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Collisions of helium with Rydberg atoms in the presence of static electric and magnetic fields
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Alignment and orientation effects in collisions of helium with Rydberg atoms due to the presence of static
electric and magnetic fields are predicted. Analytical expressions are obtained for the cross sections of the
state-to-state transitions within the manifold with the same principal quantum number. For moderate field-
induced inelasticity, the curves of the cross sections vs the fields intensity show modulations that are explained
in terms of the phase differences accumulated by the wave functions of the states involved in the collision. Due
to the presence of the magnetic field, transitions involving inversion of high magnetic quantum numbers are
dramatically quenched. The possibility of observing the predicted effects is discussed. The reported analytical
cross sections are expected to help in the understanding of the results.
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[. INTRODUCTION general formulas for some specific situations and limits

Recently, interesting effects in collisions of rare-gas at-9ives, in principle, the possibility to trace back precisely the
oms with Rydberg atoms have been theoretically predicte@hysical reasons for the obtained results without the need to
[1,2]. In particular, the presence of oscillations in the totalf€sort to a separate modeling for their interpretation. Con-
cross sections of state-to-state transitions as a function of tHgerning the effects of an external static electric field, theoret-
relative velocity of the colliding atoms was interpreted as theical studies on angular momentum mixing collisions and on
manifestation of interference effects induced by collisions ofthe initial orientation of the relative velocity of the colliding
helium atoms with calcium. The theoretical model on whichatoms have been performed by Hickm&h and de Prunele
the predictions are based used the impact parameter meth@@l, and measurements have been carried out, respectively,
(IPM). Further, some simplifying assumptions were adoptedy Slusheret al. [7] and by Kachruet al. [8] in collisions
to account for the mechanism responsible for the oscillationdoetween Xe and Xe Rydberg atoms and Xe and Na Rydberg
To the best of our knowledge, until now, the above interfer-atoms(see also Ref{9]).
ence effects have not been observed in experiments. The key Below, we first consider the effects of a static electric field
parameter of the physical process associated with the onsen the state-to-state transitions induced by the collision of
of the oscillations is the ratidE/V, whereV denotes the helium with hydrogen Rydberg atoms. The analysis will be
projectile-target relative velocity andlE is the collision en-  limited to the case in which the relative velocity of the col-
ergy defect which is fixed by the quantum defects of theliding atoms is parallel to the direction of the electric field
states involved in the collision event. FAE—0 or V—» and the states involved in the collision belong to the same
the modulations in the cross sections disappear. To observemanifold. Moreover, within the range of values of the ex-
the predicted phenomena, collisions of rare-gas atoms witternal field strength under consideration, the energy of the
Rydberg atoms should be carried out, for a given arrangeRydberg states is determined by the linear Stark effect, while
ment, at variable relative velocity of the colliding particles, field-independent wave functions of the excited hydrogen
in order to change the parameteE/V. On the other hand, it atom states will be assumed. Second, the effects of an addi-
is well known that by submitting the colliding system to the tional parallel magnetic field will be considered as well.
action of an external static electric or magnetic field, the
energy separatiolME can be varied and, consequently, Il. STATE-TO-STATE CROSS SECTIONS
modulations of the excitation cross sections should occur at
fixed velocities of the colliding particles when the field In this section the state-to-state cross sections will be de-
strength is changed. rived when the collision occurs in the presence of a static

It is the aim of the present paper to present a theoreticagxternal electric field. For the aims of our investigation, the
treatment of alignment and orientation effects in collisions offamiliar IPM is particularly well suited. According to it, the
helium with high-angular-momenta hydrogen Rydberg at-projectile positiorR relative to the target core takes the form
oms, germane to those predicted [ih2], but due to the R(t)=p+Vtwherep, the impact parameter, is perpendicular
presence of static electric and magnetic fields. The physicdb the direction of the static electric field, taken along the
conditions we envisage have a number of advantggetie  axis, andV =2V is the relative velocity of the colliding par-
state of the art in collision experiments of this kind in exter-ticles withz a unit vector along. The choice of the parallel
nal fields is very high and well assesg&; (ii) a well es- geometry allows us to greatly simplify the numerical calcu-
tablished theoretical model, the IPM, may be upgdallow- lations to be accomplished below. Neglecting the helium po-
ing, in our case, to obtain analytically closed final formulaslarizability, during the collision event the projectile is treated
for the cross sections to be obtaingii;) inspection of the as a structureless particle interacting only with the Rydberg
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electron through a potential that, in the Fermi approximation Kl i X
[10], is represented by the zero-range potential fem(X) = mLkm (X)EXP<—§ Xz (1)
W) = 27r(Ld ) 8(r = R(1), @D with LM(x) the associated Laguerre polynomigis]. The

