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lonization of excited hydrogen atoms interacting with a metal surface
under the influence of an external electric field
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lonization probabilities for highly excited hydrogen atoms interacting with a metal surface are calculated
within the time-dependent close-coupling approach. In order to simulate current experiments, the effect of a
uniform external electric field is taken into account. Adiabatic resonance states determined in the fixed-atom
approximation are used as basis states in the time-dependent calculations. The velocity-dependent dynamic
couplings acting between the resonance states are found to influence the total ion production for low-velocity
Rydberg atoms.S1050-294©8)00903-2

PACS numbd(s): 79.20.Rf, 32.80.Rm

I. INTRODUCTION ized atom 9]. A step towards the theoretical analysis of such
an experiment has been done recently by Nordlander and
The ionization of excited atoms represents a simple an®unning[8,10]. Within the fixed-atom approximation, they
transparent example for the electronic processes that can ogpplied the complex-scaling methftil, 12 to calculate en-
cur when slowly moving atoms or ions interact with metal €rgies and widths of atomic resonances formed under the
surfaces[1—4]. While ion neutralization in front of metal combined influence of the surface potential and an external
surfaces in general involves multiple one-electron processgiotential. Subsequently, using the calculated resonance pa-
[5,6] as well as(Auger-like) two-electron processdg], the rameters as input, they _solved tlmg-dependent classmgl rate
ionization of excited atoms may be viewed (@irect reso- equations to determlne ion production rates as a function of
nant one-electron transfer into empty conduction-band statetg‘e atom-surface distance. In the present work, first results of

(“resonance ionization). A major incentive to study reso- a fully quantal time-dependent treatment of the_ electronic
degrees of freedom of resonance ionization of highly excited

nance ionization of excited atoms derives from the expecta: : . . 4

tion that, by measuring the atom-surface distances at whic ydrogen atoms Interacting \.N'th a metal surface in the pres-

the i niz’in transitions take pladgionization distances] ence of an external electric field are presented. We employ a
€10 g transitions take plageionizalion distances ), close-coupling approac]b,13—-18§, using atomic resonance

one mlght be able .to obtain information on the eIECtron'Cstates calculated in the fixed-atom approximation as basis
potential at large distances. It has been suggelSgdhat  iotag

ionization distances of Rydberg atoms may be determined by

measuring the ion yield as a function of an applied external Il. THEORY

field, which counteracts the attractive image force exerted by

the surface on the ions and which removes them from the We expand the solutiofW(t)) of the time-dependent
interaction region. The accurate determination of ionizatiorPne-electron Schrbnger equation

distances from the measured ion signals requires a quantita- s -

tive theoretical analysis in which the time evolution of the W (1) =[T+Vs+Ve(t)+Fz]|¥ (1)) 2.1

ionization process is carefully evaluated, taking into accoun terms of adiabatic resonance staw@(D(t))) [16-18
the effect of the electronic surface potential as well as that o ’

: : which depend parametrically on tintevia the atom-surface

the applied external field. distanceD (t):

While initial experiments using the technique of R] '
remained inconclusivé8], promising new experiments are R N R t
currently being undertakd®] in which an atom in a highm |‘l'(r;t)>=2 cj(t)|¢j(r;D(t))>exp{—if dt’Ej(D(t’))}.
Rydberg state slowly approaches a metal surfadth a per- =1
pendicular velocity of~ 107° a.u). The occupied excited 2.2
states are energetica”y above the Fermi level of the metqh Eq (21) T is the kinetic energy anws is the surface-
and may resonantly decay into the empty conduction bande|lium potential given by
In this experiment, one needs an additional strong external

electric field perpendicular to the surface to retract the ion- —Vo, <2y

: ; 2.3
vi(2)+Vv¥(z;D), z=2z,, 23

Vs(Z)=‘

*Present address: Department of Physics and Astronomy, Univewhere thez axis is directed perpendicular to the metal sur-
sity of Tennessee, Knoxville, TN 37996-1200. face andz, is determined from the condition
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FIG. 1. Energies of the resonance states asymptotically converg- g1 2 widths of the resonance states asymptotically converg-

ing to the h=4,5,6; m=0) manifolds forF=0. Labels a—e refer ing to the 1=5: m=0)-manifold for F=0. Labels a—e refer to
to the widths in Fig. 2. The dashed lines show results by Nordlande,o energies in Fig. 1.

