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A linear stability analysis of ion-acoustic and dust-acoustic waves is carried out using a multifluid
model in the presence of ionization, ion drag, and collisions of ions and dust with the background
neutral gas. It is found that an unstable dust-acoustic mode of nonzero real frequency can be
generated via a resonance phenomenon. This resonance develops as the frequency of the
dust-ion-acoustic mode is reduced sufficiently in the long-wavelength regime that it couples
strongly to the dust-acoustic mode. As the charge on dust particles exceeds a threshold, multiple
low-frequency modes with large growth rates are excited suddenly. Predictions of the theory are
compared with experimental resu[t®. Samsonov and J. Goree, Phys. Re63: 1047 (1999].
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I. INTRODUCTION charge and hence the particle radius, the ion drag force scales
quadratically with the particle radius. Hence, the electrical
Recently, there has been considerable experimental arfgrce dominates for small particle sizer chargé but the ion
theoretical interest in the ionization inStabiHﬁ/and its role drag force dominates for |arge partide size.
in exciting dust-ion-acousti¢DIA) and dust-acousti¢DA) Now, let us suppose that there is a reduction in the den-
modes in dusty plasmas'? Some of the theoretical analyses sity of a spatially uniform dust cloud due to a spontaneous
cited above have been stimulated by recent experimental ol ctyation. Where the dust density is reduced, there is less
servations of two new modég. The first mode is called a depletion of electrons by dust, and, consequently, the elec-
“filamentary mode” and acts as a precursor to the secondyqn gensity and the ionization rate increases. The higher
called the “great void mode.” Both modes grow after the joi;ation rate produces a positive space charge with respect
dust particle size has grown to a sufficient size. The f|Iamenf0 the surrounding plasma, and hence an electric field that

tary ’.“°°'e appears f_irst a_nd doessmiden!yin the form of ._points outward from the region of reduced dust density. This
striations or modulations in the dust density and glow. While

: . ) electric field causes an inward electrical force on negativel
the low-frequency density modulatiofwhich peak at about 9 y

- : charged dust particles that tends to restore the dust density,
100 Hz and are broadbanhdicate a type of compressional and an outward force due to the ion dr@gthe direction of

acoustic wave, the glow modulations are suggestive of ahe ion flow) that tends to expel dust particles from the re-

ionization wave. After sudden onset, the filamentary mode is . . . .
y ion of depletion. When the particles are small, the restoring
Pectrical force overcomes the ion drag force, and there is no

seen to evolve to a nonlinear quasisaturated state in less thd
instability. However, beyond a critical sizéand hence,

10 ms. As the dust particles continue to grow in size, a Iargé3
void that is entirely free of dust, appears. Unlike the fila- _ .

y Pp charge of the dust particles, the ion drag overcomes the
electrical force and causes an instability.

ments, which appear suddenly, the void grows intermittently
The physical picture discussed above has essentially

that is, there are transitions back and forth between filamenfs
and void, until the transition ends with the formation of a : "1
single large void. been confirmed by thgo?y. There are, however, a few fea-
Samsonov and Gor&dave suggested that filamentary tUres of the qbservatloﬁmat neeq to be addre.ssed, even at
and void modes may be different dynamical stages of thdhe level of I.|near .theory. The first of.these is the sudden
same instability and have proposed a mechanism for theOnset of the instability. While the physical arguments given
instability. This mechanism relies on the imbalance betweef? Ref. 6 suggest that the instability should appear suddenly
the electrical and ion drag forces acting on dust particles a¢hen the dust size exceeds a threshold, it is necessary to
the dust particles grow in size. For negatively charged dusiemonstrate quantitatively that the instability growth rate
particles, the electrical and ion drag forces always oppos@rows to a very large value for very small increments beyond
each other. This is because, for a given electric field, théhe threshold. The second observed feature of the instability
electrical force on a negatively charged particle is alwayds that it corresponds to modes with nonzero real frequencies,
antiparallel to the electrical field, but the ion drag forcewith a peak around 100 Hz. The third feature is the broad-
points in the direction of flow of the ions and is parallel to band nature of the spectrum around this 100 Hz peak at a
the electric field. These two forces scale differently with dustvery early stage of the dynamics, suggesting the rapid desta-
particle size. Whereas the electrical force scales linearly witlbilization of not one, but a broad spectrum of linearly un-
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stable, nonzero frequency modes. Our main purpose in this gn, ¢

