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Energy distributions of He* and He,™ ions formed in ultracold He(23S,)+He(23P,) collisions
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Energy distributions of He and Hg" ions produced in ultracold He(23,) +He(2 3P,) collisions are
presented. These helium metastable atoms are trapped and cooled in a magneto-optical trap, and have a
temperature of 140.2 mK. Initial kinetic energies of the product Hand He* ions are analyzed in energy,
using a weak electrostatic extraction field in combination with a time-of-flight technique. A pronounced struc-
ture is observed in the Heion distribution, which can be well explained by a theoretical model that considers
the avoided crossings between only three metasl%‘bgéstates of the transient Henolecule. The measured
He,™ distribution has a width that is consistent with the maximum recoil energy of 1.1 meV.
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[. INTRODUCTION only the total ionization rate has been detected.
The helium metastable collision system has served as a

Laser-cooling and -trapping techniqugl have greatly fundamental test case in “conventional” atomic collision
advanced the experimental exploration of purely quantumphysics for many years. At thermal and subthermal collision
mechanical effects in ultracold atomic collisions. By creatingenergies, Mlier et al. [13] carried out pioneering experi-
cold, dense, as well as well-localized and well-preparednents on metastable helium collisions. Electron-energy dis-
atomic samples, the sensitivity and resolution of pre-lasertributions were measured at 1.6 and 61 meV, and a pro-
cooling era experiments could be superseded by a spectacweunced(oscillatory structure was observed. A theoretical
lar many orders of magnitude. For instance, importantreatment employingb initio potential-energy curves, and a
progress has been reported in the study of long-range integuantum-mechanical method based on complex potential
actions between atonf@,3]. The interaction of two meta- theory[14], provided a good description of the experimental
stable helium atoms provides a particularly good probe of théesults. At the lowest collision energy studied, fast oscilla-
quantum nature of collisions, since it is a symmetric, few-tions were seen that could be traced back to interference
electron system. Resonances in the elastic-scattering crobstween incoming and outgoing heavy particle waves in the
section and in the electron- and ion-energy distributions oentrance channel. In contrast, this paper opens up the realm
ionizing metastable helium collisions depend very sensiof the ultracold temperature regime. Measurements of ion-
tively on the potential-energy curves. This makes it possibleenergy distributions(which directly reflect the electron-
to gather knowledge of these curves from experiment dienergy distributionsare presented and interpreted, yielding
rectly, which has been a long-time goal in experimental colinformation on the potential-energy curvesd symmetrigs
lision physics. involved.

Penning ionization plays a dominant role in ultracold The interaction of two metastable helium atoms was stud-
metastable atom collisions. In the Penning process the inteied at a temperature of 1#10.2 mK|[5], which corresponds
nal energy in the collision systems is so high that during théo a collision energy of only 140 neV. This was realized by
close encounter of the two atoms sufficient energy is preseritapping, cooling, and confining the metastable helium atoms
that an electron can be emitted. Since the process leads (ble*) in a magneto-optical tragMOT). The following pro-
deexcitation of one atom and to ionization of the other, Pencesses were investigated:
ning ionization is a large loss process for traps of metastable
atoms and therefore this process also bears relevance for the He' +He(1 1S)+e™,
Bose-Einstein condensation studies. Violation of spin conser- ~ H&(2 *Sy) +He(2 °P,)— He* +e
vation reduces the ionization probability of the quintet state © '

by several orders of magnitude. Penning ionization has bee_Ph p Lo

studied for Hd4—10], Kr [11], and Xe[12], but in all cases e first process represents F_’ennm_g |qn|za(I%I)1, and the
second represents the associative ionizatiah [15]. Be-
low, collisions of the type of Eq(1) will be referred to as
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A. Experimental setup

ickach 2, 18000 Praha 8, Czech Republic. The experimental setup is shown schematically in Fig. 1.
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FIG. 2. Schematic diagram of the timing sequence for the ex-
periment. In the “on” period(50 mg the MOT laser is close to
resonance and the atoms are trapped and cooled. In the “off” period
(50 mg the laser is far detuned from resonance and the atoms are
not trapped and are in the ground state. During the “off” period the
laser is scanned quickly through resonance and this creates ions due
to S+ P collisions, which are synchronized with the sweep of the

H laser through resonance.

