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Excitation of the He 11S—23S transition by electrons and photons: A QED approach

Sujata Bhattacharyyaand Sanchita Mitra
Gokhale Memorial Girls’ College, Calcutta 700 020, India
(Received 19 November 1998

A field-theoretic study of the simultaneous electron-photon excitd&&PH and direct electron excitation
(DEE) is done for the He $S—2 3S transition by spin polarized electrons in the field of soft photons. The
ratio of SEPE to DEE is found to lie arounck3.0~ 2 for the 0.117-eV photon and incident electron of energy
E; between 19.817 and 20 eV. The present result is compared with the existing experimental data.
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. INTRODUCTION dent electron energl; <Ey, the SEPE is accomplished by
the absorption of one quantulm of radiation combined
A field-theoretic study of the simultaneous electron-with electron-atom scattering, in which the electron provides
photon excitation(SEPB and direct electron excitation the energy decremenE(-hv) required to excite the 2S5
(DEE) of He by electrons in the transition from*$-23Sis  state. Eventually, the reaction SEPE, where soft photon and

reported respectively for the reactions electron of energy less than threshold participate simulta-
neously to excite the atom, must proceed via virtual interme-
He(1s? 1S)+ e (Ej) + hv—He(1s2s 3S) diate states. The following three mechanisms are broadly re-
sponsible for excitation of He to triplet state by scattering
+e (Ef=E—Enthy) spin polarized electron in the field of photofl) Photon-

1) electron_interaction dresses up thg _eIectr_on to a virtual state
after which the electron-atom collision will excite the atom
accompanied by electron exchandgg. 1(a)]. (2) The col-
lision between electron and atom first raises the atom to a

_ _ virtual state with electron exchange after which the photon is

He(1s?'S) + e (E)—~He(1s2s °S) +e ™ (E;=E~ Eu). absorbed and excitation OCCL[rEig. Ab)]. (3). The pﬁoton

dresses up the atom to a virtual state after which electron-

. . atom collision will cause electron exchange and excitation of

Measurements of the He15—>23s transition for SEPE in 6 atom[Fig. 1(c)]. The SEPE by electron exchange is the

the presence of a continuous wave LJJ&ser and those for gym of these three third order Feynman diagrams. However,

DEE were first reported by Mason and Newfdl] for inci-  the Feynman diagram in which photon is absorbed by scat-

dent electron energy close to threshol 19.817 eV) of  tered electron after electron-atom direct excitation with ex-

23S excitation. The SEPF type of interaction has practicalchange, will not contribute to the SEPE process.

bearing in the heating of plasmas by radiation and laser in- Direct excitation(DEE) of He in a similar transition with

duced gas break down processes. Study of the process is al$® photon off corresponds to second-order diagf&ig.

of fundamental importance in the understanding of threel(d)]. With a soft photon lir=0.117 eV} simultaneously

body interactions. It is of note that along with excitation thewith an incident spin polarized electron of enerdy;) the

interaction changes the polarity of the electron spin. The spimatio of the cross sectionsg(E;+hv) for SEPE relative to
exchange interaction is by definition the interaction thatthe cross sectioop(E;) for DEE is found to lie between
causes the difference between singlet and triplet scatteringnd 3x< 102 for Ey,<E;<20eV. With the increase oF;

Spin exchange due to scattering of electron from atom magbove threshold DEE dominates over SEPE. The result

occur(1) by exchange of a polarized incident electron with aagrees in principle with the experimental results of Mason

bound electron of opposite parity af@) by spin-orbit inter- and Newell[1]. Contribution from the diagrarfFig. 1(b)],

action between the incident electron and the atom. Howevet'here photon absorption by atom occurs after Coulomb in-

spin-orbit interaction causing spin flip is negligible in the t€raction, is found to be two order of magnitude higher than

case of light atoms because of the small value of the spinth@t from[Fig. 1(a)] and[Fig. 1(c)].

orbit coupling[2]. As such, SEPE and DEE occur in He due The other theoretical treatments of the problem to men-
to the first mechanism. ' tion are by Raman and Faid&] and by Jetzket al.[4], but

The 23S stationary state lies at an energg, at high laser power and high incident electron energies.
(=19.817eV) above the 4S ground state. No stationary These calculations by their nature neglect the spin exchange,
state exists between'S and 23S states since the %5 meta-  Which is present in the current work.
stable state lies 0.797 eV above théstate. For the inci-

and

II. THEORETICAL FORMALISM

In QED a composite system of bound particles are repre-
*Address correspondence to 370/1, N.S.C. Bose Road, Cakented by a string of field operators operating on particle
cutta 700047, India. vacuum and multiplied by unperturbed solution of the Sehro
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FIG. 1. Feynman diagrams representing the different interactions of the electron and g&ptdn, and(c) are for the SEPE process
and (d) is for the DEE process. The photon is denoted by a wavy line, the electron by a straight arrowed line, and the atom by a ladder
configuration.

