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A new technique of laser photofragment spectroscopy is introduced and applied to a
study of transitions from the v = 4 level of the a Il„state of 02' to predissociating levels
of the f H& state near the dissociation limit. A resolution of 0.5 MeV is obtained, and
specific («, J) levels of the a state are identified. Much higher resolution is possible.

Laser photofragment spectroscopy' ' has re-
cently become an established technique for the
study of the potential curves of molecular ions.
With this technique, one crosses a fast beam of
ions (1—10 keV) with polarized photons from a
laser and measures the energy spectrum of the
photofragment ions produced in photodissociation
processes. By rotating the la, ser polarization,
one obtains the angular distribution of these pho-

tofragments. There are well-established meth-
ods' ' with which one can use this information to
determine the vibrational spacings of ground,
metastable, and predissociative excited states,
transition symmetries, molecular bond energies,
and potential curves of dissociative states. This
technique is limited, however, by the available
resolution in the kinetic energy of the ejected pho-
tofragments. Even though the center-of-mass en-
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FIG. 1. Potential energy curves for three excited

states of 0,+.

ergies of the photofragments are greately magni-
fied in the laboratory reference frame, the re-
sulting resolution in the c.m. system for existing
experiments' ' is about 50 meV, for separation
energies W near 200 meV. However, when the
dissociative process yields photofragments with
W near zero, two processes can occur, both lead-
ing to a resolution substantially better than 1

meV, thus allowing study of the rotational and
fine-structure states.

Consider the potential curves shown in Fig. 1.
These curves are drawn to represent the a 4II„,
5 ~Kg, and the recently identified' f 'llg states of

0,'. Transition I represents a photon-induced
transition between a specific level of the a state
and the f state very near the dissociation limit.
We assume here that the f state does not present
a barrier to the dissociation. In typical experi-
ments' ' which use magnetic energy analyzers
for the photofragment energies, if one adjusts the
magnetic field so that the window" &H is cen-
tered at the value of H corresponding to an appar-
ent energy && equal to zero, the resolution in en-
ergy &S' can be shown from the basic formula of
mass spectrometry, (HR) ' = 2MT, /e, to be'

b W =(AH/2H) To,

where T, is the kinetic energy of the beam in the
lab frame and we have assumed photofragments
of equal mass. For a beam energy of 2000 V and
a resolution in magnetic field, AH/H, of 10 ',
one obtains &S' =0.5 meV. This expression ap-
plies only to photofragments ejected along the
beam direction', and in general they can be eject-
ed with a distribution between the square of the
cosine and nearly isotropic with respect to the
beam direction. This mill decrease the resolution
to about 0.8 meV full width at half-maximum for
a cosine-squared distribution and 2 meV for an

isotropic distribution. Due to the ~H' term in Eq.
(1), increasing the resolution of the magnet by a
factor of 5 yields a resolution greater than 0.1
meV.

Consider now an attempt to observe direct dis-
sociation by transition I for W~ =0. As the laser
is tuned, one expects to observe photof ragments
each time the photon energy corresponds to a
transition between a level of the lomer state and
the dissociation limit, with a resolution in energy
of the initial level determined by the considera-
tions just discussed. Thus one should observe
individual rotational and fine-structure levels of
the lower state. If the magnetic field is adjusted
to observe W~ unequal but near to zero, any pre-
viously observed peaks should be shifted to larger
photon energies, with substantially poorer reso-
lution.

Consider now transition II in Fig. 1. It connects
a level of the a state with a rotationally excited
quasibound level of the f state. This level can
dissociate after some time by tunneling through
the centrifugal barrier. Rotational predissocia-
tion of ions has been studied in some detail' and
the same considerations apply here. Even though
a large number of rotational levels may be excit-
ed, in a given experiment one will observe only
those which predissociate within a given lifetime
window, 0 to 10 ' sec in the present experiment.

The photofragments for the rotationally predis-
sociated level shown will appear with an energy
corresponding to &~ in Fig. 1. Thus, if the ener-
gy-analyzer window includes R'~ and the lifetime
of this level is less than 10 ' sec, photofragments
mill be observed when the laser is on resonance
between this level and some level of the a state.
The resolution nom does not depend on that of the
energy analyzer but on the linewidth and stability
of the laser, the lifetime of the dissociating level,
and Doppler broadening caused by transverse en-
ergies in the beam. These effects can be made
very small, and a resolution of 0.001 meV should
be attainable. Obviously, if we change the energy
analyzer to a different energy but such that the
windom still includes W~, we will continue to see
the photofragments at the same laser wavelength,
but perhaps with a different intensity.