[12].
. . : . J L
VI (z0) +V¥(z5:D) = — V. (2.4) qm=—§lqﬂX@®umﬁ+7®M%&MU»
i’=1
. . t
The potentialsvg) and Vg)(t) are the electronic self- xexp{—if dt’(Ej,—Ej)}. (2.7

image potential and the image potential induced by the core

s .
Coulomb potential¢(t) and are given by Overlap corrections between the resonance states have

been neglected, i.e(¢;(D)|#;/(D))=6j;;. Numerically,
_ 1 we found the largest overlap at small ion-surface distances to
vi(z)=-—0(2) (2.5 be less than 5%. The off-diagonal velocity-dependent cou-
4z plings between the resonance stgiggD)) are caused by
the operatop/dt, which, for perpendicular incidence at con-
and stant velocityv, can be rewritten as-vd/dD. The diagonal
width termI’;/2 in Eq.(2.7) describes the decay of the reso-
nance statg¢¢;(D)) into empty conduction-band statése
L Z Z consider only resonance states that lie energetically above
VO(rD)==———0(2)~=—=70(2). (2.6 the Fermi level of the metal at all distanc®3. For a given
r+Dej |2+Dl initial ion{c, (t=—
population{c;(t=—=)} of the resonance states, the
total probabilityP(t) for ionization to occur until time is

The potentiaV¢(t) is the Coulomb potential of the atomic N

core, fully screened inside the metal. The tefm in Eq. a4 ]2

(2.1) corresponds to a uniform electric field of strendth Pit)=1 ,Zl 501 - 28
directed along the surface normal.

The evaluation of the resonance basis stai$D)) is  Classical rate equations similar to those used by Nordlander
performed by solving the time-dependent Schinger equa- and Dunning[8] can be reproduced from our quantum ap-
tion (2.1 in a fixed-atomapproximation using the self- proach by suppressing off-diagonal couplings in the close
energy method5,15—-18. Basically, the self-energy method coupling equations.
consists in(i) performing a two-center expansion of the total
wave function in terms oﬂnperturpedbound states of the Ill. RESULTS AND DISCUSSION
atom and of the jellium metal an@i) formally eliminating
the explicit dependence on the wave functions of the jellium In this work we investigate the case of an excited hydro-
metal at the expense of introducing a compigatical poten-  gen atom approaching an Al surface in normal incidence.
tial. The resonance statgg);(D)) are then obtained as Because of the cylindrical symmetry of the Hamiltonian, the
eigenfunctions of the complex non-Hermitian self-energym quantum number can be used to characterize the resonance
matrix with complex eigenvalues;=E;—i I';/2 and are states and differemth manifolds do not couple. In our close-
given as linear combinations of thenperturbedbound coupling calculation we included all hydrogenic states with
atomic states. n<6 andm=0 and obtained convergence at all distances

Inserting the expansiorf2.2) into the time-dependent shown in this work for states asymptotically merging into the
Schralinger equatior{2.1) leads to the set of close-coupling n=5 and lower manifolds. For the asymptotie=6 mani-
equations fold convergence is restricted to distances larger than about
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FIG. 3. Energies of the resonance states asymptotically converg- FIG. 5. Total ion production foF=0. The normal velocity is
ing to the 1=4,5,6; m=0) manifolds forF=2.5x107% a.u. La-  2.0x107° a.u. Dashed line: no dynamic coupling. Full line: full
bels a—e refer to the widths in Fig. 4. dynamic coupling.

