maxwellians [11] in the velocities i.e., in (4) p•
re•177 change to p~: =
m• (V• - Va• ). In the presence of electric field one can now work out c ~ (k, w) from
expressions (3), (2) and (1) using the displaced Maxwellians. The real part of the dielectric
function thus obtained is given as:
Ree~(w,w) = 1 +

x

hkaV +

1+~

1

Z+

{ (
1

1+~

Z+
~

+

+
D+
2

e-[-~ +T)

Z+

+ ....

)2}]
+'"

+

D+
~

_(z+_D+~2
e ~,~ ~ J

V"2co~_m_
hkaV_

Z_+__~__
D_

e _ (_~+__~_
z- v 2 1 + g1

Z_ + --}D_

+...

Z_

e-(-~--a-

Z_

+...

D_
2

1+ 1

D_
2

(22)
'

kh .) ,
Z_ -- w-kva_
where D+ = kAth• ,( = v~-'~V+
kV_ and Z+ : w/kV+ as the drift
velocity given to ions due to electric field is almost negligible.
Plasma wave instability relation between the wavevector k of plasma and drift velocity
Vd-(-- Vd) in the presence of electric field is obtained by the following relation [11]:
Re

(k,

= o.

(23)

Along with the condition that imaginary part of dielectric function is also equal to zero
which implies Z+ = - Z _ . Making use of these one obtains after simplification the following relationship between k 2 and Vu expressed in terms of k 2_ and V_ respectively.
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{
I(Z_
x 1+ 5 ~+
x l+g

1

_D~) 2
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+...

}

(D_
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e-~-~-"f-J

+-..

+

e-(~

+

+

~+--~-

I+~

+-~)

e-t--~--'J

l+g

.~

~+--ff-

+-..

+...

.

(24)

When h = 0, (24) reduces to the following classical expression studied earlier [11]:

[

]

k2- = 2 1 - v~Z_ exp

(25)

exp(tZ)dt ... .

Expression (25) can also be written in the following alternative form:
k2 - 2

1 - Z 2exp

_

1+

Z2_+1Z4 +...

-

40

-

(26)
"

When in a two component plasma D+ are not negligible, the instability should be studied using (24) rather than the corresponding classical case given by (26). In order to study
the difference between the results given by (24) and that by (26), we choose our system to
be InSb which has already been studied classically [ 11]. The densities and temperatures of
both the components of plasma are taken to be same i.e. n+ = n_ = 1.0 x 1015 cm -3
and T+ = T_ = 1200K but m+ = 14m_(m_ = 1.0me). Using this data one finds
that Z_ = 0.789 V a / V - . Substituting these parameters in (24), one obtains the following
expression:
i

k 2

_

v~

k 2-

hk
•

+
•

1+5\
I

--~-t 2 , / ~ -kh
v_
_ v_

0.789~-~-_ + 2re_V_

v_ 2 m_V_

kh

Vd

1

2m---'_V_+ 0.789~-_ e-

1+5\

+3.74
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x

l+~k

~

~

+2vC~m_V_

+...

K

2v~m_V_

+""

+3.74 2m-TV+
x l+g~, ~

"

(27)

This expression can also be rewritten as sum of classical expression and quantum corrections of different orders in h 2:

k2

~-_ Q =~k2 el

2

V~ ,o_0.311Vff/V_2)
+\(['1. . .~").").~
... ~_

(13(

+ ~+~ 0.5579~
+0(h4) + 0(h6) + " " /

+...

J k2 m-V-) J

/

(28)

where
(29)
When h = 0, it is evident that the quantum expression i.e. (28) reduces to classical expression given by (29).

3. Results and discussion

Unlike the case of one component classical plasma [1,9], in two component plasma, the
real part of classical dielectric function, e~c 1(k, w), given by (7) consists of two series in
(w2/k2V:~). As these series cannot be summed up analytically, one has to evaluate these
numerically on a computer. In order to make such calculations, we choose the plasma
to be made up of electrons and holes in a semiconductor at 297 K. The number densities
of two components of plasma, n+ = 3.9 x 1018 cm -3 which implies mean interparticle
distance between two charges = 2rs = 78.84 A. (where rs is the radius of the sphere
assigned to each carrier). Mass of the positive component, m+ is taken to be equal to 5m_
while ra_ = 0.7me, me being mass of an electron. These parameters mean that the Debye
screening length, )~D• (= V+/wp• ~ 6A.
In figure 1 are shown the results of our calculations using (7) for a typical value of Iil
( : 4.25 x 106 cm -1) which corresponds to the wavelength of plasma mode, A(= 3.75r,)
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1
3

%7

Figure 1. Variation of real part of complex dielectric function E1,4-(k,w
cl
) of two
component rare hot classical plasma, with angular frequency, ~ expressed in units of
kV_(k : 4.25 • 10 ~ cm - I and V_ = 8.02 • 108 cm sec -1) when the number of
terms taken in consideration are = 12, 26, 35, 50, 100 and 160.

