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Rotational effects of twisted light on atoms beyond the paraxial approximation
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The transition probability for the emission of a Bessel photon by an atomic system is calculated within first
order perturbation theory. We derive a closed expression for the electromagnetic potentials beyond the paraxial
approximation that permits a systematic multipole approximation. The matrix elements for the center of mass
and internal motion are explicitly evaluated for some particularly relevant cases. This permits to clarify the
feasibility of observing the rotational effects of twisted light on atoms predicted by the calculations. It is shown
that the probability that the internal state of an atom acquires orbital angular momentum from light is, in
general, maximum for an atom located at the axis of a Bessel mode. For a Gaussian packet, the relevant
parameter is the ratio of the spread of the atomic center of mass wave packet to the transversal wavelength of

the photon.
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[. INTRODUCTION cause they propagate with an intensity pattern invariant

o ) along its axig[13]. Experimental realizations of such beams
It is important to understand the influence of the angulaiangd their mechanical effects on microparticles are the subject
momentum of light on the dynamics of atomic systems anchf many current investigationg]. Studies concerning the
microparticles from the point of view of basic and applied separation between spin and orbit angular momentum have
physics. The work by Betfil] showed that circularly polar- been carried out both semiclassicdliy}] and quantum me-
ized light has rotational effects on rigid bodies. Likewise, chanically[10,15. The quantum dynamical properties of the
observed atomic transitions are simply described in terms oBessel photons should, in principle, be studied via the opera-
the angular momentum carried by plane wave circularly potors assigned to energy, momentum, orbital angular momen-
larized photons. Thus, the phenomenological relation betum, and spin using the standard quantum optics formalism.
tween spin angular momentum and polarization is well esHowever, direct calculations show that these operators do not
tablished. follow the algebra of the translation and rotation group

In the last few years it has been shown both theoretically10,13. Actually, the standard spin operator has a behavior

[2] and experimentally3] that light beams may carry angu- More similar to an helicity operator.

lar momentum not directly related to their polarization state. 1N€ purpose of the present paper is to study in detail the
rotational effects of Bessel photons on atomic systems. This

This form of angular momentum is usually qualified as or-, . . .
bital and is due to an azimuthal phase dependence of t s a dynamical mean to measure the mechanical properties of

transverse electromagnetic intensity. For laser beams pro gé?ig:'?ggg%;?;gg& V;’;ii\slﬁ)lﬁaé? ;hgégasgf't'ﬂgtgrgl"a
erly described within the paraxial approximation, e.g., P P Y

Laguerre-Gaussian beams, the total angular momentum (?Pn relativistic hydrogenic atom within first order perturba-

. L . X . ._tion theory. In the nex ion, w ri h m in-
light can be clearly divided into spin and orbital parts; this on theory. In the next section, we describe the syste

. . X - >cluding the interaction which is incorporated using minimal
separation has direct physical consequences on the motion leupling in the Coulomb gauge. Then, an explicit expression

microparticles[3,4]. In the case of atoms, the orbital angular (g |eyant for a systematic multipole approximation is obtained
momentum of paraxial light can induce torques in the centepnq it is applied to the explicit calculation of matrix elements
of mass[5,6] while the probability of changing the internal of the interaction Hamiltonian between an unperturbed atom
angular momentum is very sm8,8]. However, the separa- and electromagnetic field states. Finally, a comparison with
tion between orbital and spin angular momentum is not sgrevious results is given, and some conclusions following
natural beyond the paraxial approximati@10. On the one  our results are summarized.
hand, the general forms of these quantities, as they usually
appear in the literature, are not gauge invaridit12, de- IIl. THE ATOM-RADIATION SYSTEM
spite the fact that physical observables are expected to be so. Consider two particles of opposite charggsanday, gy-
On the other hand, the concept of polarization for twistedromagnetic ratiog, andgy, massesv, and My, and vector
light is not identical to that used for plane waves since, inpositionsr . andr . This hydrogenlike atom is assumed to be
general, the electric and/or magnetic field of twisted beamslescribed to a good approximation by a nonrelativistic
are nonzero along the main propagation axis. Hamiltonian of the form