80 a.u. Figure 1 shows the energies of stationary resonance . pe seen at large atom-surface distances where a non-
states versus the atom-surface distance for the asymptot] . . . :
(n=4.5.6m=0)- manifolds in the field-free casdE0). e&ponentlal behavior of the widths of two particular states

' ; . : s can been seen. Similar non-exponential structures in the
We diabatized energy and width diagrarit§gs. 1-4 by .
calculating the overlap matrix between all states of adjace |g]ths ‘t);: res?]n?nce state? have b;ae;.n ieé) orltgd by l}lolr(;jlander
atom-surface distances and by connecting energies a In the whole range of asymptolit=>5-16 maniolds.

widths with maximum overlap. In Fig. 1 we have also plot- € nonexpct)ntennal behavllordappearstat |digerhere both

ted the energy of resonance states as obtained by Nordlancf@rsznangg. t:'s a els arte neallryl ?genfgr%el. ds to the Stark
who used the complex scaling method to solve the stationarg I'ttn a fltlr?na EX etmta electric '_? Id e?: S ﬂ? € afr
Schralinger equation for an ion interacting with a surface r?' |n_g40 6'e as_yg"np 0 'CTIS'T&) rggnlo?’ S.d Zr he cahse 0
potential calculated by means of density functional theor)} e'(n— 2,6, m= )-manifolds Figs. 3 an show the en-
[12]. Although this method yields a more accurate surfaceeraies ﬁr;d widths of resonance states for a field strength of
potential our results show the same overall behavior. Thg:5x.10 a.u= 1.3x10° V/cm. The chosen external elec-
weaker binding energies at large atom-surface distances firle field tends to preserve the overall structure of the level

; ; diagram and is small compared to the field strength needed
our resonance statéas compared with energies of REE2]) el e ) )
result from our approximatio[15,18 of the classical for field ionization. As can be seen from both Fig. 2 and Fig.

nuclear image potentidsee Eq.(2.6)] induced by the ion 4 the widths of resonance states span several orders of mag-

core, which slightly overestimates the nuclear image potenr-“tUde' If one assumes that the initial population of a hydro-
tial for all atom-surface distances. genic (h,l,m) state leads to a statistical population of a spe-

Figure 2 reveals the widths of the resonance states to haf@/c (N,m) manifold due to the mixing through any weak
a rather monotonic exponential shape. Exceptions to this rul8/€ctric field, one expects states with a large width to be
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FIG. 4. Widths of the resonance states asymptotically converg- FIG. 6. Total ion production foF =2.5x10~° a.u. The normal
ing to the =5;m=0) manifold forF=2.5x 10 ° a.u. Labels a—e velocity is 2.0<10"° a.u. Dashed line: no dynamic coupling. Full
refer to the widths in Fig. 3. line: full dynamic coupling.



57 IONIZATION OF EXCITED HYDROGEN ATOMS ... 1923

1.0 T T T T T T T T T 05 T T T T
------ No coupling ------No coupling
0.8 P Full coupling 04 Full coupling
[,
\\\
c 06| 03 N
2 p-Al § B p-Al
= L
= n=5:m=0 = . . n=5:m=0
n__ 0.4 |- ~ _ D._ Can N _
. Voo, =0-00100 a.u. _ \, Voo =0-02048 a.u.
‘ F=0 F=0
0.2 0.1+
0.0 . I 1 0.0 L

20 40 . 80 I 80 100 ‘ 120 20 40 60 80
lon-surface distance (a.u.) lon-surface distance (a.u.)
FIG. 7. Total ion production foF =0. The normal velocity is FIG. 9. Total ion production foF=0. The normal velocity is
1.0x1072 a.u. Dashed line: no dynamic coupling. Full line: full 2.048><'1O a.l..l. Dashed line: no dynamic coupling. Full line: full
dynamic coupling. dynamic coupling.

depopulated at far bigger atom-surface distances than tho§ég. 5 showingP,(D(t)) according to Eq(2.7) for both full
with a small width. coupling among adiabatic states and no coupling while no
The aim of this paper is to investigate the velocity depenexternal electric field was applied. For all ion-surface dis-
dence of dynamic couplings between the adiabatic resonandéancesP, is slightly larger for the case of full coupling. Fig-
states while the ion approaches the surface. We performedre 6 shows that the discrepancies between full coupling and
calculations for perpendicular velocities in the range ofno coupling results are further reduced if an additional exter-
2% 1075 to 2.048< 102 a.u. both for the field free case and nal electric field ofF=2.5x10"° a.u. is applied. This is
for the case of an ion moving in an external electric field ofquite understandable as the external electric field leads to
2.5x107° a.u. perpendicular to the surface and directed sdevel splittings and thus efficiently reduces the effect of off-