paper is to provide an explanation of these features by ex- — + 7= (NaUa) =0, (1)
tending and building on the foundation of earlier theoretical
work,”® which we briefly review below. and
Consistent with the picture proposed by Samsonov and Ju Ju 9
GoreeS D'Angelo’ showed that DA modes can be destabi-nym| — + u;—— | — ngZe—
lized by the ion drag effect, but the modes he found were dt dx 20

ones with zero frequency. Iviest al® extended D'Angelo’s + NgMyl varUg+ vgi(Ug—U;)]=0. )
analysis by including the effects of ion—neutral collisions
and neutral friction. They showed that nonzero frequencyierems is the mass;-Ze is the(negative chargen, is the
ionization instabilities develop due to strong coupling be-density, andiy is the fluid velocity of dust. The last term on
tween the DIA and DA modes in a long-wavelength regime the left of Eq.(2) represents the drag force on the dust par-
where the ion—neutral collision rate, is much larger than ticles due to the ions. This drag force is proportional to the
the DIA wave frequencythat is, vi,;>kcpa , Wherek is the dust—ion collision frequencyy; and the relative drift veloc-
wave number andp,, is the phase speed of the DLAAI- ity between the dust and ions that move with a fluid velocity
though the long-wavelength approximation is useful in sim-Ui . The fourth term represents the frictional drag on dust
plifying the analysis, it is not strictly satisfied in all experi- particles due to collisions at a frequeney, with the back-
ments. We are, therefore, motivated to solve the fullground neutral gas. The third term represents the self-
dispersion relation numerically. For experimentally relevantconsistent electric field, given by d¢/dx, where ¢ is the
parameters, we find that the growth rate does peak for modeaiectrostatic potential. As in Refs. 7 and 9, we assume that
with real frequency of the order of 100 Hz. Furthermore, aéhe dust partiC|es are cold. In what follows, we will also not
the threshold for the instability is crossed, the growth rate ofleal with the time variation of the charge considered in
the linear instability becomes very large due to a resonancéiefs. 10-12.
This resonance occurs as the real frequency of the higher- The continuity and momentum equations for ions, of
frequency DIA mode is reduced significantly in the presencénassm;, densityn;, and temperatur&; , are given, respec-
of the drag forces, coupling the DIA mode, which is excitedtively, by
by the ionization instability, with the low-frequency DA P
mode. W+&(niui)—Qi+ani=0, (3)
It is interesting to note that the resonance is present,
even in D’Angelo’s first model, that did not include the ion gnd
drag force> To see this resonance in D’Angelo’s model, one

i i i i au; au; dd an;
needs to extend the numenc_al calculation carried out in Ref m —'+ui—') el + 7,204 Q- vn)miu,
5 to the long-wavelength regime, where the frequency of the at X IX IX
DIA mode is so reduced that it couples to the DA mode.
P +NiM;vigU; +Nim; vig(U; — ug) =0. (4)

D’Angelo did not carry out his numerical calculation in this
regime because for the plasma parameters relevant to the Egs.(3) and(4), Q; accounts for ion creatidr and v, is
experiment discussed by Johnsehal,? the wavelengths the ion loss rate. In a static, homogeneous and field-free
were too long to be of relevance for the experiment. As aquilibrium, we obtainQ;y= v n;y from Eq. (3), represent-
point of principle, we demonstrate here that it is possible tdng a balance between ion creation and loss. The penultimate
excite the DA mode, even in the absence of ion drag, througkerm on the left of Eq(4) represents the frictional drag on
coupling with an unstable DIA mode if the frequency of the the ions due to the neutral gas, with, the ion—neutral col-
DIA mode is sufficiently reduced by some damping mechadision frequency. The last term in E(f) represents the effect
nism. of ion—dust collisions on ions that may be ignored in the
The following is the layout of this paper. In Sec. Il, we so-called “collection” regime when the ion Mach number is
present the multifluid equations underlying our stability above unity® In this regime, considered by D’Angelathe
analysis. In Sec. lll, we derive the dispersion relation for theions collide with the dust particles and are lost from the ion
DIA and DA modes in the appropriate frequency ranges, andluid. However, the ion Mach number in the experinfétis
demonstrate that the DIA mode frequency is so reduced thatsually below unity and it is in the “orbit” regime where the
it couples with the DA mode, leading to rapid growth of the ions interact with the electric field surrounding the dust, but
instability. In Sec. 1V, we discuss numerical solutions of theare not collected by the dust particles. In the “orbit” regime,
general dispersion relation for the parameters of the experit is important to retain the momentum transfer to the ion
ment and compare the theoretical predictions with experifluid by the dust. From momentum conservation between
mental data. We conclude the paper with a summary and mns and dust, we obtain
discussion of the implications of our results.