Among electromagnetic modes carrying orbital angular ~

2
momentum, Bessel modes are particularly interesting be- - =&+i+v +V (1)
P r Ry
2M, 2My

with V, an internal potential depending on the relative coor-
*Electronic address: rocio@fisica.unam.mx dinater =r,—ry and Vg an external potential that affects the
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center of mass coordinaR=(Myr o+Myry)/(Mc+My). The

atom state can be written as a superposition of wave func-

tions
V(I e, F o Xen XN) = P(R) (1) xxee =7, 2
where
[@w (R)}D(R):E ®(R) 3)
2M R CM ’
[’52
|:2_ + Vr(r)] d’(r) = Ereld’(r)a (4)
§7
E=Ecmt Erel (5
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K

8 = B0 jkz-ot
2

2kl
k,

s)
(13

X(a!fm-l(eﬁ iey) + Ymer(e—igy) —i

From the electromagnetic potentials, the opera?tois ob-

tained as

o

A= > >
i=TM, TE m=—= o

dk, f difal) (k,k DAD(r 1)

+ a0 (k, k VA" (r,0)], (14)

and y., xn are the spinors associated to each patrticle. In the

simplest case

AN
|re_ rN|

Vi(re—ry) = (6)

andVg=0.

NG (i roLr 1 ! !
[ (k,,k,),a0" (k. k' )] = O Ak =K} ) 8k, = ;).
1
(15)

The normalization condition imposed on the potenti@ls

We are interested in the perturbative description of theétnd(8) guarantees that the radiation energy operator can be
interaction of the atom with a Bessel mode. Thus, the quan¥/'itten as[13]

tization of the free radiation field will be done using trans-
verse magneti€cTM) and transverse electri§ E) Bessel vec-
tor potentials; in the Coulomb gauge, they are given by

A(TM) —

K

c E,e kot
w

2k
X(tﬁm(ex+ iey) = Ymea(eg—iey) - ifzﬁme )
(7)

AT = B Ny 46, 16,) + tin(e, - 1€,

(8)
where k denotes the set of quantum numbéks, k,, m},
Im(p, K, ) = Jm(kip)eim(/)a 9
Jm is the cylindrical Bessel function of orden,
w=c\k +K (10)
and
hk, | Kac?
EZ= —L[Z—} . (1)
27| o

The corresponding electric fields &é):iw/cAﬂ) while the
magnetic fields are

Eoo

B(TM) -
“ 2ck,

oy (e +i6) = Yima(ex—ig))],
(12

He=> | dk, dk, fieN,
i,m

R = (8010 + a8, (1

The linear momentum electromagnetic operator is

P=t3 J dk, difk, [T~ ie) +k 11" (e, +ie,)

+k,11{e,], (17)
where the operatorﬁg?g(k 1,k,) are
m
nY=-iYapap, (19
m
(20)

9= 3 .
m
Another important quantity is the angular momentum

J= ij r X [E(r,t) X B(r,t)]dV. (21)
47C !

Taking V as the whole space, using the standard decomposi-
tion,
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1 1 The Hamiltonian describing the system formed by the
J= mf Elr X V]AdV+ EJ EXAdV atom and the electromagnetic radiation is taken to be
v I,'\I:ﬁp"'ﬁR"'ﬁh (25)
- E[r X A]-ds, (22 with H, the interaction Hamiltonian. The latter results from

minimal coupling of the particles and the electromagnetic
field in Coulomb gauge, as well as the magnetic interaction
between the magnetic momegyty;/2M;S; associated to the
spin of each particl&, with the radiation magnetic fiel8,

the expression

:—fE[rx VIAdv=r3 | dk, dk,mNp

Hi=Hp+Hip+ His, (26)
(23 2
- - Fn=-2 p-Ar) (27)
follows for the orbital angular momentum along thexis Toam i/
and
1 5
T Ho= > ——|A®r)2, 28
W, 47TJ(E><A)Zo|v 12 EZMiI (ry) (28)
v
—ﬁE folkL k—|k LBMTRTE - 3TW3(TE) Hig=— 2 g,—S B(r). (29)
(24)
- ) ) Ill. MATRIX ELEMENTS OF THE INTERACTION
represents the helicity operator. The surface integral in Eq. HAMILTONIAN
(22) is not well defined for the elementary TE and TM modes
because they do not decay rapidly enoughasso Similar A. The interaction Hamiltonian H,,
but not identical expressions fd).l’ andW are reported in The first order perturbation theory probability amplitude

