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The quantum mechanical treatment of electron broadening as used by Kivel, Bloom, and Margenau is
extended to include line shifts and is applied to the He 1 spectrum. The 3¢ — 2p line is anomalous, since it
has a small Stark shift and consequently a small Holtsmark broadening. For it the electron effects dominate.
Comparison of this line’s width and shape with others in the He 1 spectrum provides a simple experimental

check on the theory.

I. THEORY

HE methods for treating electron broadening de-
veloped by Kivel, Bloom, and Margenau (KBM)!
are here extended to include line shifts and applied to
He 1 spectrum. In KBM the broadened line was shown
to have a Lorentz shape 1/[ (y+vyr+vv)*+w?], the
half-width being the sum of natural (y), universal
(Yv) and polarization (yp) contributions. For practical
applications the polarization term dominates the
broadening. It corresponds to the lack of rigid quan-
tization in the perturbed atom which, shocked out of
its initial state by the passing electron, has a shortened
lifetime and more uncertain energy.
~ In this paper we treat the interaction between atom
and free electron as a perturbation and expand the
Schrodinger ¥ function with plane wave factors for
the free electron. This will give vy incorrectly, a short-
coming which is not urgent, since in our applications we
neglect vy, which was shown to be small compared to
Yp in KBM
The time rate of change of the expansion amplitude
of an initially excited state of the atom, state 2, with
no photons present and a free electron with wave
number vector ky, is
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The first sum of matrix elements (J,), of the interaction
between radiation field and atom, coupling atomic
state 2 to the ground state 1 and a single photon with
energy %w,, leads in the usual way to spontaneous emis-
sion (y). The second sum over the diagonal collision
matrix elements contributes to yy. Although the atomic
state is undistorted, an energy exchange between elec-
tron and the emitted photon is introduced. The last
sum couples state 2 to all others (n), giving rise to
polarization broadening (which also includes quench-
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1 Kivel, Bloom, and Margenau, Phys. Rev. 98, 495 (1955).

ing). Several amplitudes appear on the right side of
Eq. (1): bp—atom in state 1, photon with energy
#iw,, free electron in state ky (with energy ex=%2k:2/2m) ;
d,—atom in state 2, no photons, electron state k,; and
n,—atom in state », no photons, electron state k,. The
energies involved are

ﬁw=E2—E1—7lwr; ﬁﬂ)\,‘=e)\—e#; and hw2n=E2—Em

where E, is the energy of the atom in state #.
Similar equations exist for each of the amplitudes.
They can be used to reduce Eq. (1) to the form
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The solution of these coupled differential equations is
more easily obtained if all terms on the right of Eq. (2)
with amplitudes other than the one on the left (dy)
can be neglected. This is a valid procedure if one can
average over arbitrary phases associated with these
amplitudes. Since the electrons come from different
sources (i.e., are incoherent), the d, have factors exp (i¢,)
containing unrelated arbitrary phases ¢,. An average
over these phases leads to the cancellation of all terms
on the right of Eq. (2) except the one with dx. To see
this, consider the simpler example of a similar differen-
tial equation: ’
de’$=Ae'$+ Be'?'.
Assuming this to be true when averaged over ¢ and ¢/,

one obtains d=A4.
Thus Eq. (1) becomes
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The solution,
dr=a, exp(—7y2+102)t, 4)
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of Eq. (3) is sought. The quantity . contributes to
the spectral line width and §, shifts the line center.

The summations over » and u on the right side of
Eq. (3) can be replaced by an integral over energy and
a sum over degenerate states. Then using Eq. (4), one
obtains the equation for dy in the form,

o0 t
dy= [ f f(y)[ f e[i(y«éz>+n](z—nazT]dy}dX
—0 0

= [ fjf(y)[_———_i;:i:;i:]dy }dx; (5)

f(y) is a sum over degenerate states; e.g., see Eq. (7)
where

00
Zulczx.nuP:f fdy and y=want+Qp.

It is usually assumed that |J,|? varies slowly with
the photon energy, and that the correspondmg f(¥) in
Eq. (5) can be given its resonance value? i.e.,
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Here the factor v is real, since f;(y) is real; and radia-
tive decay contributes the natural width v to 7..

