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Laser-induced coherence in ultrafast multiphoton excitation of individual molecules
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The transfer of the intrinsic coherence of short pulses to molecular systems is investigated and an explicit
derivation of the excitation probability of the ultrafast multiphoton process is presented. We show that for
ultrafast excitation the angular cross section splits into two distinct factors: the “frozen orientation weight,”
which involves the space configuration and nonlinear dependence, and the “laser-induced coherence,” which
reflects the coherent superposition of the ground- and excited-state orientations. Quantum interferences give
rise to a “coherent polarizability” and provide evidence for a sharp confinement of the excited electron
motion. The confinement is inversely proportional to the number of coherently excited rotational states.

PACS numbsd(s): 42.50.Hz, 32.80.Wz, 42.65k

[. INTRODUCTION and the spectral extent of the induced coherence within the
rotational structure. By establishing such a large molecular
Over the last decade, important progress has been madeherence, the polarizability of the individual molecule ex-
with the advent of Fourier-limited laser pulses¢At=1). hibits a dramatic dependence on its spatial configuration: the
These pulses provided evidence for novel effects in physicgnisotropy of the ultrafast multiphoton excitation process is
and chemistry1—3] and are already used as a powerful toolfirst limited by a broad envelope characteristic of the number
in the study of the quantum behavior of atomic and molecu©f interacting photons, which is spectrally observed in the
lar system$4—6]. Their increased intrinsic coherence can beexcited state of an isotropic molecular gas. For the rotation-
transferred to a molecular system by simultaneously excitinglly frozen individual molecule, however, this anisotropy is
a large number of degenerate states, thus making the systestgular, and for optical frequencies it shows a sharp space
undergo quantum interferences during a dephasing timeonfinement for the excited-electron motion.
characteristic of the energy relaxation. A representative case
reflecting this quantum behavior is the case of a “rotation-
ally frozen individual molecule.” In the absence of signifi- Il. LASER-INDUCED ROTATIONAL COHERENCE

cant molecular rotation, the rotational states cease to be spec- The theory of multiphoton excitation has been established

trally observed and the deposited energy is associated withfgr more than four decaddd] and, with the advent of the

high number of rotational states. _ laser, has become a powerful spectroscopic tool for the study
Here we report on the coupling scheme for multiphotongf atomic and molecular structure. Thephoton excitation

ultrafast laser-molecule interaction for symmetric-top, linear,yropapility for the molecular transitiong)—|e) is S(e“g)

or diatomic mplecules and optical po!anzed |nC|dent radla—:[1/(2J9+l)]2M " |Ag8|21 the amplitude probability

tion assumed im-photon resonance with an electronic tran- e’g

sition. With the ultrashort-pulse intense laser fields available

nowadays, multiple photons may interact coherently with the

molecule while the pulse duration does not allow significant A= > (eluplin-1--(ialmplM g, |
rotation of the molecule. Such coherent interaction with at- '1-+n-1
oms and molecules is of increasing interest, both for ultrafast —(n-1w]..[og; —]

I

dynamics and multiphoton spectroscopy. The key aspect of

the ultrafast excitation of an individual molecule is the high-

coherence regime that is established in the excited electronis the n-photon transition amplitude and, the laboratory-
state through the degeneracy of the rotational structure. Thigxed component f=0,+1) of the induced electric-dipole
description of the interaction is built, rather, in terms of theoperator.w stands for the angular frequency and, in the ab-
numberN of coherently excited rotational states. The coher-sence of external fields, we sum incoherently over the Zee-
ence is thus quantified with the number of excited rotationaman levelsMy andM,. This quantum expression has been
states, and induces in the molecule an interference regimesed repeatedly in the past with matrix elements assuming
Here we intend to define the numbirthat is intrinsically  orientation averaging for the freely rotating molecules. Nev-
related to the time duration of the coherent pulse. A furtherertheless, the presence of orientation averaging during the
purpose of this work is to find the dependence of the angulainteraction process washes out space-distribution properties
cross section on the numberof interacting photons. In par- inherent in an excited electron moving in a space-fixed mo-
ticular, by exciting an individual molecule with optical fre- lecular frame and experiencing the electric field of a polar-
quencies, the intrinsic coherence of the laser pulse is experized coherent pulse.