Ref. [6]. The differences are apparently due to additionalof emission of a Bessel photdn when the atom makes a
boundary conditions imposed if6] at surfaces withp  transition between an initialV and a final statelc via the
=constant. interaction HamiltoniarH,; can be written as

(F,19[H,4/0; o>_—(E E(F))fd3r PRIV, R)RW(r, R)]{qu(') <R+M—r> + A" (R— ,\;‘ )} +%(E§2{
N

-e) [ @R R, R)][qe—A (R + Mﬂr) g AL (R ( T )] (30)
e
[
as long as the separability conditiof are satisfied. " T +9T(+v-9)

Let us define C = 29)(¢r— @9)],

2 st -9 THP Ot~
&m(p.@iK,) = J(k p)e™® (31) (32

and consider the case where the argument of the Bessel func-

tion refers to a transverse vectothat can be written as the while it can be shown thg8]
vector sum of two transverse vectggsR , —q,. For>0

the Gegenbauer sum rul&6] establishes that

i o [ (K/R)™M(k, g )"
o eme = 1 g(mneg 'mpq( Ll L )
Jkip) _, E( : ( ) ° (k.p"
F=2(1-1)1 X (
(k. p) =0 (33
Jio (K R (ki)

+0) Cylcoger— ¢g)],

(kLRL) (quL) Thus, form>0,
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2"(m - 1)12(m+ o)k R )Jme(K 0,) < T(M+9T(M+v ~5)

v=0 (ko)™ = s!(v-9 ! (I'(m)? cod (v - 2s)(¢r

In(p, @i K1) = Emnlp 01K ) =

_Qoq)]E( " ( ><RJ_) g (Mmnergineq )

while, for m=0 [16], Now, consider the cases for which the longitudinal and
transverse long wavelength approximatioks, <1 and
k,p,<1 are valid. These conditions are satisfied for optical
Bessel beams and standard atomic systems. Notice that 0
s<n=mis the index related to a series expansion on powers

oo

Yolp, @ik, ) =Jo(k p) = 2 I,k R,)I,(k, g, )codu(er

p=—%

- @g)]. (39  ofq,/R, in Eq.(34), and that due to the relation
These equations are the basis of the multipolar expansion o
of the transition amplitude€30) in cylindrical coordinates. Ime(Kiqy) :< qu) S (-1 &
The relevant values of the vectgrare q=(u/Mg)r andq (k.g)™ 22‘t! (m+v+t)!’
=—(u/My)r. Before performing explicit multipole calcula- (39)

tions, we show an important result for the emission of a
Bessel photon valid when the center of mass and relativg can be regarded as an index related to a power expansion

wave functions are of the form useful for a long wavelength approximation. Forq, <1
1. the termv =0 is expected to be dominant in the series expan-
D(R) = —€™RY (R, ,Z8), sion of the vector potential and the functiotg can be ap-
V2 proximated by
d’(r)_@(r)ermr(gy@r)y (36) ~3.(k, RL)E( 1" ( >< ) gl(Mmnergingq.
with Y|, the spherical harmonics. In this case, the integration Ry
over the azimuthal anglesg and ¢, leads to selection rules (40)

related to the conservation of angular momentum in zhe . )
direction. A direct examination of E¢30) and Eqs(34) and  If the atom is located outside the axes of the Bessel beam

(35) shows that these selection rules are of the form then, in generalg, <R, and then=0 term is dominant.
Under such conditions the neutral atgm=-qy) transition
m-ntzv ¥ 2s—mM=mg— mg, amplitude
n*ov+2s=m,— m , (37) <F11I(<i)|H|1|O;O> - _(Erel rel
for the transition amplitudes proportional Ef) E<CFM, and
m-i-ntov ¥ 2s=mg-mg, xf d*RPHRIAL (R)DE(R)
i+nFv+2s=m —ny, (38) x f or $e(r)r gholr) (4D)

with |—+1 0, for thetransition amplitudes proportional to
Eﬁgf Erel Here the letters), s, andv denote the summation contains the standard dipole matrix element for the relative
indices as they appear in E@4). The first(second equality = coordinates. If the center of mass and internal wave functions
in Egs.(37) and(38) permits the identification of the angular are given by Eq(36), the transition amplitude can be written
momentum acquired by the center of mésgernal motion  as
in the corresponding emission process. These results are con-
sistent with those reported in Ref®,7] for the dipole and
quadrupole transitions. Notice that the total change in the
projection of the angular momentum of the atom alongzhe
axis is always . The conservation of angular momentum X X S, MmO,/ -m, ISk, kym
implies that the total angular momentum of the Bessel pho- j=+1

ton ismA. Thus the helicity term in Eq22) obtained from = e(ky Kni), (42)
standard quantum optics definitions must be somehow com-

pensated by the surface integral. while

9eEo 950 0 _ EF ) grilot-(Ee-Eqt]

