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High-resolution spectroscopy of molecular hydrogen in the extreme ultraviolet region
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%'e report high-resolution spectroscopy of the D 'IT„, D" 'II„, and B" ' S„+ states in H„HD, and D„performed
in absorption in the vicinity of 83 nm. Predissociative widths as narrow as 0.3 cm have been measured, and profile
analyses based on the theory of Pano are performed on these predissociated states. The importance of overlap
integrals in the predissociation of B"is shown, and the absorption cross section o = (7.2 +0.7) &(10 "cm' for the
B"~X(2,0) is determined. Anomalous behavior observed in the D (v = 5) states of 0, is analyzed in terms of an

accidental perturbation by the D" (v = 0) states.

I. INTRODUCTION

The hydrogen molecule, and in particular the
structure and spectrum of its electronically ex-
cited states, has been the subject of intensive
theoretical and experimental study in recent
years. ' " The importance of the hydrogen spec-
trum is well known; primarily, since hydrogen is
the simplest of all many-electron molecules, its
spectrum j.s the testing ground ofboth refined cal-
culations and improved experimental techniques.
Furthermore, the excited states of the hydrogen
molecule are of considerable relevance to chem-
istry and astrophysics.

Experimental studies of the excited states of the
hydrogen molecule utilizing opticaL excitation re-
quire sources of radiation in the region 80 to 120
nm (ionization of H, takes place at wavelengths be-
low 80.4 nm). Until recently, the only sources
available in this spectral region have been
weak, broadband incoherent sources such
as a helium lamp or a synchrotron. The radi-
ation from a synchrotron is normally disper-
sed with a vacuum monochromator, a procedure
which establishes, at best, an instrumental res-
olution'"' "on the order of -2.5 cm '. This
instrumental width is more than twice the Doppler
width of H, at room temperature, and three times
that of D,. High-resolution studies of hydrogen in
absorption have thus been severely limited by the
unavailability of bright, narrow bandwidth sources
in the extreme ultraviolet (xuv). In particular, the
predissociative width of only rather broad lines
(~ 3 cm ')'" could be measured. Certain pre-
dissociated lines in H, and in HD, and most pre-
dissociated lines in D„could not be analyzed with
this resolution. "'"

In this paper we report the results of high-reso-
lution studies performed in the vicinity of 83 nm
in H„HD, and D,. In these studies, absorption
line centers and line shapes were determined with
great accuracy, enabling the analysis of the roles
of both overlap integrals and accidental perturba-

tions. These studies were made possible by the
development of a bright, coherent, high-resolution
source, tunable around 83 nm. "

Despite the apparent simplicity of the hydrogen
molecule, its excited states display a variety of
properties whose analysis is far from being sim-
ple. Many of these properties arise clue to failure
of the Born-oppenheimer approximation: predis-
soc iat ion ' ~ lambda doubling, ' ' ' and
irregularities in ro-vibronic line positions and in-
tensities. In general, diabatic interactions be-
tween two electronic states g and $' with total
electronic angular momentum about the internu-
clear axis A and A', respectively, can be classi-
fied into two categories": (a) Homogeneous if
A' =A. In this case the coupling is between the
vibrational and the electronic degrees of freedom
and is independent of molecular rotations. (b)
Heterogeneous, if A' =A+1. This interaction cou-
ples electronic motion and molecular rotation with
a coupling energy proportional (in the pure pre-
cession approximation) to' J(J+1), where J is the
rotational quantum number.

As examples, lambda doubling, " in which the
(nPw) 'Il„' degeneracy is removed by (nPw) 'Il„'
—(NPv) 'Z'„interaction, is a heterogeneous cou-
pling. The 'll+„—'II„energy splitting is approxi-
mately proportional to'" J (J+1). Predissocia-
tion may be predominantly heterogeneous, as when
D(3P~) 'll'„ is predissociated' ' by 'B( p3cr) 'Z'„, or
it may be homogeneous, as when B"(4po) '&'„is
predissociated" by B' (3Po) '&'„. Other homogen-
eous or heterogeneous interactions are possible,
some due to accidental proximity of two states.

