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Photoassociation of Spin-Polarized Hydrogen
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Using Lymane spectroscopy we observe photoassociation of spin-polarized hydrogen atoms to
bound vibrational levels of the triplet*X} potential. At a density ofl0'® atomgcm® we directly
observe light absorption and fluorescence in the photoassociation process. The observed line positions
agree withab initio calculations to within the precision of present theory. Magnetic sublevels in the
photoassociation spectra indicate an effective internal field which we identify with a nonadiabatic term
in the Hamiltonian. We present quantitative models for the magnetic field dependence of the molecular
energy and the photoassociation line shape. [S0031-9007(98)08165-4]

PACS numbers: 34.50.Rk, 34.10.+X, 34.50.Gb, 67.65.+z

Photoassociation, the process in which a pair of undisplays an internal field of orddr T, which we identify
bound atoms is excited optically into a bound moleculawith a nonadiabatic term in the Hamiltonian.
state, is a dramatic form of optical collision. It is also The apparatus we use to cool and compresk isi
an extremely precise tool for probing the highest energyescribed in the literature [6,9]. It consists of two
levels in a molecular potential. Photoassociation (PANolumes with liquid helium coated walls: @3 K buffer
has been observed in laser cooled alkali gases (see, e.galume, which we use to precool atoms generated in a
[1-3]), where it has been used to accurately charactecryogenic discharge, and a smaller cold cell, with a wall
ize interatomic interactions and to obtain valuable insightéemperature 08.1 K. Through preferential recombination
into the physics of these gases. The determination of thalmost all atoms in the sample are in tfie= 1, m; =
ground state scattering lengths of alkali atoms, and the ef-1 state. Consequently, the ground state atoms interact
fect of optical and magnetic fields on collision processewia the 533" interatomic potential, which has no bound
are based on PA spectra (see, e.g., [4]). states. The atoms in the buffer volume can escape over a

In this Letter we present the first observation of PAmagnetic field barrier towards the cell. Once thermalized
in atomic hydrogen (H). The case of H is particularly to the cell temperature the atoms lack the thermal energy
interesting for several reasons. First, experimental result® return across the barrier to the buffer. By this
can be used to test thab initio calculations of ground mechanism the atoms are effectively compressed into the
state and excited state collision properties which claincell. A gas density o10'® atomg'cn? at a temperature of
very high accuracy for this simplest molecule (see, e.g.0.15 K is reached routinely in this way. We determine the
[5]). Moreover, in contrast to alkali systems, in H density and temperature of the gas by spectroscopy on the
spin-orbit €.S) coupling is very small. In addition, Lyman-« transition atA = 122 nm [10]. We measure
nonadiabatic effects due to the finite mass of the nucleboth transmission and light induced fluorescence (LIF)
are most readily investigated in the lightest molecule. Imspectra by scanning the frequency of the Lymatight
a dense gas of H [6] the PA lines can serve as a sensitiviource. The fluorescent light is detected after conversion
probe of the gas density. PA spectroscopy may also be d@b visible wavelengths.
use to explore the properties of degenerate samples of H PA lines appear in the absorption and LIF spectra at
[7], since it probes the two particle correlator. densities higher thar=10"atomgcn®. An example is

In contrast to PA experiments in alkali gases, wegiven in Fig. 1. The detuning is measured with respect
reach densities that are high enough that we can directlip the centroidw,p of the 2P fine structure multiplet.
detect the PA process via light absorption and subsequefss discussed below, in the molecules under consideration
fluorescence. We obtain these high densities by confininfine structure plays no role. Therefore, when discussing
high field seekingH (H |) in a cryogenic sample cell binding energies of the PA levels we will suppress the
[8]. Our measurements take place in a magnetic fielgffect of fine structure on the dissociation limit by defining
that we can vary between 4 and 7 T. The line positionghe level energies relative @,p. The fluorescence peak
we observe are in agreement with the existatginitio  at detuningd = —134 GHz is attributed to PA in the cell.
theory. However, the theory needs to be extended té corresponding dip in the transmission signal is observed.
include magnetic field dependence to allow for a full The stronger transmission dip-aii41 GHz is due to PA in
comparison. We find that the excited, Hnolecule the buffer;itis Zeeman shifted from the cell line as the field
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FIG. 2. Magnetic field dependence of = 20 and v = 19
PA lines. The data points are shown twice, once reflected
in the B = 0 axis with the opposite polarization. The error
] bars indicate the relative precision of the data points, and
B T T T S T the absolute frequency accuracy isGHz. The curves are
-150 -140 -130 -120 -110 -100 -90 -80 -70 -60 -50 model calculations, with only an overall energy shift as a free
Lyman alpha detuning 2 (GHz) parameter. The effective internal fiel}, as estimated from
Eqg. (3), is indicated (dashed vertical line), as well as the actual
FIG. 1. Transmission and fluorescence spectra of bt a&¢  Symmetry axis of the curve (full line).
10'® cm™3. The feature al = —134 GHz is a PA line. The
large structure dominating the fluorescence spectrum around
A = —80 GHz is the atomic transition. Inset: The PA line \yith v asp!/6 = ﬁM—1/22—1/3C 1/3

oV > . : ! (vp — v). Here,u
shape is fit to Eq. (6). The vertical line denotes the inferred 3 .
position of the unbroadened line. The magnetic field iE in Is the reduced mass (half the mass of the H atom). This

the cell andl T higher in the buffer. theory does not predict the vibrational quantum number
at dissociationvp. We obtainvp = 25.05 from a fit to

