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Photodissociation into H(1S)+H(n =2) atoms:
Total and partial dissociation cross sections and relative importance

of dissociation and predissociation
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The total cross section for the photodissociation of H2 into H(1S)+H(n =2) between 85.0 and

77.0 nm has been measured using synchrotron radiation at high resolution {O.OOS-nm bandwidth).

This continuum is made up of three contributions from B, B' 'X+, and C 'll„. The B' photodisso-
ciation cross section is obtained directly at some excitation wavelengths from analysis of predissocia-
tion Fano profiles. The data are compared to computed values. The contribution of predissociated
levels to the production of H(n =2)+H(1S) atoms for white-light excitation is found to be more
than two times more efficient than the direct photodissociation.

I. INTRODUCTION

First experimental evidence of the H2 photodissociation
continuum was obtained in 1926 by Dieke and Hopfield'
and later Beutler observed the various edges of this con-
tinuum associated with the various rotational levels of the
ground state. Many years later Herzberg and Monfils
reinvestigated this continuum near threshold and argued
from the edge sharpness that the state responsible for the
continuum could not present a potential hump, thus ex-
cluding the C state. The 8-state continuum was expected
to be insignificant because of small transition probabilities
compared to those of both 8' and C, just below the disso-
ciation limit. These authors concluded that the continu-
um was essentially caused by 8' 'X+. Dalgarno and Al-
lison (DA) calculated the 8, C (Ref. 5), and 8' (Ref. 6)
photodissociation cross section and confirmed the dom-
inant role of 8'.

Measuring a photodissociation cross section by photo-
absorption is usually difficult because of the likely oc-
currence of a high density of lines which may not be com-
pletely resolved and also of an ionization continuum
which cannot be distinguished. Since the dissociation
continuum leads to dissociation into H(n =2) + H(1S),
Mentall and Gentieu looked at the H Ly~ excitation spec-
trum at a low resolution (i.e., 0.1 nm). The data showed
predissociated lines superimposed upon a continuum, the
intensity of which was estimated with a large uncertainty
to be consistent with the calculations. '

In our previous work on the predissociation of hydro-
gen, ' we obtained high-resolution Ly~ excitation and
absorption spectra in the 85.0—77.0-nm region. Most of
the lines are well resolved which allowed us to investigate
unambiguously the continuum and thus obtain a more
precise determination of the photodissociation cross sec-
tion.

Furthermore our previous study of the D 'H„+ predisso-
ciated levels using Fano-profile analysis leads to the deter-
mination of the widths I (O', J') and of the profile index q.
In the present study we pursue this analysis further,

measuring the depths of the windows at the profile edges,
and thus determine the 8' 'X„+ interactive-continuum
cross section which can thus be compared to the total
8+8'+ C cross section.

Another problem of astrophysical interest connected
with the dissociation into H(n =2) + H(1S) is the relative
importance of the dissociation versus predissociation in
the H(n =2)-atom formation. We compared the impor-
tance of the peaks of predissociated lines to the whole
background in the Ly excitation spectrum.

II. EXPERIMENTAL

A. Experimental setup

The experimental arrangement has been described previ-
ously. Briefly, the vacuum-ultraviolet-radiation continu-
um from the Orsay electron storage ring was dispersed by
a 3600-lines/mm platinum-coated holographic grating. A
typical O.OOS-nm bandwidth was achieved at 80 nm. The
dispersed light crosses a differ'entially pumped, 30-cm-
long cell maintained at a pressure of 10 Torr. Ly
atomic fluorescence was detected through a MgF2+ 02
filter at right angles with the incident light beam, by an
EMR 641 photomultiplier. An electric field is used to in-
duce the 2 S-2 P transition.

The Ly excitation spectrum and the transmitted light
were recorded simultaneously at a speed of 0.08 nm/min.
The very low, dark current of the solar-blind Lya detector
(i.e., 0.1 counts/sec) allowed the detection of a faint disso-
ciation continuum. The nuinber of Lya photons, counted
between peaks, with a 0.03-nm bandwidth, varied from 80
to 4 with a dark current of about 2 counts. Near the
cross-section maximum the bandwidth was narrowed to
0.01 nm.

8. Determination of the total absolute dissociation
cross section for B+C+B'

The dissociation-continuum edges for J"=0, 1, 2, and
3 appear clearly in the Ly excitation spectrum, but only
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one step associated with J"=1 is discerned in the absorp-
tion spectrum. Hence, the comparison of the J"=1 step
heights in both spectra allows absolute calibration of the
Ly~ spectrum. The absorption cross section itself is deter-
mined using the Lambert law as discussed previously. '

The absorption spectrum of H2 presents intense and broad
Beutler-Fano profiles, "' which complicate the analysis
of the continuum. The reported values of the photodisso-
ciation cross section are either measured far from these
profiles or extrapolated through them. The reported error
bars take into account the statistics and the pressure un-

certainty.

