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Electron-impact widths and shifts of neutral helium lines in a plasma
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The quantum-mechanical formalism developed by Bassalo and Cattani is used to calculate the broadening
and shift of many atomic lines of neutral helium in a plasma. We verify that this theory overestimates the
linewidths and that it can be applied satisfactorily only to obtain the lin¢ shifts.

1. INTRODUCTION

The width and the shift of spectral lines pro-
duced by electronic collisions have been extensive-
ly calculated using the semiclassical formalism
carried out by many authors.! Using a quantum-
mechanical formalism,?® Bassalo and Cattani’™®
have calculated the broadening and shift of a few
atomic lines of neutral helium in a plasmal®-1?
produced by electronic collisions.

The effect of the ions on the line shape was cal-
culated using the approach developed by Griem
et al.™ and Griem.!5

According to Bassalo and Cattani”® the half-half-
width Ay, and the shift S, produced by electronic
collisions for an isolated and Lorentzian line for

a M -degenerate energy states |aJM ) are given by
Av,=Re(H;)/21, S,=-Im(H,z)/2m, (1)

where the indices I and F refer to the initial and
final states of the line, respectively,

Byl ) [ ae Gl . @

N is the density of perturbing electrons, B=1/K,T,
K g is the Boltzmann constant, T isthe absolute tem-
perature m is the reduced mass of the electronand
atom, {is the relative linear momentum, and L,

for the transition |a,J,;)~ |azd,) is given by

Lip=Arr Z CM,MF[ZM(QIJ M|T|a,d; M1>5M,MF"27”(0‘FJFMF|T !aFJFMF>6M,MF

- 4n% (M, | TS(E,

where

App=3(=1)7 1" F /[(2J + 1)(2 p+ 1) }/2
and

CM[MF =(Jp1M 0 IJFMF><J11MIO [JFMI> :

The interaction potential V between the electron
and the atom taking the atomic nucleus as the cen-
ter of the coordinate system, is given by®

) Ee%xp(m rnl/l) .

-7,
“)

R and T, are the positions of the incident and of
the ath atomic electron, respectively, the Debye
length is given by 1,=[K,T/4nNe?*(1 +2)]'/2, and z
is the ionic charge of the ions in the plasma. It is

V= Ze? exp(

18
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assumed that the plasma contains only one kind
of ion of electric charge ze; the neutrality of the
plasma is expressed by the relation N,z=N, where-
N, is the ionic density.

Expanding the T matrix up to the second Born
approximation (see comments about this in Ref.
7) and performing the calculations™® we obtain

Ay, = 2{‘ ( d >1/2(Z,: (W85 A+ Wea(B; Ap,)]

—2W,p(B; A= 0)) (5)
and
BS
Se= —h(V’ Vi) - m (2m)
XY [Sra(B; Ara) = SeaB; Ap)], (6)
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where the intermediate states of the emitting
atom are indicated by |#)= |a,J,M,). The func-
tions W,.,(4; By,) and S,,(A; By,) With K=I or F,
are given by

Wn(8; Brn) =fm a(_ﬁ%%z? Ken [(%") 1/zx]

*amin
X exp [— (Z,fl -")2] M
and
Sl Bx)= [ Gremay F K"‘[(E%)m"}
X D(Z;’;l - x) ; ®

where vp,=4BAy, Agn=Eg—-E, is the energy dif-
ference between the states |K)=|a,J, M) and
[ny=|a,d,M,); a= (7/1,)(8/8m) 2 and D(y /% - %),
is the Dawson’s integral (Abramowitz and Segun):

D(;"ﬁ-) =D(¢) = exp(-£?) fo e exp(t?)dt,

with &= (v4, /% =x); Xpy,=(8/8m)*2(aq)y,, and

Fy(Aq)=App ;.u Cot Ot [Z5Kn"' (@xd My
F

where z, is the z component of the vector T,.
Finally, in (9) F,z(8m/B)*/%x is written

Fip(Aq)=A,p ‘;M CMI.MF GMIMF[Z —-{a,J M,
. F

X [z- (apd oMy

II. CALCULATION OF Av AND S FOR HELIUM LINES

Let us indicate by [°l) and |n’°I’), where a=1
for the parahelium and a=3 for the orthohelium,
the initial and final states, respectively, of the
analyzed transition. The final state |n’*l) will be
chosen as the lowest energy level and, as it is
much less polarizable than the initial state, its
contribution to the broadening and shift will be

; exp(i
3 exp (z.. Agz,

Xmax= (8/8m) 2(Aq) o Where (Ag)py, 20d (8¢)q
are, respectively, the minimum and maximum val-
ues for the momentum exchange in the electron-
atom collision compatible with the energy conser-
vation g2 - g%2=2m Ay, assumed in the linewidth cal-
culation.?"® In preceding papers®® we have put,
inadvertiantly, (Ag),;,=0 and (Ag),,, == (see
comments in Sec. II).