The most strongly predissociated state in H,
above -14.5 eV is'', "D(3p~)'ll„, which interacts
with the continuum of the B'(3po) '&'„state (see Fig. 1
for the relevant states). The (rkpo) '&„' states (n ~ 4)
are homogeneously coupled to the same continuum.
The B' continuum is also responsible for the pre-
dissociation of the (nPw) 'Il„states' "'"(n ~ 4),
this time via second-order channels". (a) homo-
geneous (nPw) 'Il„—(3Pn) 'Il„, followed by hetero-
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through a 1-m vacuum monochromator and detect-
ed by an electron multiplier, whose output was fed
into a transient digitizer and stored in a computer.
The tripling efficiency was estimated to be -10 "
over most of the tuning range, with a hundred-fold
enhancement at 249.6 nm, which coincides with a
two-photon resonance in xenon.

The gases used in the experiments were H, :
99.999+0 pure (Scientific Gas Products); HD: 9$jo
pure (Merck Sharp and Dohme); and D, : 99.99//p

pure (Air Products). The gas was under continu-
ous flow; it was let into the differentially pumped
chamber, and pumped out together with the xenon.
A MKS Baratron (170 M) pressure gauge, located
on the side of the chamber, indicated the back-
ground pressure. The hydrogen pressure in the
83-nm radiation region is expected to be spatially
nonuniform and strongly dependent on the charac-
teristics of hydrogen penetration into the xenon
"plume. " The experiments have shown that, at
pressures above 40 mtorr in H, and 30 mtorr in
HD, the extinction coefficient of hydrogen was
proportional to the background pressure reading.
Therefore, we assumed that the average hydrogen
pressure in the absorption region was equal to the
background pressure. Based on this assumption,
the absolute cross section for the B"-Xtransition
was calculated (see Sec. IV). The absorption
curves were obtained at each frequency from the
transmitted 83-nm radiation with and without hy-
drogen present.

III. DATA ANALYSIS AND RESULTS

Several of the observed absorption lines had
symmetric profiles, whose width corresponded to
the Doppler width characteristic of room temper-
ature: 1.0 cm ' in H„0.84 cm ' in HD, and 0.73
em ' in D, . Other lines had asymmetric profiles
which were manifestly broader than the Doppler
width. The asymmetric line shapes can be under-
stood in terms of the theory" developed by Fano
concerning discrete state-continuum state inter-
action. According to that analysis, this interac-
tion results in an interference which distorts the
shape of the mixed state and shifts the center fre-
quency relative to the position of the unperturbed
discrete state.

The frequency dependence of the resultant ab-
sorption cross section o(v) is

In Eq. (1), v, is the (new) center frequency, I" is
the predissociative linewidth, and q is the asym-

metry parameter. The quantities I' and q are de-
fined by

I"=-2 l(~IIII(&l', (2)
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FIG. 4. Two typical absorption lines at 83 nm. (a)
The broad, asymmetric D X (5, 0) B(2) transition in
D2. Superimposed on it is the narrow D—X (5, 0) Q(1)
line. The solid line is the best fit (see text). (b) The
narrow, symmetric D" X (0, 0) g(1) transition in H2.
The solid line is a Gaussian profile with Doppler width.

In Eqs. (2) and (3), H is the part of the molecular
Hamiltonian which couples the discrete and the
continuum states, and T is the dipole moment
operator. The states are: ~i& the initial (ground)
state, ~(& the discrete state, ~C') the continuum
state, and

~ Q& the "modified" discrete state.
From Eq. (3), q can be either positive or nega-
tive, depending on the signs of the three matrix
elements involved. Also, the larger the magni-
tude of q, the smaller the degree of asymmetry.