AD(U ) the vibrational transition probability for the tran-
sition D(U')-X(U"=0), both summed over all rotational
lines. F(J"+1), q(J"+1), and AD(U') were measured
previously ' [AD(u') was found to agree with theoretical
predictions '3].

This procedure leads to another determination of the 8'
cross section. The indicated error bars include the experi-
mental uncertainties in I, q, and A but an ignored error
remains in the validity of Eq. (3), that is, in the assump-
tion of the constancy of q and I over the profile. This
gives us a second determination of the oui cross section
which can be compared to the previous one.

C. 8' 'X„+ photodissociation cross section
and 8+C cross section

These perturbing Fano profiles can be used to deter-
mine the 8''X„+ photodissociation cross section as they
result from predissociation of D 'll„+ (O', J') levels by the
8' 'X„+ (J') continuum through Coriolis coupling with
M=O. Near an isolated profile such as R(J"), the ab-
sorption cross section can be written'

J (q+e)'
0 +~Ogtpg Jttp Jtl +0N[ (1)

1+E
t

where nJ- is the relative population of the J" level, pJ-
the rotational line intensity of the 8''X+-X'Xs+ transi-
tion, and oNi the cross section of all noninteractive con-
tinua (see the Appendix). The first term of Eq. (1)
represents the Fano profile. For an incident photon ener-

gy such as e= —q, it goes to zero: it is the well-known
window at the steep edge of the profile and for that par-
ticular wavelength the absorption cross section reduces to
crNi. The noninteractive continua on the main profiles,
the R(0) and R(1) lines, are the 8 'X+ and O'll con-
tinua, together with the remaining 8' (J'&1,2) continua;
at room temperature, owq is equal to

ON( =0.310'gt+0'g+ 0'g (2)

The details of such analysis are reported in the Appendix.
For each Fano profile we measured the noninteractive-

continuum cross section and the window depth (i.e., the
interactive-continuum cross section) after extrapolation of
the total cross section. This gives us the determinations
of os, and oit +oc for several points of the spectrum.

Another way to get the 8' cross section is to use Eq.
(23) from Fano's paper i

I &q I
T It & I

'
I&q. I

TJ &I'
(3)

(4)

for an R(J") line, crit being the 8' cross section and

where {p, %~, and i are the discrete, continuous, and fun-
damental states, respectively, T the optical transition
operator, I the predissociation width of the profile, and q
the profile index. This relation (3) occurs if q and I are
fairly constant over the profile range.

Then, straightforwardly, the following relation can be
obtained:

III. RESULTS AND DISCUSSION

A. Total photodissociation cross section

The different dissociation limits associated with the
various rotational levels of the ground state were clearly
observed. The amplitudes of the steps correspond to the
rotational population at room temperature within experi-
mental errors. Their positions and edge widths were
found in agreement with previous photographic observa-
tions.

The results are summarized in Fig. 1. The measured
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FIG. 1. Total cross section of photodissociation into
H(1S)+ H(n =2) in the 85—76-nm spectral range. Open cir-
cle, our measurements, with error bars; solid line, Glass-
Maujean's calculations (Ref. 14); dotted line, calculations of
Dalgarno and Allison (Ref. 6). The. arrows indicate the various
rotational edges of the continuum.

D. Relative importance of dissociation and predissociation

We compared the area of the background (due to the
continuum) to the area of the peaks (due to predissociated
discrete levels) in the Ly excitation spectrum. The back-
ground was corrected for the dark current and incident-
intensity drifts. A peak area represents the quantity
(Ip —It )6A, (Ip is tile incideilt light iilteilsity It the
transmitted intensity, hk the apparatus function), which
is proportional to the absorption cross section integrated
over the line profile only for an optically thin medium.
The corrections described in Ref. 10 were applied sys-
tematically from 85.0 to 77.0 nm.
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values are found to be in agreement with Glass-Maujean's
computations' on ail the spectral range except two

points. Despite the large error bars, DA's values are
found to be systematically larger than the observed ones
in the 81.0—77.0-nm range.

The observed values at 80.4 and 79.9 nm are below both
calculations. This spectral range coincides with the open-
ing of a new deexcitation channel ionization.
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8. 8 +C photodissociation cross section

The results are reported in Fig. 2. The two computa-
tions differ only slightly, the error bars involve both of
them. The 8+C cross-section value at 80.4 nm shows
the same behavior as the total cross section. One must
notice that at 83.85 nm, the 8+C photodissociation
represents around 25% of the total photodissociation
which is hardly negligible.

