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Observation of High-Angular-Momentum Rydberg States of H, in a Fast Beam
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Rydberg states of H, with n =10, L = 3-6, formed in charge-capture collisions of (11 keV) H,*
ions, are resolved spectroscopically by laser excitation of the 10 — 27 electronic transition, detected
by Stark ionization of the upper state. Measured level positions are in good agreement with a priori
predictions. The Rydberg spectrum identifies participating H,* core states as v=0 (only) and
R =0-3, but relative line intensities appear anomalous.

PACS numbers: 33.20.Ea, 33.80.Eh, 35.20.My, 35.80.+s

The spectroscopy of highly excited Rydberg states of
H, has been carefully studied in the case of L=1
states,! revealing a rich structure that has been an im-
portant stimulus in the development of multichannel
quantum-defect theory.2 Other nonspectroscopic stud-
ies of H, Rydberg states have shown that stable
(r=107° sec) highly excited states exist,>* and it has
been suggested that these may be states of high orbital
angular momentum.*® At lower n, states of this type
(L = 3) have recently been studied®-? and their struc-
ture found to be well described by a model including
only long-range interactions between the excited elec-
tron and the H,* ion core. We report here the first
spectroscopic identification of high-n, high-L states of
H,, confirming that such states are formed in charge
exchange, and showing that their structure is well
described by the same a priori model used at low n.
Practical experimental access to such states could be an
important new probe of the fundamental H,* ion. In
addition, our observations indicate, by showing the
complete absence of Rydberg states with vibrationally
excited cores, that vibrational-electronic coupling is
strong in this system, in contrast to some predictions,
and raises other questions about the formation of
these states.
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where r is the electron’s radial coordinate and 0 is the
angle between the ion axis and the electron position.
The parameters Q, «, y are all functions of the core
internuclear separation p and represent the electric
quadrupole moment and isotropic and anisotropic di-
pole polarizabilities of the free ion core. The expecta-
tion value of this perturbation in a basis set of case-d
wave functions characterized by quantum numbers
(v,R,n,L,N) has been calculated explicitly in Ref. 8 in
terms of the expectation values of core parameters Q,
o, and y for the free ion. The resulting structure
depends sensitively on v because of the dependence of
a, vy, and Qon p.

Perturbations of this structure due to off-diagonal
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The character of single-electron excited states of H;
changes markedly when the coupling of the excited
electron’s angular momentum to the orientation of the
H,* internuclear axis is much less than the free ion
core’s rotational energies. For Rydberg states of low
L, this condition is satisfied only for sufficiently high
n.1'2 States with L > 2, however, are always near the
uncoupled limit (Hund’s case d) because of the rapid
decrease in coupling for nonpenetrating orbitals. In
this case, both the Rydberg electron’s orbital angular
momentum (L) and the core ion’s rotational angular
momentum (R) are approximately good quantum
numbers which couple to form N=L + R, the total an-
gular momentum exclusive of spin. The system is in
many respects ‘‘atomlike’” with the core playing the
role of a deformed atomic nucleus of ‘“‘spin’> R. For
example, radiative transitions between such states take
place without change in core state (Av=AR =0) and
obey the usual atomic selection rules, AL= %1,
AN=0, 1.

In zeroth order, the energy of such a state is the
sum of the energies of the free ion core with vibration-
al and rotational quantum numbers v, R, and a hydro-
gen atom with principal quantum number n. For non-
penetrating orbits, further electron-core interactions
are given approximately by®?

], (D

matrix elements of Eq. (1), also given in Ref. 8, may
be evaluated using calculated core energy levels.!?
Since these matrix elements are on the order of 1
cm™! for the states studied here, only very nearly de-
generate levels can cause appreciable energy perturba-
tions. Typically, only one or two perturbing levels
(with AR= +2, An= F1) dominate the total shift.
For n =10 states with vibrationally excited cores, the
coupling represented by Eq. (1) can give rise to au-
toionization.!! The lifetime of the 10G states against
this process has been estimated as 10~ ? sec,® consider-
ably longer than the lifetimes of lower- L states mediat-
ed by short-range interactions with the core,'? but
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much shorter than estimated lifetimes which ignore
the long-range coupling.’