NgMg Vi Ug— U;i) +Nim; vig(U; — Ug) =0, 5
IIl. MULTIFLUID EQUATIONS which implies that
The one-dimensional continuity and momentum equa- V= n;m; Vig= m; Vig<vig. (6)
tions for the dust fluid are given, respectively, by NgMy €My
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For the electrons of density, and temperatur@,, we —i ol +ik[cZ (T — ZNg) + v27 ]+ Nigvig(T;—Tg) =0,
neglect inertia and use the Boltzmann respdhsg, (10)
L) e where ca=[To/m;(1—€Z)]? is the DIA speed, and
N +Te ~=0. () =(T;/m))*? is the ion thermal speed. The linearized ion

. . . I continuity equation3) gives
Finally, the self-consistent electrostatic potential is deter- Y eq 39

mined from the quasineutrality constraint —iwn+iknjoli— (a— 1) v N+ av ZNg=0. (11
Ne+ZNg=n; . (8)  Defining nj=n;/niy, Ng=Ng/ngo=ng/(en;o), from Egs.
(10) and(11), we obtain
IIl. THE DISPERSION RELATIONS [a)(w-l-iﬁi)—(kzcg—(oiz,,)]ﬁi+[62(kzc|2A_ inV)

We now solve the linearized forms of Eq4)—(8), as-
suming a homogeneous, static, field-free equilibrium that
obeys the condition®;,=v n;, and n;;=ng+2Zng. In  where
general, the ion creation can be written°ds;**Q,=yn,,

+iw(eZav —vig)]Ng=0, (12

. SRR > c2=c? +1?
wherev, is the ionization frequency. In equilibrium, we have soIAC T
Q0= v10Neo= v Njp, SO the equilibrium ionization rate is Bi=vigtvin—(a—1)v_,
given by vjg=v Njg/Ng=v /(1—€Z). The perturbed ion 5
creation term can be written as of,=(a=1)v (vigtvp),
~ _ g~ 7’i2vE av( Vid-f-Vin):[a/(a—l)]wizV.
Qi=vionet neoo-m_ Ne . . . .
€0 We linearize the dust equatioii) and(2) to obtain
Neo dVi0 ).~ —iwng+iktuyg=0, (13
=0l 2T neo) "
10 &0 —iwﬁd+ Vdnad+ Vdi(ﬁd—ﬁi)—ikC%A(ﬁi/eZ—ﬁd)=0.
_ 40 ( @ 5V|0>~ (14)
(1-€2) Vig INeg From Eqgs.(13) and(14), we obtain
=av Ne=av (Nj—2ZNy), 9 [w(w+iBy)—(K2chy—wd,)]Nq
where +[(K*Cha— Ya,) €Z—iwvgli=0, (15
- 1 ( Neo ‘9’40) 1 wherecpa=[€Z?T./my(1— €Z)]*? is the DA wave speed,
(1_ EZ) Vio &neo and
In what follows, we use the continuum ionization md@éh Ba=vant vgi,

which dv|g/dng=0, anda=1/(1—€Z). 5

We carry out a simple one-dimensional analysis assum-  ©g,= €Zav| Vi,
ing that all perturbed quantities can be written in the plane- 2 _ B 1 2
wave form, expkx—iwt). The linearized ion momentum Yay= (e Drvg=(1-la)wg,
equation(4) yields From Egs.(12) and(15), we obtain the dispersion relation

iv

o(o+iB)—(K2c2—w?) €Z(k’ch—y>)+io(eZav, —vy)