(F,1g5|H4/0;0) ~ ki
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As expected, the selection rules for transitions involving
the relative motion of the charged patrticles are the same as
. those obtained with a plane wave expansion of the radiation
o« - 2k¢|[5 S 1O potential. Notice, however, that according to E¢&) and

k, - mmemRm.mCM (43), the emission of a Bessel photon of orbital angular mo-
mentumm? yielding m/=m,+1 leads to a rotational recoil
Xk ke Mtk Kz, 0) effect my=mr—m=1 for the center of mass while, to this
+ > (- i) O, e m/51m mrl(c‘)%ﬂ(kl,kz,m order of approximation, transitions witin’=m, and mg

Qe oC

(Erel rel)e—l[u)t (Ep—Eg)t/h]

j=+1 =mr—m are allowed just for the emission of transverse mag-

netic photons. These transitions favor torque effects on the

- j)Ire|(kL,kz,j)]), (43)  center of mass and are specially relevant in the emission of

nonparaxial photons. The idea that rotational recoil effects on

with the center of mass motion could occur for Bessel photons

can be traced out to the work of van Enk and NienhGi3]
Going beyond the approximation corresponding to Eg.

(41) requires to consider both terms witi> 0 in the series

(40) and terms withv >0 in Eqs.(34) and(35). In the case of

19k, k,m— )= f dR, dzYEy(R,,2€%4)(k,R,)

0
Yeu(R1,2) (44) atoms withMy> M, the energy involved in changes of the
and center of mass motion is usually several orders of magnitude
1 smaller than the energy involved in changes of the internal
(KoK j) = { 8.o(1] = m| + D&, e+ (7 = |m| statg. As a c(%nseguence the important terms are those pro-
' portional toE") - Eel in Eq. (30); for them, to lowest order
- 1)] +(1- iVO)mplr’ﬂ‘SIm,I,Imr’l-l in w/My and first order irk,r ,

= &, 1r-18m e} f dr r*@L(Oq(r). (45)

2
{ﬂgmm(mir)—igmm(R— £ )} emerg (K, RL)+( )kmamﬂ(k R, )COS o — ¢, €MeR
My My M,
u m r " -n in
+(1_5m’0)Mie|:n§l(n><R—i> e'(m )‘PReI ‘Pr:| <Jm(kLRL)

+ Mﬂ‘]wl(kLRL)kiri cog R~ ‘Pr)) , (46)

e

and at the same order kgq,, quantify this effect, consider two specific situations. In the
first, the center of mass states correspond to a free atom
R ~ @R(1 +ik,qp). (47) _
’ YERIR, ,2%) = Newdny (KR )€k, (48)

When inserted in the transition probability amplitude, Eqg. i ,

(30), the terms proportional to, andz in the last two equa- In the _second, the atom is trapped by an external harmonic

tions lead to matrix elements of the relative motion of thePotential

quadrupole typesx;. As a consequence, standard selection

[mgl
rules are obtalned for that degree of freedom, e.Ag® YHO(R,,zr) = Neyve g Ri/2° ( ) RL'%“R‘(Ri/az)e‘kszR.
=+2#,+14,0. a
The terms in Eq(46) with n>0 are expected to be rel- (49

evant only when the atomic center of mass is located close to

the axis of symmetry of the Bessel mode. However, there isleren=(Ng—mg)/2, andNg is the quantum number giving
a vortex of chargen at that axis and,(k, p)=0 for p=0if  the energy of the oscillatdEg=fQr(Ng+1), Qg is the fre-
m= 0. Thus, even if the center of mass is properly locatedguency of the oscillator and=\A/MyQg is the natural am-
the matrix element is expected to be small. To explicitlyplitude of the oscillator.
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For simplicity, in both the free and trapped atom cases, we*
take the symmetry axis of the center of mass motion to co- 1 oy A _ox
incide with the axis of the Bessel mode. According to Ref. f XTI, (bVX)Ly(ex)e