The apparatus used for these observations has been
described elsewhere.!> A beam of 11.1-keV H,* ions
(~0.1 uA) is obtained from a duoplasmatron ion
source, mass analyzed, and focused through a dif-
ferentially pumped charge-exchange cell containing ar-
gon gas at about 0.010 Torr. Of the entering ions,
about 10% undergo charge-exchange collisions and
emerge as fast neutral H,, a fraction of which are in
highly excited Rydberg states.®> Residual ions are re-
moved from the beam by a deflection field and colli-
mator. Then, after a drift time of about 0.5 usec, the
H, beam is intersected by a cw CO, laser operating on
the 001-100 P(16) or P(18) lines at 947.750 or
945.990 cm ™!, respectively.!* These lines are near
enough to the 10— 27 Rydberg transition that they
may be tuned into exact resonance by changing the an-
gle of intersection between the laser and the fast H,
beam (v/c=0.00344). Because the H, beam is nearly
monochromatic, the laser resonance lineshape is
Doppler free with a width of 0.01 cm~! due principally
to the angular width of the neutral beam. This leads to
selective excitation to n =27 of particular Rydberg lev-
elsin n=10, e.g., the v=0, R=1, L =3, N=4, but
not N =3 level is excited. Finer structure due to elec-
tron and nuclear spins is unresolved. The transition is
detected by Stark ionization of Rydberg states in the
beam with n > 24, and deflection of the resulting ions
into a Channeltron electron multiplier. The construc-
tion of the detector is such as to discriminate against
H,* and H?* ions already in the beam as a result of
collisional processes or of autoionization. A small
background from naturally populated H, (n > 24)
states is greatly reduced by increasing the ion deflec-
tion field sufficiently to remove these states by ioniza-
tion. The magnetic field in the laser interaction region

was reduced to < 0.05 G by Helmholtz coils. The
stray electric field in the same region was estimated as
< 0.1 V/cm by study of the forbidden 10L — 27L
transition strength. The pressure throughout the neu-
tral beam chamber was < 10~ 7 Torr.

Figure 1 shows the observed laser-induced H,* flux
as a function of the intersection angle of the laser and
H, beams (measured from antiparallel). These data
were collected over 37 hours. The horizontal axes also
show A, the difference of the Doppler-shifted laser
frequency at each angle from the unperturbed 10— 27
Rydberg transition frequency (946.584 cm~!). A
number of well resolved lines can be seen over a range
of about 3 cm~! which arise from high-L Rydberg
states. Optical transitions corresponding to different
core states appear superposed since the core state does
not change in the transition. All the (strong) observed
lines are accounted for by states with v=0, R =0-3
cores and L =3-6. As expected, only one strong tran-
sition from each initial state is observed, correspond-
ing to the transition 10,L,N to 27,(L+1),(N+1).
Column 1 of Table I shows the line identification in
terms of the initial state, in the notation (R)Ly,
where L is given in spectroscopic notation and
v=0,n=10 is understood. Column 2 shows the mea-
sured line position, A. The experimental error comes
from reproducibility of the measured angle and 1% un-
certainty in the beam velocity. Column 3 shows the
predicted position if we take only the expectation value
of Eq. (1) in the case-d basis, while column 4 gives the
shift predicted by off-diagonal terms.!* The total in
column 5 is in quite good agreement with observa-
tions. This result must be considered fortuitous in
view of the stated ‘‘few percent’’ numerical uncertain-
ty in the averaged core parameters used® and the omis-
sion of higher-order terms from Eq. (1) which produce
3% corrections in the analogous states of atomic heli-
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FIG. 1. Laser-induced flux of H," ions after Stark ionization as a function of the angle of intersection of the laser and H,
beams. Case (a) is for the P(16) and case (b) the P(18) lines of the CO, laser. Also plotted on the horizontal axis is A, the
difference between Doppler-shifted laser frequency and 946.584 cm ™!, the unperturbed 10— 27 Rydberg transition frequency.
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TABLE 1. Identification of lines in the spectra of Fig. 1.
The initial state is given in column 1 and in each case the fi-
nal state has Av=AR =0, AL=AN=+1. Observed posi-
tion (A=v—946.584) is given in column 2 (asterisk
denotes a blend with stronger line, and the double asterisk a
line falling outside the range studied). Column 6 gives the
observed strength. Predicted position is shown in column 5,
with contributions from first- and second-order perturbation
theory shown separately as E; and E,. Column 7 shows
predicted line strengths obtained from Eq. (2), as described
in the text.