dinger equatior{5]. Creation and annihilation operators of 1 [ m2

the particles bound to the Coulomb field of the nucleus obey ‘Ifz 3S(r1,r2,R): ——3 \/ —— D3(X,y)U(s,q7)
(27) £q.8

equal time commutation relations. There will be no loss of 9702

generality to represent the bound electrons by the Feynman

directed lines. The SEPE reaction under consideration is

given by the sum of the amplitudes from the three third order

Feynman diagrams. The third ord& matrices contain x=f;—R, y=f,—R wherex,y are the coordinates of the

current-current interactions between the incident spinbound electrons relative to the center of mésms) coordi-

polarized electron and a bound electron of opposite parity, aateR with (c.m) momentumL.

photon propagator, and an electron propagator. The three ®;1,(x,y) and ®,3(x,y) are, respectively, the ground

diagrams differ in their position of absorption of the incident singlet state and<2s triplet state of the He atomu(s,q) is

photon. In Fig. 1a) incident electron absorbs the photon andthe electron spinor whereandq are, respectively, the spin

then interacts with the atom. In Figsthl and Xc) photonis  and momentum of the electron. The ground state am@sl

absorbed by atom after and before electron-atom interactiostate wave functions of He are, respectivedy,

respectively. The DEE process is given by the second order

Xu(s,qp) et ERs R, ()

Feynman diagraniFig. 1(d)]. Wave function of the bound D1 215(X,Y) = X16(X) X14(Y)
electrons in the initial and in the final state are, respectively
(6], and
1 [ m?
‘1'113 N(ry,r2,R) = 3\ Pu(Xx,y)u(s,qy) D 15s35(X,2) =T [€7 % Xp5(2) + €7 Xps(X)],
(27) &q,€q,
X U(—S, )€l (@r1+dzPa+RL) (3y  Where Xis(X)=Ae "+ Be %%, A=0.7349,B=0.799, z;

=1.41, z,=2.61, I'=0.6451] 7(1+0.06996) 2], X,4(X)
and =e(~113%) —0.2806 el 046%),
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For the free electron before and after interaction the wavend
functions are, respectively,

1 m ) 1
(s) _ i(zp) _ (a2 312 4y 4dy, A4
v (z,p) Vv(Zw)ﬂ/Ep u(s,p)e (5) R.=,(e 1) f d*xdtyd*zd*r

and X[WE(x,2' )y, V3 (2,p)]

[ [ _ O (—S) ’
\I,(is)(z p,): 1 iu(_sp,)ei(zpr) (6) XD(y Z)[‘Pe* (yvp )
e ' V(27T)3 Epr ' ' (s,—s

XY, Se(y =175 Asr KT Ts(x,r)]. (12
p andp’ represent the momenta of the spin polarized elec-

trons of spinss and —s, respectively. The wave function of . .
P P y z' andr’, the coordinates of the bound electrons relative to

the photon N -
the c.m. of the atom, are given l&y=Z—R andr’'=r—R.
\Y _ _ We substitute from Eq93)—(9) in Egs. (10), (11), and
Av(r)z—s(e*'kure"“), k-A=0. (7) (12. After integration over the fourth components of the
V2wV (2m) integration variables and also ové#f andd®l we obtain
w= |I2 , andk and\ are, respectively, the photon momentum

and photon polarization vector. The photopropagator is

- 1
4 1 Ra=CA Z(ez/ﬁc)3/25(L0_Lé+oko+p0+ 020~ Po— d20)

d . -
Dy-2= [ e e ® X 8(01o— Qo) (L —L' +k+p=p'), laLailasla,
The fermion propagator is (13
d4 e tz-n
&(z—r):fwm. (99  where

Below we shall show the computation of the Feynman dia-
grams corresponding to SEPE and DEE processes for exci- & m
tation of the He S— 2 3S transition. -

6

., A=(2mbt (149
sqisqlsqésqupEprZw

A. SEPE process

We use the above functions to write the probability am-The product of spinors in Eq13) is LaiLaol a3 andl, is the
plitudes of the Feynman diagrams. The probability ampli-overiap integral:
tudesR,, Ry, R; for Figs. 1a), 1(b), and Xc) are, respec-
tively, - o
Lai=[U(s,q)u(s,01)]x, Laz=[u(—s,p")ysu(—5s,02)]y,