Exactly the same considerations apply if the f
state has a true potential-energy barrier at large
internuclear separation, except that now the di-
rect dissociation discussed earlier cannot be ob-
served at H' =0, but only for energies near or
above the barrier height.

Consider now transition GI between the a and 6
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FIG. 2. Threshold photofragment spectrum for 02+ {a,
v = 4—f ). The dashed part of the spectrum contains at
least three unresolved peaks. Above the spectrum («,
J) values calculated assuming 7V& =4 MeV are indicated.
For each &), J begins with 9.5 at the right. , and increas-
es (in unit steps) to the left.

states. The b state can now be predissociated by
the f state. Again the resolution does not depend
on the energy analyzer. If a predissociation of
the b state occurs y:elding photofragments with
S' near zero, one would expect to find also such
a predissociation, with similarly well-resolved
structure, for the next higher vibrational level,
and perhaps for several levels beyond. Further-
more, for a given vibrational level one should ob-
serve photodissociation over a range of photofrag-
ment energies corresponding roughly to the rota, —

tional temperature of the ion.
We have previously' investigated the photodis-

sociation of the a 'H„state of 0,', and have shown
that photofragment 0' ions were produced under
certain conditions with WA =0. Using the same
experimental apparatus, we measured the produc-
tion of 0' photofragments as a function of photon
energy in the energy range corresponding to dis-
sociation from the v=4 level of the a state with
photofragment energy near zero. The magnetic
energy analyzer was first set to WA =0. Under
this condition, the collection efficiency is maxi-
mum for photofragments with energies between
0 and 0.5 meV, and decreases for higher energy
in a manner depending on the (unknown) angular
distribution of the photofragments. The experi-
mental parameters corresponded to those used in
the preceding illustrative discussion. A flash-
lamp-pumped dye laser with rhodamine 6 G was
used.

The results are shown in Fig. 2. The photofrag-
ment count rate is corrected for the changing pho-
ton flux, as the laser is tuned. The energy scale
gives the photon energy above or below that amount
required to dissociate from the center of the four

fine-structure levels of the a state with no rota-
tional energy to the lowest dissociation limit,
2.141 eV. Thus peaks appearing at negative ener-
gy values in Fig. 2 correspond to higher rotation-
al and fine-structure levels of the a state.

In order to choose between the three possible
types of transitions discussed above, we made
other experimental tests in the region between
5820 and 5860 A. First, in order to determine
the range of kinetic energies & to which these
photofragments correspond, spectra in kinetic en-
ergy' W„were taken at a number of wavelengths.
We conclude that the ~'~ for these four peaks was
4+ 2 meV. Second, in order to distinguish be-
tween direct dissociation and predissociation, the
wavelength location of these peaks was investi-
gated at various &A between 0 and 8 meV. The
positions remained fixed with approximately the
same resolution, while the intensity decreased
for WA & 2 meV, consistent with W~ = 4 + 2 meV.

Finally, the effect of changing the direction of
polarization of the laser was tested. In contrast
to experiments at higher W, ' ' essentially the
same spectra were obtained with light polariza-
tion either parallel or perpendicular to the ion
flight direction.

We can now draw several conclusions concern-
ing the observed photodissociation. (i) Since the
peaks remain at fixed wavelength as +'„ is changed,
we observe a predissociation, not a direct disso-
ciation. (ii) Since the photofragments have very
low kinetic energies (4+2 meV), the f 'll& state
does not have a large barrier against dissocia-
tion. A recent ab initio calculation of this poten-
tial yielded a barrier of 47 meV. However, using
this calculated potential, we found by numerical
integration of the Schrodinger equation that one
bound vibrational level exists above the dissocia-
tion limit, at 22 to 35 meV for rotational quantum
numbers R = 0 to 12, the corresponding lifetimes
varying from 4.4x10 ' to 5.5&&10 8 sec. (iii) Since
the photofragment kinetic energies are confined
to a narrow range, it is unlikely that the b 4Z&

state is participating. Since the v =4 vibrational
level of the & state lies 10 meV below the disso-
ciation limit, we would expect to see a maximum
in the number of photofragments at about S'A =10
meV since this would correspond to the peak of
the rotational distribution at 20 meV, and sub-
stantial numbers of photofragments out to 25
meV. As an additional check, an extensive effort
was made to observe predissociation of the v = 5

level of the ~ state. This predissociation, if it
occurred, would be easy to distinguish from the
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direct dissociation. ' No such predissociation was
observed.