MOT Laser field (about 1 V/cm for H& measurements, while a weaker
field of about 0.25 V/cm was used for ke measurements
for improved resolutio18]) and then postaccelerated into a
This atomic beam is Zeeman slowed on 2 transition in  TOF tube at the end of which a channeltron detector is lo-
the magnetic field of the MOT. The MOT laséieing the cated. The second acceleration stage allows time-of-flight fo-
most critical component of the setup for a stable MOT op-cusing and total count rate optimization. The total path
eration is frequency locked at a red detuning ofl1@sing  length is 295 mm. In Fig. 3 the ion spectrometer is depicted
saturated absorption spectroscd@6]. The slowing laser schematically.

was operated at a red detuning of A9.%nd could option- Simultaneously with the scanning of the MOT laser a
ally be frequency locked as well to obtain very good long-time-to-amplitude-convertofTAC) is started. The ions de-
term (many hour} stability. Both lasers are diode lasers tected by the channeltron detector provide the stops for the
manufactured especially for theS+P transition at TAC. The TAC output signal is sent to a multichannel ana-
1083 um. The intensities of the laser beams correspond to &zer, which is controlled using a personal computec).
saturation parametes;=50-100 for the MOT laser ans}, Data are stored digitally for further analysis on the PC.
=400 for the slowing laser. Specific details on the experi-

mental setup in general and the operation of the MOT in B. Data transformation

par_ticular(e.g., with respect to the proper polari_zati.on of thg lon-energy distributions are obtained by a transformation
recirculated MOT Ia;er beam, and .the magnetlc—ﬁeld grad|bf the measured TOF distributions, using the proper Jaco-
ent generateq by a}nu-HeImhoIt_z cgilsan be_found{im Refs. bian. Background signal due ®t S collisions and autoion-
[5.17). Here it sufflcgs to mention that typlcally%n @toms izing reactions of H& with rest gas is uncorrelated to the
can be trapped inside a volume of about 4 ‘(@ mm swept laser pulse that induces B¢ P collisions. Therefore

radius of the atomic sampleyielding a density of 2.5 it is continuous and structureless. This background signal is
x 10% atoms per crh

The MOT laser is switched “on” and “off” with a 50%
duty cycle and a 10-kHz repetition rate. In the “on” period
the laser is close to resonance and the atoms are cooled ar | 5

trapped in the MOTsee Fig. 2 In the “off” period the laser N([)OT >_|

He* beamlT\

FIG. 1. Schematic drawing of the MOT experimental setup.

2 3 4 TOF tube

is detuned far from resonance, so in this period the atoms ari

effectively untrapped and are in the ground state. By sweep- | channeltron
ing this laser quickly through resonance during the “off” <> <>
period, a well-defined starting time was generatedSerP 35 40 18 12 213 12

