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Electron-atom scattering at small angles in a CQ laser field
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Electron-atom scattering at small scattering angles (0°—25°) in the presence of an intense radiation field is
investigated employing second Born approximation. We perform exact numerical calculation of differential
cross sections of electron-He scattering with one-, two-, and three-photon exchange and compare our results
with the Kroll-Watson approximatiofKWA) results and the recent experiments; our results are much better
than KWA's for small angle scattering compared with experimegi84050-294{08)09808-4

PACS numbes): 34.80.Qb

I. INTRODUCTION formula, the DCS should be small for small scattering angle.
However, the more recent measurements performed by Wall-
The free-free absorption and emission of radiation inbank and Holme$4—6] for small angle scattering have ob-
electron-atom collision have been studied for 60 years as a@ined much greater DCS values than the expectations of
important process in understanding stellar atmospheres, labgwA. This obvious disagreement has led to considerable
ratory discharges, and plasmas. With the availability of latheoretical research. Wallbank and Holnfi8ksuggested that
sers it has become possible to make detailed studies of thegite effect of the polarization of an atom by the laser field
differential cross sectiond®C9), not only for single-photon  might account for these large discrepancies, but the theoret-
exchanges, but also for multiphoton process. The major excal estimates performed by some other auti@s9] have
perimental effort in this work has been carried out by Wein-proved that the atomic polarization effect induced by a laser
gartshofer, Wallbank, and co-workers over the past 20 yeareld is small enough to ignore; Varand Ehlotzy{10] have
using a CQ laser for the scattering of a low energy presented a collective potential, which was a coherent super-
(~10eV) electron by inert gas atongsiainly He and Aj.  position of the contributions of the individual laser-induced
The theoretical treatments most widely applied to free-fregolarization potential of atoms in the laser beam, to explain
transitions are based on the Kroll-Watson approximatiorthe experimental results. However, Robicheati] found
(KWA) [1]. The well known KW formula is that there was an error in the derivation of Vaamd Ehlotzy
and the collective potential could not explain these experi-
do | Ki(v) , el mental results; Geltmaji2] has carried out a detailed study
a0 _Ti‘]v()‘“) da ) @) of laser-assisted collisions using perturbation theory and
found their results are in better agreement with experiments

where @o/d))” denotes the elastic differential cross sec-at small angle; Milosvic and Ehlotzy[13] found that the
tion for transferringr photons ¢>0 for absorption andy  double scattering effect could considerably improve the mul-
<0 for emission;, K(v) andK; express the final and the tiphoton transfer differential cross sections.

initial wave number respectively, the relation of which is  In this work we employ second Born approximation to
ﬁZK?/2m=ﬁ2Ki2/2m+ vhe: J,(\y) is the v order normal calculate the differential cross sections of the laser-assisted
’ v

. s ez - electron-He scattering for one-, two-, and three-photon ex-
Bessel function, the argument; = aq- (K;—K;), here aq ; . )
_ - ) ) ) 9 changes, and make comparisons with KWA and experi-
=eEy/mo” for a spatially homogeneous linear polarization ments, By the results of this research we intend to probe the
laser field with electric field amplitude, and frequencyw; relations of KWA and Born approximations and the reason
e and m are the charge and mass of the electron, respeder such large discrepancies between KWA and recent ex-
tively; (do/dQ)® is the elastic differential cross section in periments.
the absence of a laser field. In Sec. Il of this paper we give a detailed derivation of the
The early experiment,3] were performed at large scat- second Born approximatioi®BA) for the electron scattering
tering angles and the results qualitatively agree with KWA.in a laser field and compare it with the Kroll-Watson theory
For small angle the argument of the Bessel function appeatand the first Born approximatiofFBA); in Sec. Il we
ing in the KW formula is small, so according to the KW present our results and discussion.
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dependent Schdinger equation is |<I>K0(r,t)>= |XKO(r,t))
PZ
Iﬁdtlfb(t» om FV+Hepr(t) |D (1)) 2 +fdr’fdt’G(r,t;r',t')V(r’)(I)KO(r’,t’).
whereHq_p1= —(e/mc),&« P is the interaction of the inci- (5

dent electron with a radiation field; here tAé(t) term is

removed by a travail contact transformatigt. Initially (at It is well known that the scattering matrix of the electron
time t— — ) the electron is far from the atom, i.&/=0, scattering by atom potenti& with the transition from initial

the solution to Eq(2) in a monochromatic, linearly polarized momentunviK; to the final oneiKy is

field A=A, coswt (A, is the electric field vectoris just the
Volkov solution[14] T={x,IVIPk,)- (6)

|xx(D)=exgd —i(K-r—K-agsin wt—Ext/f)],  (3)  |fthe ®y (r',t") in the second term of Eq5) is replaced by
where K=P/# is the electron wave vector anéy XKo(r,’t,)’ using Eqs(3)—(6), we can obtain the scattering
=#%2K2/2m is its energy. Using Green function representa-matrix T{¥(v) with exchange ofs photons in second Born

tion approximation:
(2 )= T(D (2)
G(r,t;r’,t’)=—(2 5 J'dKXK (r,Oxs(r' tHu(t—t'). T/ (V) =T (v) + T (v), 0
(4) where
Hereu(x) is the step function, and one can obtain the solu- 1) .
tion of Eq. (2) with electron momentuniK,: TH(v) =3, (A i) V(Ky), (8