whereL,=1.1%, is the electron-helium scattering length, integral givingT;; may be evaluated analytically. As shown
the electron coordinatea, the Bohr radius, andu in the Appendix, the result of the integration is obtained in
=myMye/ (Me+mye) =m, the reduced mass of the electron- terms of modified Bessel functions of the second kind. By
helium system. With the above assumptions, the Hamiltoniafrther integration over the impact parameter, as prescribed
of the target atom in the presence of the static electric field i®Y Ed. (6), an analytical closed form of the cross section is
perturbed by the electron-projectile time-dependent potentiadTived at, which is too involved to be reported here. In the
W(t), Eq. (1). Therefore, by assuming that at the initial time simplest case, when the initial state is a so-called circular
t; the atomic staté¥,) is an eigenstate of the Hamiltonian of Staté with quantum numbens;=n,=0,m=n-1, the cross
the hydrogen atom in the presence of the static electric fiel§ection of the process in which the atom makes a transition
of intensityF, the transition amplitude at tinteto the atomic ~ t0 the state witm;s=1,n,=0,m;=m~1 is obtained as

state|W;), at first order inW, is o(n,0m—n,1,m-1)

t 2 4 2
Ti=— (i) f (W W)Wt @ - (ZWLS) (Qm)! ) (M ogyy2me
§ \ nm /) 2(4m+ 1)!
with i # f and|W¥;) and|¥;) eigenstates of v 2m+1 2m(m+1) co ®
52 4 4m+3 ’
Ho=om 1 ~&F% (3 where cody=[1+(nAE/2V)?] "L, In the Appendix, it will be

o ) shown that the cross section$i — f) may be expressed as
For the electric field strengths and the atomic spectrumgompinations of powers of cogs Moreover, it is not difficult
region taken under consideration in the present paper, thg show that the ratimAE/(2V) may be cast in the form
wave functions describing the states involved in the coIhsmnAE/AEm where AE,, is the maximum value of the energy
may be taken as the field-free hydrogen wave function charat may be exchanged in an elastic collision between a
acterized by the parabolic quantum numbeysn,,m, with  peqyy particle and an electron moving, respectively, with ini-
m the magnetic quantum number angn;+ny*+[m+1 the iz velocities V and v>V with v,=1/(2n), the average
principal quantum number. The electric field effect on theelectron velocity in the state with principal quantum number

energy of the statetn,nll,m> IS taken into account, at first n. In our calculationsAE/AE,, will be taken less than unity.
order inF, by the following expression;