It should be pointed out that the "resolution" re-
ferred to for transitions II and III is for the sepa-
ration of two peaks such as those in Fig. 2. De-
termination of the precise location of the upper
dissociating level depends on the measurement of

Although predictable apparatus improve-
ments should allow determination of ~'~ to within
+ 0.1 meV, we have here only made the relatively
crude determination of 4+ 2 meV. However, us-
ing W~ =4 meV, the energies of the peaks corre-
sponding to the various (&,4) levels of the v =4
level of the a state can be calculated" since the
rotational and fine-structure constants for this
state are known. " The results of such a calcula-
tion are compared with the observed peak location
in Fig. 2. For each~ listed, the appropriate J
values begin at 9.5 at the short-wavelength end
and increase to J=15.5 for 0 = 2, 14.5 for ~, 13.5
for ~, and 11.5 for —~. A surprisingly close cor-
respondence to the peak locations is observed,
considering the + 2 meV uncertainty in W~. If one
assumes photofragment energies of 2 or 6 meV,
one can obtain a reasonable comparison with the
observed peaks for J levels decreased or increased
by 1, although it is substantially poorer than that
shown in Fig. 2. Changing J by+2 is completely
inconsistent with the observed 8"~.

Transitions between the a and f states will obey
the selection rules AX =0,+ l, and (not strictly)
&0 =0. This fact, combined with the narrow
range of observed ~~ and the instrumental life-
time window, carries information about the bar-
rier against dissociation. Unfortunately, to use
this information effectively, one needs to know
with better precision (+ O.l meV) the W~ value for
each peak in the spectrum. As suggested above,
such precision is attainable. At present, neither
the nature of this barrier, nor its location, nor
the assignment of the participating upper quasi-
bound states can be given. However, we may
point out that (i) the height of this barrier is sub-
stantially less than 47 meV, but greater than
zero, and probably near 5 meV; (ii) we apparent-
ly observe only processes leading to the lowest
fine-structure state of the fragments, i.e. , 0'('S, )
+0('P,); (iii) this choice of final state almost cer-
tainly influences the tunneling process; and (iv) if
the barrier is located at large enough internucle-
ar distances, the spin-orbit coupling operator
will mix the f 'll,, state with other doublet, quar-
tet, and sextet states connected with the same
fragment state. All of these issues can be inves-

tigated in more quantitative detail after an im-
provement in the resolution of the apparatus.

We thus conclude that the (&,4) values indicat-
ed in Fig. 2 are the ones observed in the spec-
trum, although, because of the + 2 meV uncertain-
ty in W~, the correspondence between (Q, J) levels
and observed peaks may not be exactly as indicat-
ed. Furthermore, the photodissociation occurs
via the rotational predissociation of the f 'fig
state.

The resolution observed in the spectrum of Fig.
2 is at best 0.5 meV, substantially worse than the
0.07 meV indicated by the expected linewidth of
0.2 A of the laser. However, this is the stated
linewidth of the manufacturer; it was not verified.
Furthermore, the stability in wavelength of the
laser from flash to flash is unknown; and the
mechanical tuning mechanism allows wavelength
tuning reliably only in steps no smaller than 1 A.
These deficiencies in the operation of the laser
can, of course, be easily remedied.

As demonstrated here, threshold photofragment
spectroscopy has a resolution two orders of mag-
nitude better than that obtained in normal photo-
fragment spectroscopy. Predictable improve-
ments suggest that for a direct dissociation a res-
olution of 0.1 meV should be easily attainable,
and for a tunneling predissociation 0.001 meV.
A number of molecular ions are known to have
potential curves which should photodissociate at
W„=O; for example, OH', CH, Ar, ', and F, .
This technique should thus be widely applicable
to the spectroscopy of molecular ions.

)Work performed partially under Centre National de
la Recherche Scientifique Contract No. ATP IWOl.

*Work supported partially by the U. S. Army Research
Office (Durham). Permanent address: Molecular Phys-
ics Center, Stanford Research Institute, Menlo Park,
Calif. 94025.

)Associated with the Centre National de la Recherche
Scientifique.

'R. J. Oldmann, B. K. Sander, and K. B. Wilson, J.
Chem. Phys. 63, 4252 (1975), and references therein.

J. B. Ozenne, J. Durup, R. W. Odom, C. Pernot,
A. Tabche-rouhaille, and M. Tadjeddine, Chem. Phys.
16, 75 (1976).

A. Tabche-rouhaille, J. Durup, J. T. Moseley, J. B.
Ozenne, C. Pernot, and M. Tadjeddine, to be published,

N. P. F. B. van Asselt, J. G. Maas, and J. Los,
Chem. Phys. Lett. 24, 555 (1975), and Chem. Phys„
5, 429 (1974), and 11, 253 (1975).