. . . . . the data, as shown in Fig. 3. This quasiclassical theory
in the bufferisl T higher. There is no fluorescence signal : L

: e may break down near the dissociation limit due.tbcou-
corresponding to this dip because the fluorescence detectoy. . X
. o . ! pling, as has been observed, e.g., in Ref. [13], in the related
is not visible from the buffer volume. For a given field,

1y +
we observe three PA peaks separated by a few hundrdd >, state.

GHz. The positions of the PA lines are field dependent, as
shown in Fig. 2. Apparently, there is a strong second order
Zeeman effect and a significant polarization dependence of
the Zeeman shifts.

Lyman- light can excite a pair of atoms from thés, ¥ 3.0F
state to the:’S ] andc’II, states [11]. The’II, state -
is repulsive at long range, leaving only théX  as a &
candidate upper state for free-bound transitions. Figure 3 £
shows the positions of the PA lines which we have found. 92_6
To compare with existing theory, the line positions have %
been extrapolated to zero field in a way discussed below.

3.2
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(error bars displaced)
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(v,=25.053 + 0.004)

Figure 3 also shows the dissociation energies of the cal- 24r v D[GHZ | i T
culatedR = 0 and R = 1 bound states as obtained by by gf’

ab initio calculation [5]. R is used to indicate the an- 22} 20 1104 ||

gular momentum of nuclear motion.) From Fig. 3, we i i
identify the observed lines as free-bound transitions to the 18 19 20

v = 18,19,20 vibrational levels of thezS 7 potential. Vibrational quantum number v

The potential by Kotos and Rychlewski [5] was calcu- FIG. 3. Molecular binding energy in the’X ! potential to the
lated with the aim to describe tightly bound molecules,one-sixth power as a function of vibrational guantum number.
and experimental data up to = 6 are discussed in [5]. The theory points shown are the bound states in the adiabatic

o . _ approximation [5] with nuclear motional angular momentum
Apparently it still describes the = 20 molecule well. 2"~ 1"23n4 1, and the line is a fit of quasiclassical theory

Quasiclassical theory [12] predicts that in the potentiako our data. The indicated uncertainty is statistical. Inset:
V(r) = —2C3/r? the molecular binding energp scales Experimental dissociation energies, extrapolates te 0.
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We will now discuss the physics which produces theln the molecular states we observe, the interaction term is
observed field dependence. For the range of internuclealominant, and the magnetic field term and commutators
distances(R0-35)ao] of interest, the resonant dipole inter- of the Laplacian and th®") matrices can be treated as
action is the dominant term in the Hamiltonian. It is moreperturbations. In good approximationXawave function
than an order of magnitude larger thaSf terms, (theL,S  with N = I,M = =1 can be written in the lab frame as
splitting in H is 10.97 GHz) and all first ordel.S terms 0
cancel in a3 state [Hund's case (b) [14]]. Therefore, Wy (r,6,¢) ~ \If(r)YlyM(G,¢)D(1)(—q§,—0,0)(1).

LS coupling can be neglected, and the spins will remain 0
aligned to the magnetic field in the ground state as well (2)

as in the excited state. The Zeeman effect must therefor\g,hen substituting Eq. (2) in Eq. (1) the action of the
be caused by orbital motion of the electrons. At 0.15 K,qyerivative in the Laplacian on th® matrices gives rise

s-wave collisions between H atoms are dominant, so they gn extra term, of a tensor form similar to the Zeeman
initial »°X,” quasimolecule has total motional angular Mo-jorm  This term acts like an effective internal magnetic
mentumV = 0[15]. After absorbing ar- polarized pho-  fie|q B.. Derivatives of theD(Z) transformation matrices
ton the molecule hay = 1,M = >1. Because the light .6 often neglected; in heavy or tightly bound molecules
propagates parallel to the magnetic fieidfransitions are  ihis is a good approximation. However, here we need to
not excited. In the absence b8 coupling, reversing the keep track of these terms.