collisions. During ‘f" period of severgl microseconds before FIG. 3. Schematic representation of the geometry of the ion
?nd”afte_r the starting time, the SIOWIHg laser was s;W'tche‘{iime-of-flight spectrometefnot to scale, all distances are in milli-
off.” This helped to reduce the continuous backgrounquIQ-meters_ The dot indicates the position of the MOT. Grid 1 has a
nal, which was due t&+S collisions. The Hé and Heg diameter of 26 mm, grids 2 and 3 have a diameter of 27 mm, and
ions produced bys+ P collisions during the fastless than  the TOF tube has an outer diameter of 30 mm. The entrance aper-
0.2 us) swept laser pulse were mass and energy selectadre of the TOF tubdposition 4 has a diameter of 7.5 mm. The
using a time-of-fligh{ TOF) technique. The TOF geometry is following potentials are applied’;=0 V, V,=V3;=-10.51 V,
such that the ions are first accelerated by a weak electrostati,=—33.1 V, andVs=—2400 V.
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corrected for by making a linear fit to that part of the TOF of the ions and their initial kinetic energy. Also, a Monte
spectrum that does not contain a&y P signal. The primary  Carlo simulation program was written femion to calculate
maximum in the H& TOF spectra corresponds to ions with the transmission of the spectrometer for both ion species as a
zero kinetic energy. Smaller times of flight indicate energetidfunction of this initial kinetic energy. This program utilized
ions ejected in the direction of the detector, while largerrandom ejection angles and starting positions from inside a
times of flight are for ions that are initially emitted in the fixed sample volume. A distinction was made between ion
opposite direction, and are then slowed down and have the@tjected in either the forward or the backward direction with
trajectories turned around by the electrostatic field. Since theespect to the direction in which the detector is located.
latter ions spend more time in the acceleration region, the The position of the atomic sample along the spectrometer
resolution for this part of the spectrum is intrinsically en- axis was adjusted slightly in th@mioN calculation, so that
hanced. The count rate in the tails of the ion distribution isthe time of flight of H& ions with zero initial kinetic energy
suppressed, because the transmission of the ions through tbeincided with the actual maximum of the experimental He
spectrometer decreases with ion energy. This means that THOF distribution. This is a completely legitimate procedure,
the measurement the statistical uncertainty increases with irsince one can observe directly in the experiment that, de-

creasing initial ion kinetic energy. pending on the actual alignment and detuning of the diode
lasers, the position of the atomic sample may vary by a few
C. Effect of MOT magnetic field on ion trajectories millimeters.

It should be mentioned that the MOT magnetic field has a
gradient of 15 G/cm, which can affect the ion trajectories.
However, the magnetic-field lines point radially outward in  In their comprehensive paper, Mer et al. [13] studied
the symmetry plane, which is defined as the plane that hage energies of electrons released in Pl and Al processes in
one axis along the slowing laser beam line and the other onge* (2 3S) + He* (2 3S,21S) collisions both theoretically
along the axis of the spectrometer. lons traveling in thisand experimentally. They used the local complex potential
plane in the direction of detector experience no deflection(LCP) approximation to describe the heavy particle motion
Only those ions that are ejected under a significant anglg14]. Employing the projection operator technique they cal-
with the Symmetry plane and that have an initial kinetic €N-culated the lowest potentia|-energy curves W:fﬁg ,32‘*'

u

ergy large compared to the electrostatic energy picked ugpqss + symmetry, wherey andu stand for the gerade and
during acceleration are deflected. In our case, the recaoil erijngera%le symmetry, respectively. They also obtaai@éhi-
+ . . . ’ .

ergy of the Hg" ions is so small that all of them will be i decay widths of some of these states towards the two
collected, while the maximum initial kinetic energy of the jgnization continua He' (231 )+e” and He* (23} )+e

. . o u g ’
He" ions is well below 1 eV, which is much less than the yt s known that the LCP approximation works well for meta-
se\_/eral tens of e_Vs of electrostatic energy these ions acsigple states lying high in the continuui20]. The validity
quire. Of the He ions that do suffer considerable magneto- 5ng preakdown of the LCP approximation as the discrete
static deflection the majority would never have made it to thesiates approach or enter the continuum threshold has been

detector even without the presence of the magnetic fieldstgied in Refs[21,22. The LCP approximation has previ-
Careful alignment of the setup was needed to ensure that ”Eﬁjsly been used to study Pl and Al of metastable helium
effect of the magnetic field was indeed small. So, no correCatoms[13,23.