The asymmetric lines which were observed in
absorption represent the convolution of the appro-
priate Doppler profile and a Fano profile [Eq. (I)].
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The Fano profile included four as yet undeter-
mined quantities: its overall strength, the center
&0 the width I' and the asy mmet ry q. In ord er to
determine their values, we numerically convolved
the Doppler and the Fano profiles, and varied the
four parameters until a least squares fit to the
experimental data was obtained.

A total of 26 transitions from X 'Z,' to B"'Z„'
(v =2), D'II„(v=4 in H„v =5 in D,) and D" II„
(v =0) in H„HD, and D,, were studied. Typical
spectra are shown in Fig. 4. The observed lines
are listed in Table I. The experimental uncer-
tainty for the line centers was +0.2 cm ', a value
limited by the current resolution of the wavemeter
used. " In cases where Fano profiles were ob-
served, the uncertainty of the predissociative
width X" was +10/&, while that of the asymmetry
parameter q was a 25%. Finally, we note that,

although the analysis described above used the
description given by Fano, it may be possible to
apply the multiquantum defect method' to dis-
sociative amplitudes of this type.

I= m, &e(R)~ ](R)),
where M, is a constant. The B'-B"interaction

(4)

IV. DISCUSSION

A. B"(4pg) Z„+ in H2 and HD

The predissociative width and asymmetry of the
B"(v = 2) levels vary significantly with J (Fig. 5).
In the notation of Eqs. (2) and (3), ~ Q) =

~ $) = ~B",
v=2, g&, ]e&=[B, E, g&, (g&=@, v=0, g~I&.
The matrix element responsible for predissocia-
tion is M =(4'(R)~ H(R)~ ((R)), where R is the inter-
nuclear distance. In first approximation,

TABLE I. Measured absorption lines in hydrogen in the vicinity of 83 nm.

Transition Line center (cm )
Molecule El. —Vibr. Rot. This work Other works

Line shape
This work Other works

H2

H2

H2

H2

H2

H2

H2

H2

H2

H2
HD
HD
HD

HD

HD
HD

D2

D2

D2

D2

D2

D2

D2

D2

D2

D2

B~-X (2, 0)B"-x (2, o)
B~-X (2, 0)
D-X (4, 0)
D-X (4, 0)

X (0 P)
D"-X (0, 0)
D~-x (o, o)
B"-x (2, o)
B -X (2, 0)
B"-X(2, O)

P(3)
R (2)
R(3)
Q (2)

(3)
Q (1)
R (0)
R (1)
&(1)
R (0)
R(1)

120 308.4
120 804.2
120 643.3
120 801.3
120 589.5
120 112.9
120241.3
120 256.4
120443.4
120 570.3
120 555.4

120 308.9~

120 802.0a

120 643.8~

12O 8O2.O'

12O 589.O'

120111.9~

120 240.6~

120241.2a

120443.5a

120 570.0
120 555.3

120 308.8"
12O 8O4.1"
120643 9~

12O 8OO.8"
12O 589.7b

12O llS.1"
120241 4"
120 256.9"

B"-X (2, 0) R(2) 120489.3 120488.6

B"—X (2, 0)
D" —X (0, 0)
D-X (5, 0)
D-X (5, 0)
D-X (5, 0)

R(S)
Q (1)
Q (1)
Q (2)
R (0)

120 370.2
120 275.4
120 527.9
120451.9
120 585.5

120 371.6a

120273.8a 120 276.1
120 527.3
120452.0a

120 583.8a

D -X (5, 0) R(l) 120576.1 120 574.4

D -X (5, 0) R (2) 120 532.0 120 530.8

D"—X (0, 0)
D"-X (0, 0)
D"—X (0, 0)
D"-X (0, 0)
D" -X (0, 0)

Q(1)
Q (3)
R (0)
R(l)
R (3)

120465.7
120 315.0
120 529.5
120 532.8
120454.3

120464.4+

120 314.8a

120 528.7
120 532.1~
120454.Oa

120466.6~

120315 7e

120 528.8e

12O 532.3
120455.2e

B —X (2, 0) P (1) 12P 75P.6 120 749.8& 120 750.9"