Enn,m=—1/2n%) + LEn(2n; —n+|m+ DF,  (4) IIl. RESULTS

while the alignment effects caused by the electric field are We note that the cross sections given by &j.are inde-
accounted for by the permanent electric dipole associategendent of the signs oAE, m;, and m;. From Eq.(5) it
with the atomic states. Note that atomic units are used. Bglearly follows that the transition amplitude, for fixed veloc-
substituting Eq(1) into Eq.(2), and usingz=2Vt, the tran- ity of the projectile, is determined by the overlap of the wave
sition probability amplitude from the state described by thefunctions of the states involved in the collision event, and by
wave functionW, , n(r)exp(-iEit), for ti— -, to that de-  the modulating factor eXpAEZ/V). As AE may be changed
scribed byq’n,nlf,mf(r)exp(—iEft% for t;— oo, is obtained as Py varying the field strength, the modulation and, hence, the
cross sections may be controlled by the external field. More
) * , . precisely, the overlaps of the wave functions, for the values
Tig=—2m '(lev)f expiAE ZV)V i (R)Whn m(R)AZ o the field strength taken under consideration in the present
- work, are not modified by the presence of the field. Inghe
(5 plane, their maxima and minima are located in the boxes
with R=p+z andAE=E;-E; the inelasticity of the collision. formed_ by_the nodal lines of the wave functions, as illus-
) . : . trated in Fig. 1 where, as an example, the overlap between
The cross section of the process obtained upon integratiof . _ _ - - ot
over the impact parameter is the states with n=15, n;;=5, mi_—5, nlf—6,_mf76 is
shown. Instead, the phase factor @¥kEz/V) weighting the
* overlap along the linp=p,, py being a given impact param-
oli —f)= 27Tf [Tit[%p dp. (6)  eter, changes by varyin§E, altering appreciably the result
0 for the transition amplitude. This effect is illustrated in Fig. 2
In Eq. (5), where the transition probability times the impact parameter,
p|Tis|?, as a function op is plotted for different values of the
Vo mi(r) = (2Y4n?)f,, (In)f, m(&ln) \;’E exp(im @), field strength. It turns out that, when the field strength varies,
o v z the major modifications take place when the trajectory of the
where 7, &, ¢ are the parabolic coordinates and projectile intersects the maxima of the absolute values of the

042715-2



COLLISIONS OF HELIUM WITH RYDBERG ATOMS IN.. PHYSICAL REVIEW A 70, 042715(2004)

300

£
!

2
00 —— F=0 (V/cm)

---------- F =540 (V/cm)
——— F=1160 (V/cm)

w
L

100

n
1

z (a.u.)

Weighted Transition Probabilities (a.u.)

-100

-200

@
]

@
©
L

50 100 150 200 250 300 350 400 450

!

— F=0(V/em) oo

p (au.) ssd | F =65 0(V/cm) ,I \‘

B oo g ——— F=1300(V/cm) i i \
I:
Il 206 /i
—I 201 E
2¢-6 H

[ 406
1,5

FIG. 1. (Color onling Contour plot of the overlap between the
wave functions of the staté$5,5,5 and|15,6,6. Note the nodal
lines describing parabolas.
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overlaps. The effect of the electric field on the cross sections 00
for transitions involving some selected states is shown in 0 100 200
Fig. 3. All the curves have been obtained for relative veloci- Impact Parameter (a.u.)
tiesV=1C° cm/sec. For the range of field strength taken un-
der consideration, the field effect is not univocal even if, by FIG. 2. (a) Weighted transition probabilities from the state
further increasing the ratidE/V, the cross sections are ex- |15,0,14 to the statd15,0,13 vs the impact parameter, for dif-
pected to suffer severe reduction due to fast oscillations oferent values of the electric fiel&. The relative velocity of the
the phase factor expAEz/V), irrespective of the two states colliding atoms isv= 10° cm/sec(b) As for (a) for transition from
involved in the collision. the statd15,0, 14 to the statd15,0,12.
Before closing this section, we observe that for collisions
involving rare-gas atoms other than helium, because of theare-gas interaction, but only the initial and final atomic state
effects due to their higher polarizability, E€]) is likely to  energies. Therefore, oscillatory behavior of the state-to-state
become inadequate for describing the Rydberg-electron—raréansition cross section as a function of the external field
gas interaction. intensity is expected too for rare-gas projectiles heavier than
Although a discussion of such effects is beyond the aim$elium.
of the present work, we remark that Lebedev and Fabrikant