In KBM, this same approximation was used for
the collision matrix elements. However, it was seen
that some matrix elements had logarithmic variations.
For these matrix elements a resonance approximation
is not strictly valid. The more detailed analysis below
shows that in addition to a real part vp, there is an
imaginary term d,.

Following KBM, we write
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where k,=final wave number vector of electron,
K=k,— ky=momentum transfer vector, ¥ =reciprocal
of electron density #, ¢ =atomic function, r(R)= posi-
tion vector of atomic (free) electron from nucleus, and
Y=w2n+My.

2 G. Wentzel, Handbuch der Physik (Verlag Julius Springer,
Berlin, 1933), second edition, Vol. 24.1, p. 753.
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For small K, we expand
eXr=1+iK-r+4---.

Since the ¢ are orthogonal, the leading term survives
only in the diagonal elements where it is canceled by
the nuclear interaction term. The next term leads to
polarization broadening. Retaining this term only,
since the K—* factor weights small K heavily,

S ulConnul? 2 met 1
———— f Yo' ar
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2 oo btk
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2n\oy £ 222\ 2 LT kxtku
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where

Zon= f Yo, cosbdr,

o= 7r/k)\2.

The factor § enters when an average is taken over the
random orientation of the atom with respect to the
direction of the incident electron.

The coefficient of dy on the right side of Eq. (5) is
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We introduce a new variable of integration,
V= (y—082)/ |wa—32|.

Our treatment will be restricted to nondegenerate
states where wy,>>8,. Then,

k)\+ky h(k)\+ku)2
=k, 2m(YF1)(|om—5|)

where the —(4) sign corresponds to wa,—8:>0
(w2,—82<0). The integral in Eq. (8) is simplified by
use of a resonance approximation for the slowly varying
part of the logarithm, namely,

o ln[%]
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and, by definition,
PE'Y2/lw2n‘“52l
TEl(lwzn—le).

The resonance approximation is not satisfactory for
2In| Y=1| which diverges at ¥'=+41. With this factor
the integral in Eq. (9) has an imaginary part. First we
evaluate the imaginary part of the first term in the
integrand, which is on the order of I'K1; i.e.,

—Imf {2In| V1| exp[ GY+T)TT}/

(Y 4T)dY =0(T).
To show this we define

o0
I(a)Ef {21n|Y+a| expGYV+T)T}/ (Y 4T)dY,

I(a)=j::a(%)zdx+1(—a).
I(a)=[I(-a)T"
2 ImI(a)=£+a(§£) dx

Now using the semi-circle contour in the positive half
of the imaginary plane, we find

and use

Since
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and
2 Im/ (@)=~ — 8w tan~'(a/T")+4n%,
since
alT cos(T'Tx) © cos(I'Tx) T
f —da f ———dx=—¢"TT
0 14«2 0 142 2
and
d p*cos(TTx ©xsin(l'Tx T
—— ——zdx=f ——-—)dx—— —TIT,
dar'TV, 142 0 14«2 2

Consequently, for I'<<1, we can expand tan™'(1/T)=4=
+0(T), and

2 ImlI (£1)=0(T).
For the real part of I(=41),
Rel(+1)

oo T cos(YT)+ Y sin(¥V7T)
=e”f ZInIY:tll[ ]dY,
—o V2412

we lack as neat an evaluation procedure. It is assumed
that the resonance approximation of KBM gives vp
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correctly. The method is analogous to Eq. (6) for the
radiation field perturbation. To demonstrate its va-
lidity we expand 2In|¥=1]| in a Taylor series about
the resonance value Y =0, obtaining 2In|V=1]|
>~42V—Y2 The slowest variation is the constant
resonance value zero, which gives no correction to the
term already removed in Eq. (9). The next term in the
expansion has an odd integrand and also contributes
nothing. The contribution from the neighborhood of
the resonance for the V2 term is O(I'?). Hence, the
resonance approximation appears to be reasonable in
this case and we neglect the real part of I(%1).