B"—X (2, 0) P (2) 120 563.3 120 563.0~ 120 563 5"

Fano: I'= 0.80 +0.10 cm ~

q=l5+5
Fano: I'= 0.47 +0.07 cm

q=18 +5
Doppler width
Doppler width
Doppler width
Doppler width
Doppler width
Doppler width
Doppler width
Doppler width
Doppler width
Doppler width
Fano: I'= 0.30 +0.03 cm '

q =29+10
Fano: I'= 0.27 +0.03 cm ~

q=43 +15
Doppler width
Doppler width
Doppler width
Doppler width
Fano: I'=1.5 +0.2 cm ~

q=-22 +4
Fano: I'= 2.5 + 0.3 cm ~

q = -7.5 +1.5
Fano: I'=4.4 +0.4 cm ~

q =-4 +1.0
Doppler width
Doppler width
Doppler width
Doppler width
Doppler width

(d)r(2.3 cm '

i(dI'= 3.6 cm

(d)I'=7.6 cm ~

~Reference 15.
Reference 28.

cReference 29.

d Reference 11.
'Reference 30.
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FIG. 5. The variation of predissociative width P and

of asymmetry 1/q, as a function of J in the B" {v = 2)
band of H2 and HD. Only the asymmetry of states with
I"Z7 GHz is shown.

is homogeneous, and therefore M, is independent
of Z. The matrix elements ($(T~i), (4[T[i), both
representing 'Z —'~ transitions, have the same
J dependence. Therefore, the only source for the
variations in Fig. 5 is the result of varying over-
lap integrals (4'~ $) with changing Z. From Eqs.
(2) and (3)

(6)

and by a linear slope, "

(5)

As long as the predissociation is homogeneous
Eq. (5) holds, even when approximation (4) fails.
Equation (4) was, however, used in a semiquanti-
tative fit of the H, data in Fig. 5. The fit showed
that the Franck-Condon factor

~ (4~ $)~' varies by
amounts comparable to those observed experi-
mentally. In this fit, the known potential curves"
of the bound state (B") and the continuum state
(B') were approximated by a Morse potential, "

(for B") and Airy (for B') functions showed that
the fast oscillations of the Airy function can pro-
duce substantial changes (by a factor of two to
three) in the value of I (4~ ()~' on a relatively
small energy scale (- 100 cm '). The rotational
constant of B" (v = 2) is" B,= 27 cm ', so that the
energy spanned by J= 0 to J = 4, (Fig. 5) is -540
cm '.

While the above calculations are in good quali-
tative agreement with our experimental results,
the approximations of Eqs. (4), (6), and (7) do not
enable a more accurate quantitative comparison.

Similar calculations can be performed for HD.
However, since the center of mass and the center
of charge do not coincide, the evaluation of the
coupling matrix element Iis more complicated.
Nevertheless, under the approximation of Eq. (4),
qualitatively similar results were obtained for
HD and H, . It should also be noted that, within
experimental uncertainty, Eq. (5) is fulfilled for
H, as well as for HD.

The absolute cross section for the B"-Xtransi-
tion was determined as outlined in Sec. II above.
We found that the peak cross section, not including
the rotational Honl-London factors, "was o» = (7.2
+0.7) &&10 "cm'. With an average line width of
1.1 cm ', the matrix element of the B"-X(2,0)
transition is

i (M")(M"~)i = (0.047 ~0.005) a.u. (8)

B. D(3pn) H„and D"(5pm) II„ in H2, HD

The observed Q lines of D-X (4, 0) in H„as
well as the P- and R-branch lines of D"-X(0,0) in

H, and HD exhibited symmetric, Gaussian profiles
(Table I). From this observation we conclude that the
predissociative widths of the upper states in these
transitions are less than -0.08 cm '. This fact is
in conformance with the considerations mentioned
above, i.e. , that the predissociation of '1'I„states
and the accidental predissoeiation of (npn) 'lI„'
(n~4) states are weak.