The function W;(8; A=0) is defined by

max 1 /2
Wirds 8=00= [ [(20) o
©)

In the first-order term S’ for the shift, which
is given by S{*’=~N(V, - V)/h, the function V, is
written .

V,{:A,F;c,,x,,x f R0y My |V e d My,
K -

(10)
where V is given by Eq. (4).
In (7) and (8) the form factors F,[(8m/B)'/2x]

are given by, taking into account that Ag=(8m/
B)/2x,

; exp(i A%‘—"’-) oz,,J,,M,,)]2 , (11)
E;Iz—zﬂ) a,J,M,)]
ar7pip). a2

The first-order term S of the shift is zero be-
cause V,=V =0 as one can easily verify taking
into account the symmetry of the electronic charge
distribution of the neutral helium atom.

So, the half-halfwidth Ay, and the shiftS, defined by
(5) and (6), respectively, letting

y =24qa, /% = (8m /B) '2(2a.x/k)

negligible compared with that of the initial state. become
Bm\1/2(a \ 2 Ve d £EA , 2
AVe= 16Ne4(2—1r) # 'Z j;m GZ—'*%!TZ F"a,’na,,(y) exp |- "a; il - ny B (13)
- in

32 1/2 2 e d A : .
e () () S T B e (22 ) o
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where 6=2a,/l,, a,is the Bohr radius, £=
(2mp)*2ay/%, and n=(8/2m)*/?i/4a,. The energy
differences A4, .4, between the states |»%) and
|n%1’y are given by Moore.®

In the calculations of the form factors we use
hydrogenlike wave functions with principal quan-
tum numbers adjusted to give the measured
bound-state energies’? and in the Appendix are pre-
sented to relevant form factors F,,a, ap to the
helium line shape.

We verified that, if the screening parameter 8
=2q,/1, is put equal to zero, which means that I,
is infinite, our predictions for Av, and S, are
modified only for a few percent. So, we can say
that in our approach the screening effects are not
significant.

Up to now we have evaluated the contribution of
the electron impacts. To take into account the
jons contribution we use the approach developed
by Griem' and Griem ef al.’* (see also Griem®).
Following these authors the total width and total
shift are given by Av=Ay,+Av; and S=S,+S;where
Ap; and S, are estimated in terms of the Stark
parameters a and o.''*1®

In preceding papers®-'® we have calculated the
widths of many neutral helium lines putting v,
=0 and y,,,=*~. Our predictions for Av were about
2 times larger than the experimental ones.'”

Since for these lines we have KzT> A 4; o,
(Aq) pnin and (Ag),,, can be taken, in a good ap-
proximation, as A,,a,,,,ar/ﬁ and 2m7v, respectively,
where 7 is the average electron speed. So, ¥,
= 5VTED oy ay A0A Yy, ~ 4D, /M.

Calculating Av, with y_, and y_.. given above
we verify that the discrepancy between theory and
experiment is not avoided: the new predicted
values for Av are about 1.7 times larger than the
experimental results.

Since the region of Aq plays the principal role
in the integral over Ag, we verified that: (i) putt-
ing (Aq) e = instead of (Aq),.,~2m7, the inte-

zs,zs [1 @4 6y2+8)/8(%y2+1)4]2’
2s,2p=(¢%y2)(? -1PG 5y +1)C,
Fop, 2= [1+ G* - 1)/Gy* + 1)']%,

F.

serss = [1 = (1230.195° — 11 6645°+ 311045" — 21 504y + 4096) /(3% + 4)°T?

—_—

gral is modified only by a few percent; and (ii) to
obtain a good agreement with the experimental
results, (Aq),,, must be substituted by 84,4 qp/7,
where 6 is a numerical factor which varies from

5 up to 100, assuming different values for differ-
ent lines. No criterion was found to justify 6.