Ill. THEORY

tion was made for magnetostatic deflection. For the treatment of the H¢2 3S)+He*(2 38) colli-
o _ o sions only the iE% and 3| states are important, as ion-
D. Simulations of ion trajectories ization via the £3.; state is forbidden due to spin conserva-

In order to relate the measured times of flight of the dedion [13]. Since these two states have different reflection
tected ions to their initial kinetic energies, one needs to knowsymmetries, the problem can be separated in two parts,
exactly the electrostatic acceleration these ions have expenivhere only one state interacts with the continuum. For the
enced. A complication is that in our setup the size of thetreatment of the Hg?2 3S)+He*(2 'S) collisions more
MOT laser puts constraints on the possible sizes and spathan one state with the same symmetry contributes to the
ings of the electrostatic grids. The diameters of the gridselectron spectrum and these states display curve crossings in
used are less than the spacing of the grids around the intethe region of interest for the electron emission process.
action region. This implies that no homogeneous electrostatibiuller et al. [13] treated this problem in a simplified way by
field could be realized, and so no straightforward relationshipising the semiclassical Landau-Zener model, thus neglecting
exists between the distance from the interaction center anithe phase information in contributions of the probability am-
the electric-field strength. The algorithms of thenon [19]  plitude from the different states.
software package were used to tackle this problsmion In this paper we study the energy spectrum of the ions
solves the Laplace equation given certain boundary condiproduced in H&(2 3S)+He* (2 3P) collisions. Due to en-
tions for any configuration of electrodes. The whole setupgrgy conservation the electron spectrum for this process can
including the vacuum chamber, was modeled accurately usasily be transformed into the Heenergy spectrum. Since
ing the actual sizes, distances, and electrostatic potentials tifiere is no information about the molecular states with
all equipment present inside this chamber. Eh&ion calcu-  and '3 symmetry connected to this asymptote, we cannot
lations established the connection between the time of flightompletely model the electron energy spectrum for a direct
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comparison with the experimental results. However, infor-of 22; and 23 symmetry connected. The potential-energy
mation about the state Wit?Eg symmetry is known. It dis- curves have been calculated by a number of autf&#ksand
plays curve crossings with lower-lying states of the samave have used spline interpolation of the data of Broel&s.
symmetry. Therefore we have to solve the Sdimger equa- Since the two states of different symmetry are not coupled,
tion within the LCP approximation for several coupled chan-we can solve the Schdinger equation for each of the two
nels. To our knowledge this problem has not yet been studiedtates separately. We will denote the respective wave func-
in the context of PI, but it has been treated for electrontions with ¢, , and ¢ 4.

molecule collisions[24] and for collisions of atoms with The situation is more complicated for the metastable

metal surface$25]. channel. The shape of the”QJ potential connected to the
He* (2 3S) + He* (2 3P) asymptote indicates avoided cross-
Local coupled complex potentials treatment ings [13], which makes it necessary to consider two addi-

. . + -
The projection operator approach to the theory of Pl an(}'onal potential curves of thézg _syrrlmet_ry. W_e will denqte
the use of the LCP approximation is derived elsewhege PY Ui the potential energy of the’X. ;' adiabatic state, with

Refs. [13,14,26 and references therginin the Born- i=1,2,3. For the Born-Oppenheimer approximation we have
Oppenheimer approximation the motion of the metastabld0 transform these three potentials into a diabatic representa-
helium atoms in the entrance channel is described by thEOM:
wave functiom/;i(R) (R is the internuclear distangelt is

the solution of the radial Schadinger equatiorfatomic units Vi(R)  Ci(R) Ci(R)

are used throughout this sectjon V.=| Ca(R) Va(R) Cu(R)
C3i(R) Cay(R V3(R
1 d2 J(J-’r 1) | | 31( ) 32( ) 3( )
Tuare 2R TV (R +F5 | 4 (R)=E, 5 (R), U(R) O 0
2 =MT| 0  UxR) 0 M, 3)
0 0  UyR)

with J being the angular momentum in the heavy particle
motion, V, (R) being the potential energy of the discrete
state, and~; being the level shift operator resulting from the
interaction of the discrete state with the continu(see be- three-component wavefunctiof, (R).