In Eq. (8), M~+ is the square root of the Franek-
Condon factor. Assuming similarity in shapes of
the B' and B" potential curves, ~M"~~ = 0.31
a 0.03.'4 Hence, (M")'= (0.022+0.003) a.u. , which
corresponds to (0.38 +0.05) D.

V(R) = a+ bR, (7)
C. D(3p7t} H„andD"(5pn} II„ in D2

respectively. Variation of the parameter a [Eq.
(7)] corresponds to a change in the distance be-
tween the two curves, a procedure which simu-
lates a variation in the rotational quantum number
J. Numerical integration of the resulting Morse

Although the electronic potential curves are only
slightly influenced by isotopic substitution of the
nuclei, the vibrational and rotational constants are
significantly affected. " Thus, the spacing between
ro-vibrational states belonging to different elec-
tronic configurations may be strongly isotope-de-
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pendent. In particular, accidental resonances,
which may cause irregularities in predissociative
rates, may occur in one isotopic derivative of
hydrogen and not in others. This fact enables ex-
aggerated isotopic effects to arise. Such is the
case in D„where the D (v = 5) and D" (v = 0) ro-
tational states are accidentally close enough to
perturb each other significantly. This perturba-
tion is homogeneous (dA = 0), thereby rendering
it independent of J. Changes in Franck-Condon
factors are expected to be much less pronounced
than in the B' -B" interaction, because both
D (v = 5) and D" (v = 0) are bound states with rela-
tively slow oscillations in their wave functions.
On the other hand, the predissociative D -B' in-
teraction is heterogeneous, and the coupling ma-
trix element is proportional to [J(J+1)]'/'. In
the notation of Eqs. (2) and (3), for R-branch
transitions: li&=IX, v=0, J —1&, I4'& =IB', Z
J). If there is no D D" coup—ling, as for instance
is the case in H„ then I Q& =

I $&
=

I D, v = 5, J & and'

I'(J) ~J(J+1),

1/qo- J.
(9)

As is evident from Table I, I"(J) increases more
slowly than predicted by Eq. (9), whereas 1/q in-
creases somewhat faster than J [Eq. (10)]. This
anomaly cannot be explained by variations in the
B'-D overlap integral, because then q and 1
would have to satisfy the relation

(12)

where Cv(J) and Cv i(J) are positive, and are de-
termined by the term values and the coupling
matrix element. Also,

Ic,(J)l'+ Ic,-(J)l'=1, (13)

and the state
I

F& in Eqs. (2) and (3) should now be
replaced by the mixed state ~q&. Since (D"IHIB')
=0, Eqs. (9) and (10) are modified to

I'(J ) "Ic,(J )I'J(J+1),
0: c,(J )

q Cv(J) (M»ti «(0 o&/MD «(5 0&)CDui(J')

(14)

(15)

In Eq. (15), the M's are the electronic-vibrational
dipole moment matrix elements of the indicated
transitions. Using Eq. (13), Eq. (15), can be writ-
ten as

D-(3P~) 'll „(heterogeneous), (5Po ) 'Z'„D—"(5P«) 'll „
(heterogeneous), B'(3po) ~Z„' —5po 'Z; (homogene-
ous), and D(3P~)'ll„-D"(5Pn)'II„(h om oge neo us). A

simpler model can, however, be constructed, espe-
cially at the lower J values (large separation between
interacting states). In this approximation the
D-D" perturbation is treated independently of the
other interactions, and is superimposed on them.
The mixed state is"

In( J)&= C, ( J)ID v=5, J) —CD (J)ID", v=o, J&,

Relationship (ll) is clearly Not satisfied by our
experimental data.