2 " 0 --

21

k-r_
~.o

I 2o
+r

W

I
12.0

16.0

12

o

5

Figure 2. Variation of real part of complex dielectric function, e~• (k, ~v) of two
component rare hot quantum plasma with angular frequency, w, expressed in units of
kV_ for different values of quantum parameter R = 0.000001, 1, 3, and 5. N : 160
in all the cases. Inset shows the variation of classical real part of dielectric function in
r
,,7
the approximate case, ~1,•
[tr
~)\ with ~.
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when the series has been summed up to different number of terms. While for small values
of (w/kV_), the convergence for Ecl
1,+\{k co) is obtained for smaller number of terms N, for
larger values the number of terms required for convergence increases as has been indicated
in the figure: 0 < (w/kV_) < 1.5,N > 12, for(w/kV_) : 7 , N = 160.
Further, for (w/kV-4-) > > 1, it is same as that given by Drude model [2] for the
two component plasma, the expression of which is independent of k i.e., in the limit
(w/kV~:) > > 1,

r177

=1

2
COp+
0)2

2_
COp
CO2 "

The k dependent approximate dielectric function used widely in the literature [2] and given
by expression:
G(k,co) : 1 -

cop• +coP- - 3k (cop+V_~+

+co _)co

,

has also been plotted in tile inset of figure 2 for the sake of comparison. The dielectric
function is similar to that given by the general expression only in the small range for a
value of (co/kV_) ~< 4. For co/kV_ > 4, it behaves as a two component Drude model,
mentioned earlier. Thus, when the two series in e~l+(k, co) are summed up properly one
obtains the correct general behaviour of ccl
/k , co).
1,:t: ~,
In the quantum case too, one has to sum up series as given in (5a). The computations
have been made using (5a) for various values of quantum parameter, R ( = (hk/rn_V_))
and in each case the converged results have been obtained by summing up the series to
as many as 160 terms. Results of these calculations have been shown in figure 2, for few
different values of quantum parameter, R. When R is very small, i.e., R = 0.000001,
the calculated values of ~Q+(k, co), given by (5a), as shown in the figure, are same as
that given by ~ + ( k , co) given by (7) and also plotted in figure 1. As the value of R is
increased from 1,3 to 5, the departure from the classical values become more pronounced
as is evident from the figure. Beyond (w/kV_) = 5, cQ+ (k, co) become positive and tends
to approach Drude values. Thus, the quantum correction is significant for smaller and
intermediate values of w/kV_(<_ 5). However, even for higher values of (co/kV_) the
quantum correction is there but to a lesser extent. One may conclude that when the plasma
con'esponds to a mild degenerate plasma the quantum nature of the plasma brings about
significant changes in eQ+(k, co), in comparison with the classical situation.
In figure 3 are plotted the imaginary part of eQ(k, co), i.e., sQ:t:(k, co), given by (5a) and
(5b), for different values of R : 0.000001, 1, 3 & 5. For R = 0.000001, the calculated
values are almost the same as given by the corresponding classical case, e~l~:(k, co) given
by (8). As the quantum nature increases, the behaviour of eQ2,+(k,co) becomes different
from the classical case. While the peak at small values of co/kV_ in the Landau damping
(represented by sQ• (k, co)) increases with increase in R, another peak at higher values of
co/kV_ starts developing giving rise to the higher values of the damping for larger values
of co/kV_ in comparison with the classical case as is evident from the figure for R = 3 and
5.
Thus, unlike earlier studies, one is able to obtain the full wavevector, energy and
temperature dependent complex dielectric function for quantum as well as classical two
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~
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3.0

/*.0

tO
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Figure 3. Variation of the imaginary part of quantum dielectric function eq:i: (k, CO)
with w for different values of quantum parameter, R : 0.000001, l, 3 and 5. The
classical case, e~z• (k, w) corresponds very closely to R = 0.000001.
component rare hot plasma as has been shown for a given value of k in figures 2 and 3.
Once the complete dielectric function of the plasma is known one can study any property
such as collective modes, ac conductivity, static structure factor around an impurity of
infinite mass etc., related to this function. In the present section we study the behaviour of
collective modes in such a plasma whose dielectric functions are given by (5a), (5b), (6)
and (7). The collective modes in a plasma are determined by the zeros of ez,+ (k, w) i.e.,
elq,~cl (k, w) = 0.