We believe that, as pointed out by Griem,” the
Born approximation is not suited to calculating
the widths, which are caused mainly by inelastic
collisions. The effect of strong collisions, for
which the perturbation theory breaks down, can be
better estimated by using the semiclassical ap-
proach.'r**

As one can see from preceding papers our
predictions for the shifts are in reasonable agree-
ment with the experimental results. It seems that,
in those cases, Born approximation is satisfactory
to estimate the shifts, which are due mostly to
elastic collisions.

6-13
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APPENDIX

We present here the form factors F o, 0y (¥)
that have been calculated assuming that the ex-
cited electron is bound to a nucleus with effective
charge Z,,=1 (Bethe and Salpeter, 1957) and with
a hydrogenlike functions. In this approximation,
the form factors have the same form for o#tho-
helium and parahelium. We remember that the
form factor is defined by

Fut, e 0)=184,5 — @10 [e*295/ [n10) |2
So, we have

Fyq, 5p= 128 17(615.00y° — 4374y + 626457 — 2304)2/(2y2 + 4)12,

Fyq, 30=32768(22.78y* — 16292 + 120)%% /(22 + 4),

Fyp, 3p=[1+ (14580y° — 53 136y* + 41 472y° — 4096) /@y + 4)°F,

Fyp, 50= 235 9%(1822.5y* — 475292+ 1152)2 /(292 + 4)2
Fyq, 5¢=[1-(22032y* — 1996892+ 4096)/(%y2 + 4)°]2,
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Fyq, 4=[1 - (49" - 469"+ 166y° — 215y°+ 109y* - 1992+ 1)/(y*+ 1)°F ,
Fug, 4p=45(2y" — 18y°+ 43y° — 37y* + 1192 — 1)%9%/(3 + 1)*¢,
Fyq, 40=15(64)° - 568y°%+ 992y* — 53692+ 80)*y* /(v + 1)'¢,
Fy, 45 =525(160y° — 1470y% + 2240y — 560)%y5/(y>+ 1)*8,
Fyy, 4p =[1+ (50" - 272y°%+ 425y° — 2239+ 3792 — 1)/ (52 + 1)°]?,
Fyp 0= (55°)(1509° — 648°+ 666y* — 2409%+ 12)7/(y*+ 1)*6,
Fyy, 4= (42y° —168y* + 11492 ~ 12)2/(y* + 1)*¢
Fuq, 40=[1-(102y° - 2639°+ 169y* — 2592 +1)/(y%+ 1) ]2,
Fyy 4= (392)(161y° — 287y + 1039? — 9)2 /(y2 + 1)'8,
Fyp, 45=[1+ (579° = 39y* + 159% = 1) /(32 + 1)°F,
Fyg 56= [1-(186264514.92y'° — 2384185791y + 10162 353 510y'2
— 17656 250 000y'°+ 13 987 500 000y° — 5 104 000 000y°
+832512 0009* —~ 52428 800y + 1048 576)/(E 3%+ 4)1°F,
Fy, 5,=5097(89 406 967.16y™* - 915527 343.7y2+ 2790 527 34310
— 3496875 000y°+ 1941 000 000y° — 480 768 000y* + 47 923 20052 — 1572 864)% /@82 + 4)%°,
Fyg5a= (£131072y*)(13038 516.04y*2 — 131 130 218.759%+ 319 671 630.86y° — 297 851 562.59%+ 115 687 500y*

+17920000y%+ 896 000)?/(22y% + 4)*°,

Fyq, 5= (128 X 10°%°)(47 683.72y™ — 506 591.8y° + 1097 656.25y° — 757 500* + 192 64057 — 14 336)2/Ey2 + 4)%°,

Fy,, 5= (10°%°/14(732 421.875y° — 8437 5009°+ 17700 000y* — 9216000y? + 1032 192)/@y*+ 4)°, -
Fyp 5o+ [1+ (2384185 791.01y™ — 15823 364 25042+ 33 808 593 7505
- 29543 750 000y° + 11 257 600 000y° — 1789 440 000y* + 101 580 800y? — 1048 576)/(Zy? + 4)°F,