enced by the excited electron. Under these conditions, the If we use the Born-Oppenheimer approximation and keep
spatial distribution of the excited electron reflects characterin mind that for short pulses there is no significant molecular
istics of the laser pulse, the order of the nonlinear processptation[8], we find
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m(w The integeN involved in the summations is the number of
SSZJ=%JO jo sing’ dB’sinBdBSE\(JeB’:gB)- excited rotational states and thé¢ 8ymbols show thaf
=k’ if k’<k or T{=k if k<k’. In particular, forN=1 we
The angular dependence of the individual molecule is writterhave an absence of interferencés-(' =0) and only oner
as angular momentum is present in the laser-molecule interac-
tion: observation of a single rotational state demanddT

n) .. ’ ’ =T,=k=k’ while the rotational factor reduces to
Pak(JeB' 1 3gB) =0y, 2 2
k'=T0 k=To " , 5k,k
Kk KE ok Op ak(JeB';IgB)IN=1= k1 (2J,+1)
X®P,AK(‘]EB,;‘]gﬁ)Mp'AKM P,AK -
(1) y Jeo k Jg)z
—-Ke AK Kq

This is the excitation probability for the coupling of the

ground-state orientationJq,8) and the excited state This is the incoherent rotational line factor that provides the
[Je.B"):0y,., is the Franck-Condon factor, and the tensorajiowed rotational branchdd J|<k=n. We also obtain the
M‘;' Ak contains the frequency and electronic-vibrational de-same results, if instead of settif=1, we average Eq2)
pendence(this tensor is considered in the AppendiP over all 3 andB'. In contrast, if we consider the case where
=np(=0or=n) stands for the polarization state of the multiple rotational states are excited coherently, the rota-
identical photons, andK is the electronic resonance. Since tional branches lose their usual meaning; ijAJ|<7<N

P and AK are the projections of thae-photon angular mo- +n—1. One has to sum coherently over all rotational states
mentumk (or k'), we haveT,=|AK| or n whether the po- overlapped by the broad spectral bandwidth of the short
larization is linear or circular, respectively. The angieand ~ pulse. It can be seen that, when summing &j.over all

B’ describe the orientation of the molecular axis in the labointerference-allowed rotational statds, the excitation pro-
ratory frame[9] for the ground- and excited-electronic state, cess becomes independent of the ground rotational[dtake
respectively, and) is the total angular momentum of the the coupling of the ground- and excited-state molecular ori-

molecule. Finally, the tensa®k & (Je8';348) is the indi- entations is then described by
vidual molecule rotational factor that has been presented pre-
viously [10]. Here we need to determine the number of co- KK ore s & K
herently excited rotational states and, for purposes that will Op sk(B"8)= ET (27+ 1) Zp ak(B")Ep,ak(B),

=lo

r
N+Tg—1

become clear in the following, we write (3)
N+Tj—1 N-1 N-1 with
OFk(JB'138= 2 2 X - ,
=Ty |'=0 1=0 & , , T k
PakB)=2 @'+1)| 5 o P)
X (21" +1)(27+1)(21+1) 1"=0

k" | 7 T I kK » T "k )P (cosB")
X ’ .
P o P l-P 0P ~AK 0 AK/"
Je I % Here we focus on the case of a rotationally frozen molecule
X & | 7 K [11] whereN is significant compared to the number of pho-
AK tons. Under these conditions, thiéensor can be replaced by
* ko Jg the product of two reduced rotation matrix elemeftg],

X Py, (cosB’)P,(cosB). ) and Eq.(3) simplifies to

The ¢ tensor is a scalar product of five Racah coefficients B8 K (B i BIN=1=QD ak(B':B) S a(B) d sk(B).

[10], the asterisks indicating a summation over all adjacent (4)
rotational stated andJ’ that interfere withJ, through the . N , Nt Too1
integer angular momentaand|’. This tensor possesses the ~ 1he quantity Qrak(B":B)=2% _7) (27
closure relation +1)dp Ak (B')dp ax(B) is the molecular orientation overlap

factor (MOOF); the sum is truncated &t=N+Ty—1(=N
+Ty—1) and involves the number of excited rotational
Excl I * k| =1. states. This means that the inte§emust be determined by
J the full width at half-maximum(FWHM) of the laser pulse
that overlapsN rotational states. It has been shofi@] that
We observe thatandl’ couple the rotational structure with the integerT is related to the peak power of the laser pulse.
the molecular orientation through the Legendre polynomialsimportant values folN are then intrinsically related to the
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short-pulse high-peak powers, and the large rotational coher- The factorquK(,B“) is the laser-induced rotational co-
ence in the excited electronic state demands the conditioherenceLIRC). The dependence on the order of the nonlin-
fhAt<lg. |g is the moment of inertia of the molecule about egr process is found in oM (8*)

an axis perpendicular to the molecular axis; i.e., this stands qvevg|2kM II(D,AKdllg,AK(:B*”z- This numerical coefficient