1
Ra=Z(e2/ﬁc)3’2 f d*xd*yd*zd*r

X[W52(%,2) 7, S (2= 1) 7, A KT (r,p)] Las= U(s,qé)vm_m%ig) YA, U(S,P) R (15
XD(y=2) [V (y.p ) ys¥ .7 (x )], (10
with
Rb=%(e2/hc)3’2j d*xd*yd*zdr
XITER00) 7,821 1A VD (2,0)] (P o (Potko). G o™ o
XD(y—=2)[Wy Y (y.p") ¥V i Y (x.y)], (1D The overlap integral

ex —iy-{p+Kk—p'}lexdiZ- (G+P+K) P, 3(x,2) P 114(X,Y)

(q2+i8) (16

= f d3>2d3)7d32d3q[
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The traces of they matrices are calculated as below:
Laolz2=U(—5,p") ysu(—S,d2)U(—S,d2) ysu(—s,p’)
=t A(p') 752 (—9)A(d2) v 2 (—9)|, (17)

N o , t+m+ie _
La3|-a3: u(squ) ’YMW ‘yv)\vu(syp)u(svp) YNy

t+m+ie ,
T YurU(s,dz)

1
= mtr yﬂ(}—i—m)y,,)\,,

X2 (S)AP) ¥y (Fm)y,, > (S)A(G))],
(18)
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where

[(X,y)

. gizd
:f elz'(erk)qz_qzq)lszs3s(X,Z)q)1521s(X'Y)d3qd32-
0

For integration oved3q we use the result

efizq 5 2772
f B pris 0 4= T 7 codzk)-

The amplitude from Fig. (b) after some integration can
be written as

.1
Rb=CAZ(eZ/ﬁc)3’2

where the covariant Dirac projection operators for energy

and spin are, respectivehA(p)=(p+m)/2m and 2(s)
=(1+ ys)/2 such thas*p,=0 andLy L3, =8(q;—qy).
The overlap integral iR, [Eq. (13)]

la= f 1(x,y)e W PHk-plg3xdly, (19)

X 8(Lo— Lo+ oKo+ Pot a0~ Po— 20 8(d10— d10)

><53(L—L’+k+p—p’)f lyLpilpolpsd®a,  (20)

where

d3r"d3xd%y.

= f expi{—r(G+P—K)+y(G+p" )} P1es3s(X,r )P 12 (X,Y)
b (d5—G%)(p+6)2

The expressions fdr,;, L., andL,3 are identical, respectively, to the expressionslfgy, L,,, andL,;. However, inR,,

lo=Po+ 020~ Pg [=p+d, andgo=0z0— Po

LpoL F,=U(—S,p) YsU(—S,d2)U(—S,0) Y U(—S,p" ) =tr| A(p') ¥s 22 (—S)A(02) ¥s 2 (—9)

t+m+

t+m+ie

— ’ ie — ’
Lislps=u(s,q5) T YA U(S,p)U(s,p) YNz 7 Yuru(s,dz)

= ot MY (AP vy (M), 2 <s>A<q§)},

andLpLf; = 8(q:—dy).
The amplitude from Fig. (£) similarly becomes

o 1
R.=CA Z(ez/hc)3’25(L0— Lo+ okot Po+t G20~ Po— d20) (A1~ A10)

XS3(L—L" +k+p—p ) cLlerleolcs (21

with

d3r’d3xd®yd®z’ dq, (22)

. J expi{y(G+p' —K)—z(G+ P) P 1eps3s(X, 2" )P g2 35(X,1 )
=

(05— 6°)



PRA 60

Lei=Lp1, Leo=[u(s,q3) YuU(s,p)]z,

S,d2) |

y.r

Les= U(—s,p’)yM(* Yl su([—

—m+ie)

I=—=K, 0o=020—Po+KkKo.

Spin s(0,5/|s|) and photon polarization vector(OX/|\|)
are such thas’= —1. Furtherk-X=0 andp-$=0 and

for simplicity of calculatlon we assume photon momentkim

to be perpendicular t§ andp. The traces in Eq917) and
(18) then become

Laslis=—{64m*+m’[32(— E+e,5+ko)]

+m?[ 16E¢ ys+ 32K 25— 32K3]

+ m[ — 32K3(E — &5) + 64EKge 6]

+ [32K3Ee ps+ 64E 2K e 6] }/16m(12—m?)2,

(23)
LaolX,=[4m?—8m(E’ —&,5) +8s,E']/16m?. (24)
Traces for other diagrams are calculated similarly.
B. DEE process

The amplitude for direct electron excitati®gg of He in
transition 1'S— 2 3S by spin polarized electrofFig. 1(d)]
is given by

-1
RDEE= CA Z (eZ/ﬁC)

X 8(Po+ Oz~ Po— A20)IpeeT 1 Tod3xd*y d*z g,
(25

where

Xdiq(y—2)]
JDEEZJJ(X:ya )st qd3xd®ydz,

J(X,Y,2) =P 15p535(X,2) P12 35(X,y)exd i (- Z— - Y) ],
Tl:[m_sap/)'yﬁﬁ(_sip,)]yy
To=[u(s,03) v, u(s,p)];.