low). The radial wave functiog’, (R) representing the prod- |t mation on the matrix/, can be extracted from the

uct molecule Hg" or the dissociating HeHe" is given by ata for the potentials);(R) published in Ref[13]. We as-

a similar equation for the exit channel, where the potentiakyme a Morse potential function for the diabatic potentials,
V, +F; is replaced by the interaction potentidl. for the

ionic system. Vi(R)=Ai(e” R RI_1)2_A+E;, i=23, (4
Before discussing the calculation of the electron-energy

spectrum we will first describe the potentials involved inwith E; being the asymptotic energies of each potential rela-

more detail. For the HeHe' asymptote there are two states tive to the He+ He* asymptote. For the first potentid (R)

whereM is a unitary matrix. The Hermitian matrix of the
diabatic potentials and couplings, enters Eq.(2) for the

T T T T T T T
16.8 .
16.6 ]
He'(@'P)+He (2°9) o _
walVYy el " FIG. 4. Diabatic potential-
I O T energy curves of the helium meta-
""""""""""" stable °%; quasimolecular states
162 | He'(2°P)+He (2%) . (solid lines relevant for the
z WY A present study. The dotted line
o YN T shows corrections that incorporate
18 7 the correct long-range behavior.
He'(2'S)+He (2°S) The dashed lines are the corre-
158 | v 7] sponding adiabatic potential-
’ energy curves, while the dia-
monds represent thesb initio data
15.6 | - [5].
Ab. initio potentials &
Diabatic
Asymptotes -
15.4 | Adiabatic
1 1 1 1 1 1 1
4 6 8 10 12 14 16 18 20

R [units of a,)
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TABLE |. Parameters describing the Morse function for théS, potentials connected to the
He(23S)—He(23S,21S,2 °P) asymptotes for models! and B (see text Energies are in units of eV,
whereas distances are in unitsayf

i Ei A @ R; B Bi X
Model A 1 15.854 0.2031 0.9379 =R, b=7528
2 16.2 0.7392 0.3362 6.682 1.381 0.4582 c=7.269
3 1645 07071 03948 646 =B, =8, d=33.59
Model B 1 15.854 0.2394 0.8931 =R, b=7996
2 16.2 0.7506 0.3368 6.65 0.0103 9.48 c=7.223
3 16.45 721.5 0.3982 6.414 0.0566 7.16d=33.95

the minimum is too shallow to be represented accurately by.ouplings, we have constructed a second mdateldel B),
the Morse function and we have added an additional ternhere the coupling are given by
vanishing asR™ at infinity, ,
C,i=Bie”RX)° =23, 8
Vi(R)=Ae" “R"R)_p[(R—c)?+d] 3+E;. (5 e ®
For th i Here the parametebs are obtained from the crossing points
or he couplings we assume of the ab initio data by linear interpolation. The parameters
C.(R)=C.(R)=Be AR 6 for the best fit are also shown in Table I. Note, that although
12R)=C1sR) ©) the couplings in two models differ significantly over the
and C,3=0, since the two curve¥,(R), V3(R) do not whole range of distanceg, they are approximately equal at

cross. The adiabatic potentiadls for eachR are the solutions the crossing. .
of the algebraic equation The Morse functions do not have the correct van der

Waals behavior for larg&k. The values of theCgq and Cqg

x—Vi(R) CiaR) C3(R) coefficients for the 132; potential are given in Ref.13].
CiAR)* x—V,(R) CxR) |=o, @ The values ofC4 fo'r the other twai_g statesV,(R) and

N xR _ViR V3(R) are determined by the dipole moment of the
C1a(R) 23R x=Va(R) 2 352 3P transition in He and are given b§;=12.83 and