If)r aI rotar;uonally fl;ozen molg%ule err? tr}etrl]ndgc_?dl rOtta'depends on the frozen orientatigh and the number of in-
lonal conerence becomes independent of the initial ro feracting photons: due to the absence of intermediate reso-
tional state. The MOOF cannot exceed the value

N p nances with real states, the orbitals associated withnthe
QTo'To(O’O_)_N(NJFZTO) (where the mole.cu|e f_ind .Iabora- —1 intermediate virtual states are diffuse and the shape of
tory quantization axes have a common orientation in spacethe nuclear frame can be disregarded in the determination of
and it contains the intrinsic coherence of the short pulse; i.ethe tensom , ; i.e., for the ultrashort-pulse intense laser
only this factor depends on the number of excited rotationafie|ds involved in multiphoton processes, the molecule be-
states. Nevertheless, the coherent nature of the excitatiqfhyes in many aspects as an afd@]. We will consider the
process does not allow us to regard the orientation of theansormk |, with an excited electron moving in a central
molecular axis in the ground and excited state separately biy. we will treat the excited electron as a Rydberg electron

rather requires consideration of these two orientations in a4 subsequently average over all allowed orbital states.
coherent superposition. Furthermog#, is not well defined With the aid of the Appendix, we obtain

and we must take contributions from @l values. In such
circumstances, we must introduce two new variables: .

2n+1
B =58, (53 EaB)= 2 iy o (PIdh (£

(8a)

B*=(B"+p)2. (5b)

L 12
B~ is the angular spread, which can be seen as the separation For simplicity, the global faCthUe"g| Mf9| /(2n+1) has
of two coherent-state wave packets in phase spacegaigl  been dropped. The geometrical coefficierfy . (5*) is the
the coherence center, which is a mean orientation for th&0zen orientation weightFROW). In circular polarization,
molecular axis during the interaction time intervilor k’ we have
cannot exceed andN>1; the MOOF is a sharp distribution
(it is important only if 8 is close toB), whereas the part (n) *\—nl EENIRIPL *\[2
associated with the order of the nonlinear proagiss sum- enak(B = 2n=11ldLy sk (BT (8D
mation is limited byn) is only a broadband distribution. We
have a slowly varying envelope where the amplitude and For linear polarization and one-photon excitation,
phase do not vary significantly over the wavelength ofag%A)K(ﬁ*)=Idé’AK(B*)F, whereas fom=2 andn=3 we
the coherent wave packet. Summing E@) over all 8'  obtain, respectively, o R (B*) =358 ak+ 51034k (B%)?
cpn.trlbutlons, the excitation probability sphth |nto~ two and US?A)K(B*):%M%J,AK(B*”Z—’_ zis|dg,AK(ﬁ*)|2- In gen-
distinct factors: the coherence factorQp \«(B8~)  eral, the FROW coefficient cannot exceed unity and contains
=3J5sinB dB’ Qb k(BB —B"), whose FWHM reflects the propertiess{)(0)=1 and o', . ,(0)=n!/(2n—1)!1;
the uncertainty in the molecular orientation during excita-j.e., the amplitude of the angular cross section is maximum
tion; and a molecular orientation weight factef(prf)AK(B*). (unity) for a molecule aligned along the linearly polarized
We further observe tth,ﬁ"AK(ﬁ”) is a superposition oN  vector and an electronic resonant®& =0. We also observe
convolution products taken over the sphere of the unit radiughat the excitation probability of a molecule aligned with the
since quAK(ﬂ”):QQ’AK(IBN)/QQ]AK(O) cannot exceed linearly polarized vector or a molecule oriented in the direc-
unity, we write tion of the laser beam for circularly polarized light4] dif-
fers by the facton!/(2n—1)!!. This is the polarization in-
Sk(B* 1B )=\ (BN sk(B7) (6) tensity ratio. Therefore the numerical value @f'\«(8*)
gives the polarizability amplitude with respect to the most
with favorable space configuration PEAK=0), while
q'SVAK(,BN) provides the uncertainty in the molecular orien-
" g N*To~1 tation about the coherence cengr. The coherent excitation
Gpak(B)=7 :ZT (27+1)dp \k(B7)*dp sk(=B7),  probability SE%(8*;87) =0k (B*)ap sx(B~) consti-
0 (73 tutes the angular cross section of the ultrafast multiphoton
excitation of the rotationally frozen molecule. Furthermore,
it is important to remark that after having separated the an-

