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Laser-field-induced modifications of electron-transfer processes in ion-atom collisions
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Electron transfer in the presence of a laser field is explored for the prototype collision systédd s on
the basis of a quantum-mechanical calculation. At collision eneEjies2 keV/amu the capture probabilities
are found to be conisderably enhanced or suppressed depending on the exact synchronization of the time-
dependent projectile and laser interactions. At lower collision energies the total capture cross section is strongly
enhanced irrespective of the relative phase between both fields. This enhancement should be directly observ-
able in future experiments.
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I. INTRODUCTION of laser-assisted ionization even{d4], and quantum-
) ) ) .mechanical calculations for excitation, ionizati¢h4,15,
Comblne_d Iaser—_ and (_:h_arged-partlcle mc_iuced eIe_ctrom@emron capturé5,16), and high harmonic generatiga 7]
processes in atomic collisions are of considerable interesfithin more intense fields. All these works predict significant

both from a fundamental and from a more applied point ofigifications of collisional or laser-induced processes when
view. First, they might broaden and deepen our general unsgip types of interactions are combined.

derstaqding of Qynamic atomic processes, which ha§ reached Tpe present paper elaborates on a pilot study of capture
a certain maturity for laser-matter interactions and field-freeyq ionization processes in HeH collisions at impact en-
collisions[1]. Second, and more specifically they might paveggies in the keV range assisted by laser fields of moderate
the way for the control of ultrashort quantum processesptensity and frequencies from the optical to the ultraviolet
v_vh|ch are deemed to b_e important for a number_ of app"ca'regime [5]. The time-dependent Schrodinger equation
tions, such as Iaser-drlyen fusion, plasma heating, and th@l’DSE) is solved using the basis generator metBGM)
development of fast optical electronic devices. . [18,19, which has been rather successful for the description
The question to which extent electronic processes in i0ng fig|d-free ion-atom collision§20]. The adaptation of the
atom collisions can be modified and manipulated by suitablggsm to the problem at hand is described in Sec. II. In Sec.
laser fields was first addressed some 25 yearS2gh but | resuylts for electron transfer are presented, and their impli-
remained basically unanswered to the present date. The Maitions for possible experimental investigations are dis-
reason for this situation is the absence of experimental datg,ssed. Some concluding remarks are provided in Sec. IV.

beyond thermal collision energi¢4]. The theoretical results  atomic units (A =m,=e=1) are used unless stated otherwise.
obtained in the 1970s and 1980s provided only modest in-

sights into the physics and potentialities of laser-assisted col-

lisions, since the models used were rather restrigtf.eRef. Il. THEORY
[5] and references therginAs the pilot studies were not
followed by experimental investigations the activities in the : - . . : . .
field subsided over the years. Only recently has the devebﬂa_nergms and field intensities can be described semiclassi-

ment of advanced experimental and theoretical technique‘?"y' €., proJeCt"? gnd Ié:\ser |gteract|ons clan be t_all<en ;]r.‘t?]
triggered renewed attention and activities. account in terms of time-dependent external potentials whic

To date, scattering experiments within a laser field seengovern the quantum dynamics of the electrons. In the present

feasible and are being considered or planned in several lab$/Crk the projectile is assumed to move on a straight-line

ratories. The main experimental challenge, the superpositioﬁa_JeCtoryR(t):(b’o’vpt) W'th |mpac_t pa_rametelo and col-

of a laser beam, an energetic ion or electron beam, and I&lon veIOC|ty_vp. '_I'he_laser interaction in length gauge and
target has been mastered very recefgly The possible con- d[pol_e approximation is characterized by the oscillating elec-
trol of slow atomatom collisions by laser light has been tic field

demonstrated with a somewhat different sefilp On the E(t) = epolEosin(wt + 6) (1)
theoretical side refined methods for the description of laser-

assisted collisions have been worked out, implemented andith constant amplitud&,, frequencyw, initial phases, and
tested on prototype scattering systems. These works includg polarization vectok,, of unit length. For a one-electron
perturbative calculations of electron capt(ige-10 and ion-  problem the nonrelativistic Hamiltonian takes the form
ization cross sectiongl1-13 in fast collisions assisted by 1

relatively weak fields of low frequency, classical simulations H(t) = - =A - Qr__ Qe _ r-E@), (2)