. 2.93 a.u., respectively. In order to join the potentials at short

where the constants are chosen in such a way that the thre?1d large distance smoothly at a matching distaRee we

roots x=U; are the best least-squares fits to the data oﬁ gd dt 0 the | y i i gt' | i

Mdiller et al.[13]. The resulting values are given in the Table ave added terms fo the long-range potential,

| under modelA. The resulting diabatic potential§(R) are C

depicted in Fig. 4 together with the adiabatic curtgsand V= Lo

the ab initio data of Miler et al. [13]. The diabatic curves n=3681012 R"

V;(R) obtained with this procedure are quite accurate, be-

cause the curves lie near the adiabatidnitio data exceptin ~ where the value€; , are given in Table II.

the vicinity of the crossings, where they switch from one Each of the thre€S | states is coupled to the continuum

curve to another. by the coupling elementV;; (R), where the subscriptrefers
Although theab initio data provide sufficient information to one of the three discrete stat@s the diabatic representa-

about the coupling€,,(R) andC5(R) at the crossings, they tion) and j=u,g refers to gerade or ungerade final state of

yield little information about the couplings far from the He,” ion. Since we have no information on the complex

crossings and no information on the phase of the couplingohase of the coupling we will simply assume thel is a

To test our assumptions regarding the detailed form of theeal quantity. Thenonlocallevel shift operatofF is given by

(€)

TABLE II. Long-range dispersion coefficients for thé 3%, potentials connected to the
He(2 3S)-He(23S,2 15,2 3P) asymptotes. The first dispersion coefficients are determined from theoretical
values and the other coefficients are values fitted to obtain the best matching with the short-range potentials
at the matching distand®,,. Values are for model. For model5 the parameters are identical, apart from
R,=10.8 forV;(R).

[ Cs Cs Cs Cio Cio Rm
(a.u) (1C° a.u.) (16 a.u.) (16 a.u.) (16 a.u.) ag
1 —5.839 —4.194 +1.0325 —3.9594 10
2 —12.83 +1.5295 —6.0928 12
3 —2.93 —3.5278 +26.949 10
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Fih =2, deF(RR)zp*](R) (10) 2 b

]

where 1r

Fn<R,R'>=f de S W (RIE-Ty— e~ V. ((R)
+ie] W (R). (11)

In general, the couplingV;; depends on the energy of the
released electron. In our case, the dependence can be
removed according to the Franck-Condon principle for the
conservation of the total electronic energyR)=V, (R)
-V, (R) during a vertical transition. In the LCP approxima-
tion the nonlocal energy-dependent oper#&tds replaced by 2 |
a local quantity. Furthermore, since the coupling is weak
[13], the real part of this quantity can be neglected. We thus
obtain for thelocal level shift operatoiF,

Cross section [units of 107a02/eV]

154 15.6 15.8 16 16.2 164
Electron energy [eV]

2 FIJ lﬂ*J(R) (12 FIG. 5. Simulated electron spectrum for modél (a) and (b)
show individual contributions from different potential-energy
curves.(c) shows the coherer{solid line) and incoheren{dashed

where the decay WidthE{} are defined by line) sums of all contributions.

F{}(R)EZﬂ-Wm(R)an(R). (13 _
TSf"<E+,E*>=de' PL(E ROWir(R) Y3 (E, R,
The local level shift operatofF is thus fully determined by (16)
the decay widthd'}} of the three autoionizing % states