<2>(V)_f dtJ drf dt’j dr f(r,t)V(r)G,zq(r,t;r’,t’)V(r’))(Ki(r’,t’)

1 o t , N . (Ef_Eq)t -
:Zf_ dtf_ dt deqex i| —————(K{ ) agsin( wt) (Kfq)
~ Eq—Et
x; TgP(n)V(in)exp[i((‘*T')—nwt'”. (9)
|
By integrating Eq.(9) for t andt’ we finally obtain a,B=i,9,f
-|-<2) 2 f dK J dHJ d¢K2 V(IZ) denotes the Fourier transform of the atom potential.
(2m)® For simplification, we do not consider the polarization poten-

tial which describes the atom’s polarization effect induced

. 2 2 . —
Xsing[Kg—Ki—nfio+i0"]™* by the incident electron, but only consider the analytic
XT?é)(v—n)Tglﬂ(n), (10 [si:gienlng electric static potential with the following form
where 2
V(r) z > Aexp—air) (13)
~ - = - i — y
T =31\ ap) V(K op). (1) ris |
Here, where the parameterd; and «; are given by Salvaet al.
[15], Z is the nuclear charge number, then
h2K2
Ea: 2 aa 2
m V(K)=—4nz>, ——. (14)
- S =1 aiz-i-|K|2
KQB:KDZ_KB’ (12)

o From Egs.(9)—(11), one can see that’(n) represents
Nop=(Ky—Kp) - ag, the scattering amplitude of the electron transformation from
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initial momentum#K; to 2K, at timet’ absorbingn pho- O f ' '
tons, Jo(Ag) is the amplitude for this absorbing process, ' ¥ . . ;
then it reabsorbsi(—n) photons with amplitudd,,,(\¢q) 4 - E
at timet, hence, the net result is that the electron abserbs B to® ¥
photons. In the whole procesl%-,# ané Kf because the elec- ?8’ 3 oo TIIIInA]
tron is affected by photons and the poten¥al Q10® & //jw"
The v-photon differential cross section can be easily ob- /{,,«~"
tained by the following formula: 107 E e ]
?Z :\\\u._ ) _,,-//" ;
2 ok
) T2 (15) ' ' ]

(dO’)V_Kf(V)( m
Ki ©(deg)

We can see that the first term of ET) is just the FBA
amplitude, then the DCS obtained by FBA can expressed as

FIG. 2. Same as Fig. 1 but for two-photon absorption.

Ill. RESULTS AND DISCUSSION

The main difficulty arising in evaluating the second order
term T{?)(v) is the presence of the intermediate wave vector

qu in the argument of the Bessel function. In order to reduce

Here do/dQ)B is the differential cross section of field-free _the difficulty of calculatingT”’(»), we choose the geometry

scattering by the first Born approximation. This formula was™" which the polarizaticzn V_)eCtOI’ is parallel to the direction of
obtained by Bunkin and Fedordi6. the incident electron HllK;), thus T{?)(v) can be easily
One can see that the formula for the FBA differential €valuated by numerical integration.
cross section is the same as the KW formula except that the We have calculated the differential cross sections of the
field-free DCS is the exact elastic DCS in the KW formula €lectron-He scattering for the incident energy 10.5 eV at
but the field-free-first-Born DCS in FBA. The dynamic part small angles (0°-25°) with one-, two-, and three-photon
is expressed solely in terms of a differential cross section foexchange in the laser field with intensity kK&0° W/cn?
elastic scattering readily attainable in a field-free situationand frequencyw=0.117 eV by SBA. For comparisons, we
and the laser-assisted relative signal is plainly represented &ve also calculated the differential cross sections using
a simple analytic functiodi()\ﬁ) which only depends on the KWA an.d FBA at the same condition. The field-free ele}stic
polarization of laser field and the momentum transfer of thedifferential cross sections in the KW formula are obtained
incident electron, but is independent of the atom potentialUsing our previous optical methdd7]. These results along
However, we can C|ear|y see from qu)—(].S) that the with the experimental results obtained by Wallbank and
dynamic part includes the double scattering effect in SBAHolImes[6] are shown in Figs. 1-3. One can see that the
and hence the laser-assisted relative signal depends upon r&fgA results are apparently better than KWA and FBA com-
only the laser field, but also the atom potential. This featurdared with experiments. The KWA and FBA results are sev-
is consistent with the perturbation thedd2]. eral orders of magnitude lower than experiments; the reason
is that the argument of the Bessel function is very small in