(32)

However, as in the case of one component plasma it is difficult to extract the collective
6Q, cl
modes from the above relation as the correct 1,+ (k, w) is polynomial of very high order (up to 160) as has also been discussed earlier in (w/kV~) 2. It is, therefore, better to study these collective modes using the dynamic structure factor of the plasma
SQ(k, w)/5;~_l(k, w), the. singularities of which yield the collective modes. When the
damping is small, the dynamic structure factor shows an extremely sharp peak for w ~ 0,
exhibiting the presence of well defined collective modes in the plasma. When the damping is present this peak becomes broader indicating the presence of disorder in the system.
However, as long as there is sharp peak for w ~ 0 the plasma has well defined collective
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Figure 4. Variation of classical dynamic stucture factor S~:1(k, w), with w expressed
in eV for different values of mass of the positive component of the plasma m+.
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Figure 5. Variation of S:]:1(k, w), with w expressed in eV for different values of temperature T•
K, 594 K, 1485 K and 2970 K, for k = 4.25 x 106 cm -1.
modes for a given k. Such a result can now also be checked by substituting the appropriate
values of k and w for which the collective mode occurs in eQ• (k, w) and checking whether
(30) is satisfied.
In our studies we have determined the collective modes by computing S Q (k, w) using
(11) along with (12) when the plasma is considered to be quantum and S~:l(k,w) using
corresponding classical expressions and once these modes are known (30) is found to be
satisfied in both the cases.
In figure 4 are plotted the results of computations on S d rk w) with w for k ( : 4.25 •
106 cm -1) when the mass of the positive component is varied but all other parameters
specifying the plasma are same. Unlike the case of one component plasma where one
obtains only two peak structures of Brillouin peaks (there being no Rayleigh peak), in the
two component plasma one gets three peak structure for all values of m+, keeping ra_
fixed, i.e., one gets one Rayleigh peak and two Brillouin peaks. As m+ is increased from
the fraction ofra_ i.e. from its value m+ = 0.4m_, 0.6m_ and 0.8m_ as shown in figure,
one obtains sharp Brillouin peaks located at precise values of characteristic frequencies
which become smaller as one increases m+ from 0.4 to 0.8m_ indicating the presence
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of well defined collective oscillations of the plasma at these energies. However, at m+ =
l m _ the peak of S~ (k, w) is maximum in comparison with other values of m+. Therefore,
the collective motion is best defined when the mass of two components of plasma are
exactly the same. As m+ is increased further to 5m_ and 14m_ the Brillouin peaks
become less peaked and broader indicating that collective motions are now not that well
defined (i.e., the peaks are smaller and broader) and the damping is increasing. As ra+
becomes 200 m _ and then 2000 m _ Brillouin peaks become very broad and one cannot
talk of well defined collective oscillations. Thus, two component plasma for a given value
of k has well defined collective oscillation only when the mass of the two components are
not very much different from each other as shown in figure 4.
As mass m+ is varied, the Rayleigh peak which is a broader function for the smallest
value of m+ (=0.4 m_) slowly becomes sharper with the higher values of S~:1(k, 0). This
trend continues as m+ increases and for m+ = 2000m_ it becomes extremely sharp peak
with the maximum value of S~(k, 0) as shown in figure 4. These values of SC~l(k, 0) for
different m+ also agree with the corresponding calculated values from the expression of
S~:1(k, ~).
In figure 5 are shown the effect of varying the temperature on the collective mode for the
case m+ -- 5m_, keeping all other physical parameters characterizing the system to be
the same. As temperature of plasma is increased, i.e., both T+ and T_ are raised from
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Figure 6. Variation of S~-Z(k,w) with w for different values of k(= 2H/A) i.e. for
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Figure 7. Variation of dynamic structure factor for quantum plasma, Sq(k, w), with
a; expressed in units of eV, for different values of m+.
297 K to 594 K and 2970K, Brillouin peaks shift to higher energies and become a broader
function indicating the effect of thermal damping in destroying the collective modes. The
Rayleigh peak too, increases and becomes a broader function.
Figure 6 shows the variation of S~_l(k, w) with w, for two values of k(= 2II/A) when
m+ = 5m_. As A is decreased from 3.75 r~ to 2.25 r~, the Brillouin peak shifts to higher
energy, becomes broader implying thereby that at higher values of k, the collective mode is
not that well defined. The Rayleigh peak also becomes broader and the value of S~:1(k, 0)
becomes smaller in comparison with A = 3.75 rs as shown in the figure.
Now we consider the plasma to be quantum. The quantum parameter, R, is finite and
should be considered, as has also been discussed earlier. Using (1 I) and (12), SQ(k, ca)
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Figure 8. Variation of sQ(k, w) with w for different values of temperature T+ = 297
K, 594 K, 1485 K and 2970 K for k = 4.25 x 106 cm-1.
has been computed for different values of m+ and the results of computations have been
