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Effect of reduced mass in Stark broadening of hydrogen

lines
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L V. Kurchatov Institute of Atomic Energy
(Submitted June 1, 1976; resubmitted March 24, 1977)
Zh. Eksp. Teor. Fiz. 73, 400411 (August 1977)

A theory is developed which describes the deformation of the Stark contour of hydrogen lines near the
center, brought about by the thermal motion of the perturbing ions. The method of calculation is based
on systematic perturbation theory with respect to the parameter W, <1, where W is the characteristic
rotation frequency of the ion field, while 7 is the atom lifetime on the Stark sublevel and depends on the
impact electron broadening w ~7~!. The main regularities of the “reduced mass effect” are explained,
viz., the experimentally observed dependence of the spectral variation of the contour I(AA) near the
center of the hydrogen line on the concentration of the plasma N and the reduced mass of the perturbing
ions p. The effect is of interest as a means of determining the ion temperature T; and of investigating the

ion microfield fluctuations in the plasma.

PACS numbers: 32.60.+1i, 52.70.—m

1. In the problem of the Stark broadening of spectral
lines of the hydrogen atom, the reason for the systema-
tic divergence of the calculated and observed shapes
near the center has long remained unclear. These di-
vergences have quite definite regularities: 1) the ob-
served dip at the center of the lines without unshifted
components (Hg, H,) is always less than theoretical;
2) for lines with unshifted components (H,, H,) the ob-
served intensity at the center is less and the halfwidth
of the line is greater than calculated. Recently, %"
the supposition was advanced that the foregoing devia-
tions are connected with the thermal motion of the ions.
Experimental proof of such a connection was obtained
by Wiese and coworkers, %1 who discovered the so-
called reduced mass effect: the deformation of -the
central part of the line shape depends not only on the
concentration of the charged particles N but also on the
reduced mass of the exciting ion + radiating atom pair.

The largest amount of experimental data has been ob-
tained for the Hg line, while the line contour was de-
termined in Refs. 8, 9 principally by the static multiple
mechanism of broadening

o ()5

i

where C is the Stark constant, e is the charge of the
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electron, and v; is the thermal velocity of the ions.

The method of taking into account the effects of ther-
mal motion in the many-particle case k; > 1, based on
the calculation of corrections to the static contours in
terms of the parameter h,'” %, was first developed with-
in the framework of adiabatic theory by Kogan. 010 How-
ever, calculations ! based on the adiabatic theory''®!
led to corrections which did not agree with experiment
not only in magnitude but even in sign. The negative
result of the analysis of Ref. 5 is not surprising since,
as was shown in Ref. 11, the principal role near the
center of the line is played by effects connected with
rotation of the electric field intensity vector of the ions
F, which were not taken into account in the adiabatic
theory. ™% In the present work, thermal corrections to
the contour for the case h;> 1 are considered with ac-
count of the electron impact broadening and rotation of
the ion field.

2. In calculation of the line shape I,,(w), taking into
account both the electron impact broadening and also
the dynamics of the ion field, the starting point is the
following expression for the correction function K,,(r)
(see Refs. 11 and 12):

Ku(= Y {<a|&(0)|p><fs'|&(r)|a'>

apa’p’
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<a’pt Pexp{—%fdt'[ﬂ(“’ t)—g® (t’)]+6“1} I aﬂ+>} (1)

H“;"(b’ ) EHE,"’-"”—&‘:’-‘”F D) +hf"‘)-“”\[.' @,
d() =R ()d' R (v),
R (7) =exp(i].8,) exp (if,(po)exp( i J“l’ @ty dt’ ),

¥ (1)=[F (), F(t) I/ ().