as to retract positive ions from the surface. diagonal couplings. When raising the perpendicular velocity
We solved Eq(2.7) by considering an excited hydrogen of the ion to the thermal velocity of 1& a.u., discrepancies
atom with statistical population of the@&€5; m=0) mani- in P, occur between the full coupling and no coupling case

fold while taking alln=4—6 adiabatic basis states into ac- for both the field-free £=0) andF=2.5x10"° a.u. case
count. As a first test we studied probability transfer from the(Figs. 7 and & The discrepancy rises suddenly as the ion
n=>5 to then=4 andn=6 manifolds in the range of veloci- approaches the surface to abd&it=50 a.u. and is due to
ties given above. It turned out that charge transfer betweeprobability flux into thelarge-widthresonance state denoted
differentn manifolds is negligible and convergence with re- as a in Figs. 1 and 2 and as e in Figs. 3 and 4. Figures 9 and
spect to the size of the basis is therefore achieved. 10 show results for the ionization probabiliti? (D(t))

In the region of subthermal velocities €£2x 10" ° a.u) where the perpendicular velocity of the incident atom has
relevant for the proposed experimef@$ dynamic couplings  been further increased to 2.0480 2 a.u. Although the in-
indeed play a very minor role. This can be clearly seen irferaction time is drastically reduced, dynamic couplings be-

1.0 T T T T T T T T T 05 T T T T
------ No coupling -=-----No coupling
08 1~ Full coupling 04 r Full coupling
\\‘ \\\\
06 | \\ 03 | \‘\ -Al
5 \ p-Al 5 P
_ﬁ \‘\ n=5;m:0 _g AN n_5ym_o
Boal . Sozt v___=0.02048 a.u.
o % v__=0.00100 a.u. o . perp.
e ‘ N F=2.5x10° a.u
-5 \ —4. U.
F=2.5x10"" a.u.
02 01
0.0 . L : . L 0.0 1
20 40 60 80 100 120 20 40 60 80
lon-surface distance (a.u.) lon-surface distance (a.u.)
FIG. 8. Total ion production foF =2.5x10"° a.u. The normal FIG. 10. Total ion production fof = 2.5x 10" ° a.u. The normal

velocity is 1.0< 102 a.u. Dashed line: no dynamic coupling. Full velocity is 2.04& 10" 2 a.u. Dashed line: no dynamic coupling.
line: full dynamic coupling. Full line: full dynamic coupling.
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come significant and lead to a 10% higher ionization prob{nteracting with an Al-metal surface both in the presence of a
ability for the fully coupled case as compared to the ratestrong external electric field and for the field free case. The
equation-like uncoupled case. Among the dynamicakelf-energy method used to generate both the resonance basis
couplings acting between the five states of tme=6; m  functions and complex energies allows one to perform the
=0) manifold several couplings can be identified as domiclose-coupling calculations using a small set of basis func-
nant: in the field-free case there is a strong interactiol at tions. Our results for ion production in collisions of hydro-
=100 a.u. among the states denoted as b and e in Fig. §en with an Al surface show that quantum-mechanical dy-
which leads to a probabillity transfer towards taege-width  hamic couplings among resonance states play a minor role at
state e. A second coupling acts among the resonance stalgssthermal velocities of the ion but lead to a significant re-
denoted as b and c in Fig. 1. This is a long-range coupling,rangment of the charge density for perpendicular velocities

which slowly depppulates state b in fgvo_r of state c. For thegreater than 10° a.u. In general, dynamic couplings are
case of an additional external electric field dominant cou-

. more important for the field-free case due to the near-
plings act among the states denoted as a ande=at5 a.u.,
between a and d d =35 a.u. and furthermore between b degeneracy of the resonance states.
and c in the range oD =20-45 a.u. These dominant cou-
plings lead to probability redistribution among the=5
manifold and therefore to a different decay pattern as com-
pared to the no-coupling case where each resonance state

decays independently into the unoccupied states of the metal. This work was supported by the Division of Chemical
Sciences, Basic Energy Sciences, Office of Energy Research,

U.S. Department of Energy, the Deutsche Forschungsge-
meinschafi{DFG) through a postdoctoral grant for P.K., and

In summary, we have presented close-coupling calculathe National Science Foundation through the Kansas Center
tions for the ionization of highly excited hydrogen atoms for Advanced Scientific Computing.
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