Second, we write the remaining term in the integral
of Eq. (9) as a real and an imaginary part,

+e 2 In| YF1] + 2 In| V1|
—}—f ——dYV = f —dY
e VAT T e
+2 2V In| VF1|
el
o 2472
The real part is of the order of I'2. To show this we define

2 2 In| V1|
r f ——————dYErfl(:FI),
e D24V

* 21| V4ol s rdl,
I:(a) :f =f (-——) dx+1+(0).
F2+ Y2 0 da z
Thus,
dIl 2a7r
da I‘(Fz—}—a?)’
and
I,(0)=(m/T) In(T?).
Therefore,
Ii(a)=(x/T) In(I"+0a?),
and

T1(F1) =7 In(T2+1) 2T,

In a similar manner we evaluate the imaginary part,
which leads to the line shift. We define

+2 2V In| V=F1|
—il,(FFl)= —if —dY,
e 2472
where
+°°2Y1n[Y—|—a| o rdl5(a)
I(a)= f =f ( ) dx+1,(0).
e, .
As before,
aly 2w 2a°w
de T T
and
I2 (0) = O;

the integrand being an odd function of V. Finally, we
obtain a contribution to § which is large compared to I':

—ils(F1)=—427 tan~'(F1/T)

==4im4+0) for I'l. (11)
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F16. 1. Partial term scheme for orthohelium. Since broadening
depends on near neighbors, the 4d level has different properties
than 3d, which lacks a partner corresponding to 4f.

Collecting the results, we rewrite expression (8),
with neglect of terms of order T,

—2n0\o\ £ %2n\ 2 B(kat-Fu)?
G YRR
3r a 2m| wzn— 82|

=—%Yp (21’&)+162n,

(12)

where the =+ sign corresponds to ws,—8:=0.
Consequently,

3 a lwzn'—szl

where the sum over # includes all states that can be
excited by the free electron. Provided w,, is large in
comparison with §;, the contributions to the shift are
independent of the magnitude of the level separation
w2, and many levels must be considered. The shift 65,
however, depends on the sign of ws,. If ws,>0, then by
Eq. (13) 8:,<0 and according to Eq. (14) below
w,>ws;. This is consistent with perturbation theory in
which coupled levels are mutually repelled. Inversely,
if 9, <0, then w,<ws, which is also expected. Although
for broadening only the near levels need be considered,
v2 contains the same sum and?

ve=2a"vp(2n)+7.

This result is the same as KBM under these cir-
cumstances.

Since polarization broadening depends on near atomic
levels, it is in general smaller for the ground state.
Hence, it is reasonable to neglect this broadening con-
tribution. The level shift is not correspondingly small

3 This agrees with the results given in an earlier unpublished
report by R. Sternheimer.
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and must be considered. Consequently, we return to
Eq. (1) and write

ihbo=TJ e iotdy— (¥, 181,) b

Defining 6;=3",/61, corresponding to 8, in Eq. (13),
and substituting B,e®¢ for b,,, one obtains for an
initially excited atom (dx=1 at t=0):

ihBp=J Felitdrbw)—yalt,
and the emitted line intensity becomes
pr| T /0|2

where p. symbolizes the sum over polarizations and
angles of emission as well as the density of final states
at w,.

I(@)=p; b () [2= (14)

II. EXPERIMENTAL VERIFICATION—BROADENING*

It is not easy to obtain knowledge of electron or ion
densities and temperatures which determine the line
broadening. Consequently, an experiment which is
independent of these parameters is desired. The com-
parison of different line widths in a spectrum, of
radiators in the same plasma, where all the atoms emit
in a given though perhaps uncertain temperature and
density, has this property. An especially interesting
case is presented by the relative widths™of the
nd 3D — 2p *P lines in the helium spectrum (Fig. 1).
For example, we will show that the width ratio for
lines from the principal quantum levels #=4 and =3
is ~150 for Holtsmark ion broadening while it is only
~10 for electron collision broadening. This difference
stems from the fact that there is no 3 3F level. For the
higher principal quantum numbers, the F level is the
nearest neighbor of the D level and leads to much
larger Stark shifts and consequent Holtsmark broaden-
ing than occurs for #=3. On the other hand, the colli-
sion width receiving a contribution from the more
distant P level which is comparable to that from F,
remains relatively unchanged with ».

The energy separations of interest are given in
Table I (see also reference 5).