This result corroborates our previous assertion' and
contradicts the commonly accepted overwhelming
prevalence of the 8' state in the photodissociation contin-
uum. The C-state potential presents a maximum; there-
fore, its photodissociation can only be efficient at least
100 cm ' above threshold. The nonobservation of a
steep step in the photodissociation cross section for such
values must only be caused by the slow increase of the C
cross section above the potential hump. '"

C. B' photodissociation cross section

The 8 photodissociation cross-section values obtained
through both determinations are reported in Fig. 3 with
computed values. The situation is very similar to that ob-
served for the total photodissociation, where the error bars
cross Glass-Maujean's computed curve but are systemati-
cally below DA's values for wavelengths shorter than 82
nm. The discrepancy observed on the total cross section
between DA's values and ours is due mainly to the
8 -state contribution which confirms the discussion
presented in the preceding paper.

Once again the value observed at 80.4 nm is below the
computed curve: the 8, C, and 8' continua seem to

cj 2-0

FIG. 3. Photodissociation cross section of the 8' 'X„+ contin-
uum. Open circles, measurements from the Fano-profile win-

dows; solid circles, from Eq. (4); and same as Fig. 1.

present the same behavior when the ionization channel
opens but we must remain careful about the validity of
this assertion as these points are all dependent on the
same single recording. Both determinations give compati-
ble results: the values obtained through Eq. (4) are just
slightly below those deduced from the profile windows.
This constitutes a good test on the validity of Eq. (3) and
provides experimental values in the 78.0—76.0-nm range.

D. Importance of dissociation and predissociation

The results are reported in Table I. They represent an
integration of the spectrum from 85.0 to 77.0 nm. The
precision is less than one might expect on such a long in-
tegration because the most intense peaks correspond to
roughly 100% of the absorption, and the experimental er-
ror of these peaks is large.

The use of Figs. 2 and 3 gives us the relative impor-
tance of the 8' and 8+C continua in the dissociation
process. The most striking result is that direct dissocia-
tion leads to less than 30% of the whole H(1S) + H(n =2)
formation and the 8' continuum to less than 25%. If the
8' dissociation is found to be less efficient, as believed, it
is indirectly the major contribution, as all the predissocia-
tion observed yielding H(1S) + H( n =2) atoms are due to
couplings with the 8' state. ' ' Then from dissociation or
predissociation, the 8' state is responsible for more than
90% of the H(1S) + H(n =2) formation between 85 and
77 nm. That means that the ratio of the number of atoms
of H(2S) to the number of H(2P) atoms is mainly deter-
mined by the 8' behavior at large internuclear distance'
as well as the angular distribution of the scattered atoms
and the polarization of the Ly~ 2P-1S emitted light. '

78 80 82 84 .$ (Arri)

FIG. 2. Partial photodissociation cross section due to the
8 'X„+C 'H„continua in the 85—78-nm spectral range; same
as Fig. 1.

E. Comparison with electron-impact data

If the photodissociation process in H2 has been only
scarcely studied, electron-impact dissociation in H2 has
been intensively investigated, both theoretically' and ex-
perimentally. %'e have seen that photodissociation
products H(1S) + H(n =2) were mainly determined by
the 8' state, which is known to yield a mixing of H(2S)
and H(2P). ' Depending on the authors, the H(2S) yield
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TABLE I. Various photodissociation process yields over the 85—76-nm spectral range: importance of the various continua and
predissociations in the H(1S)+ H(n =2) production (first column), H(22P) and H(2 S) (second and third columns) assuming
Borondo's ratio (Ref. 17); importance of the various processes in the H(2 S) formation (fourth column), to be compared to the results
of Lamb et al. (Ref. 24) in the last column.

o;(n =2}/go;{n =2} cr;(2 P}lgo;{n=2) cr;(2iS}lgo;(n =2) o;(2iS}/go;(2 S) Lamb et ol.

8' continuum
C continuum
8 continuum

23%
30%7%

7%

1%
13%

1%
17%

1%

D predissociation 21%
8" predissociation 25%
Other predissociations 24%

6%
S%%uo 21%

15%
17%
17%

49%
22%
27%
26%

42%

varies from 70% to 57% remaining very far from the
electron-impact measured ratio of 33% for incident en-
ergies located between 50 and 500 eV. %e conclude there-
fore that electron-impact dissociation must involve a sig-
nificant contribution from non-optically-allowed levels
which must contribute more to the H(2P)-atom formation
than to the H(2g formation.

The dissociation and predissociation processes discussed
here are located in the 0—1.5-eV range above threshold:
they can only be compared to the "slow" atom-formation
processes in the electron-impact experiments.

For the H(2S) slow atom formation, optically allowed
levels were found to be dominant in the process and
Wing et al. 2 estimated the predissociation's importance
at 42'Fo They w.ere able to resolve only D and 8" struc-
tures. If we isolate these series in our spectrum, our data
agree quite weil with theirs, confirming previous con-
clusions on the major contribution of optically allowed
levels in the H(2g slow atom formation (see Table I).