[17], if 0
_ b“1-v—-pu+N\),I(v+ w2
* 2*n1c”2 T(u+1)
Z(k, K3 K m,n) = fJ (k,RR™ b2
LT A M ><2F2<v+,u,/2,v+,u/2—)\;v+,u/2—)\—n,,u+1;—4—c)
X I (KER ) Imgsm-n(KTRL) (50 (54)
to show that
then T ak,.m)
T(k, K3 K mn) =0, (51) o .
=(Va)"™ f Rl (k R OLE(R 1)
wheneverk? >k, +k<, while 0
~ K2 S (m+n-n+r)!
I(kl,ij,ij',m, n) = 2_”+2kT(ij)mR(ij')m+mR_2 - omE2n+1T (\”;)_H_lrzo (m+n+r)!r!
« I'[3(mg+ m=n)/2 + 2] _ kiaz r
m! mg! X 4 . (55
i (Mg+m=n+1), Notice that the terms of this series witk>n behave as the
w0 (L+m)y(1 +mg),u! v! exponential series terms, so that seriB§) is convergent
’ even ifk% o?/4>1.
kJ_ 2u kli 2v
R\ R (52) _ : .
kT kT B. Matrix elements of the interaction term H,,
] The lowest order contribution of the interacticb;nz to
otherwise. spontaneous emission of light from vacuum is quadratic in

Equation(51) reflects the conservation of transverse Mo-the coupling constar; and, to this order, involves necessar-

n>0 decreases asincreasegeach coefficient in the series electron-proton mass ratio implies thQi/ZMe>q[%j/2MN
expansion of positive terms decreases &screasep Notice  gnd also

also that a free center of mass wave function is normalized in

terms of delta distributions. For free atoms, a comparison 0 qﬁ Alr+ 2 56
with experimental results would require working with wave 27 oM, Mer (56
packets. . L
For an atom trapped in a harmonic potential, a direct usé the long wavelength limit, one can use the approximation
of the integral to the products
M M
o 'r//m(RL+M_rL!Z>¢m’(RL+M_rL!Z)
e e
1Cla?) v=0 (2] 2\ T(y2) 2 o
j dx x*'e Ly “(xTa”)L7(xT a%)J,(kX) ~ dkHzritora )y (¢ R)) (57)
0
= (- DM 2N a) e RIILIN 022)4) D m\(m
iae ! X Iy (K R,) 2 )
XL a2k 4) (53) nn'=o *1T/AN
M rL (n+n/) i ’ ’ . '
shows that even fon=0 the transition amplitude depends x| - MR, gl(mm’=n-n")epgi(n+n")e (58)
el™l

exponentially on the ratio of the spread of the harmonic
wave function and the transversal wavelengfhw®. The  in the expression for the relevant electromagnetic modes. As
casen>0 can be treated analytically if the center of massa consequence, unless the atom is located on the beam axis,
initial wave function corresponds to the ground state oscillait should be expected that the most important contributions to
tions (N=0 andmg=0). In that case, we can use the expres-the transition probabilities come from tme=n’=0 terms in

sion [18] these series. The two photons are then emitted producing a
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translational and rotational recoil effect on the center of ®) ®) _ ne

mass, while the internal state of the atom remains invariant. Am (6KLK) =AGT| (6~ i€y) g +i P P18, |-

Higher order effects can be directly calculated using Egs. z

(34) and (35). (63
Their superpositionsAﬁf)iAff) define linearly polarized

C. Matrix elements of the interaction term H3 modes, and are linear combinations of the elementary TE and
. TM modes,
The interaction ternmH,; makes it possible to change the ck
spin of the particles. The corresponding matrix elements can Ain@ = A(OL),<A$T-!|-+N:|L) - i—ZAﬁrTfl)), (64)
be easily calculated within first order perturbation theory us- @
ing the identities "
! H C
AP AR (A +iams) ey
i A giw i i
g BT = g e )&+ na(r) S, _ | |
g'ZMiSi () g'4MickZ ol ¥m-1(T)S+ Y1) ST Notice that an indexn for the polarized modes corresponds