polarization of the light (and therefore th¢ of the final We have obtained the curves in Fig. 2 by solving
state molecule) is physically equivalent to reversing theEq_ (1) in a way we briefly sketch here: First, the
applied magnetic field, while Ieayin@ unphanged. This ¢ dependence is eliminated from Eq. (1). Then we
allows us to treat ther data points as if they were—  yransform the equation to the molecular frame, where

points taken at a negative field (see Fig. 2). The polarizage dominant term is diagonal. Thederivatives of the
tion dependent Zeeman shift shows tivatcouples quite g jentation of ¥ can be neglected [cf. Eq. (2)], we also

strongly to the magnetic field, which indicates that on avyegject itsg derivatives, which contribute only a small
erage a significant fraction of the angular momentum energy shift. The equation now assumes a scalar form,

must be in the electron orbital motion, even in zero field. which is easily solved. The resulting curves are in very
When the nuclei are far apart, there are no shared eleﬁ'ood agreement with the data. Apart from an overall
trons and the molecule consists of two atoms, bound beqency shift the calculation has no free parameters.

exchanging virtual photons. - Since one of these atoms igye yse the zero field values of this calculation to compare
in the2P state, the molecule hds= 1 and we can express with B = 0 theory in Fig. 3.

the molecular state in a basis of atormie; () states. Cou- To gain insight we compare thé derivative term in

pling to the nearbys state is ignored in this long-range gq (1) to the Zeeman term, which leads to an analytical
approximation, as it does not have resonant dipole 'nterépproximation of the internal fiel#;

action. The Schrddinger equation of the molecule acts on a2 ]

three-component vector wave functiod&r, 6, ¢) where upB; =~ —M ~— ——. (3)

the components ¥ = (V_;, ¥y, V) represent the dif- 4 répe

ferentm;, states of the excited atom,is the internuclear For the effective radius.;s we take the most probable
distance, and and ¢ are the angles between the internu-r (the maximum of theB = 0 wave function in the
clear axis and the laboratory frame. The gquantization axiadiabatic approximation). This leads to an estimated
for L is taken in the laboratory frame to show more clearlyB; = 0.6 T for the v = 20 state andB; = 1.2 T for the

the implications of angular momentum conservation. Tov = 19 state. The simple estimate (3) agrees well with
transform the vector between the laboratory frame and thboth the experiment and the calculated field dependence
molecular frame, where:; becomesA, one must use a (see Fig. 2). By combining3; with the second order
three-dimensional representatim! (0, 6, ¢) of the rota-  Zeeman effect it is possible to define an effective mag-
tion group [14]. The resonant dipole interaction, which isnetic moment, which i9.041 g for thev = 20 state and
attractive as—2C3/r> for the32g, is repulsive as;/r3  0.029up for v = 19. This is almost 2 orders of magni-
for the 31, state [16]. The Schrédinger equation in thetude larger than the nuclear magneton. This internal field

laboratory frame reads is not unique to K molecules. In fact, Eq. (3) holds for
5 any molecule that resemblesSaand P pair of (not even
EWY = _n V2 necessarily identical) atoms, as long &S coupling is
2 small. WhenLS coupling is large a similar effect arises

due to theD®) matrices that transform the spin part of
+ C_; D(l)(_(b’ —9,0) (1 5 )D(l)(o’ 0, )W the Wave.func.tion. In the lightest alkali_, Li, for a typi_cal
r 1 state excited in PA1(32;,U = 59) the internal field is
high (=0.08 T), but due to the weak second order Zee-
0 )xp (1) man effect the magnetic moment is only of the order of
! the nuclear magneton.

+ ,U,BB< !
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From the eigenvectors of Eq. (1) we can infer thestrongly perturbed by the magnetic field ah8l coupling.
relative excitation probabilities of the different transitions. The peak in the blue wing of the atomic transition suggests
For thev = 20 state atB = 6 T we predict an excitation that there may be PA to a dissociative level [13].
cross section that 4.4 times larger for ther_ transition The authors thank Wim van der Zande, Hugo Boesten,
than for theo .. transition. Experimentally we find a ratio Boudewijn Verhaar, and Pepijn Pinkse for valuable dis-
of6 + 1.5t01. cussions, and Otto Hopfner, Joost Overtoom, Michiel

To obtain accurate line positions from the asymmet-Groeneveld, and Bert Holsbeeke for technical support.
rically broadened lines (see Fig. 1) it is crucial that weThis work is supported by the Stichting voor Funda-
understand the line shape in detail. The lines are broadnenteel Onderzoek der Materie (FOM). The research of
ened due to the kinetic energy distribution of the collidingM. W. R. is supported by the Royal Netherlands Academy
atoms (to the red) and due to the Zeeman effect (to thef Arts and Sciences.
blue). The kinetic energy broadening reflects the thermal
energy that the atoms have in the initial state. The excita-
tion takes place around the outer turning poigtso that
the probability to excite the atoms is proportional to the

initial ground state wave functioﬂ}o(ro) Squared The *Present address: Creo Products |nC., 3700 Gilmore Way,

initial state is ans wave, Wy(r) o sin(kr)/r (the s-wave
scattering length of the ground state is ignored here), and!]
the thermal probability that the system will be found in
this state isxexp(—/h%k?/2ukgT), which leads to the ki-
netic energy line shape function

fr(dw) = 8| V2 si[roRuldw|/k)/?]e Mowl/ksT
“4)
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