Here d' is the dipole moment operator in the laboratory
system of coordinates, ¥ (f) is the vector of the instan-
taneous angular velocity of the ion field F(f); ¢y, 6,
Po=0 are the Euler angles that determine the orienta-
tion of the vector F(0) relative to the laboratory system
of coordinates. The operators H,@" ®’ of the Hamil-
tonian of the unperturbed hydrogen atom, d*”® of the
dlpole moment, §© ® of the angular momentum and,

®,, of the impact electron broadening'?? are defined in
the set of coordinates XYZ rotating with the vector
F(t), so that F(#) 1 OZ. The indices a, o’ and B8, B’
enumerate the Stark states of the upper (a) and lower
(b) levels, respectively, P is the chronological opera-
tor, the symbol [....],, denotes averaging over the en-
semble of plasma ions.

Assuming that the deformation of the contour I,,(w)
due to the thermal motion of the ions is small, we ex-
pand K,,(7) in a series in powers of 7 (cf. Rev. 11).

The evolution operator

r.,,(f)speXp{—T" fLae @) -1 @) 1ar+bur)

can be represented at small 7 in the form"’

T o (t) mexp {—itHas}, (2)
H.bEH‘;"l'I;‘” (1) +V® (1), (3)
A= (4/B) [ (HO—AY) — (d9—d®) F (0) ] +iD., (4)

VO () m (SO —TO) ¥, (0) + (SO —-T®) ¥, (0)
—(d9—3d™)F (0)/2h, » (5)
VO ()=l (JO—T ) ¥, (0)+(J@—T®) ¥, (0) ] v/2-
— (d@—d®)F (0)1/6h", (®)

The expressions (2)—(6) were obtained by expansion of
F(7) and ¥(7) in powers of 7 with accuracy to terms of
second order of smallness in the thermal velocity of the
ions (atoms) inclusive, while.the degree of v;, corre-
sponds to the number of differentiations with respect to
time, namely, ¥(0) v, ,, F(0)=v}, and so on. The
possibility of such an expansion is due to the presence
of the small parameter

e~ (0)/[iCasF (0) +was | <1,

which determines the slowness of the ion motion in com-
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parison with the damping due tg the electron impact
broadening. (Here, w,;= —Re(&,,)aa'” is the impact
electronic halfwidth, C,, is the Stark constant of the .
component - f.) The effect of thermal motion can be
taken into account, therefore, within the framework of
perturbation theory (in the parameter ¢), while, in

contrast with Ref. 11, the calculation of the contour can

be carried out up to the center of the line Aw=0, Aw
= w-wy (wy is the unperturbed radiation frequency).

In the following, we assume that the matrix of the
operator ®,, is diagonal in the basis of parabolic
states.?

3. Using the wave functions that diagonalize the oper-
ator (3) in the framework of perturbation theory in the
parameter ¢ (cf. Ref. 11), and expanding {d(r) @ T (1)}
in a series in 7 with accuracy to terms of second order
in v;,, inclusive, we average K,,(7) over F(0) and ¥(0)
with the help of the set of distribution functions
W(F, F, F). 131 We then average over the Euler angles
@o and 6, and, substituting the expression for K,,(r) in

I;(w), we integrate over 7. As a result, we obtain the

following expression for the profile of the hydrogen
line:

Ls(A0) =L (A0)+I5” (Ae) +I (A0)+IE™ (Aw), )

o Re ¢
o (Am)=—Te;de W(F)Z,' al*[((A0—CasF) —wap]~,  (8)

. __Re [ W(F)FD, .
I (Ae)= eode-—(_)F—"L——Z’I AL (Aay F), (9)
R W(F)<F, 2, \
L (A<»)=——ﬂi dF(-—(——)<——2A"’ (80; F)
+W(F) <r"u=>.2 45" (ba; F)) (10)
I5™ (Aw)=— —-J’ dF W (F) <F >" S‘ & (Aw; F). (11)

uD

The expression (8) describes the Stark profile in the
absence of thermal motion, (9)—the thermal correction,
associated with nonadiabatic effects, (10)—with phase
modulation, (11)—with amplitude modulation (expansion
of the rotation operator R(r)). The expressions for

) (aw; F), A2 (aw; F), AL (Aw; F) are deter-
mined by the perturbation-theory series and are given in
the Appendix. It is easy to see that (9)-(11) is propor-
tional to the small parameter h;"/3 < 1.