Laser-assisted ion-atom collisions at not too low collision

whereQ and Qp are the charges of the target and the pro-
*Electronic address: tom.kirchner@tu-clausthal.de jectile nuclei, respectively. We have to solve the TDSE,
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i () =HO (D), 3 VA ZLEMZ =~ QWy(er),
for the hydrogen ground state as initial conditipH(ty)) ' [+ el

=|¢1s). This is done by expanding¥(t)) in a finite basis
obtained from the BGM18,19. The BGM is built on the Vp(t) = - Q@ _ 5 Qe == - QpWp(t,ep) (8)
insight that convergence of a basis does not imply that one rp(t) [r3(t) + ep]"2
has to make an attempt at a complete representation of Hi
bert spacef, but that one has to ensure that couplings 1o thabreted as nuclear radii which are small but finite. In R&8]
part of H which is not covered by the basis are negligible.We proved that the set of states '
This can be achieved even with relatively modest basis sizes
if the model space defined by the basis has the flexibility to Xglm(r,g, €)= r';'lexp(— & )(rir, )'Ylm(g, ®),
adapt to the time development of the state vetid(t)). T T

The BGM starts with a finite set of eigenstates of the

{iith rp(t)=|r—R(t)|. The parameters,ep can be inter-

yn — 0
undisturbed system, i.e., in our case with a set of bound Xain(T 4., €7, €p) = [Wh(L, €p) Xri(T . €, €7) ©)
hydrogenic orbitals, with rET:[r2+6_2r]1/2 and
Holgd) =&,|¢%), v=1,...V, LuwLN,M e Vg, mnN, e Z,
A 1 -Ilsm=<I=<L, |I+N,<n=<N,
Ro=-3a-F, @ :
N,<O0<L<N-1, OsusM (10

which is called thegenerating basisSuccessive mapping of

these states with the Schrodinger oper&erH(t)—ié, gen-
erates a hierarchy of-dimensional subspaces #f,

fulfills the above-mentioned conditions rigorously. The very
same BGM basig9) fulfills those conditions also for the
Hamiltonian (2) of laser-assistectollisions, since the laser
Uy = Ol i) = OYeY, v=1,...V, u=1,..U potential in Eq(2) maps each BGM state onto a finite linear
(D)= Olet,™ (V) ), v combination of BGM states. This is demonstrated in the Ap-
©) pendix.

with the following properties(i) the set of state§¢"(t)),v Numerous applications of the BGM have shown that the

=1,... V;u=0,... U} is linearly independent and forms a numerically simpler ansatz
[VX (U+1)]-dimensional subspacdVV of H; (ii) for u<U ~u _ 1 40
the states of Eq(5) interact merelywithin the hierarchy of Xaim(T @) = [We(t, @) J* (1) (19
finite subspaces. Only the states which belong toUWhle  where the se{Xﬂlm} is replaced by a set of atomic orbitals
subset couple to the infinite complementary space'®f. If {4} defined by Eq(4) and where the alternative regular-
these states are not accessed during the time propagation, tlaation
TDSE is solved exactly it4"V [18]. L

The_structure c_)f the statgs defined by Eﬁ)_ beco.mes \7Vp(t, @) = —[1 - exf— arp)] (12)
rather involved with increasing order. For a given time- Mo

dependent interactioW(t) =H(t)—Ho it is thus useful to in- ity 4=1 is used[18], has been rather successful for the
troduce an alternative set of statflg}()),»=1,... N,u  description of field-free ion-atom collisiorf€0]. Therefore

=0,... M} via the simpler ansatz this approximate BGM basis is also employed for the present
- 0 problem of laser-assisted collisiorisf. Ref. [5]), i.e., the
X)) = V()| x,), (6)  state vector is expanded according to
thereby generating a second finite model spR&E. It can MV
be shown[19] that for any giverlJ,V there exist finite num- () =2 > ¢, ORLM) (13
bersM(U,V) andN(U, V) such that4¥Vc RMN if two con- 4=0 v=1

ditions are met(i) the generating basis of E@) (including

the physical initial conditiopis contained inRN; (i) the and the set of coupled-channel equations

operatorO maps each statg’(t)) onto afinite linear com- nv o
bination £ ,, of the stateg|x(t))}, '20 21 CuoOOMDIXL M)
wu=00v=
Olx“(0) = £, {5 vV .
=2 > C,(OGMDIHD —iafx41) (14
e[xfO)A=1,... Lk=0,...K], (7 S ‘
whereL=L(u,v) andK=K(u, v). is solved by standard methods. The basis used includes all

