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Narrowing of the Bennett Hole In Collisional Plasma
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The profile of a Bennett hole, induced by a laser field, in the ionic distribution of a collisional
plasma is calculated. The influence of Chandrasekhar's dependence of the coefficients of velocity
space transport on the profile is included in the calculation for the first time. It is found that the hole
narrows down as the field-detuning frequency increases. The physical cause for this effect is the falling
dependence of the Coulomb collision frequency on the ionic velocity. Estimations show that the effect
is quite observable under conditions of a high-current gas-discharge plasma.

PACS numbers: 52.20.Hv, 42.62.Fi, 52.80.—s

The nonlinear spectroscopic technique as a plasma di- In the present Letter we study a first-order nonlinear
agnostic tool is a subject of considerable recent interegiroblem, the influence of collisions in a plasma on the
because of its novelty and potential in basic and appliegrofile of the Bennett hole. The calculation presented
plasma physics. Of particular interest are the spectrobelow for nonlinear structure in the velocity distribution
scopic effects of Coulomb scattering [1], since it differsis performed on the basis of density matrix formalism
radically in appearance from binary collisions in gaseq3,7]. First, we derive the formula for the distribution,
[2,3]. In linear absorption spectra the Doppler widththen analyze it under some simple but realistic conditions,
usually exceeds collisional broadening, so it masks thand at the end estimate whether the effect obtained is
effects of the scattering. However, the velocity distribu-observable in experiment. In particular, we show that
tion of particles interacting with a monochromatic field the width of the hole decreases with the detuning of the
near the resonance is changed significantly by the scaglectromagnetic field from the resonance. By observing
tering. If the frequencyw of the field is near resonant the effect, one could directly measure the diffusion tensor.
with Bohr’s frequencyw,,, = (E,, — E,)/k between the It would be helpful to confirm our understanding and offer
levelsm andn of atoms with velocityrv that satisfies the a scope for new diagnostic methods.
conditionkv = v — w,, = Q, then the induced transi- The diffusion coefficient as a function of the velocity
tions m < n occur & denotes the wave vector). As a was measured for @-machine plasma at low density
result, a narrow peak or dip (Bennett hole [4]) arises inby Bowles, McWilliams, and Rynn [8]. The effect of
the velocity distribution of level populations. The steady-the transient spread of a Bennett hole in the distribution
state profiles of holes are controlled by both the homoof a tagged ion population in a metastable state was
geneous width of the transitiom-n and the scattering exploited. However, that effect cannot be used for denser
processes with a change in velocity. By measuring thelasmas, because the diffusion time becomes smaller and
width, shift, and asymmetry of nonequilibrium struc- the measurement requires a faster registration technique.
tures in the distribution with the help of the probe- In this paper we shall examine the stationary hole shape.
field techniqgue one can extract information about theAnalysis of its width is useful for diagnostics at high as
scattering. well as low density.

Previous calculations of Coulomb broadening [1,5] To develop the theory of nonequilibrium structures in
were based on the assumption of constancy of the diffuthe velocity distribution, let us describe the two-level
sion coefficient in the velocity space. This assumption issubsystem of a probe ion in an ideal nondegenerate
applicable when the detuning frequern@yis less than the plasma by the spectroscopic density matpx(r, v,1).
Doppler widthkvy, wherevy = /2T;/m is the thermal This matrix over internal states; is at the same time
velocity of ions andn is the ion mass. The constant dif- the Wigner function of positiorr and velocity v. It
fusion model was enough to interpret Lamb dip measurehas been shown [5,6] that elements of the matrix satisfy
ment, in an argon laser plasma or one with near-resonand¢be quantum kinetic equation with the classical Landau
pumping. In contrast, farther away from the resonancegollision term. This equation makes it possible to analyze
at Q) > kvy, one must use Chandrasekhar’s velocity detesonant transitions between levels in the field of the
pendence of the diffusion tensor, which complicates thdéraveling waveE = Eqexp(—iwt + ikr) + C.C.
evaluation. One way around this problem was shown in Denoting the relaxation constants of level popula-
the linear theory of Dicke narrowing in the ionic spec-tions asI'; and that of the coherence d5 we write
trum, which was developed for low intensity of the inci- steady-state equations for off-diagonal,,(r,v,r) =
dent wave [6]. p(v)exp—iQr + ikr) and diagonalp;; = p; elements
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of the density matrix as involving the dynamic friction and the diffusion in veloc-
(' = iQ + ikv)p — vVp = iGAN, Ity space,
Lip; — Vij — Aj(v) = F2RiG"p), @ V= 1.9 ® 9 +2¢ (4)
2 0é,  “P\ogg k)

where the upper (lower) sign corresponds to the up-
per (lower) level. Her&N = p,, — p,., G = Eod,.,/2h, Where¢, = v, /vr is thea component of the dimension-
d,., is the matrix element of the dipole moment, less velocity and the differential operatofd¢, acts on
the right. The functionsb,(¢) and®(£), occurring in
. 2)\2 tr 1
v = 16@”!’(32”6 ) (2) the expression for the diffusion tensor
m-vy