The deviation of I'(J ) and q(J) from their ex-
pected behavior [Eqs. (9) and (10)] is, however,
explained by the mixing of the D and D" states.
On the basis of arigular momentum conservation, "
only states with equal J can perturb each other.
In our case, the separation between pairs of
states with equal J decreases with increasing J.
As a result, the D states acquire an increasingly
larger D" character as J increases. The D"
state has a very small predissociative width
(Table I), and, therefore, the increasingly larger
amount of D" mixed into D retards the quadratic
behavior of I'(J ), Eq. (9). The asymmetry 1/q
can either increase or decrease as a result of the
mixing, depending on the relative signs of the
D -X and D" -X matrix elements, as noted be-
low.

An exact treatment, which would yield a quanti-
tative fit to the experimental data, must include
all the pertinent interactions: B'(3po) 'Z„'

(16)

It is now evident, that the asymmetry I llql can
increase or decrease as a result of D -D" mix-
ing, depending on the relative signs of MD x&, p&

and MDN x (p p) If there were a change in sign
from D (v =5) to D" (v =0), the absorption cross
section or the Franck-Condon factors would ex-
hibit a minimum in the transition from one state
to the other. No such minimum exists, "'"which
leads to the conclusion that r-=MD- ««, ,&

l
MD «&, ,&&0. Referring to Eq. (16), I1/q(J)l in-
creases more rapidly than J, in qualitative agree-
ment with the experimental data. Furthermore,
good quantitative agreement exists between the
behavior of I'(J ), Eq. (14), that of 1/q(J), Eq.
(16), and our experimental data, as detailed be-
low.

From Eq. (14), f(J ) —= I'(J)/[ J(J+ 1)1 I Cv(J)l'.
Experimentally (Table I), f(1)= 2.0 f(3). Since
0.5 &

I Cv(J )I'~ 1, the experimental data uniquely
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the excellent agreement between the predicted

I
Etl. (16)] and measured values of g, (J)=-1/

Plq(~) l1.
The above analysis shows that the measured val-

ues of F(J ) and of q(J) for J = 1, 2, 3 of D (v = 5)
in D, are consistent with a D -D" perturbation and
it also determines the coefficients of mixing

I Cn(&)I'. The next step, that of independently de-
termining I Cn(Z)I' from the known term values, is
complicated by the existence of the other inter-
actions mentioned above. At the present time,
this more involved analysis has not been complet-
ed.

V. CONCLUSION

0.040— —0.40

0.020—
:g, (J)
~ I co(")

I

o.~o

o.ooo
1

— 0.00

determine IC, (Z)I': IC,(1)I'=1.0, I C,(2)l'=0.»,
I
Cn(3)I'=0. 50. These values, found from &(J ),

determine 1/q(J ), if &=Mn x &, , c&/Mv x &,~, &
is

known I Etl. (16)]. The latter tluantity was approx-
imated as follows. The vibrational part is"

D X (0 0) D X (500) " D X(olo) D X(5eo)
The electronic part is approximately that of the
hydrogen atom": (Mn I x/Mn «)n, =(M„»/
M„»)„=0.41. Hence, x = 0.24, and the asym-
metry 1/q is now determined. Figure 6 shows

FIG. S. The mixing coefficient
I Cn(Z)I and the function

g„(J) (see text) of the D (v =5) band in D2. The solid line
is the best fit of g„(J) to the experimental points with
x= 0.24. The broken line is the best fit, when z was also
allowed to vary; in this case the best value of r was
r= 0.46.

A new, high spectral brightness source at 83
nm has been used to conduct spectroscopic studies
of certain Rydberg states in molecular hydrogen
with 0.2-cm resolution. Numerical analysis
based on the theory developed by Fano identified
the existence and extent of certain line shape-
determining factors in predissociated states:
overlap integrals can influence the predissoeiative
linewidths to vary by factors of two to three over
less than a 0.05-eV energy span. Accidental iso-
tope-selective near-resonances can mix a weakly
predissociated state with a strongly predissocia-
ted one, causing substantial changes in both the
linewidth and the line shape.
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