The formulas for the nonvanishing second moments
of the distribution function W(F, F) with account of the
results of Ref. 13 have the form?®’

W(F)Fop = ﬁu‘a{ NY/5Co 2T (B)

G ‘>[B"I(B)+(1§ )(-—ae(f»—”;” )1} 12)
W) s = AR WO 18HG 0 -T (0]
+ron [EE-To)+( o) (o@+Z2)]}, 09
where |
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W(F)= Fi—%(ﬂ) - %j dz exp (—z*) z sin pz.

Here B=F/Fy, Fo=XeN*/? is the normal Holtsmark
field; N is the concentration of ions in the plasma;
A=2m(4/15)?/3 is the scale of the Holtsmark field;
Wh=2T,/m; (v})=2T,/m,; T, and T, are the temper-
atures of the radiating atoms and the exciting (single-
charge) ions, and m, and m,; are their masses, Accord-
ing to Ref. 13, the functions G(B), I(8) and »#(8) have
the form

[
% (p)= | dy' (@),

G@p)= (%)j. dz exp{ - (-;—) * }.z""' sin z,
I(g)= (%)j? dz exp {— (%) * }z""'(sin z—Zcos x).

The first terms in the curly brackets of (12) and (13)
are connected with the ion field fluctuations due to
thermal motion of the ions, and the second, with the
ion field fluctuations due to the thermal motion of the
atoms relative to the fixed background of the plasma
ions. Since the second term in the square brackets at
'N2/32) in (12), (13) is small in comparison with the
first in the entire region of change of the parameter
B,* it follows that (12) and (13) are proportional to
@Y + ). At T,=T,, (12) and (13) are proportional
to the ion temperature and inversely proportional to
the reduced mass p =mym;/(m;+m,) of the ion + atom
pair.

(14)

The expressions (8)-(11) preserve the normalization
of the spectrum by virtue of the normalization of the
perturbation theory series. Since the zero profile (8)
is normalized to unity, the normalization integral of
the thermal corrections (9)-(11) is equal to zero.
Whereas this condition is satisfied for (10) and (11) in
the case of the individual terms of the sums, it is
satisfied only for the entire sum in (13).

In the limit of large Aw > w, the formulas (9)-(11) go
over into the corresponding expressions of Ref. 11. As
to the amplitude modulation of the central component,
its value is identical with the estimates of this effect
given earlier. ¥

The results are applicable under the condition

I19(Ae) >I (Aw), (15)
where I'Y(Aw)=I""(Aw) +I1" (Aw) +I'“"™(Aw). This cri-
terion, on the one hand, is necessary for the applicabil-
ity of perturbation theory and on the other, it corre-
sponds to the condition of the quasistatic nature of the
broadening ions, based on the smallness of the thermal
corrections.

4. Integration over F for the contribution of the effect
of amplitude modulation of the central component
I8 (Aw) in (11) is carried out directly and leads to the
following result:
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am ] 3 1
17 @)= 5T () 3 P L Ml v (16).

where go= (10A/7)((T;/1. )Nz/’)/)'oz, x=Aw/yg, Ygz=wgg/ Ve
I' (z) is the gamma function; the indices @ and B denote
summation over the unshifted components of the line
a-b. The effective impact electron width y, of the
Stark components of the line is determined by the ex-
pression™®?

2 th
Yo= ziu(;—;’i) N. (n."*'nn‘)ln(ﬂplpﬂv (17)

where m is the mass of the electron, p, and py are the
Debye and Weisskopf radii, respectively, n, and n, are
the principal quantum numbers of the upper (a) and
lower (p) levels. As follows from (16), the correction
is proportional to i;%*k;! (k,=N(eC/v,)® is the charac-
teristic parameter of the theory of the broadening by
electrons, v, is the thermal velocity of the electrons),
while under the conditions of applicability of the impact
approximation A, < 1, 112