The traces are calculated as before.

I1l. RESULTS AND DISCUSSIONS
Cross sections SEPE and DEE for transitiofSt:2 3S
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FIG. 2. Simultaneous electron-photon excitati&EPE and di-
rect electron excitatioDEE) of He in the transition 1S to 23S
versus incident electron energ¢y.m,). The energy of the photon is
0.117 eV. Experimental data is from Mason and New#ll the
energy of the photon being 0.117 eV derived from a cw,G3er
beam(300 W).

To include the effect of Coulomb distortion the cross sec-
tions are multiplied by the square of the Sommerfeld factor
F(#%), where
F(p)=T(1+in)exp—mnl2), n=2mml|p|. (28
The integrations are done by using Gaussian quadrature. The
maximum contribution in SEPE is found to come from Fig.
1(b) where photon absorption occurs after electron exchange
interaction between the incident spin polarized electron and a
bound electron of opposite parity. Contributions from Figs.
1(a) and Xc) are 2 orders of magnitude smaller than those
from Fig. Ab). The interference terms are also very small
compared to théR,|2. Hence the dominant SEPE diagram
[Fig. 1(b)] is the one where photon absorption by the atom
occurs after electron-bound electron exchange interaction.
We have calculated the direct electron excitati®tE)
cross section to the triplet 5 state due to interaction be-
tween a spin polarized incident electron and a bound electron
of opposite parity. The DEE interaction corresponds to a
second order diagrafiFig. 1(d)]. The energy range covered
(9.817 to 20 eV is below 21S metastable stat€20.614 eV.
There is a rapid rise in the cross section in that range which
compares well with the result of Mason and Newgig. 2).
The ratioog(E;+hv)/o4(E;) plotted(Fig. 3) for the energy
range 19.84% E;<20eV is found to fall rapidly from infin-
ity to 3x10 3. As the incident electron energy increases
above threshold of excitation, DEE cross section dominates

in He by spin polarized electrons are given, respectively, byhe metastable excitation process.

d3 ’
oS:f |Ry+ Rp+ Re| P , (26)
|p+K| (2m)?
m d3p’
O-d:J |p|| deg (277) (27)

The SEPE is a third order process corresponding to the
third orderS matrix whereas DEE is a given by the second
order S matrix. With E;>Ey, the ratio of the SEPE cross
section to the DEE cross section is of the order3lD 3
E;=19.9eV, corresponding experimental value being 1.4
X 10" 3. The experimental absolute value of the cross section
for SEPE(photon energy 0.117 e\Ms obtained by normal-
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0e virtual dressed state by photon absorption prior to electron
c Photon energy =0.117 eV. collision or does the electron scattering occurs prior to pho-
i Present Work ton absorption by the atom? Through the present study we
Experiment[1] % have tried to answer these questions. The three questions

raised correspond to Figs(dl, 1(c), and 1b), respectively.
A diagram corresponding to absorption of photon by the
scattered electron after collisional excitation of the atom with
exchange, where photon-electron interaction changes only
the dynamics of the scattered electron, does not belong to the
\ SEPE process. Calculation of the Feynman diagrams corre-
AN sponding to the SEPE process provides an idea regarding the
\\v ordering of the photon absorption. The experimental values
of the SEPE and DEFL] are plotted in Fig. 2 along with the

\f\ theoretical results. Although in the experiment the incident

T IIIIIIII

0.

T |I|l|”[

0.01

SEPE cross section / DEE cross section

/

electrons are unpolarized, physically one may assume of all
0.001 e L the incident electrons those with necessary spins to partici-
1050 o “g;?f“‘” 1988 19.80 pate in the exchange interaction. This justifies the compara-

tive study of the present work with the experimental results.
FIG. 3. Ratio of the cross sections for SEPE to DEE. The con.'rom the general trend of the present curve we find that the
tinuous curve is from the present calculation. Experimental data af1€oretical prediction compares well with experimental re-
in Fig. 2. sults. Experiments on scattering of spin polarized electron
from two-electron atomic and ionic targets are necessary to

izing the experimental valyd] given in arbitrary unit by the ~ Verify the present formalism.
corresponding theoretical value Bt{=19.757 eV.
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