towards the two continua=u,g. Nondiagonal elements are wheree;=E, —E. is the energy of the electron released in
then obtained from the relatiohij; = yI'iI'j;. However, we  the jonization process arid, = 2xE, .
have noab initio information about the decay widthg; for
the 32g states. We therefore use as suggested in[R&f.a
single width function for all channels and we have chosen
the same width as for the B2 3S)+He* (2 3S) 1 32* We have calculated the electron spectrum for a collision
channel. We performed test calculations which |nd|cate thaeénergy of E=10 ' eV. The terms withJ<13 have been
the shape of the electron spectrum is not that sensitive to thacluded in the sum of Eq.14) in order to get convergence
width functions. in the results. Only terms with even valuesJadire included
The Schrdinger equations for the metastable and ionicfor the homonuclear molecular system with gerade symme-
state are solved numerically on a grid of typically severaltry. Convolution of the electron spectrum with a Gaussian
thousands of points on an intervé&®=0a,—308,. The function of the 35 meV widthfull width at half maximum
method for the numerical solution of the complex coupledhas been performed to simulate in part the finite resolution in
channel problem is described in detail in Rg#6]. Finally,  experiments.
the electron spectra are obtained from The results for the model are presented in Fig. 5, where
parts (&) and (b) show the contributions of the individual
T-matrix elements to the spectrum. The repuls?\ieg state
of He,” does not support bound states and the part of the
(14) spectrum corresponding to associative ionization is not
present for the fi3na| state of 3(%jerade symmetry. The state con-
nected to H&(2 °S) + He* (2 °P) asymptote (=2, i.e., the
for PI (E,>0) and dashed curvegives the largest contribution to spectrum. It is
well known from semiclassical consideratiof3] that the
(15)  difference between the onset of the electron spectrum and the
associative ionization threshold is closely related to the po-
tential well depth of the difference potentiaV, (R)
for associative ionization into a final bound state with the—V_(R) and the high-energy end of the spectrum is closely
energyEJVf. Contributions to thel matrix are related to the potential differencé, (Ry)—V . (Ry) at the

IV. COMPARISON OF EXPERIMENT AND THEORY

do 2

—=— 2J+1
de E*¢E*E+§( :

Tgfl)(E+ ]

J
TvT E,K,

2
Ey)
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154 156 158 16 16.2 164
Electron energy [eV]

Cross section [units of 107a02/eV]

do/dE (arb. units)

FIG. 6. Comparison of the electron spectra for the two models
A andB.

0 100 200 300 400 500

classical turning poinR; of the potentialV, (Ry)=E, . In Ion energy (meV)
our case of coupled channels, the contribution from each
channel also lies approximately within these bounds, al-
though the spectrum far=1 (solid line) extends to some-
what lower energies due to coupling with the 2 state.

The resulting simulated electron spectr@solid line) for
cold He (2 3S)+He* (2 3P) collisions is shown in Fig.
5(c). To show the importance of the relative phase of the
individual T-matrix elements we also show the spectrum cal-
culated with an “incoherent sum” of th&-matrix elements
>,|T(M)2 instead of the proper expressipy, T(|2 in Eq.
(14) for the cross section. If the influence of the states with
i=1 and 3 is only marginal, the two curves in Figch
should be nearly identical. It is apparent that although the
contribution of thei =2 state is dominant, the influence of
the other two state@ncluding the proper complex phasen
the behavior of the final spectrum is not negligible. This is  FIG. 7. Energy distributions of the Heions (a) ejected in the
also demonstrated in Fig. 6. Here the spectrum for the modsackward direction with respect to the detector position, ém)d
els.A and B are compared. Note, that the models differ only ejected in the forward direction in 140 neV metastable helium col-
slightly in the potentials and the main difference is in thelisions. The filled dots are the experimental results. The dashed
diabatic couplings among the discrete states far from théines were obtained from the theoretical calculations for modlel
crossings. The exponential behavior of the coupling in modeés described in the text. The long-dashed line shows the incoherent
A overestimates the coupling at short distances. theoretical spectrum; the short-dashed line shows the coherent the-