For the calculation of corrections for the effects of
nonadiabaticity (9), phase (10) and amplitude (11), it is
convenient to transform the modulation I*™ (Aw) of the
sideband components to the complex plane F. The in-
tegrands in (9)-(11) can be continued analytically into
the complex F plane. They have singularities only of
the type of poles of first order of the “dispersion” de-
nominators R, = [i(Aw=C 4sF)-ws]™ (see the Appendix).
Using the fact that the integrands in (9)-(11) are ‘even,
we extend the lower limit of the integration in F to—=.%’
Closing the contour of integration in the upper half of
the complex F plane, we obtain expressions for the
integrals (9)-(11) by summing the residues of the in-
tegrands in the bands F (qg) = (Aw+iwas)/Cqpy Cas> 0.

In two limiting cases, Aw > w and Aw Sw, it is possible
to obtain with the help of expansions of the functions
(12)-(14) and their derivatives at small and large values
of the argument (8> 1, B< 1), simple analytic formulas
for the thermal corrections. At Aw> w, the results of
the previous paper are reproduced. "'!7 At Aw gw, the
expression for the thermal corrections can be repre-
sented in the form of a series in powers of the param-
eter b3

I (Aw) +HI? (A0) +I™ (Aw)= ) a.(Aw);

n=t

a<h.”, a,xconst, as<h,”
and so on. The principal term of the series is deter-
mined by the effects of nonadiabaticity from the lateral

comporents and has the form

n) A(L))
(A R Bu(=2);
I,, (Aw)=goRe 2 CoFs b( T

(c¢,>a)

(18)

Bap(z)=

a'B’a’ B’

H[(Uarar—Upry) (Ua"rz'_U’B")-I'(Uaa"‘Uﬂ"B) (Ua."u'_U"ﬂ") ]daﬂdﬂ'u'}

{(Uaa—Upts) (Uarra—Usg'+) durgrdyear
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1 ' 2 * (Uaa'—Upp) (Ua'a—Upy)
Xr————————— — dal <
= L @ By (@) &7 7@

(122,

(19)

where

Yas=Was/Yo; Zars (Z)=T—iYars
—(Carp/Cap) (Z—i'{“); Uy= (]:)ig-

Formulas (18) and (19) give analytic expressions for
the thermal correction near the center of any hydrogen
line without central components. For lines with a cen-
tral component, (18) is the second term of the expan-
sion in k,, since (16) is proportional to k. As an-
alysis shows, a description of the thermal corrections
by the first terms of the obtained expansion in h,, (16)
and (18), is valid to Aw~ CFylx~ hy/3),

According to (16) and (18), in the case of lines of the.
type n, (Ly-a, H,, P,, and so on), for which the prin-
cipal fraction of the intensity goes to the unshifted
component, the change in the intensity at the center is
always negative, i.e., an effective increase of the
“linewidth” takes place. Conversely, in the case of
lines without a central component (Ly-g, H,, H, and
so on) the intensity at the center increases.

In the case of the Ly-a line, the thermal correction
I(Aw) near the center, calculated according to (16)
and (18), is determined by the expression

10A (T/u)N”s 14 CF
Ix.(y::l(A(o))"'—-“A ——( /) [ e

—LF 1 a(2)+F;a(z) ] (20)
w

w? CF,

where w is the impact electron width of the central com-
ponent (001) ~ (000)!**3®; C = eay/%, x=Aw/w.

I(/;) 3z*—~1 =i z*—1 -2
Froa@)=—g—Grpe Pel@=g [2 @+ @D (z=+4)]
(21)
For the Ly-B line, we obtain in similar fashion,
10A (T/u)N7 1
I£;5(30)=T%3;—ﬁ;1‘1:—9(3), (22)

where wy, is the impact electron width of the Stark sub-
level—(002) C,=9eay/#, x =Aw/wy.

22
(z*+4) (z2+1) 1°

4—2
@ +4)"

Faoy(z)m %[ (23)

The value of I" (Aw) is negative (20) at the center of
the Ly-a line, positive (22) for Ly-8. The functions
Fy,3.4(x) and F,_4(x) satisfy the normalization condition
at zero.