16
(k2cBp— v5,) €Z—iwvy; o(w+iBq)— (k*cia— 03,) (18
|
A. lon-acoustic waves o(w+iB;)=k?ci- 0?, (18
In the range okcpa<kv<w<kw,, the dispersion re-
lation (16) can be approximated as
where wh=v[(a—1)(vig+ ) +avg]—vgvg~(a
—1)v (vigt+wn). The dispersion relatiof18) yields two
o(w+iB)—(Kc2—w?) io(eZav —vy) ion-acoustic branches, given by
=0, 1
—lwvy w? @7
B
or w.=+|k?c2— wi20+7 , (19
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if k2c2>(wf+ B714). Both branches have the same growth ¢ =0, (27)
rate, given by
(,j t/jZ 1/2
; RS

yt:_%= g 1) v - V|d2 Vln. (20) ’)’t=_7i[ wﬁo—i— T)—kZC%A (28
On the other hand, ik?c3<(w?+ B%/4), both waves be- Clearly, thew. branch is unstable in the range
come purely growing, with

0. —0 (21 w?]ci<kP< wly/ci,. (29)

B 52 In the short-wavelength rangk?c2>w? > w?, the inequal-
V.= 2' [ ,0+ - | — k22 (22) ity (29 indicates instability if

2 p)
CoAl VL (Vig+ vin) + K20f ]
eZVL(Ca-I— aviz)

Equation (18) shows that the frequency of the DIA
modes is reduced by the effects of ionization as well as fric-
tional and drag forces. If the DIA mode frequency is so re-
duced that it becomes comparable to the DA mode frewhich is essentially equivalent to the result obtained in Ref.
quency, it is reasonable to expect strong coupling and [except for a difference attributable to the presence of the

Vi = Vi crit» (30

possible destabilization of a low-frequency instability.

B. Low-frequency modes and resonant destabilization

In the rangekcpp~ w<<kv;, the dispersion relatio(iL6)
can be approximated as

- (k2C2— w2

€Z(K?ct— v2) +iw(eZav —

w(w+iBg) — (K2ciy— wF,)

Vig)

=0, (23
or

o(w+iBy)— (kZCDA C"do) 0, (24
where

Bt (K2cha— ¥, (€Zav, —vig)
d— Pd GZ(k2C2—w2 )
2 9 (K2ciy— 72, (KCha— 74,)

Wdo= Py 2 :

kZCS_ Wi,
The two branches of the dispersion relati@4) are
1/2

, (295

w.== kZC%A—

if k?c3,>(w3y+ B4°/4). Both branches exhibit the same
growth rate, given by
Ba  Ba

Y= T 5 T T 5

2 2

(kZCZDA_ 7§V)(EZCYV|__ Vig) 26)
2eZ(k%c? '

From the condition
B

2
>
k CDA 2

wd0+

2
Ydv
we see that the two branches given (&%) are stable in the
short-wavelength regiméc2> w? > .

In the parameter rangdxchA (wd0+,8 2/4),
branches yield purely growing modes, with

> wg,,Z eZav vg>eZ(a—1)v vg=

both

ion—dust collisional term in the ion momentum equatié).

For the nonzero frequency branches described by Eqgs.
(25) and(26), askzc approacheﬁ) from below, we obtain
very rapidly growing DA modes. Th|s rapidly growing insta-

bility is due to the resonande’c?= w?,.

IV. NUMERICAL SOLUTIONS OF THE FULL
DISPERSION EQUATION AND A COMPARISON WITH
EXPERIMENTS

The discussions in Sec. Ill are based on asymptotic ap-
proximations of the full dispersion relatioii6). In particu-
lar, the slowing down of the DIA wave is based on the DIA
dispersion relatiori18), which is derived under the approxi-
mationkcpp<kv;<w<kwv,. As the DIA wave frequency is
so reduced that it approaches the DA frequekcy, , the
approximation is not valid anymore, and we need to solve
the full general dispersiofil6).

In this section, we describe numerical solutions of the
dispersion equatiolil6) for two sets of parameters: one set
corresponds to the experiments of Samsonov and Gates;
other is the same as D’Angel@dn both cases, it is shown
that in the long-wavelength regime, the frequency of the DIA
branches is indeed reduced and resonant destabilization oc-
curs in the manner predicted in Sec. Ill.