The theoretical electron-energy distributions are con-oretical spectrum. Error bars have been added to several experimen-
verted to ion-energy distributions in a straightforward man-t8l points to give an impression of the statistical uncertainties in

ner, using conservation of energy and momentum different parts of the spectrum. The height of the theoretical curves
is simply scaled by eye to obtain a satisfactory overall agreement

with the experiment, and is kept the same in both figures.

do/dE (arb. units)

O [ It | IV S| P | I
0 100 200 300
Ion energy (meV)

400 500

5 a”

theoretical result is obtained, although this becomes some-
what worse at the higher energies. In view of the larger sta-
with E, the asymptotic energy, as given in Table |. Here antistical uncertainties in that energy region, this is acceptable.
electron energyg=E, indicates the limit above which asso- From a closer comparison with the theoretical result, we see
ciative ionization occurgsee Figs. 5 and)6 that the widths and positions of the three peaks that we ob-
In Fig. 7(a) the experimental and theoretical results for serve[see Fig. 7a)] are also well reproduce@gain, espe-
model A are shown for the backward ejected Hions, and cially at the lower energigs The height of the peaks is
in Fig. 7(b) for the forward ejected He ions. Preliminary  strongly influenced by the competition between the channels,
results of the present experiment have been published in Redis can be seen in Fig. 5. According to Figa)7 there is no
[29], but without the present resolution, and did not yet re-clear evidence in the experimental results for interference
veal the detailed structure observed here. Figuag7as the between these channels, since the incoherent theoretical
highest resolution, while Fig. () serves as a very useful spectrum agrees better with the measured ion distribution
indicator for the reliability of the experimental procedure. than does the coherent theoretical spectrum. In the theoreti-
Even the result of the low-resolution measurement shown ircal spectrum we only take the thregég+ guasimolecular
the latter figure already reveals the main features of the iostates into account to explain the measured ion-energy distri-
distribution. bution. The effect of the other states, for example the
According to Fig. Ta), a good overall agreement between states, cannot be determined by us, since no information on
the experimental ion-energy distribution and the incoherentheir potentials is available.
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30f ' ' ] 8 get smaller with smaller cross sectiofssill, the relative
i 1 uncertainties increaseThis is due to the very low back-
w o ground signal rate when using very weak electrostatic fields.
E 20|
f 55 V. CONCLUSIONS
Z ! } In conclusion, oscillatory features have been observed in
T 10 the He" ion-energy distribution of ultracol8+ P metastable
o | helium collisions. These features can be well explained by
© 5l theoretical calculations based on a semiclassical formulation
r ] that considers avoided crossings between relevant channels.
ot ‘ ‘ : ‘ : : The positions of the maxima in the ion-energy distribution
6 05 10 15 20 25 30 approximately reflect the well depth of the different partici-

lon energy (meV) pating entrance channels of the collision. No significant in-

FIG. 8. Energy distributions of the H& ions, consisting of the terference between these channels seems present. It is quite
spectra of both the forwargolid line) and backwarddashed ling ~ émarkable that the good agreement between the experimen-
ejected ions. The error bars represent statistical uncertainties. ~ tal and theoretical results is established by using only states

with 33 & symmetry.

In Fig. 8 the experimental ion-energy distributions of the In addition, energy distributions have been presented for
H%+ ions are presented. Both the spectra for forwardr (2 the He™ ions. By using very small electrostatic extraction
solid angl¢ and backward (2 solid angle ejected ions are fields a meV energy resolution was achieved for these mo-
shown, which appear to coincide very well. This is exactlylecular ions. This measurement confirmed the maximum the-
what one should expect for low ion energies on the order opretical recoil energy of 1.1 meV. Finally, we have demon-
only 1 meV. From the measurements the full width at half thestrated that the combination of a MOT and a TOF technique
maximum of the distributions is extracted, which yields aprovides a powerful experimental tool.
value of 1.18-0.25 meV. The width is caused by the recaoll
of the i_ons due to the emission of the electron and the f[nite ACKNOWLEDGMENTS
resolution of the detector. A straightforward calculation
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