5. The expressions found above for the thermal cor-
rection allow us to make more precise the criterion of
applicability of the static approximation to the broad-
ening by the ions (15). For lines without central com-
ponents, at Aw Sw, we obtain the following condition:

B h.“A"F(A“l) <. (24)
w .

Here A =1n(pp/py) and the function F(x), as well as the
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functi_on (23), has the characteristic limiting values
F(x)=const~1 at x¥<1 and F(x)~ -x2at x> 1. At
Aw>w, it follows from (15) that

Aw> (eCNv)'"?, (25)

which coincides with the corresponding criterion for
Aw<CF,, obtained previously. ! At Aw<w, the ex-
pression (24) gives

h:/' h A1, or -p—;‘"-w>1, pm~h(;'/'N"". (26)

The criterion (26) does not contain the frequency shift
Aw and has the illustrative meaning of the smallness
of the lifetime w™ ! of the atom on the Stark sublevel in
comparison with the characteristic time p,,/v;. The
value of p4, is practically always indentical with the
mean interparticle distance N"1/3,

For lines with central components, at AwSw, it fol-
lows from (15) that

a2 o (S]] w] <.

Here the function F,(x), connected with the effect of am-
plitude modulation, has the limiting values (cf. (21))
Fy(x)x const < 0 at x< 1 and Fy(x)~x"* at x> 1. The
function F,(x) is connected with the effects of nonadia-
baticity and in the limiting cases has the form (cf. (21))
Fy(x)~const < 0 at x<< 1 and Fp(x)~x-2 at x> 1. At
Aw<yw, the main contribution to (27) is made by the
first term

BB AT, (28)

At Aw/w>> k;Y® the main contribution to (27) is made
by the second term and the criterion has the form

R hASA, (29)

The criteria (27)-(29) take into account the contribu-
tion made to the zero contour I 9’ (Aw) only by the cen-
tral components. However, even at Aw/w 2.h,'” 4, the
main contribution to I® (Aw) is made by the sideband
components and the criterion again takes the form (25).

6. The most detailed experimental investigations
have been carried out for Hy. The estimate of the value
of the thermal corrections is given on the basis of a
very simple model of the linet'?': the set of Stark side-
band components of the line are replaced by a single
component with effective constant C, impact width w,
and intensity of the sideband components of the line I,.
Use of such a model in general formula (18) gives for
the thermal correction I’ (Aw) an expression similar
in structure to the formula (23):

50 (T/p)N": U?

IM(Ap) =~ . -z (30)

we? CF, (1+2%)?’

where x=Aw/w, and U? is the effective value of the
square of the matrix element of the operator J,. For-
mula (30) can be used for the determination of the rela-
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tive value of the correction I’ (Aw) and its dependence
on the parameters N, T, u and Aw (or A)).

We estimate the relative value of the correction I *(0)
at the center of the Hg line in comparison with I, ,—the
intensity of the line in the region of the maxima. In the
framework of the given simplified treatment, the value
of I,,,, estimated with the help of the Holtsmark dis-
tribution, is I ,.~0.37/CF,. ‘The quantity U for trans-
itions between components of the Hg line has two values:
1 and 3!/2/2, and we can set U2~ 1 with good accuracy.
Estimating w, from (17), we obtain I (0)/I,,, ~ 30% for
the experimental conditions of'® (T, ;=13,400 K, N,,,
~8x10'%m™, 1 =3—the H' +H pair). The value of this
ratio, determined from the difference in the experimen-
tal contour®® and the theoretical contour, ¢! calculated
without account of thermal motion, amounts to 20%.
Figure 1 shows in relative units the shape of the con-
tour of the thermal corrections I*’ (A1), calculated
from Eq. (30) (solid curve) and deduced from the dif-
ference of the two contours: measured in Refs. 8 and
9, and found theoretically without account of the thermal
motion, in Ref. 16 (the circles denote the H*+H pair
Li1=3%, and the crosses the Ar* +H pair with g,=1). The
scale of the change A\, of the quantity IV’ (A}) in the
scale of wavelengths is determined by the quantity w,,
calculated from Eq. (17) and is equal to A 3y~ 5.2 A.