400

[14] have shown how to account for them. Working within IV. EEFECTS DUE TO A STATIC WEAK

the impulse approximatiorilA) approach, they used the MAGNETIC FIELD

electron—rare-gas scattering amplitude provided by the modi-

fied effective range theorjl5,1§ to incorporate the long- As the cross sections given by H@) are invariant under

range interaction due to the higher polarizability of theinversion of the sign oAE and of the magnetic quantum
heavier noble gases. Moreover, within the IA method, calcuhumbers, the cross sections of the transitions from a circular
lations have been carried out for Xe-Ca collisioi§ by  state to one of the four states characterizedyy+(n-1)
using an approximate expression of the electron—rare-gasnd n; equal to either 0 or 1 turn out to be equal. If the
atom scattering amplitude given|[ih6]. As already remarked colliding system is submitted to an additional uniform static
in the Introduction, the numerical results obtainedlIhdis-  magnetic field, parallel to the electric field, the symmetry
played the presence of oscillations in the curve showing thavith respect to the inversion af breaks down. In fact, as-
state-to-state transition cross sections as a function of theuming such a strength of the field that the diamagnetic ef-
velocity of the colliding atoms. In the case of our concern,fects may be neglected, and ignoring spin-flip transitions, the
the external fields would not affect the Rydberg-electron-inelasticity of the collision,AE, takes the following form:
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effect, the cross sections calculated by H®) at F 100 N ~,

=500 V/cm, as a function of the magnetic field strength, are S S
shown in Fig. 4. The cross sections of the transitions with P
m;—my=1 are slightly influenced by the presence of the mag- 0 1 2 3 4

netic field, while sizable modifications occur for transitions Magnetic Field Strength(kG)

with inversion of the sign of the magnetic quantum number,

especially when the magnetic field strength increases. The FIG. 4. (8) As for Fig. 2a), for transition from the state
behavior of the curves at the highest valueBafonsidered [15,0,12 to the statg15,1,-13, for different values of the mag-
in Fig. 4 shows the stabilizing effect of the magnetic field onhetic field and forF=500 \_//cm. (b) State-tojsta_lte cross sections
the projection of the electron angular momentum along the?(NuiMi; N1, My) as a function of the magnetic field strength at the
direction of the field. So the quenching of the cross sectiond€lative velocityV= 10° cm/sec.

when the magnetic field strength is high, is a measure of thong may be extended to the case of collisional state-to-state
freezing of the magnetic quantum number operated by thgycitation of Rydberg states of alkali-metal atoms with, prac-
magnetic field during the collision event. For relatively low tically, zero quantum defects. By using external fields with
field strength(B<2 kG) andmy=-m; +1, the features of the parameters well within the experimental state of the art, the
curves are- similar to those of Flg 2, and oscillations of th%os&bi“ty of investigating the reported field effects on Ryd-
Cross sections may appear. berg alkaline-metal atoms is open. In particular, advantage
may be taken of the experimental demonstrati¢i3$ and
references thereirjl3]) that it is possible to produce targets
of oriented elliptic Rydberg atoms of sufficient density and
In summary, by using the impact parameter method, ana@rbitrary degree of ellipticity to perform atomic-collision and
lytical expressions of the cross sections of the state-to-sta@Pectroscopic studies.
transitions within manifolds with the same principal quantum
number have been obtained. For moderate field-induced en- ACKNOWLEDGMENTS
ergy differences, the curves of the cross sections vs the field This work was supported in part by the Italian Ministry of
strength show modulation features that are explained itJniversity and Scientific Research and by the European
terms of the phase differences accumulated by the wav€ommunity under Contract No. HPRN-CT-2000-00156.
functions of the states involved in the collision. It has been
shown that, due to the presence of the magnetic field, tran-
sitions involving inversion of high magnetic quantum num-  Here we outline the evaluation of the transition amplitude
bers are dramatically quenched. The results of the calculaand cross section defined, respectively, by Egjsand(6) of

V. CONCLUDING REMARKS

APPENDIX
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the main text. Though rather involved, the following deriva-
tion is felt to be useful to obtain different, specific cases. By

introducing the parabolic coordinatésR+z and n=R-z,

the impact parameter may be written @s né. For fixed

p,z=(£-p?1€)12 and Eq.(5) is cast in the form
Tip = - 2mi(LgV)exdi(m| - [m)el(L/mm*l, (A1)

with

lo=(1/2) f ’ dé exdia(&- p?é)in]
0

3 p’ 3 p°
X f”li!’“i(ﬁ) fnzi'mi<n_§) fnlf,mf(ﬁ> fnzfvmf<n_§) (1+ P2/§2)