The density and temperature parameters of the experi-
ment are (3,60 T.~3eV, T;=0.025eV-0.1eV, n;~2
x10°cm 3, n ~1O7 cm 3, Z~75, m;=40m,, andmy/m
~2>< 107 The dust particle radius is approxmately given by

~0.05um. The temperature and filling pressure of the
background gas is approximately 0.025 eV and 400 mTorr,
respectively. Using the continuum ionization mddehen-
tioned in Sec. lll, we obtaire=(1—€eZ) *~2. From the
code siGLO-20"° which simulates a glow discharge without
dust, we obtain the ion—neutral collision ratg~10°s™?,
and the ion loss rate, ~5x10°s 1. Also, making use of
the formulas in Refs. 16 and 17 foty, and calculatingv;
from the treatment given in the Appendix, we obtain
Vyn ™~ 5.6X 1035_1< Vig = (Gmd /ml) Vdi~3'47>< 1(#3_1,
ca~2.8x10°cms !, cpa=~7Xx10Pcms?!, and v=3.5
x10*cms?t
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FIG. 1. Frequency (solid line) and growth ratey (dashed lingin Hz of
DIA and DA modes as a function of the wave numhkeicm™?), using the
parameters of the experiment. Note tttatis a magnified view of part ofg)
in the vicinity of the resonance, whilg) is a plot of modes with positive

and y in a logarithmic scale.

In Figs. Xa-1(c), we show the realsolid line) and
imaginary partthe growth rate, dotted lineof the complex
frequency(in Hz) as a function of wave numbér(in cm™2).

Wang et al.

DA mode. In order to exhibit clearly the nature of the reso-
nance that gives rise to instability, we show in Figb)la
magnified version of the resonant region in Figg)1Figure
1(c) is similar to Fig. 1b), except that it shows only the
modes with a positive real frequency and growth rate in the
resonant region on a logarithmic scale. Figuke)lshows
clearly that as the wave numbledecreases from 2.20 ¢rh
to lower values, a bifurcation occurs in the DA branches at
k~1.90 cm ! before the resonance kt~1.87 cm . If we
track the growth-rate curves for the different modes, we find
that while one of the DIA modes fde>k, continues as a DA
mode fork<<k,, one of the DIA modes fok<k, continues
as a DA mode fork>k, . In other words, there is an ex-
change of stability properties at the resonance. Near the reso-
nance, the growth rate of the coupled mode increases very
sharply, accounting for an important qualitative feature of the
experiment. Furthermore, we note that the resonance, which
is sharp in wave number, encompasses a broad spectrum of
nonzero frequencies.

From Eq.(25), the conditionwzt>0 requires that

2%
4

k2c3 > | wio+ > w3, =eZav vy . (31
These two branches are stable unle&s tends tow?, from

below, and
(32

Combining Eqs(31) and(32), the condition for the instabil-
ity can be written as

202, 1202 2
kecs~kcir<wi,.

aViq

2=2e= ela—1)(vntug)

(33
Using the parameters of the experim&ng=ny/n,=5

X 1073, »y=3.47x10°s ™!, and v;,~=10°s !, we estimate
that the critical dust charge for the onset of the instability is
given by Z.~100, which is higher by about 20% than the
observations. In order to obtain a more precise estimafg of
from the full dispersion equation in Fig. 2, we show the
frequency and growth rate of the mode as a function of the
dust chargeZ for the wave numbek=2x/L~2.3cm I,
whereL=2.6 cm is the half-length of the system. Inspection
shows that in this casg.= 110, which is close to the esti-
mated observed value. Figure 2 also shows that there is a
broad range of nonzero real frequencies, including 100 Hz,
that are driven unstable with a very large growth rate just
after the threshold is crossed, qualitatively in accord with the
experiment.

As discussed in Sec. I, the picture described above ap-
plies to D’Angelo’s basic modél,even without ion drag or
the other effects discussed in subsequent analysé8Ap-
parently, D’Angelo did not consider this possibility because,

Figure Xa) gives a complete plot of the roots of the disper-for the parameters he chose, it would have taken him outside
sion equation, including stable as well as unstable branchethe range of wavelengths that were relevant for the experi-

We note that the high-frequency-(10°—10° Hz) DIA modes
are stable in the short-wavelengffarge k) regime, with a
flat (negative growth rate of approximately- 2x 10°/s. The
region of instability occurs nesk~2 cm ! when the DIA

ment of Johnsoet al? We have carried out a full analysis of
the dispersion equation for the parameters used by
D'Angelo.® (These parameters are quite different from the
ones we have used aboy®Ve do recover the results of Ref.