'A. Carrington and P. J. Sarre, to be published.
R. N. Zare, Mol. Photochem. 4, 1 (1972); S. Yang

and R. Bersohn, J. Chem. Phys. 61, 4400 (1974).



VOI. UME 37, NUMBER 14 PHYSICAL REVIEW LETTERS 4 OCTOBER 1976

J. B. Ozenne, thesis, Universite de Paris-Sud,
1976 (unpublished).

J. Schopman, P. G. Fournier, and J. Los, Physica
(Utrecht) 63, 518 (1973), and references therein.

~P. H. Krupenie, J. Phys. Chem. Ref. Data 1, 423

(1972).
'ON. H. F. Beebe, E. %'. Thulstrup, and A. Andersen,

J. Chem. Phys. 64, 2080 (1976).
"G. Herzberg, Spectra of Diatomic MoEecules (Van

Nostrand, New York, 1950).

Crossover Dimensions for Fully Developed Turbulence

U. Friseh, M. Lesieur, and P. L. Sulem
Centre ¹tionaE de la Recherche Scientifique, Obsematoire de ¹ice,¹ice, I'rance

(Received 11 June 1976)

The analytic continuation of homogeneous, isotropic turbulence in nonintegr al dimensions
d is not realizable for d &2 because the energy spectrum generally becomes negative. Re-
cent arguments, in favor of a,n $ crossover dimension below which the Kolmogorov 1941
theory is exact, are found questionable. The existence of a crossover dimension d, ( 2.03)
at which the direction of the energy cascade reverses is supported by a second-order clo-
sure calculation.

The existence for critical phenomena of cross-
over dimensions 0, above which the mean-field
theory is exact, and all the recent work on d, -d
expansions lead one naturally to ask the same
questions for fully developed, incompressible
turbulence, a problem generally believed to be at
least as difficult as critical phenomena, ' ' For
homogeneous isotropic turbulence with Gaussian
initial conditions and forcing, the energy spec-
trum E(k) is, in principle, a well-defined func-
tional of the forcing and initial spectra, which
may be continued analytically in noninteger di-
mensions using, for example, the formal Reyn-
olds number expansion.

(I) In a recent Letter, Forster, Nelson, and
Stephen' analyze an infrared problem for d= 2 and
find, for d &2, a nontrivial fixed point. We do be-
lieve that d =2 is a crossover dimension, but on-
ly in the sense that, for d &2, the homogeneous
isotropic turbulence problem is no longer mean-
ingful. Indeed, we have shown that for d &2 the
energy spectrum, if initially positive, will usual-
ly become negative for arbitrarily small times.
The essence of the proof is that (i) for small
times the quasi-normal approximation is exact to
O(t') and (ii) the quasi-normal expression of the
transfer has an emission coefficient, usually de-
noted' ' a», which when p =q becomes negative
for d &2, whereas it is always positive for d ~ 2.
The realizability [in the sense E(k) ~ 0] of the
analytic continuation into nonintegral dimension
d &2 remains open in general, but can be settled
within the framework of second-order closures.

(II) An —,
' crossover dimension for intermittency

corrections to the Kolmogorov 1941 theory (K41)

has been proposed independently by Nelkin' and
de Gennes. ' The de Gennes derivation is parallel
to the classical Ginsburg argument for critical
phenomena: Denoting e(x) the local dissipation
v(Vv)' and assuming K41, we have for separa-
tions s lying in the inertial range, by dimension-
al analysis (e is mean energy dissipation),

([&(s) —&][s(t)) —s])- ~'e"'s ~'.

Since the volume element goes like s" 'ds, the
mean square dissipation fluctuation has an infra-
red divergence if d&-,'.

Our point is that v(Vv)' is a dissipation-range
quantity and that its inertial-range fluctuations
are irrelevant. If, instead, we use the nonlinear
expression of the rate of transfer of energy s(x)- v V (v' j2+ P ), we find

([s(s) —e][s(6) —s])—e's',

and the crossover dimension becomes zero, Al-
ternatively, we can argue that the inertial-range
properties should not be changed if the dissipa, -
tive term in the Navier-Stokes equation, namely
vW', is replaced by —v(-V')", where o. is called
dissipativity. Indeed it is shown' for a certain
model equation that the inertial-range behavior
is unaffected by the dissipativity in the limit of
zero viscosity, a.s long as a & n „=(n —l)(2,
where n is the exponent of the inertial range. It
is clear that in de Gennes's (and also Nelkin's)
derivation, the crossover dimension is dissipa-
tivity-dependent (e.g. , for o. =2 we find d, =—", but
for o. =o. „=-,', we recover d, =0 again). All this
suggests that K41 is invalid in any rea. lizable (d
~ 2) dimensions.