Greatest interest in the comparison of theory with
experiment attaches to the difference characteristic
5z (A)), determined from the ratio of the difference of
the line shapes for two values of the reduced mass p
to the value of the intensity at the maximum, I,,:

82 (AA) =[1.(AN) —1,,(AR) 1/ I mes.

The characteristic 6z(a)), determined from the ex-
perimental results for two values of u, does not depend
on the theoretically calculated line shape and describes
the effect of the reduced mass in “pure form.” The
relative course of the quantity 6,(A)), obtained from
the experimental results of Refs. 8 and 9 for the values
p1=2 and up=1 is also shown in Fig. 1 (V). At the
center of the line, the quantity 6,(A)) can be expressed
in terms of 1%’ (A)) from (30):

6R(AA.) =

1LY (AN =1 (AN T.T. lpa—p, AR
(AM) ( )R___ll’«z ulF(__), (31)

) . N pap, Aho
where F(x) =(1 - x3)/(1+x%3. It has been taken into

account here that the thermal corrections fall off with

F(AA), rel. un.

FIG. 1. Relative course of the
thermal correction F(A)) to the
shape of the Hg line.

3 BA,A
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7
20
a " FIG. 2. Dependence of 60) on
. the reduced mass p*=p 1,/ | Hy
nwr ~4t;] of the ions; 0~N=2x101,
4=6x10%¥, 0-1.1x10'" cm™,
VB 7 7

"u*

increase in AX and are insignificant in the region of
maximal intensities. It is seen from Fig. 1 that both
the scale of change of the corrections and the detailed
course of the contour F(x) are in good agreement with
the experimental results. In the region AXR A), the
corrections are extremely small and the observation
of the course of the contour 55(A)) becomes difficult.
The calculated and experimental dependences of the
thermal corrections on the reduced mass p of the
exciting particles at a fixed value of the plasma con-
centration, are in good qualitative agreement as is seen
from Fig. 2. However, the degree of quantitative
agreement still remains insufficiently certain. The
achieved measurement accuracy does not permit us to
make an unambiguous choice between the dependence
1/ and the empirically determined dependence 1/u?,
which, according to Refs. 8 and 9, also describes the
results of the measurements. It appears that the prin-
cipal reason for this is the insufficient accuracy in the
determination of the plasma temperature, on which the
thermal correction has a quadratic dependence, in cor-
respondence with Eq. (31). At the same time, the range
of measurement of yu is comparatively narrow.

As to the dependence of 5,(0) on the plasma concen-
tration, analysis of the experimental data leads to the
conclusion that this dependence is weaker than N~ /3,
However, a significant indeterminacy is also possible
here, connected with the insufficiently accurate knowl-
edge of the temperature. Actually, an increase of the
concentration in an arc discharge should be accompanied
by an increase of the temperature and if the depen-
dence of 6;(0) on T is quadratic this can be the reason
for the appreciable distortion of the true dependence.
For a more complete test of the developed theory, fur-
ther experiments with precision measurements of the
temperature of the charged particles are desirable.

7. Thus, the main regularities of the effect of the
reduced mass are explained by the nonadiabatic charac-
ter of the rotation of the ion field. Recently, however,
attempts have been made to attribute the smearing of
the central dip of the Hy and Hy lines to the presence
in the plasma of intense one-dimensional noise due to
ion-sound turbulence. [®! But this cannot explain all
the main regularities of the effect. Actually, for lines
with central components (H;, Hg), the one-dimensional
low-frequency turbulence should, according to Ref. 5,
lead to an increase of the intensity near the center of
the line, since the shape and intensity of the unshifted
Stark component does not change, and a fraction of the
intensity of the sideband components is transferred to
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the center. This patently contradicts the experiment.
For lines without central components, such as