shown in figure 7. For a given value of m+, Brillouin peak is smaller and broader in comparison with the corresponding classical case implying thereby that in the quantum case
there is additional inherent disorder present in the system. Like in the case of S~_1(k, a)),
the Brillouin peak shifts to lower values of energy when m+ is increased up to ,,~ 5m_.
Further increase in m+ results in little shift and insignificant broadening in Brillouin peak
as shown in the figure. This is in contrast to the corresponding results in So,1(k, w), where
there are hardly any collective modes for the cases m+ =- 200m_ & 2000m_. Another
new feature of the quantum plasma is the appearance of a hump for nonzero values of
much less than the collective mode frequency. This hump is broad when m+ = l m _ and
becomes less broad and peaked as m+ is increased, as shown in the figure.
In figure 8 are shown the computed values of sQ(k,~a) for the case m+ = 5rn_ for
different values of temperature of the plasma. As the temperature is increased to 594 K the
hump has almost disappeared and is not there when temperature is 1485 and 2970 K. Thus,
the hump appears to be a quantal feature of the dynamics of the plasma which becomes
prominent when R is large (i.e., small values of T and mass). The effect of increase in
temperature on Brillouin peak is similar to that in the case of S~:1(k, w), i.e., peak shifts to
higher energy and becomes broader. At a very high temperature of 2970 K there is broad
P r a m a n a - J. Phys.,
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structure indicating the absence of well defined collective modes in the system.
In figure 9 are shown Sq,(k, w) for two values of k corresponding to A = 3.75 r8 and
2.25 rs. When k is large (A is small) Brillouin peak not only shifts significantly to higher
value but also becomes quite broad implying that for this mode quantum disorder is quite
significant. Similarly a quantal hump also becomes well defined. Both the results can be
traced to noticeable increase in the value of R from A = 3.75 rs to 2.25 rs.
We have performed a number of calculations on S~_x(k, ~v), for m+ = 5m_ with various values of k. In figure 10 is plotted the dispersion relation of plasmas, i.e., w versus
k relationship for the Brillouin peak along with the dispersion-relations obtained from
the approximate and Drude models. While the Drude model gives no k dependence, the
approximate model yields only k 2 dependence, the present exact formalism yields more
general k dependence as shown in the figure. However, the present dispersion relationship
agrees with that given by approximate model for small values of k i.e. k < 3 x 106 cm -1
and with that given by Drude model for k < 1.5 x 106 cm -1 as should be the case.
As in the case of S~_1(k, w), we have performed the extensive calculation for S Q (k, w)
for various values of k and the resultant dispersion relationship for the collective modes
have been shown in figure 10. For k < 1.5 • 106 cm -1 it agrees with the corresponding
classical and approximate result. After this the frequency of the collective mode for a given
k increases as shown in the figure up to ,-~ 7.5 x 106 cm -1.
The full width at half maximum of Brillouin peak which is an indicator of the presence
of disorder in the collective modes has been shown for various values of k in figure 11. For
small values of k, up to around 2.5 • 106 cm -1, the modes are extremely well defined,
then the damping starts becoming larger and for higher values of k, it keeps increasing as
shown in the figure. In figure 11 are also shown the full width at half maximum of Brillouin
peak for the different values of k in quantum plasma. While up to k ,-~ 2.5 x 106 cm -1
the width agrees with the corresponding classical case, for larger k it starts increasing first
slowly and then sharply as shown in the figure up to k ,-~ 4.25 x 106 cm -1. In the inset
entire region up to k = 7.09 x 106 cm -1 has been covered on a different scale.
In figure 12 are shown the values of S~l(k,0) for different values of k. As k increases, S~_l(k, 0) keeps decreasing as shown in the figure. In the figure are also shown
the computed values SQ(k, 0) for the quantum case. In comparison with the classical case
SQ,(k, 0) has lower value for a given k as shown in the figure.
The zeroth sum rule i.e. static structure factor, S~l(k) for different values of k has been
shown in figure 13. As k increases S~_l(k) varies mildly from its value ~ 0.5 at k = 0
to 0.575 for k = 10 • 106 cm -1. Also shown in the figure is the variation of quantum
+ ~ j,
starts from 0.51
static structure factor, sQ(k), with k. Unlike the case of SClrk
~ S +(k)
q
and keeps decreasing as k increases as shown in figure.
Thus, we may conclude that the various aspects of S Q (k, w) are in general quite different
from the corresponding characteristics of S~_1(k, Lv). The quantum nature of the plasma
introduces a sort of inherent disorder in the system which manifests itself in different ways
like in Brillouin peak, appearance of hump etc. However, when the physical parameters
are taken to be those which correspond to essentially a classical plasma the results of the
calculations of S Q (k, ~v) do reduce to the corresponding classical case.
Computations have been done for the instability problem in the case c~f InSb system
detailed earlier, using (27) for different values of quantum parameter, R. The results of
our calculations are shown in figure 14 for different values of R(= 0.2, 0.3, 0.5, 0.6, 0.8
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Figure 13. Comparison of static structure factor, S+ (k), with k for quantum and
classical plasmas.