(d(r)”_Kf(V) 16

20 do\B
aa Kk gl -

the small angle scattering situation. While the second ampli-

100 _ e .
E tude in SBA is integrated for polar angles after the first col-
101 L ] lision [Eq. (10)], the arguments of the Bessel function which
. " " appeared under the integral can be large even for small scat-
W oqg2 | S tering angle, so the second order amplitude is larger and
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FIG. 1. Absolute differential cross secti¢gBC9) for scattering 1015 | i
from helium as a function of the scattering andglefor single- i ‘-\ ]
photon absorption. The laser field frequencwis 0.117 eV and its 10 L R ‘ ‘ ]

intensity is1=1.5x10° W cm 2 the incident electron energy is
E;=10.5 eV and the laser electric field vector is taken to be parallel
to the incident direction. Solid line, SBA result; dashed line, KWA
result; dotted line, FBA result. Solid box, experiment, Héf.
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FIG. 3. Same as Fig. 1 but for three-photon absorption.
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becomes the main term in this situation. That can be seeand the acceptance angle of scattered electrons is very wide.
clearly from the comparison between SBA and FBA in Figs.However, Wallbank and Holmes have not specified the cor-
1-3. We can also see from the figures that with increase dgfesponding uncertainties in the angular definitions except
scattering angle beyond 10°, the DCS'’s of KWA increasethat the angular resolution of the electron detector is 2°.
gradually to approach the experimental data, and the discreg-here are, however, other important contributions to the an-
ancies between SBA and KWA are decreasing. This indigular uncertainties. Especially, it appears that the extent of
cates that KWA is a convenient and fairly proper method toth€ collision region might proved other few degrees of un-

predict the DCS at larger scattering angle, but for Smamertainpy in the definition of thg exit anglg. The divergence of
angle, it is too poor. the incident beam cannot be ignored either. In early experi-

Jnents with a similar piece of apparatus, Weingartshofer
et al.[3] profess that the total uncertainty of the experimen-
tal scattering angle is 8°. All these factors lead to the fact
that the experimental results are largé) In this work, some
factors are not considere() It is well known that the atom

the first term was retained, the result is just the FBA. KroII.pOIarization effect induced by the incident electron is very

and Watson have shown that the entire Born series can Bg]portant in field-free scattering. Naturally, this effect can-

formally summed under the Iow-frequency-approximationmt be ignored in laser-assisted collision either, however, the

condition, which neglected the intermediate process of pho§creening electric static potential used in the present work

ton exchange and only the direct exchange of photons Wa[sEq' (13)] does not |nclude_ this effec(Z)_ We only can|d-
considered. From this point of view, KWA coincides with ered th_e homogeneo_us, linearly pola_rlz_ed laser field, how-
FBA. On the other hand. the exact,elastic scattering cros&ver, this ideal laser field does not exist in fact. So, we have

section appears on the right hand side of 8q.due to the _rll_?]t mr']m'Cked thef e?penr;?ental (iOBdItIOﬂS cq(;npledteht/r.]
sum of the entire Born series under the low-frequency- ougn so many tactors have not been consiaered, the

approximation condition, and so there exist differences pePresent SBA has obtained encouraglng_results and greatly
tween KWA and FBA. improved the DCS of small angle scattering.

From Figs. 1-3, we also find that discrepancies between . In summary, we ot_)ta_in .results which reasopably agree
SBA results and experiments still exist; our results are a littl with exlpgrm(;egts{G], th'z m%matgs that the ?Xpetf'me”tﬁ.cﬁf?
less than experiments. Along with the increase of the numbel EXPIaINEC Dy Second order Born approximation, which 15

exchange photon, the discrepancies become larger. We thiffiensistent with the double scattering resgis].
that the reasons accounting for these discrepancies are the
following. (1) The experimentg6] still contain some de-
faults. Madsen and Taulbjefd8] claim that the collimation This work was supported by the Science Foundation of
of the incident electron beam is rather poor in experimentédenan Province, China.

Moreover, from Figs. 1-3, one can see that the results
FBA almost agree with that of KWA. The reason is as fol-
lows. The physical basis of the derivation of the KW formula
arises from anS-matrix expansion for the scattering using
Volkov basis stategfree electron in the laser fieldIf only
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