I iSi I faf faf
is the C_:oulomb goII|S|on frequency,e is the charge of a D5 = Dy(£) 2ﬁ + Oy (&) 8ap — 2;3 . (5
probe ion, and. is the Coulomb logarithm. We assume & &
tha_t therg are only smgly chargeq 1ons in _the_ plasmaéan be written as single integrals
N; is their concentration. The excitation of ionic levels
j = m,n usually occurs from the ground or metastable b, _g

oeels . D& =3 A% dA,
state, so we are justified in assuming the shape of the 0
excitation function\;(v) to be Maxwellian (6)

_i ! 32y, A%
exp( U2>’ Pi() = 5 fo(l Ae " dA.

A@) = QW) W) =—5—7
T

2
vr The velocity distribution of populationg; of both
(3) levels j = m,n needs to be found. To simplify the
where; is the excitation rate of levgl. analysis, we assume the electromagnetic field to be
For a plasma in a state close to thermodynamic equilibweak |G|*> < I'T; and will neglect the effects of strong
rium with ionic temperaturd’;, the distribution of buffer saturation. The right sides of Egs. (1) can therefore be
particles has a Maxwellian shape. Then it is possible twegarded as a perturbation. The formal solution of (1) in

write an explicit expression for the collision operatdr terms of operator exponents is

Q.
i = W p% =00 AN@) = p)®) ~ p) (V) = N W():
J el
pV(w) = —in drexp(—Ar + vVi)AN(v), A=T —iQ + ikv, (7)
0
pw) == f drexp(—T;t + vV 2 RdiG"pV(w)]. (8)
0

It remains to write out the explicit solution and analyze its limiting cases. For this purpose we must calculate
the commutators of operatorsandV and get, in the general case, the infinite series. Fortunately, the relation
[[[v,A],A],A] = 0 allows us to break the series within the first ordewin

p\(w) = F2GPAN(v) Re/ dt/ drexd—T;r — (T — iQ + ikv,)]
0 0

X ex;{%[—@z(f)kzv%(izT + 1/3) + 2ikv(€) Qrr + )] + O(VZ)} ©)
| r

where the axig is chosen along the wave vector The @ == <1, B=—x1. (11)
function I kvr

D (&) = [1(§) — P(O)](£2/67) + u(€)  (10)  The latter inequality means the Doppler limit; the former
is thezz component of the diffusion tensor. This function coincides with the condition of smallness of the diffusion
depends on two variables= |£| andé,. The integrand broadening compared to the Doppler width. The collision
in (9), obtained by the expansion, is inappropriate at londrequency in a high-current gas-discharge plasma is about
timest, 7. Consequently, for application of this expansion» ~ 10°—-10’s™! (see [1]). It is by a few orders of
it is necessary to have the main contribution to integramagnitude less than the Doppler widkw; ~ 10'° s7!

(9) in the domain where the quadratic termsvimemain  and, as a rule, less than the relaxation rdfes 108—
small. Since|d®,p/d¢é,| < |Papl, estimation of those 10° s' andTl; ~ 10° — 10° s™!. That is why we may
terms gives the following applicability conditions of the use of small parameters, 8 and it is enough to keep
expansion (9): only terms linear irv.
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Taking an integral over we obtain the correction to the distribution function as a single integral over

* ex;{—At — @Zz(§)vk2v%t3/6 + ivkv, ®;(£€)1?]

p(v) = T2IGIPAN(v)Re f
0

The integrand in (12) regarded as a functiorr et Q) =

kv, is maximal atr = 0 and decreases with. The

r; + D, (£)vk2vii2/2 — 2ivkv, ®(&)t

dr. (12)

I
the limit (14) integral (12) is gathered at=T, =

(a/2)~'2/kvy. Diffusion and friction effects control the

shape of the distribution depends on a few parametersvidth and shift of the hole. The width is defined by

Considering conditions (11) and the inequality = T',
we can distinguish two limiting cases of parameters,

the maximum among the homogeneous widthy =
Thus the

I'/k and diffusion widthAv, = vz (v/T;)"2.
scattering has stronger impact on the shape of the hole,
while the relaxation constants of selected levels satisfy
inequality (14).