Figure 14. Variation of the square of wavevector of the plasma mode expressed in
units of k 2_ with drift velocity expressed in units of V- for different values of quantum
parameter, R(8.9295Ath/A) = 0.2, 0.3, 0.5, 0.6, 0.8 and 1.0.
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and 1.0) along with the classical result obtained using (29) (which also corresponds to
R = 0). When h is very small, the calculated values using (27) are very close to the
classical results as is evident from the figure for/~ = 0.2. As R is increased further the
value of k 2 expressed in units of k 2_ increases with respect to the corresponding classical
values for the entire range of drift velocity, expressed in units of V_. While this increase
is significant for Va/V_ less than 2.75 (the peak value of classical case) it becomes quite
large for higher values of Va/V-. Thus, the instability in the quantum case is more than
the corresponding classical case for all values of the wavevector. Like in the classical case
the instability is much more for shorter wavelengths [11]. For higher values of R( > 0.5)
the system will be highly unstable for plasma of short wavelengths.
We may, thus, conclude that for a particular electric field the quantum nature of the
plasma gives rise to additional instability in comparison with the corresponding classical
case significantly for shorter wavelengths.

4. Conclusion
From the study one may conclude that it is possible to derive full wavevector and temperature dependent complex dielectric function for the hot rare two component classical and
quantum plasmas. Unlike earlier studies real part of dielectric function has been obtained
in the form of a series which can be summed up numerically for any value ofw/kV• provided one considers the problem of convergence of the series carefully. As many as 160
terms have to be evaluated to obtain converged value of eq+(k,w) for the useful range
of cv/kV+ encountered in usual experiments. The full dielectric function can be used to
study important physical quantities dependent on it such as collective motion, AC conductivity, static structure factor of a charged impurity around a finite and infinite mass.
The real part of dielectric function for quantum plasma, ~Q+(k, co), is increasingly different from the corresponding classical one, ~1+ (k, w) as the value of quantum parameter,
R ( = 8.93(Ath/A)) is increased. The difference is large particularly for smaller values of
a)/kV_. The imaginary part of dielectric function, EQ+ (k, ov), is also increasingly different
from the corresponding classical case as the quantum parameter is increased. In the quantum case the Landau damping becomes less intense but its range increases in comparison
with the classical situation.
The dynamic structure factor of two component plasma exhibit three peaked structure
(Rayleigh peak at co = 0 and two Brillouin peaks at co = 4-~vc), in contrast to the case of
one component plasma, where only two Brillouin peaks are present. The plasma exhibits
well defined collective plasma modes of certain values of wavevector. However these
modes are equally well defined as the full width at half maximum is dependent on both k
as well as the masses of the two components. In the case of quantum plasma the collective
modes become less well defined and the quantum nature introduces additional disorder in
the system as indicated by the width of the peak structure of S(k, w).
Another feature of quantum nature of plasma is the appearance of a hump for small
values of w which becomes smaller and finally vanishes when the quantum parameter is
reduced to a very small value.
In both the cases the collective modes become increasingly ill defined as the temperature
of the plasma is increased to large values.
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The behaviour of the plasma in the presence of constant electric field indicates that
for the quantum plasmas instability is more than the corresponding classical case for all
values of plasma mode wavelengths as Vd is increased. Like in the case of classical plasma
instability is more pronounced in the case of plasma waves of shorter wavelengths.
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