pak(B7)*dp sk(=B7) gular dependence in the multiphoton process, the frequency-
T dependent multiphoton electronic-vibrational constants in-
=%JO sinB’ dB’" dp ak(B') dpak(B'—B7). volved ina’y «(B*) can be determined by a simple analytic

expression if we assume a spherically symmetric ion core for
(7b) the excited electron.
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Ill. DISCUSSION AND CONCLUDING REMARKS

The key result of this work is the explicit derivation of the
angular cross section for ultrafast multiphoton excitation and
the separation of the coherence and the nonlinear depen-
dence: we can give direct evidence for the coherent behavior
of q'S'AK(,B”) by considering linear polarizatiorP=0) and
electronic states of the same symmetyK(=0); we obtain

N—-1 N—-1

1 1 o
q’c;‘o(ﬁw): N 2 COE(TBN):RE{N 2 e 7B e I7h
7=0

7=

Btn
which shows that the LIRC is a superposition over the har-
monics of the angular spread™, and the coherent-state
wave packets of the ground and excited electronic states ini- N=30 n=6
tially show a common phase: we find an additive accumula- - .
tion of amplitudes wher8~| remains smaller tham/2 for >t _Er 1
all 7. This takes place, for instance, whgB~|<#/T and, - 6% () |l ap= w130
for To=0, the FWHM obeys\ 8~ =7/(T+1)=«/N. Then e M \ \
. . N ~ £ = 0 ’\ o | [
if one considerg)p ,x(B8~), one will find =% \ T o, || ol /‘/
W | e Pl
AB™ =/ N(N+2Ty). 9) ; Sl \Qly
fEIectric field Laser beam
Therefore the FWHM of the angular spread decreases linear circular
with an increasing number of coherently excited rotational polarization polarization
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coherent superposition
of N motional states :

@eH1)d, (B)xd] (B

states: it is easy to obta as a function of the pulse dura-
tion. The LIRC is a wave packet formed by the coherent
superposition of ther -harmonic wavesCp ,x(B87)=(27
+1)dp Ak(B7)*dp sk(—B7): we haveN harmonic waves
and the frequencycm 1) associated with the~harmonic  with N rotational states of the excited electronic stéte We have
wave is v,=2By{7r(7+1)=B(27+1), with B(Cmfl) the  the simultaneous presence Kfwaves(see text which interfere
rotational constant. Provided that the uncertainty in energyround the coherence cenigt = (8’ + g)/2. For optical frequen-
AE is associated witll degenerate rotational states, we maycies, the coherent superpositio ,«(87) is experienced by the
assume thal= AE/(E)=Av/({v) with Av the spread in fre- excited electron and a “coherent transition dipole” is induced in

quency intrinsic to the short pulse. Then, for the averagéhe molecule. The angular confinemen8™ of this dipole reflects
frequency we havép) = (l/N)ET + v,=B(T+To+1) and the number of excited rotational statés). The coherent polarizabil-
=Ty °T

. . ity SEAK(B*: 87 )n= 05k (B*) A ax(B7): the electron motion is
obtain T=IntyAv/B+Tj. Thgs for Foyr|er-l|m|ted .pulses confined dramatically in space and can display either an oscillating
the number of coherently excited rotational states is

motion along the molecular axis or a transverse confinement with a
net helicity. The amplitude of the coherent polarizabiliimen-
1
N=(1-Tg)+Int\/—— + T2,
with y=2mwcB=1/2lg a typical rotational frequency anki

sionles$ depends on the frozen orientatigtf and the number of

photons n. It is limited by the slowly varying envelope

o (B*), which is unity(maximum for the most favorable space

configuration where the excited molecule is aligned with the elec-
the pulse duration. If eitheyAt is close to or larger than tric field of linearly polarized light.
unity, we haveN=1; the conditionAv<B indeed implies
orientation averaging. Furthermore, the normalization conis N=40, whereas for a heavier molecule such gsl{ we
stant N(N+2T;,) of the MOOF equals the dimensionless obtainN=128. The number of excited states for lighter mol-
parameterA v/B=(2lg/4%)AE; i.e., AE is the uncertainty ecules such as HCI or4and for the same pulse duration is
in the energy of the laser pulse and tiusvaries with the  found to beN=17 and 7, respectively. With the coherent
square root oAE. pulse we have created a quantum superposition of distinct