For the field-free two-center Coulomb problem such a baatomic hydrogen states of tH€LMN shells and 91 BGM
sis can be found if one regularizes the potentials according tetates from the sef{x“(t)),x=1,... M=8}. Electron cap-
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FIG. 1. Impact-parameter-weighted total capture probabilities as 04r
functions of the impact parameter for HeH collisions at projectile 0.2
energy Ep=2 keV/amu, laser field strengtky,=0.02 a.u., fre- 0.0 4
quencyw=0.1 a.u., and longitudinal polarizatiog||ve. Results 0.2
for different initial phases, the phase average, and the field-free I T L]
case are displayed. 150 -100 ] ;’21'] 0 50

ture is calculated by projecting the state vector onto all trav- FIG. 2. Time development of the laser fiefdt) (in a.u. multi-
eling projectile states Hén=1,2,3 at a final timet=t; that  plied by a factor of 1§ the electron loss probabilify,s{t), and the
corresponds to an internuclear distance of 45 a.u. expectation value(t)=(¥(t)|Z4¥ (1)) (in a.u) for HE*-H colli-
sions at projectile energ¥p=2 keV/amu, impact parametdy
=5.8a.u., laser field strengthEy=0.02 a.u., frequencyw

Ill. RESULTS =0.1 a.u., and longitudinal polarizatiaf|ve.

In Ref. [5] electron transfer in H&-H collisions at ability exhibits a pronounced maximu¢of. Fig. 1). The ex-
2 keV/amu was studied in linearly polarized laser fields withpectation values fo6=0 andd= are plotted along with the
the polarization vectoe,, oriented parallel to the ion-beam oscillating laser field1) and the total electron loss, i.e., the
aXiS(6p0|||Vp)- The field amplituddE,=0.02 a.u(correspond- sum of the(dominanj capture and thegsmall) ionization
ing to the intensityl =1.4x 10 W/cn?) and frequencies in  contributions. In the incoming channgl<0) the laser field
the range from 0.01 to 1 a.(corresponding to wavelengths gives ri_se to o_scil_lations o_f the electron_ clogd \_Nhil_e the ap-
from 4560 to 45.6 nmwere chosen so that ionization in the Proaching projectile polarizes the density distribution along
absence of the projectile ion is small, i.e., well below 1% atth® negativez direction. For the cased=0 both time-
t;. While the calculations have been performed with a condependent fields are synchronized such that they conspire
stant field amplitudd, it is noted that linearly ramped laser 2nd €longate the electron cloud stronger in the negative and

fields do not lead to different results in this paramter range. 'FhoeS'g?geszg{rZC“?gzéﬂagttge Esroé\e(r:glsiﬁlg?ethtﬁf?égnir;?t:ger
was found for frequencies below=0.3 a.u. that the total bp :

capture cross section depends crucially on the phagfehe action” capture is enhanced. If one choogssr the laser
oscillating electric field[cf. Eq. (1)]. The variations as a field opposes the projectile field around the closest approach,

f . fs - f . o= 0.1 and capture is reduced.
unction of & maximize at frequencies aroung=0.1 a.Ll. Apparently, this phase dependence is a dynamical effect