TasrLe I. Experimental energy separations of some (1s)(#l) and
(15)(ni+-1) configurations in triplet helium.»

Vnf—vnd (cm™1) Vnd —vnp (cm™1)

n

3 536.8
4 7.78 2274
5 431 116.4
6 2.45 67.16

a See reference 5.

4 The author is indebted to Professor G. Breit for the suggestion
to consider broadening in the nondegenerate case and to Dr.
L. B. Seely for the choice of spectral levels.

5C. E. Moore, Atomic Emnergy Levels, National Bureau of
Standards Circular 467 (U. S. Government Printing Office,
Washington, D. C., 1948), Vol. 1.
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The matrix elements which enter both Stark broaden-
ing and electron collision broadening are®

on?[ (n2— )2
(8, 4,0;m,1-1,0)2= —-[—————J(ﬁz Zutls
4 L 4p—-1
when hydrogen wave functions are used for the radiating
electron. Table II gives values of 2,2 for /=2 and 3.

A. Estimate of Holtsmark Broadening (Ion Effect)

The component with m=0 has the largest Stark
shift in a uniform electric field (F). Because the levels
of helium are nondegenerate, one obtains in weak fields
the quadratic Stark shift. For the D levels with m=0
this shift is

Zn:’,z Zn22
E.a0 @) = g2F? } .
End_ En! End_ Enp

With the values in Tables I and II, we find E,q0®
(Table III). The very small shift for n=3 reflects the
nonexistence of a 3f°F level. The shift of the ground
state (1s) (2p) can be neglected, since Ez,0®/ (¢2F%a2/ hc)
=0.000975. To estimate the width we follow Holtsmark

(15)

TABLE IL (241,01, 1-1,0)2=3ni%

n 2n32/a? 2022/ a2
3 0 27.0
4 64.8 115.2
5 2314 315.0
6 562.4 691.2
and take
F=23.26en?,

and for the ion broadening width (Table IV)

7 (Vion) na="4(3.26)2(¢%/2a)*n*3a*

(zn32/ az) y (Z n22/ (1,2)
1 .

End_Enj End—'Enp

(16)

B. Electron Collision Broadening

Neglecting the natural width and considering only
the nearest neighbors, one obtains, according to Eq.

(12), 2

Znl
Y2 (2nvz02/3) Y, —2In
=1,1+1 @2
F

provided we approximate

Y]

nl™ En -1

h2

—(katky) =246,
2m

6In this section, we use several results given by H. Bethe,
Handbuch der Physik (Verlag Julius Springer, Berlin, 1933), second
edition, Vol. 24, Part 1,
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TasLE III. Stark shifts.
n 3 4 5 6
J#‘;ZC) 0.0503 —7.82 —51.0 —219.3

and
#1(wan— 0n)hwon.

Since the broadening depends logarithmically on the
energy separation, it is not as sensitive to the principal
quantum number as ion broadening.

Table V contains contributions to v,; from the two
near levels, their sum, their successive ratios, and for
comparison the corresponding ion ratios (see Table IV).
Also included are the wavelengths of the #d 3D — 2p 3P
lines. Since the theory used does not correct for the
fact that distant electrons are shielded and do not
exert a Coulomb field at the atom (plasma cutoff
—KBM), the broadening given will be too large. At
the density considered, this correction is not serious.

Unlike hydrogen, where there is a large linear Stark
effect, helium exhibits an electron broadening thatis
larger than or comparable to ion broadening. Another
advantage in the use of helium is the possible appear-
ance of the forbidden transitions as 4f 3F — 2p 3P and
4p 3P — 2p3P. Since the uniform field intensity for
their appearance is known, this may serve as an in-
dicator of the ion density.