Ly-B, Hg, Hy, the electric field of the one-dimensional
noise should first of all be taken into account in the
convolution that determines the distribution function

of the total field. In this case, the spatial distribution
of the noise turns out to be anisotropic with one pre-
ferred axis, along which the average value of the field
amplitude has a somewhat larger value than along the
other two. However, the probability of appearance of
weak fields tends to zero as before in power-law fash-
ion. It is not difficult to establish this by considering,
for simplicity, the convolution of the one-dimensional”
Rayleigh distribution with the three-dimensional dis-
tribution, the behavior of which as E -0 does not differ
from the Holtsmark distribution.” A consistent ap-
proach to the calculation of profiles of lines of the type
Hg in a plasma with one-dimensional electrostatic, low
frequency noise, the average field intensity E, of which
does not exceed F, by a significant amount, leads only
to a certain polarization effect, ) without affecting the
depth of the dip at the center. Only when the one-di-
mensional electrostatic noise is excited in the region
of rarefied plasma, where E, > F,, and this region is
spatially separated from the region where E, << F,, can
one resort to the procedure of the convolution of the
distribution functions of the low-frequency fields and
use the corresponding superposition of the Gaussian
and Holtsmark contours. However, in the experiments
of Refs. 8 and 9, there scarecely exists a significant
contribution to the total intensity from regions with a
low concentration of electrons, especially in observa-
tion from the end.

So far as the possibile nonadiabatic effect of the ion-
sound noise, it will be determined by the parameter
w“/w, where w,; is the ion plasma frequency. Since
v,N" 3> w,;, the smearing out of the dip that is associat-
ed with the individual thermal motion of the particles
will predominate so long as FyR E,.

In conclusion, the authors consider it their pleasant
duty to thank L. I. Rudakov for support in fulfilment of
the present research. The authors are also grateful to
W. Wiese, J. Chapelle, and V. I. Kogan for useful dis-
cussions.

APPENDIX

The functions A ‘% (Aw; F) and so on, which determine
the thermal corrections (8)~(10) to the line shape at
fixed ion field F, are given by

('l)

45 (Bo; Fy=Ru (Uswr—Uyp) (Uarra—Upp ) dgrgelyrrgrr
a'p’a'’p’’
+1 (Uarar—Up ) (Uar'a—Uppt) + (Uaar'—Up*s) (Uar'ar—Uprpr) 1dasdyar}.
1
‘ [ (Cug-Tﬂ')F-—i_(w“—w,,';') 1 (Cap—Carrpr) F—i(Wap—warrp+) ]
_ ]d,,,]'(qu—-Ug'g) (Uu’a"U”') )
[(Cap—Carp') F—i(was—wa's') 1}
. 2 4 (Un'_Uv'B) (Uu’a_UM') 9
—-l[daﬂ[ pr (Cub_ca’ﬁ')F*i(waﬁ_wa'ﬂ') die

T3t ™)
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Res, (O.1)

A% (803 F)=1dusl"Cun (- (@. 2)

I (A 0; F) = |day|*(Cop)? ( + a(‘: )‘Ra,)
A5 (803 F)m—[ (@) ep+ (@) o] =2 Ry,

2 T (o. 3)

Here U=J,, R4 =[i(Aw~CsF)~ wqsl™! is the impact elec-
tron halfwidth of the Stark component a- g, C , is
the Stark constant of the component a- 8.5 In the
derivation of (A.1), it was taken into account that in the
Stark basis, only the nondiagonal matrix elements of the
operator J, differ from zero, and the operator equality
Tl J,J, is used.

The use of an expansion in 7 allows us to remove the effect of
the operator of chronological ordering P.

This approximation is called the approximation of isolated
components., Account of the nondiagonal elements &,, does
not alter, as a detailed calculation shows, the qualitative de-
pendence of the thermal corrections on the parameters and
leads in the region Aw < w only to the appearance of an un-
important numerical factor close to unity.

$The results (12) and (13) are easily generalized to the case of
the presence of several types of exciting atoms.