with strongly enhanced and suppressed capturé$dr and = \hich allows one, in principle, to manipulate the population
6=, respectively. The phase-averaged capture was found i the final states rather profoundly. While such fine tuning
be remarkably constant in the frequency range below seems unrealizable experimentally it might be possible to
=0.3 a.u. exhibiting an approximate 30% enhancement ofpserve fingerprints of th@nti-)synchronization of laser and
the field-free cross section. ion fields in highly differential spectra, since subfemtosecond
These findings are further illustrated by Fig. 1. Phasephase information is accesible via the drift momentum of the
dependent impact-parameter-weighted capture probabilitiegcoiling target ion22].
at 0=0.1 a.u. are compared with the phase-averaged curve The enhancement of the phase-averaged capture cross
and the field-free result, which is in close agreement withsection should be observable directly. It is therefore in order
state-of-the-art calculation&f. Fig. 1 of Ref.[21]). Simi- o check whether this effect is more prominent in other pa-
larly to the case of»=0.2 a.u. which was discussed in Ref. rameter regions. To this end extensive calculations have been
[5] the capture probabilities ai=0 and 6= are strongly performed as functions of collision velocity and laser fre-
enhanced or suppressed whie 7/2 and 6=3w/2 do not  quency, but at fixed field strengfy=0.02 a.u. As a general
yield significant effects. result it is found that the phase-averaged capture approaches
It was argued in Ref{5] that these variations can be un- the field-free result towards faster collisions while more pro-
derstood by considering the expectation valzg(t)  nounced differences are observed at lower velocities. This is
=(¥(1)|z/¥(1)) of the electronic coordinate in the longitudi- demonstrated in Figs. 3 and 4, which display impact-
nal direction. This is demonstrated in Fig. 2 for the impactparameter-weighted capture probabilitiesEat=1 keV/amu
parameteb=5.8 a.u. for which the weighted capture prob- andEp=0.25 keV/amu.
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FIG. 3. Impact-parameter-weighted total capture probabilities as Fl?'r 5|_'| ;oﬁl Calllptwr? Cr;stS?Ct'O;:S fas; igr;gtlfc:ns OLémpk?Ct en-
functions of the impact parameter for HeH collisions at projectile ~ ©'9Y '© - coflisions. BLM results for Tield-lree and phase-
energy Ep=1 keV/amu, laser field strengtiy=0.02 a.u., fre- averaged laser-assisted collisions at field streriggh0.02 a.u.,

P ’ o 0T o frequencyw=0.1 a.u., and longitudinal polarizatiag,|[ve. MO I:
quencyw=0.1 a.u., and longitudinal polarlzatlm‘,;,mva. Results

for different initial phasess, the phase average, and the field-free molecular-orbital calculation of Ref23]; MO II: molecular-orbital
case are displayed ' ' calculation of Ref[26]. Experiments: circle§24], triangles[25].

o molecular expansion$23,2q. Detailed comparisons with

At Ep=1 keV/amu the phase sensitivity is even moregther theoreticajand experimentaldata can be found in the
pronounced than aEp=2 keV/amu (Fig. 1), while the  |atter works and in Refs[21,27. We observe good agree-
phase-averaged result is enhanced by more than a factor ofigent with the present calculation except for very low projec-
compared to 30% at Ep=2keV/amu. At Ep tile energies where the results of R§26] decrease much
=0.25 keV/amu field-free capture is very small, which ismore steeply. The reason for this behavior is that a curved
due to the fact that the collision system with doubly chargednstead of a straight-line trajectroy was used in R26] to
projectile and singly charged target nuclei is asymmetric, andiescribe the nuclear motion. In very slow field-free colli-
energy is needed to induce transitions between the relevagfons, capture occurs only at small internuclear distatefes
molecular stategfor a correlation diagram of théHHe)**  Fig. 4), which are, however, supressed by the Coulomb re-
system see, e.g., RER3]]. By contrast, field-assisted cap- pulsion. The semiclassical approximation itself was shown to
ture is very efficient for all phase® At even lower projectile  be valid down toEp~0.1-0.2 keV/amu. Only below these
energies the phase dependence vanishs completely as #gergies did quantum-mechanical calculations based on a
field oscillations are fast compared to the slow ion movemenpartial wave expansion yield results that differed substan-
in this region. Moreover, the inefficient field-free capture sig-tially from the semiclassical ones based on curved trajecto-
nals that the projectile potential itself exerts but a minorries[26].
influence on the electron dynamics. It merely makes final The phase-averaged laser-assisted capture cross section at
states available which are populated due to the action of the=0.1 a.u. exceeds the field-free result by orders of magni-
laser field. tude at low collision energies. This dramatic enhancement

In order to gain a more comprehensive picture of theshould be easily observable in experiments. One can expect
laser-induced enhancement total capture cross sections atéat curved trajectories will not change the field-assisted
shown in Fig. 5 as functions of the projectile energy. Thecross section significantly even at the lowest energies shown
field-free results are compared with experimental datas the dominant contributions are due to relatively large im-
[24,29 and with two state-of-the-art calculations based onpact parameter&f. Fig. 4 where the Coulomb repulsion of

the nuclei is small. However, this claim should be corrobo-

2.5 T T T .

I - — E=00su. rated by future calculations.