frequency is reduced sufficiently that it can couple with the5 in the short-wavelengtllarge k) regime, where two un-
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108 ‘ — g growth rates are produced, accounting for some of the ob-
Q\w;// | served features of the filamentary instability. Although ion
K drag does play an important role in the experiment discussed

104 4 - by Samsonov and Goré&é is not essential for the coupling
1S~ DA between the DIA and DA modes. Thus, the instability

mechanism discussed in this paper may be operative in other
. contexts where the ion drag force is less important.
Our theory is linear, and cannot account for the nonlinear
evolution of the filamentary instabilities. As the linear insta-
. bility has very high growth rate, nonlinear effects should
become important relatively quickly during its evolution.
The experimental evidence suggests that the mode saturates
10 ‘ ! : ! s to form a void, for which a steady-state model has been
0 o0 Zrave 10 20 given in Ref. 8. An interesting question is whether the
present model, in its nonlinear variant, can show a way of
FIG. 2. Logarithmic plot of positive (solid line) and growth ratey (dashed Connecting the linear dynamics to the saturated void struc-

line) in Hz of DIA and DA modes as a function of the dust chaiyéor a ture discussed in Ref. 8. This will be the subject of a future
fixed wave numbek=2.3 cni L. . L T
|nvest|gat|on.

w, v [Hz]

DA

stable branches of high-frequency- 10° Hz) DIA modes
and two very weakly damped low-frequency {0? Hz) DA ACKNOWLEDGMENTS

modes are identified. Howe_ver, as shown in Fig. 3 |n. the We thank N. D’Angelo, S. Hu, and K. Avinash for useful
long-wavelengthismall k) regime, a resonant destabilization . .
of DA modes occurs as the frequency of the DIA modes is S()cilscus§|ons. .
reduced that it matches the frequency of the DA modes This research is supported by NASA Grants No. NAGS-
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V. SUMMARY

Prompted by the experimental observations of Samsonov
and Goreé,we have carried out a linear analysis of the sta-APPENDIX: CALCULATION OF THE ION DRAG

bility of DA and DIA modes in a multifluid model in the W lculate the ion d ¢ ing the R bluth
presence of ionization, ion drag, and collisions of ions and € calculate the jon drag Torce using the Rosenolu

dust with the background neutral gas. We have built on thé)oten'ual from Fpkker—PIanck theojr@.lt can be §hov_vn that
foundation of other calculatios:®-12and attempted to ex- the force on an ion by dust particles when the ion is stream-

plain some of the key features of the observations. Our prin'—ng with a velocityus with respect to the dust is given by
cipal result is that in the long-wavelength regime, the fre- m; | 4mnye*z?T

quency of the DIA modes is sufficiently reduced that they id= _<1 )T (Xiq), (A1)
couple strongly to the DA modes via a resonance. Under _ s _ o
these conditions, when the dust particle charge exceedsVéélhelrse I'=InA is the Coulomb logarithm, ands is given

threshold, multiple nonzero frequency modes of very Iargé’ '
8Ty
Vg™~ 7T_rﬂ| + Uith™ 1'5]'vith .

Here the Rosenbluth integrai(x,q) is defined as

My

2 ind
Xig)=— | tY% dt, A2
¢( Id) \/; 0 ( )
% ean 1 where
3 i DA = mdvg 1 ( Vg 2 md Ti
| Xig= ==|—] =177T— —. A3
0oL / id 2Td 2 vy m; Td ( )

From Eq.(Al), the magnitude of the total ion drag force on
dust particles per unit volume is

47nnge*z?T
m; Ug

s P(Xig) - (A4)

0.00 0.05 0.10 0.15 0.20 0.25 0.30 mi
k [om™] F=1

FIG. 3. Logarithmic plot ofw (solid line) and growth ratey (dashed lingin .
Hz of DIA and DA modes as a function of the wave numkéem™2), using The ion drag rate can be calculated from the relaton

the parameters given in Ref. 5. ~ngmyvgivs and Eq.(A4). We obtain
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(1+ mi) 47n,e*z’T 47rn;e*Z°T A5 which is the same as E@5). For the experimental param-
Vi ma) mgm;o? id) p—— (A5)  eters given in Sec. IV, we obtain
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I
m.
1 [A3+b2, s
F~3hnl b2z, ) (AG) 4 X 107X (4.8X 107194 X 75X 1.77
. ! - X 1. 242 (3.5x 1043
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e _ I =3.47x 10°/s. (A10)
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