(59) to the superposition of TE and TM modes witit1. Ac-
cording to the results we have obtained, the corresponding
left and right polarized Bessel beams carry an angular mo-

g e iq 0 0 mentum(mz+1)% along thez axis. N
giﬂs -BT®(r)) = gimE(,( z,//m_l(ri)S<+ - t/fmﬂ(ri)S(_ In the present work we have an explicit form for the ge-
i i neric functionF(x,) and we obtained a complete multipole
2ik | 20) expansion that takes into account both the azimuthal and
B k, ‘ﬁm(ri)gz ' (60) radial behavior of electromagnetic Bessel modes. Accord-
ingly, these transition amplitudes extend the results of
, ) , ) _Babikeret al. beyond the paraxial limit. Using Eq&4) and
with S, the ascending and descending spin operators. Agaifgg, it is straightforward to show that our results are consis-
Egs. (34) and (35) lead to a multipole expansion for the ot \yith those reported in Refi8]. However, there are some
matrix elements. For hydrogenic atoms, the rajibM; iS  concentual differences between both approaches. The total
larger for e_Iectrons than for nuclei, so that the most prObabI%ngular momentum for TE and TM photonsrig and can-
event of this type produces changes of the spin angular MQyq; he girectly separated into orbital or spin parts. For the
mentum of the electron by a factoriawithout changing the superpositions of the TE and TM modes leading’tand R
spatial wave function of relative motion, while the center Ofmodes, this separation seems more natural and permitted
mass acquires an angular momentutm=1). The event  gapikeret al. to conclude that “in the interaction of mol-
corresponding to no changes in the internal wave function atqjes with light endowed witbrbital angular momentum,
the expense of a recoil effect with a change of _the orbital,, exchange obrbital angular momentum in an electric
angular momentum of the center of mass hy#-is also dipole transition occurs only between the light and the center
relevant for nonparaxial photons. Notice that the matrix elexf nass motion.”
ments calculated foH,; with the proper identifications are Nevertheless, the circularly polarized modesand £ do
useful in the evaluation of the transition amplitudes associxat form an orthogonal basis. This has consequences when

ated toH,s. performing a quantization of the electromagnetic field in
terms of them. By choosingy” =AY = 1+c%2/ w?/2 the
IV. COMPARISON WITH SOME PREVIOUS RESULTS corresponding creation and annihilation operators satisfy the
IN THE PARAXIAL APPROXIMATION standard commutation relations

1 !
= S Sk, =K ) Sk, — k),

Now let us compare our results to those obtained by [éﬁf)(kz,kl),éfﬁ”(k’,kl)]: ”
1

Babikeret al.[8] who studied the transition amplitude for the
emission of electromagnetic photons of the generic type 1
‘ , (8 (b k) By (K] == G 8K, = K Sk = K)).
A(x,1) = eF(x, ) kez eV eme (61) L
(66)

by hydrogenic atoms within the PZW formaligit9,20. The  However, not all the other commutators are zero, in fact
fields(61) can be considered a paraxial approximation to the 1 - el 1

-called | ight polari B I 1 a(0) ARt sy 2RO L
so-called left and right polarized Bessel modig21], (8 (k, k. ),a7T (K, K, )] = . +C2k§/w2 .

K)ok, ~ k). (67)

These results make it more difficult to interpret the dynami-
(62 cal observables of the field written in terms of creation and

Smm 0K,

AL X,k k) =Agﬁ>[<@+iey)wm—i(%)wm+l@],
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annihilation operators. For instance, the energy is not diagok?’; this is an important difference with the result obtained in
nal in this basig15]. the axial direction for which the matrix element is propor-
Thus, the idea that internal angular momentum of thetional to Sk’ —k%+k,). Notice that both the radial and axial
atom and the spin of the photon as well as the center of magshoton functions are normalized via delta distributions; that
angular momentum and the orbital angular momentum of thés, the matrix elements for the emission of a photon with
photon are separately conserved is just valid in the paraxiapecifick, starting from a specified wave function of the
approximation[6]. Besides, when the identification of circu- center of mass with a giveki;, are finite and different from
larly polarized Bessel photons is made with the mo@  zero for a continuum range of values of the final transversal
and(65) care must be taken because they are not an orthoggnomentum for the center of mag%’, As a consequence, the
nal set. An alternative in this case is to consider the supefidealized case of a transition between initial and final states
positions A®'=Aj(A™+ATE) which diagonalizeW, given  for the center of mass represented by Bessel functions, has