20 | i :"-, — Z:,",/z Finally, the frequency dependence of the field-assisted
R ’- i ’\i - g:;r/z phase-averaged capture cross section is studied in Fig. 6. The
815 A i,l" == average strongest enhancement is found arousd0.1 a.u. for the
=0 o lowest collision energy. A qualitatively similar behavior was
1.0 I . . %

v | A ,\l observed in an early study of laser-assisted capture fii He

- o5 & MR i -H collisions, albeit at lower field intensities and even lower
Mj projectile velocities[28]. That work was based on an ap-
o - "1 — : o proximate two-state molecular treatment, in which laser-

assisted capture occurs as a consequence of couplings be-
tween the relevant quasimolecular states induced by the laser

FIG. 4. Impact-parameter-weighted total capture probabilities apotential. One might expect that the cross section maximizes

functions of the impact parameter for HeH collisions at projectile
energyEp=0.25 keV/amu, laser field strengf,=0.02 a.u., fre-
quencyw=0.1 a.u., and longitudinal polarizatioa]gmva. Results

if one chooses the laser frequency such that it matches the
energy difference between the quasimolecular states at the
internuclear distance where the coupling matrix element is

for different initial phasess, the phase average, and the field-free largest[29]. For the Hé*-H collision system this resonance
case are displayed.

condition yieldsw=0.15 a.u. as optimal frequency. How-
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From the theoretical perspective these findings imply that
in general one cannot content oneself with a calculation for a
single phase. Instead, one has to consider all relative phases
of the two external fields in order to obtain a complete pic-
ture of the collision dynamics. This makes such calculations
relatively costly.

It is of interest to extend the calculations to other polar-
ization directions relative to the ion beam axis, as well as to
circularly polarized fields, for which circular dichroism has
been suggested to play a visible rdl@0]. Moreover, the

wla.u] present approach can also be used to study ionization and

FIG. 6. Total capture cross sections as functions of laser fre€XCitation processes in field-assisted collisi¢hl; and can
quency for H&*H collisions. BGM results for phase-averaged be extended to the investigation of many-electron systems

laser-assisted collisions at field strengBy=0.02 a.u., different Within the framework of density-functional theof31,33.

projectile energie€p, and longitudinal polarizatioyf[ve. While interesting results_can be expected from such purely
theoretical works experimental efforts are necessary and
highly desirable to foster laser-assisted collisions and help

ever, the authors of Ref28] found the largest capture cross gstablish a lively subfield of modern atomic collision phys-

section around»=0.1 a.u., in accord with the present re- 'S:

sults. This indicates that the relatively crude model of Ref.

[28] includes the relevant physics at very low collision ener-

gies, but that a naive prediction based on correlation dia-

grams and coupling matrix elements alone is not sufficient 0 | is g pleasure to thank Hans Jirgen Ludde for many

describe the situation. useful discussions and his continuous encouragement to do
With increasing energy the cross section curves displayeghis work.

in Fig. 6 flatten and the phase-averaged capture becomes

practically independent of the frequengyf. Fig. 2 in Ref.

[5]). As demonstrated above it is only in this region that the APPENDIX

projectile potential is strong enough to induce appreciable

electronic transitions. At the same time its synchronization Ve have to show that the laser interaction in the Hamil-

with the oscillating laser field gains importance, and the sifonian(2) maps each BGM stai®) onto afinite linear com-

multaneous action of both fields either enhances or supPination of BGM states. The laser potential in length gauge

presses capture such that on average the laser effects daep_d dipole approximation is a scalar product of the position

crease and the field-free result is approached vectorr of the electron and the polarization vectgg mul-
' tiplied by a merely time-dependent functigef. Eq. (1)]. In

order to prove the BGM condition for all polarizatiodi-
ear and ellipticgl we have to evaluate the expressions
xixﬂ,m(r ,&,€7) for the three Cartesian components,