Ul < viPvp - (a > B). (14) Let us find the width as a function of detuning in
For the domain (13) integral (12) is accumulated:r at  this limit e(£) = 28%/a®..(£) < 1. It is convenient to
T: = 1/T. The diffusion and friction cause the Bennett write the expression for the nonlinear correction to the
hole to change its width and position somewhat. FomMaxwellian distribution as a convolution of two functions

vktv; < T (a < B7), (13)

Py () = W(v) f_wf (o = x)g;(x)dx',  x=kv, - Q, (15)
where "

_ G N e [ WVE+ X

gilx) == iy JE exp( T ), (16)
e B -
ol§) = i w) = @) + o = ().

“ dt : .

flx) = Ref p exd— (T + ix)t — ®_.(&)vk*v2r’ /6 + ivkv.®(£)r%]. a7
0

In the limit ¢ < 1 the width of the functionf(x) is
much less than that of;(x). Accordingly, the central
part of the distribution is given by expression (16),
p) = g,(x) at Ix] < T/J/e. Meanwhile the function

gj(x) decreases exponentially with|, so the asymptotic

of the diStI’ibUtiOﬂp}l)(vz) at |x| > I'/\/e is given by This quantity is proportional to the square root of the

a narrow but slowly decreasing functigitx) and has a zz component of the diffusion tensor. It decreases with

Lorentzian shape. detuningQ). The effect is absent in the model of constant
The most interesting feature of the distribution obtainedcollision frequency [9,10].

is the narrowing of its central part as the detunifig To describe this effect quantitatively we calculate the

increases, due to the falling velocity dependence of th€) dependence of? averaged over the distribution (15).

collision frequency. One can estimate the half-width byKeeping only the terms linear in parameterand 8 we

substituting the extreme value of the longitudinal veloci|tyobtain

v, = Q/k into all components of the diffusion tensor,

r \/v@z(g,n/kw)
Ax = — = kyp, | ———F—.
JH L

2 2.2 o
Fi(Q) = / d3vx2pj(-1)(v) =~ I—zlGllﬂN’”" ll‘ + —VkI,UT Re] dt® (1) exd— (T — iQ)t],} (18)
j j 0

— 1/V2 tkvr \?
B.0) = [ @ow@e@ ep-izn = [ 6ra exr{—(l - (%) }
0
The first term on the right-hand side of (18) is independerf2 dind corresponds to the contribution of the Lorentzian
wings of the distribution. The second term describes the collisional broadening and decrea$8g.with
Under the approximations the line shape is Voigt's contour. The dependence of the vaian¢e — (x)]*) on
detuningQ consists of two terms: the contribution of the wings, which increases with detuning, and the decreasing con-
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tribution of the diffusion broadening. At small detuning
Q| < kvr we have the explicit expression

D = F\/k;T [1 + (/{%)2}

2
+v<k_vr>2[3_w_3_(&> (15_91”'
2T 2 kvr 2

Summarizing the results, we conclude that the Bennett
hole narrows as detuning increases. The physical reason
for the effect is that the width of the hole is not o 05 115225
affected by the homogeneous widilvy;, but depends on Velocity v /v
the change in velocity due to diffusiovy = vr,/77;, z T
while Avp, > Avy. The excited state lifetime; = T
determines the stationary width of the hole. While the
detuning Q of the field remains inside the Doppler
contour, the field interacts only with a group of slow ions
lv.| < vy. When we turn the field off the resonance,
the light interacts with faster excited ions. The collision
frequency of those ions with ions in the ground statis
smaller, therefore the width decreases. It would be more
appropriate to call this effect a decrease of the broadening
instead of a narrowing.

To observe the narrowing experimentally, probe-field
spectroscopy can be used. One should measure the near-
resonant absorption or gain of a weak probe wave as a Detuning ()/kv T
function of its detuning on the same or an adjacent tran-
sition. Another possibility is recording the spectrum of FIG. 1. (a) Distributionp;(v,) of j-level population in ion
spontaneous emission in the presence of a strong reson§{oCity v- within the first order of perturbation theory in the

. . . - leld intensity. Different curves correspond to distinct values of
continuous field. Let us estimate two alternative eﬁec_tsdetuning() (from left to right © = 0,05, 1,15,2,2.5). Param-
independent of the detuning, namely, the Stark broadeningters are assumed to Be= 10 2kv;, T; = 10 *kvy, andp =
and the change velocity due to the interaction with elec10-5kv;. (b) Half width at half maximum of contous ' (v,)
trons. The Stark effect is quadratic in theiAspectrum. as a function of detuning@ normalized to unit magnitude.
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