Initial Line Position A (cm-1) Strength

State Calculated

(R)Ly  Obs. £y E, Tot. Obs. Calc.
(0)F3 +0.96(2) +1.02 -0.08 +0.94 0.6 1.9
(1)F4 +1.78(2) +1.64 +0.13 +1.77 3.6 4.0
(1)F3 -0.73(1) -0.83 +0.08 -0.75 0.6 3.1
(1)F2 +2.58(2) +2.51 0.00 +2.51 2.4 2.3
(2)Fg +1.92(3) +1.91 -0.01 +1.90 1.0 0.5
(2)F4 ----- -0.30 -0.01 -0.31 --- 0.4
(2)F3 ----- -0.06 +0.16 -0.10 -—- 0.3
(2)F2 ----- +1.57 -0.02 +1.55 -—- 0.2
(2)F1 +3.17(2) +3.16 -0.02 +3.14 1.2 0.2
(3)Fg +2.05(3) +2.08 -0.07 +2.01 1.3 0.4
(3)Fg  ----- -0.01 -0.08 -0.09 --- 0.3
(3)Fy ----- -0.21 -0.09 -0.30 --- 0.2
(3)F3 -=--- +0.63 -0.07 +0.54 --- 0.1
(3)F, ----- +1.85 -0.04 +1.81 ~--- 0.1
(3)F]  ----- +2.94 -0.01 +2.93 --- 0.1
(3)Fg  ** +3.56 -0.06 +3.50 --- 0.1
(0)Gq * +0.27 -0.02 +0.25 --- 3.4
(1)G5  +0.61(1)  +0.57 +0.02 +0.59 6.4 7.0
(1)64 -0.53(1) -0.56 +0.02 -0.54 0.5 5.7
(1)G3 +0.88(2) +0.86 -0.01 +0.85 3.7 4.6
(2)G6 +0.71(1) +0.70 -0.01 +0.69 1.1 0.9
(2)G5 ----- -0.27 0.00 -0.27 --- 0.7
(2)G4 ————— -0.23 +0.04 -0.19 --- 0.6
(2)G3 * +0.36 -0.01 +0.35 -—- 0.5
(2)62 ————— +1.12 -0.01 +1.11 -—- 0.4
(3)Gy +0.78(2) +0.78 -0.02 +0.76 1.7 0.6
(3)66 ————— -0.11 -0.01 -0.12 --- 0.5
(3)G5 ————— -0.30 -0.02 -0.32 -—- 0.4
(3)64 ----- -0.07 -0.01 -0.08 --- 0.3
(3)G3 * +0.39 -0.01 +0.38 -—= 0.2
(3)6, * +0.88 -0.01 +0.87 --- 0.2
(3)G1 ----- +1.28 -0.02 +1.26 -—= 0.1
(0)Hg ~ +0.09(1)  +0.09  0.00 +0.09 1 2.0
(1)H5 +0.27(1) +0.26 +0.01 +0.27 3.6 4.1
(l)Hs -0.34(1) -0.35 +0.01 -0.34 0.4 3.4
(1)Hg  +0.39(1) +0.39  0.00 +0.39 1.8 2.9
(2)H +0.35(1) +0.34 0.00 +0.34 0.7 0.5
(2)H6 ————— -0.18 0.00 -0.18 -—- 0.4
(2)H5 ----- -0.19 +0.01 -0.18 -—- 0.4
(2)H4 * +0.10 0.00 +0.10 -—- 0.3
(2)H3 +0.53(1) +0.52 0.00 +0.52 0.7 0.3
(1)17 +0.14(1) +0.14 0.00 +0.14 0.6 0.9
(1)16 ----- -0.22 0.00 -0.22 -—- 0.8
(1)15 +0.21(1) +0.21 0.00 +0.21 1.6 0.7

um.!® Much more precise experimental determina-
tions should be possible by direct microwave measure-
ment of fine-structure intervals.!3

The observed pattern of line intensities is more dif-
ficult to interpret. In order to contribute to the signal,
both initial and final states of a transition must be
stable for 106 sec against predissociation and autoion-
ization. Predissocation is energetically allowed for all
these states, but to influence relative intensities, it
must involve angular momentum selection rules which
to our knowledge have not been discussed theoretical-
ly. Vibrational autoionization is energetically allowed
for n=10 states with v > 0. Since the H,* beam is
probably vibrationally excited,!” our observations sug-
gest that this process proceeds rapidly, in agreement
with lifetime estimates from Eq. (1). Rotational au-
toionization is energetically allowed for » =27 states
with R > 1, but nevertheless, several lines are ob-
served with R =2,3 cores. If the distributions of
n =10 electrons and v =0 cores are isotropic in L and
R respectively, and the core rotational populations
obey a Boltzmann distribution, then the relative line
intensities are expected to be’

I(R,L,N) = Col2— (— I)R]exp[— BR(%Q
R

X f(LYQRN+1)(2N+3)

L+1 N+1 R)
[ } 2)

N L 1

where Ty is the rotational temperature, B=29 cm™!,

and f(L) accounts for the relative L-state populations
and reduced matrix elements. The best match to Eq.
(2), obtained with T=156 K and f(L) adjusted to fit
the strongest lines, is shown in column 7 of Table I.
Comparison with observed intensities in column 6 in-
dicates substantial discrepancies. A present, no ex-
planation is known for the observed pattern of intensi-
ties. Previous studies of H, Rydberg formation by
charge capture have already indicated other open ques-
tions, particularly an anomalously large excited-state
fraction (n > 11) as compared with atomic hydrogen,?
and a spontaneous regeneration of once-ionized Ryd-
berg levels.!® The present observations add to the sug-
gestion that significant aspects of the population
dynamics of these states remain to be explored.
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