ACKNOWLEDGMENT

IV. CONCLUDING REMARKS

Electron capture in slow ion-atom collisions is consider-
ably modified when the collision is embedded in a laser field. Xx(r,& er) =r 2;"1eXp(— &re)sin 0 cos oY['(6,¢),
The present calculations for Ffe-H collisions confirm the
prediction of early workg2,28] that the total capture cross
section in an asymmetric collision system can be enhanced 0 (1 & ¢y =r "1 " lexp(— & _)sin 6 sin oY(6,¢),
by orders of magnitude at very low impact energies where T T
field-free capture is weak. This enhancement should be di-
rectly observable, and it is therefore suggested that future -
experiments concentrate at first on this region. At somewhat nglm(r'g’ en) =1 1 :TI expl(- EreT)COS N(6,¢).
higher impact energies field-free capture is stronger and the (A1)
laser effects become more subtle. A truly dynamical effect
which depends on the synchronization of laser and projectile . . )
interactions is observed in this region. If one could controlUSiNg the abbreviatior=cos ¢, the relation
the fields on a time scale well below one optical cycle one
could use this effect to control the electron dynamics, i.e.,
one could either enhance or suppress the capture probability Y60, ¢) =
significantly by choosing appropriate relative phases. Such
fine tuning seems unrealizable at present, but it might be
possible to observe fingerprints of the synchronization of thend the recursion formulas for the associated Legendre func-
fields in highly differential measurements. tions [33],

20+ 1(1-m!
47 (1 +m)!

P'(k)expime)  (A2)
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1
«kP["(x) = 2|—+1[(| -m+DPE(x) + (I + mPL(x)],

1
21+1

V1= 1P = =———[PMY(x) - P70

o1 i 1[(' -m+1)(I-m+ 2P k) - (1 +m)(I + m=- )P (x)],

which hold for positive and negative valuesrofif the convention

| - m)!
Pr™(k) = (- 1)m—EI " :;: PM(x)

is used, we obtain for the angular parts in E41)

. m 1 [+m+D)(I+m+2) . l-m+1)(-m+2)
sin 6 cos ¢Y, (9,¢)=‘§( ( (;I1+1;EZI +m3) )Y|+11(9,<P)‘ ( (;I]+1;E2l +m3) )Y|+11(9,90)
CU=m=Dd-m) g I+m-1(+m)_ )
@-pa+n AN G h@ ey 09
i [ D 2 I—m+ 1)l —m+2
smosnoon = Gy ey e

Cfiem-n-m) o [m=DAm) )
(2-D@E@+1) Y1 (09) (21 -1)(2 + 1) Yir(0e) ),

| — )(I 1 | — |
cos ¥ (6,¢) = \/ ( (;‘jl;ﬁmj”; Iym (0,6) + —<(2| _T§§2|++mj)vml<e,¢).

If we furthermore take into account the&=ri—e—2r we finally obtain

> X1y 1+1)(men) (7,8 € €7, €p)

B \/(I -m+1)(I-m+2)
(

1 | ) 2

n
2 +1)(2 +3) Xinen+ 1m0 (1€ €r, €p)

l-m-1)(-m)
A-D@+1) (X 0-2men) (T L& €r.€0) = EXlh-1y0-nymen) (11 €7,€p)]

(I+m-=-21)(+m)
+1/ mx&+l)(u-1)<wl)(r.t,§, et €)= €rxth-ni-n (T L é erep) |,

i (I+m+1(+m+2
yX#Im(rvtvgv T e-P) = E( (2| + 1)(2| + 3) X(n+1)(|+l)(m+l)(r ,t,f, ET’GP)

. \/(| -m+1(-m+2)
(

(21 + 1)(2l + 3) X(n+1)(|+1)(m—1)(r,t,§, €T, €p)

_J=-m=-1(-m)
(21 -1)(21 + 1)

(I+m=-21)(+m)

[Xﬁ]+l)<|_1)(m+l)(r ’t’ §1 €T EP) - E%Xﬁ]—l)(l—l)(m+l)(r vt! g: €Ty GP)]

- [Xﬁ1+1)<|_1)(m_1)(r,t,§, €r,€p) ~ E%X{;—l)(l—l)(m—l)(r LE GT,GP)]> )

(21 -1)(21+1)
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I - Ll 1 | - [
ZXaim(T 1, & €, €p) = \/( (;]:1;E2r+m3-)'- )Xﬁ‘+l)(l+l)m(rvty§v€TaEP)+ %

X [X’(L,h+1)(|—l)m(r !t: §! €T, EP) - E%Xﬁ'n—l)(l—l)m(r 1t| gl €T, EP)] ’ (Alo)

which demonstrates explicitly that the application of the laser potetigh any polarizatiopon a given BGM state can be
written as a finite linear combination of BGM states.
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