(A2)

and a=nAE/2V. By putting p/n=p, £&=np7 and using the
definitions of f, , given by Eq.(7) and of the associated
Laguerre polynomials.(x)==Locy, X' with

nn-1)---(n=-1+1)

o _ (n+[m])!
nmT R mf
Eq. (A2) is written as

Ngi Mg Nif Mot

lo= (1/2nNpImEmd+D 3 3 % > Clﬂlli,\mi\

11=01,=013=01,=0

| | | ~
Xangi,\mi\Cnif,lmflcﬂ‘lzf,\mf\p(l1+I2+|3+I4)|C(a)’ (A3)
where
N, = \/ nli! \/ n2i!
=
' (ng; +[mP! V (ng + [my)!
X\/ nlf! \/ nzf!
(Ngg+ MgtV (nge + gt
and
* ~ . _(1-i
l(a) = f x('1+'3"2"4)exp<— p(L+ia)x— p( < a))
0
X (1 +x2)dx. (A4)

By using([12], p. 340,

" (vI2)
f X(V—l)ex[<— VX = E)dxz 2<§> K,,(ZV/E’):
0 X Y

Eq. (A4) is reduced to a combination of modified Bessel

functionsK,;:

| () =2 exp=il Y)[ €K1 (25\1 + a?)
+ &Ky (Zp1+ )], (AS)

with

PHYSICAL REVIEW A 70, 042715(2004)

1-ia

e(_iX) =— i
V1+(a)?

(A6)

|:|l+|3_|2_|4’

By using Eqs(A3) and(A5), the transition probability am-
plitude is obtained as combinations of terms of the kind
cog(i-])xIKi(2)K;(2) giving rise to interference effects due
to the energy difference, induced by the external field, be-
tween the states involved in the collision event. FXE
=0,a=0 and the interference effects disappear.

In order to evaluate the cross section of state-to-state tran-
sition, use is made of the following relatigh2], p. 693:

” 2672 (B+1+i+j\ [B+1+i—]j
fo Z’Ki(2)K;(2)dz= 2 F( 5 )F( 5
xF<B+1_i+j>I‘(B+1_i_j>.
2 2
(A7)

In our casef, i, j, and the arguments of tHéfunction turn
out to be integer numbers.

Equation (6) together with Eqs.(A2), (A5), and (A7)
gives

. (L, C(L,L",i,f) )
O'(I — f) = W(W) NifE, W_{COS{“ =1 )X]

Xf(IL,1") +2 co$(l = 1"+ 2)x]g(l,1")}
wherel is defined in Eq(A6) and

Nyi Mgi NMif Mpp Ny Mo Npf Nt

PIEDIPIPIPIPIPIPIPI

11=01,=015=0 1,=0 ;"= =0 =0 | "=

LL o 11=01701370 0470 1=017=014=01)=0

rioey =l Iy I3 Ia 11
C(L,L"51,8) = Ci -y Cory iy Cr iy Crng ot |

¥ | ¥
cz c3 ct ;
Ngpo [0y g [mel g mel*

B=li+lp+lg+ 1+ 1] +15+ 15+ 15+ 2(|my| +[my]) + 3;
—_! ! ! !
|,—|1_|2+|3_|4,

fLI) =+ 1+ 1+ 15+ |m) +|my| +2) LI+ 15+ 15+
+my| +[mg[ + D)+ 1+ 1+ g+ my| + [y + 1) !
X(p+la+ 15+ 15+ m|+[mg) !+ (I + 15+ 17 +13
+ |+ mg) P+ D+ 1+ 1+ my] + [y + 1) !
X(lp+lg+ 1+ 1+ m| +[mi + D+ 1+ 15+1)

+|my| + |mg| + 2)!

gLl =+ I+ 1+ 1+ [m]+|m + D) (I +15+15+1;
+ ||+ |mg +2) (I + 1+ 1+ 15+ [my| + |mg]) !

X(lp+ g+ 15+ 15+ [my| +[myf + 1)!
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