Our data clearly disagree with the assertion of Chung
Liu and Lee. Their calculated 8 dissociation cross sec-
tion by electron impact found in fair agreement with the
H(2$) formation cross section led them to conclude to the
major 8' contribution in the process. They neglected the
"fast" H(2g atoms production which cannot proceed
from the 8' state and they ignored that the 8' continuum
does not produce H(2S) atoms only. Therefore, their
main argument fails.

ab initio adiabatic calculations. Taking advantage of the
strong predissociated lines, we were able to investigate the
relative importance of 8' and 8 +C in the continua; the
8+C contribution is clearly smaller than the 8' one but
not negligible as believed before.

Predissociation is found much more efficient than
direct dissociation. Such results may make some astro-
physical evaluations doubtful.

APPENDIX

The predissociated levels D 'll„+ (v', J'} are coupled to
8' 'XM+ (E,J'). The v' levels are far from their neighbors
(v'+1) and can be isolated; the J' continua are related one
to one to the J' discrete levels, and constitute J' indepen-
dent systems, yielding to a mere superposition in the total
signal.

For each J' pair of levels, the eigenvector is of the form
[Ref. 12, Eq. (16) (keeping Fano's notation)]

iIiz(J')=, sin[5(J')]4(J') —cos[h(J')]1(E(J') .
trVg (J')

(Al)

IV. CONCLUSION

The total photodissociation cross section yielding
H(1S) + H(n =2) atoms in the 84.5—77.5-nm spectral
range had been measured and found in agreement with

4(J) is the modified discrete state.
Photoabsorption to this state from the ground state can

occur through two transitions, R(J' —1) and P(J'+1).
The two rotational levels J"=J'+1 are incoherently pop-
ulated with a Boltzmann distribution. Let nj- be the rela-
tive population of the J" level (i.e., gj„nz- 1), the pho-——
toabsorption probability for a J' couple is proportional to

nJ'+1 I & pz( J')
I
e r

I
»J"=J+ 1 & I

'+ nj i I & ps'( J')
I
e.r 1»J"=J' —1 & I

'

nJ'+ I I & (i z(J')
I
e r

I
»J'= J+ 1 & I

'(qj"+1 +ed+I } /[ 1 + (eJ'+1)']

+nj -i I
&Ps(J')

I
e.r

I

»J"=J' 1&
I
'(eJ' 1+eJ'—1} —/[ +(—eJ' —1)'] (A2)
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7t Jl
er+, and eJ ~

are null for the same energy but not for
the same excitation wavelength. +z(J') is the unper-
turbed continuum state. Let pJ be the rotational line in-

tensity of the 8' X„+ transition such that gj,pr —1; then
the total photoabsorption cross section for the predissoci-
ated state I' and interactive continua I is

J' J' 2 D' 2~pr ~8' Q nr'+ 1pJ +1'(qr'+I+~r'+ l } /[1+(er +i } ]
J/

7I I

&g'+ i
= (& &—r'+ ] ) / 2 &(J ), (A7)

I I

where o=1/k, o.J+& ——1/A, J+&. A,J+& is the wavelength
excitation of the perturbated discrete level through a
P(J'+1) line and an R(J' —1) line, respectively,

1"(J')= I (J'= 1)J'(J'+ 1)/2, (A8)

+nr' —1PJ' 1(lr—' —1+~J'-i } /[1+('G' —1) ]

(A3)

due to rotational coupling. 1 (J' = 1 ) are from Ref. 8.
At 83.85 nm, the main contributions of o'r r, those

from R (1) and R(0) (within 0.005 nm), go to zero and

0
~P,I +~J"=1P l~B'+ +C+8 (A4)

neglecting the smooth variations of crrr on the J' energy
progression. ' The noninteractive continua are 8 and C
and the remaining J'=0 of the 8' state corresponding to
the P(1) 8'-X transition.

The total absorption cross section is then equal to

2 2 1 2
e~

———q~ and E'o= —g) . (A9)

This situation corresponds to what we called in Sec. III
the "windows at the steep edge of the profiles. " The other
profiles located at longer wavelengths are partly con-
tributing: one can evaluate, at room temperature,

The various parameters of Eqs. (A3) and (A4) are easily
determined: nr r(83.85 nm)=0. 09ori . (A 10)

I I

with qo
——18,

(A 5 )
lleil

o =0.31oq +o, +oq . (A 1 1)

I J/
or+i =e iJ'/(J'+1»

pr i
——J'/(2J' —1), pJ +,——(J'+1)/(2J'+3),

(A6)
Such a situation occurs for the whole vibrational pro-

gression, the numerical value of Eq. (All} remaining
roughly unchanged.
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