For the ultrafast excitation we havev>B and may write. motional state<Cp ,«(87), and the coherent motional state

N=T= A v/B=1/\/yAt; the number of events increases asqp ,(3"~) induced in the excited molecule is found to be
1/\/yAt. This is characteristic of diffusion. For the CO or expanded into the basis of the harmonics of the angular
NO molecule and a pulse duration longer than?! spread. We see in Fig(d) that mutual interferences between
=2.7ps, we excite only one state. In contrast with the motional states become rapidly destructive with increas-
=2.7fs, we excite 31 degenerate states while each state pasg 8~ , whereas folB~ <#/2N it exhibits an additive accu-
sesses the energfE)=AE/N=[|M]A/NAt=10"%1J. For = mulation of amplitudes. For optical frequencies, the coherent
At=1.7fs, the number of coherently excited rotational statesuperposition of the ground- and excited-state molecular ori-

FIG. 1. (a) With the ultrafast excitation the ground- and excited-
state molecular orientation8 and 8’ are found in a coherent su-
perposition. The ground electronic stalg is coupled coherently

(10
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entations is experienced by the excited electron, and the su- In conclusion, the angular cross section for the ultrafast
perposition of the motional states results in a spatial confinemultiphoton excitation has been investigated. Coherence ef-
ment providing evidence for a “coherent transition dipole”: fects are dominant in the interaction. The space distribution
eachr wave (motional stateis associated with a transition Of the excited electron in the frozen molecular frame can be
dipole since it couples the ground rotational state with soméleduced from the number of coherently excited rotational
degenerate rotational state of the excited electronic statstates and the number of interacting photons. This space lo-
Nevertheless, each transition dipole is readily related to th&2lization for the electron motion is found to be inherent in a
molecule’s symmetry and to the symmetry of the electronic |aser-induced quantum superposition”; due to the factor-
transition: i.e., from symmetry considerations, the dipole mo-2ation of the coherence and the nonlinear dependence, the
ment must lie along the molecular axjzarallel type or in a rotationally fr_ozen |_nd|V|unaI molecule can be l.J.Sed as a
plane perpendicular to the molecular axiserpendicular quantum device for inducing a quantum superposition of dis-

type). Furthermore, the motional sta@% . (8") is the au- tinct moti_o_nal _states in thg excited electror_L This qLiantum
. ) , Al superposition is characterized by the amplltuﬁé)AK(,B )

tocorrelation function ofy27+1dp ,(B87); this is the and the anaul fi At3~ ’