by Eg.(24) and constitute an orthonomal §é5]. an effectively zero probability. In any case, comparison with
experimental results would require working with wave pack-
V. CONCLUSIONS AND DISCUSSION ets. For trapped atoms, the transverse part of the center of

mass wave function is localized. The transition amplitude

In this Paper we have calculated the emission probabilityjepends on the average position of the center of mass and on
amplitude of a Bessel photon by an atomic system withinthe spread of the oscillation. We have shown that the ma-
first order perturbation theory. We obtained a closed exprestrix element of the center of mass motion given by the stan-
sion of the electromagnetic potentials that permits a systemdard electric dipole matrix for the internal motion, E¢1),
atic multipole approximation taking into account both theis proportional to two factors. The first is the coefficient
azimuthal and radial behavior of the electromagnetic BessedT"?"/ "2 and the second decays exponentially with the fac-
modes. tor k? a?/4 relating the spread of the atom oscillation to the

It was shown that the emission of a Bessel TE or TMphoton wavelength. For paraxial beams and highly localized
photon of orderm induces a change in the projection of trapped atoms, the conditidd a®<1 is currently feasible.
angular momentum along theaxis of the atom that is al- Simultaneously, to observe this effect the atom localization
ways of magnitudém. Thus, the angular momentum carried must be such th&kT">"/ «"? is not too small.
by these Bessel photons is preciséfy. Similar results were We have focused our attention on spontaneous transition
obtained by van Enk and Nienhui§,7]. Nevertheless, their amplitudes, but induced transition probabilities can also be
relevance must be emphasized because a field theoretical dgxiculated from them using Einstein relations. They will be
scription of the angular momentum of the electromagnetiqroportional to incident radiation intensity and could experi-
field in terms of TE and TM Bessel modes leads to @®.  mentally confirm our results. We have explicitly shown that
The second term in this equation is usually related to spiltertain mechanisms can enhance the probability of changing
angular momentum, while the surface integral is not wellthe internal angular momentum of the atom in multipleg of
defined. Thus, the calculations here performed show the relarger than those predicted by the standard plane wave mul-
evance of the surface terms and are a direct dynamical evalgipole expansion. For instance, transitions withn = +27%
ation of the total angular momentum component of a depend on the electric quadrupole matrix elements of the
Bessel photon. relative motion and are given by two kinds of transition am-

Itis important to notice, as van Enk and Nienhuis (8 plitudes: one for the standard quadrupole expansion that is
that the vectorial character of the electromagnetic field issroportional tok, and the other arising from terms with
responsible for possible changes i the internal angular =1 andk=0 in Eq.(34). The latter are due to the vortex of
momentum within the dipole approximation. As usual, thes@he Bessel mode in the beam axes and could be detected for
changes are induced by the field components along the cik trapped atom with an adequate valud pfand e, Eq.(58).
cular vectorsg+&,. The corresponding transition probabili-  Finally, we have analyzed some specific features of the
ties are proportional té&5~k’k, ¢?/w as can be seen from transition amplitudes associated to the interaction Hamil-
Eqg.(11). The transition probability of emission of TM Bessel tonian H,, and H,s. In the long wavelength limit, the most
photons viaH,; without changes in the internal angular mo- important transitions associated to the former Hamiltonian
mentum necessarily leads to the maximum possible eXnvolve two photons that do not alter the internal motion of
change of angular momentum between a Bessel photon anHe atom but exchange lineditk,+k.), and angular momen-
the center of mass motion. These transition probabilities ar@ym, (m+m’)#, with the center of mass. For hydrogenic at-

; 212 112 1.3 <2 ; _ ~
proportional toEgk? /k;~ k7 c“/w and they could be impor oms, the magnetic interactiogq/2M,S-B(r;) will favor

el opcl Sesse phaEGES 1 e it orntaton of e slectohand n e
tons have not been observed can be due to the small value 8¥b'tal angular momentum of the center of mass.
the center of mass matrix elements under usual circum-
stances. In this paper, we have explicitly evaluated these el-
ements both for free atoms and for harmonically trapped at- The author acknowledges very stimulating discussions
oms. In the first case, the conservation of linear momentunwith Shahen Hacyan and Karen Volke-Sepulveda. This work

in the radial direction do not single out a particular value ofwas partially supported by CONACyT 41048-Al.
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