Fyp, sa=%%(20 027 160 64052 — 109 716796 80051°+ 175 546 875 000y®
- 110 040 000 000y°®+ 27 820 800 000y* — 2580 480 000y + 55 050 240) /(@47 + 4)%°,
Fyp, 55 =5*(2563 476 562,591 — 13 125 000 0005° + 16 650 000 000y°
- 1833 600 000y* + 1105 920 000y? — 39 321 600)%/(Zy? + 4)2°,
Fyy, 5¢=(10%9%/7)(27 343 7505° — 140 000 000y°+ 151 200 000y* — 41 574 400y? + 2293 760)2/(&y? + 4)%,
Fyq 5a=[1~(38131713867.1992 — 141777 343 700y'° + 161 106 250 000y®
— 68368 000 0005+ 10 990 080 000y* — 534 118 40052 + 7340 032) /(32 + 4)°,
Fyq, 55 =(2%92/35)(26 869 773.86y'° — 77972 412.1y%+ 64 082 031.25y°
- 18100 0003* + 1660 000y — 46080)2/ (& 42 + 42,
Fyq, 5¢=(2%5%/245)(8010 864.269° — 20 141 601.56y°+ 11 859 375* — 2070 000y2 + 96 000)2 /(@32 + 4)2°
Fes, 65=[1— (19951.54y20 — 273 409,998y 1 1294 633287y
- 2674850.502y + 2729 862.949y'2 _ 1443 471,258¢1°
+400 836.094y° — 56 907.563y° + 3877.875y* — 108.759%+ 1) /(& 5%+ 1)2F,
Fo, = 122(139660.783y' — 1551 786.474y° + 5468 418,903y
- 8500980.059y2 + 6495 620.660y — 2551 101.328y°
+512 373.094y° — 50 392.125y% + 2149.87552 — 31.5)2/(&- 92+ 1),
Fes, e =17*(331 047,781y — 3607 369.869y + 10 590 415.084y"
- 13047 291.738y%°+ 7667 143.594y° — 2230 842.516y°

2491
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+314 74575y — 19 561.59% + 420)2/(&- 5%+ 1),

Fep, 6p=[1+ (258 631.079y"® — 1935 709.942y6 + 4960 461,989y

—5688079.453y'2+ 32177709.18¢° — 921 410.4384°

+130809.938y° — 8484.75y% + 209.259* + 209.2552 — 1) /(& y2 + 1)2]2
Fep o1 =2%%(2069 048,632 — 13 045 734.782y™ + 26 409 088.601y12

- 23391 707.766y'°+ 9877 461.152)° — 2105 143.594y° + 185 009.813y* — 750697 + T2)2/(& y2+ 1),
Fo, ¢0=[1~ (4377187.328y'¢ — 19 849 243,502y + 30 224 149.919y% '

~ 19963 809.519y'+ 6197 966.543y° — 894 232.406y° + 55 333.125¢* — 1155.75¢2.+ 7)/7(L 9% + 1)2F
Feg, o =125 72(5922 076.974y™ — 21 955 415.8059'% + 26 289 116,486y

- 13169 349.404y%+ 2942 711.016y° — 284 051.813y* + 10 303.875y — 121.5)2 /(& 92+ 1),

1H. R. Griem, Spectral Line Broadening by Plasmas
(Academic, New York, 1974).

M. Cattani, Phys. Lett. A 31, 106 (1970).

3M. Cattani, Lett. Nuovo Cimento 4, 421 (1970).

M. Cattani, An. Acad. Bras. Cienc. 42, 169 (1970).

M. Cattani, An. Acad. Bras. Cienc. 43, 51 (1971).

M. Cattani, Can.J. Phys. 51, 1388 (1973).

'J. M. Bassalo and M. Cattani, Can.J. Phys. 50, 151
(1972).

8J. M. Bassalo and M. Cattani, Can.J. Phys. 52, 1843
(1974).

%J. M. Bassalo and M. Cattani, An. Acad. Bras. Cienc.

48, 681 (1976).
105, M. Bassalo, Y. Yamamoto, and M. Cattani, Can.

J. Phys. 53, 683 (1975).

"3. M. Bassalo and M. Cattani, Can.J. Phys. 53, 2285
(1975)..

!%3. M. Bassalo and M. Cattani, J. Phys. B 9, L181
(1976).

137, M. Bassalo and M. Cattani, Can.J. Phys. 55, 240
(1977).

1H. R. Griem, M. Baranger, A. C. Kolb, and G. Oertel,

Phys. Rev. 125, 177 (1962).

5. R. Griem, Phys. Rev. 128, 515 (1962).

8C. E. Moore, Atomic Energy Levels, U.S. Natl. Bur.
Stand. Circ. No. 467 (U.S. GPO, Washington, D.C.,
1949), Vol. 1.

'"H. R. Griem, J. Phys. B 10, L53 (1977).