. . . ! gular confinementg™.
probability amplitude for the orientation of the angular mo-
mentumr when the angular spread 5~ and can be seen as
the angular part of a one-electron orbital. From the coherent
superposition of a large number of such states we have in- The author is grateful to M. Chergui and J. P. Schermann
deed an angular momentum aligned with the molecular axigor a critical reading of the manuscript.
and thus a transition-dipole moment of parallel or perpen-
dicular type depending on the_ light polarizatidi#]. In Fig. APPENDIX
1(b), we see that the longitudinal component of the “coher-
ent transition dipole” is oscillating along the molecular axis ~ The high intrinsic uncertainty in energy and the absence
if the polarization is linear, whereas for circular polarization of intermediate resonances with real states allow one to as-
the electron motion is confined in a plane transverse to theume diffuse orbitals for the— 1 intermediate virtual states.
molecular axis with a net helicity. The angular confinementFor the ultrashort-pulse intense laser fields involved in mul-
is given byA B~ =7\B/Av=\DAt, the FWHM of the an- tiphoton processes, the molecule behaves in many aspects as
gular spread of the molecular axis. The constant 72y an atom and, in order to have at hand an analytic expression
(racP/sec) is the phase-diffusion coefficient. The damped osfor the tensoM ;AK, we will assume that the excited elec-
cillations of [q(87)—(q)]¥ o drawn in Fig. 1a) elucidate tron is a Rydberg electron. The tenddf , involved in Eq.
how the coherent superposition of the motional statesl) is written as
dephases with molecular rotation and the coherent polariz-
ability collapses with the increased relative phase rotation of ,,k _, . ak (n)
the ground- and excited-coherent-state wave packets. The Mpak=(~1) Bk(P)qEqn Bk ) 2
corresponding angular wavelengthNgy=2A 8~ = J4DAt _ N
=27\/yAt, and the enhancement remains important roughly X ’7f|“qn| n-1)-- < ’71|l“q1| 1)@y,
within a singleh.4. This wavelength can thus be seen as a
“coherence-angular length,” and the integ&¢=27/\q) —(n=Do].. [og, -] (AD)
can be characterized as the wave number of the LIRC. The )
number of complete cycles during an angular spreadmois2 The tensorsB,(P) andB{"(dy ...d,) have been defined
T. For the rotationally frozen individual molecule whexe — €lsewherg15]. Although the electron cannot be localized for
>1 andA B8~ = /N, the number of coherently excited rota- @ Stationary state, for the intermediate states t_hat are not sta-
tional states is then reflected directly on the spatial confinelionary states but states dressed by the incident field, the
ment of the excited electron motion. Finally, we can give anoving electron can be roughly localized along the induced
estimate for the time constant, of the energy relaxation if electric-dipole vector. We then write, =D{ (09 ¢) u for
we assume that the relaxation is characterized by the collapg&ch molecule-fixed dipole component. The anglesnd ¢
of the coherent polarizability: provided thatstands for a are assigned to the orientation of the electric-dipole vector in
typical rotational frequency and the coherence angular lengtthe molecular frame ang is the modulus of the induced
iS Nog, We may writer.q/y 1=\.4/27=1/T. This leads, electric dipole. For the wave functions of the orbital states of
for instance tor.q=1/yN=+/At/y= 215 /AE; for the GHy  the excited electron and the ion core we writey)
molecule andAt=1.7fs, we findr,q=2x 10 '3s, whereas =|70;I\). We neglect thé dependence in the energy de-
for HCI we obtainr,q=3x 10~ *s. This time scale is char- nominator and we use the closure relation for all intermedi-
acteristic of vibration. If the deposited energy of the shortate states. We further contract the product of th@tation
pulse is not absorbed by some vibrational mode, subsequeftatrices and split the sunkq g into 22aQ)Zpa):
laser-induced reorientation takes place with the coherent pawithin the first summation only the terr@=q;+---q,
larizability and it may be as fast as a simple molecular vi-=AK is nonvanishing. The second summation is performed
bration. Instead, foAt>y~! we find 7.4>y ! as well and  over the transitional paths(AK) and the third one over all
thus energy relaxation is taking place with molecular rotatiordistinguishable permutations of tligelements inside each
while A 4>27. transitional path. We then obtain
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K m[% ﬁm<0>ﬁk<P>(a§K) p(a)B!y (a)BM (@)

X<|f)\f|D§)TA)K||g)\g>]M?g (AZ)

(mil il 1) (il mg)l [ wg e

M(f:g: . E

C
My - Th-1

—(n—l)w]...[wg_ni—w].

The quantity between parentheses vanishes whenever

#k. Furthermore, it becomes independentAd if m=k.
The above arguments lead to

K | | kK |
pak=(~1)" ['f’g](o 0 cg))( ;f AK xz)

xcM(PYMEy, (A3)

PHYSICAL REVIEW A 61 063410

with

eV (P)=B(0)B(P) X, p(a)B\k(a)|%
a(AK)

For brevity, we have se[tlf,lg]=\/(2If+1)(2Ig+ 1). Fi-
nally, Eq.(A3) allows one to obtain the closure relation

[172> > ME% MK

b.ak= (3 e (P)PI[KI?) M2,
(A4)

This closure relation provides an average value for the
electronic-vibrational constants involved in the tensor
TEAK(B*) =0y |2kMp a5 Ak (8] and leads to Eq.

(8a). Numerical values focﬁ“)(O) are already availablgl 6]

and we are thus able to perform numerical simulations for
Egs.(6) and(8a). Note that for circular polarization we find
cM(=n)= 68, ,Wn!/(2n—1)!T and thetensorc{”(0) pos-
sesses the closure relatioBg_,, ,_». ([n]%/[k]?)|c{V(0)|?
=1andSnq 2. c"(0)=1.
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