It is likely that our calculation overestimates v p. The
electrons have been assumed monoenergetic and are
represented by plane waves. Actually, the electrons are
distributed in energy and our calculation is poor for
the slower ones (failure of the Born approximation).
If the very slow electrons produce ion-like (Stark)
effects, then we may expect that the electron density
to be used in vyp is less than the actual density. This
diminution of our calculated v may mean that electron
effects are actually less important than ion effects for
the lines #nd3D— 2p3P where #>3. Hence, these
lines would have contours predictable from Stark
shifts.” On the other hand, 3d 3D — 24 3P can still have
the anomalous electron broadening shape, i.e., the
Lorentz shape [ (y+vp)*+w? ] Also this line should
be broader than expected on comparison with the other
members of the series when only ion effects are con-

TaBLE IV. Ion broadening width and width ratios for #= 105,

(yion)n+1,d
”n (yion)nd (sec™)a (yion)n,a
3 +3.80X 108 155.
4 —5.91X 101 6.5
5 —3.85X 10" 4.3
6 —1.65X10%2
2 4 indicates blue asymmetry; —, red.

" Toshio Takamine, Sci. Papers Inst. Phys. Chem. Research
(Tokyo) 5, 55 (1926).
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TasLE V. Electron broadening widths for #=10% and e\=¢?/50a.

#nd 3D — 2p 3P Contributions to ya¢ from
Wavelength ? level flevel Ynd Ynil,d Oyon)ny1,d
n (sec™) (sec™) Sum (sec™) Yn.d (Yion)n,d
3 5877 1.21X10%° 0. 1.21X10% 10.6 155
4 4473 6.43 X101 6.42 X101 1.28X 10" 3.50 6.5
5 4027 2.03 10" 2.46X 101 4.49x 10" 2.52 4.3
6 3821 493101 6.40X 101 1.13X101

sidered. The ions present may still superpose a slight
asymmetry toward the violet. The corresponding singlet
line 3d D — 2p 1P would have the asymmetry to the
red side, since unlike the triplet case the energy level
3p is greater than 3d. Thus, electron broadening effects
as treated in this report may find a fairly simple experi-
mental verification.

The experimenter must overcome difficulties imposed
by the Doppler width,® which for the 3d — 2p line at
% ev, and #=10 is comparable with the electron
broadening. By going to the wings of the line where the
Doppler effect is small, the electron “dispersion” width
can be determined. This complication in the measure-
ment of the line shape can be avoided by working at
higher electron densities. If # is increased by a factor
10 without change in temperature, then electron
broadening dominates. Hence, it is suggested that the
helium spectrum be studied in an atmosphere of a more
easily ionized element, for example, argon for which
densities of 10" at 1 ev have been obtained in shock
tubes.

III. EXPERIMENTAL VERIFICATION—
SPECTRAL LINE SHIFT

Laporte® and Kantrowitz!® have observed large shifts
of spectral lines from atoms radiating in shock tubes.
Baranger! has proposed that these shifts are the result
of collisions with electrons. According to the quantum

8 This Doppler complication was brought to our attention by
Dr. R. E. Meyerott.

9 0. Laporte (private communication).

10 A, Kantrowitz, Phys. Rev. 90, 368 (1953).

1 M. Baranger, Phys. Rev. 91, 436 (1953).

mechanical calculation previously given, there is a line
shift. In order to make the result more quantitative,
we consider two He 1 lines: 3d 3D — 2 P and 44 2D —
2p3P.

For the metastable ground state 2p 3P, only coupling
to 2s3S shifts the levels. This is because the matrix
element to the 1slevel vanishes (since we have neglected
exchange collisions), and the free electrons lack suffi-
cient energy to excite the atom. Thus, for e=¢2/50a
and #=10'% 2nvom/3=2.015X10% sec!; and the level
is shifted according to Eq. (13) by 8sp=—1.814X10°
sec™. The shift of the 34 level is found by considering
only coupling to 3p and 2p levels; d35=—6.650X10°
sec™L. For 4d, since the atom can be excited, we include
2p, 3p, -+, 6p and 4f, 5f, 6f (a total of 8 levels);
8sa=—1.163X10° sec™?. Consequently, 3d3D — 2p 3P
is shifted to the violet 4.836 X 10° sec™* (0.056 A) whereas
4d 3D — 2p 3P is shifted to the red by 0.651X10° sec™
(0.0043 A). Although these are small shifts, it should be
remembered that they are in proportion to the free
electron density. If, as reported by Kantrowitz,
n=10'8, then these shifts are increased by a factor 103,
Thus, sufficiently high electron densities can introduce
measurable line shifts.
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