41t is easy to verify the noted smallness by considering the
limiting cases f«< 1 and >1. At f«1, the second term in
the square brackets is approximately 7 times smaller than
the first, At 8> 1 the first term increases as g!/2 while the
second falls off like . The difference in the contributions
from the given terms disappears only in the thermal correc-
tions from phase modulation, ! which is unimportant for the
considered effect.

5t is first necessary to transform the expressions describing
the effects of phase and amplitude modulation of the sideband
components by using integration by parts.

8)Here and in the following, we designate the Stark sublevels
by the parabolic quantum numbers (zynym).

"The difference in the asymptotic values of these functions as
E — is insignificant in the given case.
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Electron spectra from the autoionization of quasimolecules
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The energy spectra of the electrons emitted in collisions between heavy atomic particles, in which the
molecule undergoes a transition to an autoionization state, are considered. The theory employed is a
generalization of Fano’s method to the case of the adiabatically time-dependent Hamiltonian. Spectrum
features due to an extremum of the autoionization term are investigated. The spectra exhibit interference
oscillations whose phase is numerically equal to the area of the figure bounded by the term and the
horizontal line corresponding to the energy of the emitted electron. The shape of the atomic
autoionization lines excited during the collisions and broadened as the atomic particles fly apart is
determined. It is shown that the expressions usually employed in such cases are valid only for the line

wing. The feasibility of an experimental observation of the spectral features is discussed.

PACS numbers: 32.80.Dz, 34.50.Hc

§1. INTRODUCTION

An effective autoionization mechanism in slow col-
lisions between heavy atomic particles is the transition
of the quasimolecule to an unstable autoionization
‘state., Experimental and theoretical studies of the
energy distributions (spectra) of electrons produced in
such reactions can be used to obtain important informa-
tion on the behavior of the states and on the physics of
the process.

Transitions to the continuum of free states of the
electron lead to autoionization, and it is important
from the standpoint of a theoretical description of the
spectra to determine the extent to which the continuum
can be regarded as uniform. In fact, the uniformity of
the continuum is violated by the presence of the auto-
ionization state. However, we shall be concerned with
the continuum states that are the initial states (for
example, in the paper by Fano'!!) and correspond to
the turning off of the interaction responsible for the
decay of the autoionization state. For simplicity, such
states will be referred to as diabatic. The uniformity
of this type of continuum may be further violated by the
presence of the limit of the continuous spectrum and a
rapid variation in the wave functions with energy. The
latter leads to a rapid change in the matrix elements,
of which we shall be mainly concerned with that cor-
responding to the interaction with a discrete diabatic
state lying against the background of the continuum,
This matrix element will, in fact, determine the width -
of the adiabatic autoionization state.

The limit of the continuous spectrum of the quasi-
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molecule will, in principle, always be present, and its
correct inclusion in the theory presents an additional
difficulty which has been considered in a number of
papers (see Demkov-?! and Solov’ev,® and the refer-
ences therein). However, if we are interested in the
spectra of electrons at relatively low energies, the
continuum can be assumed to be approximately uni -
form. 4% This results in a considerable simplification
of the theoretical analysis of the spectra (§2) as com-
pared with the case of the inhomogeneous continuum and,
at the same time, yields an adequate description of a
number of important physical effects responsible for the
various spectrum features.

Although it is basically simple, a systematic analysis °
of the foregoing problems has not so far been made,
and the theory formulated for the interpretation of,
particular experimental data has frequently been found
to be subject to important inaccuracies and errors
which will be noted below. In §§3 and 4 we consider the
spectrum features that appear when the real part of the
energy of the autoionization state has extrema for finite
or infinite internuclear distances. The latter case
corresponds to the inclusion of the broadening of atomic
autoionization lines by the interaction between the
atomic particles. In the important case of Coulomb
interaction (the so-called Stark broadening of lines),
it is possible to achieve an important improvement in
the well-known formula of Berry'" for the line shape,
which is commonly used in the interpretation of experi-
mental data, (8-

The main initial propositions of the theory of spectra
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