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A calculation is made of the radiative electric dipole transition probabilities coupling the
vibrational levels of the 2p& II„and the 2so Z~ electronic states of hydrogen. The radiative
lifetimes for those vibrational levels lying above the ground state are found to be approxi-
mately 100 @sec. The lifetime of the ground vibrational level, decaying by magnetic dipole
and electric quadrupole emissions, is estimated to be 1 msec. Finally, a calculation is
made of the dependence of the radiative lifetimes upon an external electric field.

I. INTRODUCTION

The 2pm II„electronic state of the hydrogen
molecule is especially interesting because the ra-
diative lifetimes for this state are three to four
orders of magnitude longer than the radiative life-
times for neighboring electronic states„The rea-
sons for these long lifetimes are threefold: The low-
est vibrational level of the 3H„state lies lower
than any g (gerade) level of the triplet spectrum
and radiative dipole transitions from this vibra-
tional level are forbidden'; for the higher vibra-
tional levels, dipole transitions can occur to the
~0' Z~ state but here the transition probabilities

are relatively small, in part due to the small ener-
gy differences and in part to large scale cancella-
tions in the Frank-Condon factors.

The lowest vibrational level of the 3H„electronic
state can undergo radiative decay to the SZ„state
through a combination of magnetic dipole and elec-
tric quadrupole emissions and with a lifetime esti-
mated to be approximately 1 msec. Thi.s level is
also susceptible to spontaneous predissociation in-
to two ground-state atoms arising from yerturba-
tions coupling the 2pm II„and 2po Z„states. For
the "allowed predissociations, " induced by rota-
tional-electronic perturbations, 3 the Kronig selec-
tion rules allow for yredissociation of the II„vi-
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brational levels for even rotational levels in the
case of orthohydrogen and odd rotational levels in
the case of parahydrogen. In Lichten's experi-
ments, only the N= 1 rotational level of orthohydro-
gen and the N= 2 rotational level of yarahydrogen
were observed; since the time of flight of the mole-
cule was approximately 50 p. sec, these experiments
imply an upper limit of some tens of microseconds
for the lifetime against allowed yredissociation.
In a system with strongly coupled II„and Z„states
(certainly not the case here), this lifetime could
be as short as 10 "sec. Those rotational levels
which are stable against predissociation according
to the Kronig selection rules may be susceptible to
"forbidden yredissociations" which arise from
spin-orbit and spin-spin couplings. Lichten and
Chiu have identified these forbidden predissocia-
tions as the cause for the observed decay of the
para N=2 level and ortho N= 1 level. The experi-
mental lifetimes attributed to these decays lie in

the range from 100 to 500 p, sec; recently, Bottcher
and Brownev have provided theoretical estimates
for the forbidden yredissociation lifetimes which
are of the order of milliseconds.

Interest in the prospects for a long-lived Ha.{2pm

~II„) molecule arises in connection with the prob-
lem of forming energetic neutral hydrogen beams.
Charge-transfer collisions of H&' with alkali or al-
kaline-earth targets are expected to lead to rela-
tively large populations of Hz(2pw'll„) in the molec-
ular beam. To a large extent, these charge-trans-
fer collisions will preserve the initial vibrational
level distribution of the incident H2 ion, which

for typical ionization conditions, will span the en-
tire vibrational level spectrum. ' Those vibration-
al levels lying above the ground level are subject
to radiative decay by electric dipole emission to
the 2so 'Z, state. To a first approximation, the
aforementioned predissociation lif etimes are ap-
plicable to the higher vibrational levels, and the
problem which remains is to compare the radiative
electric dipole transition rates with the different
predissociation rates.

In this paper, a calculation is made of the radia-
tive dipole transition probability for each of the vi-
brational levels of the 2pw'Il„electronic state.
Critical features of the calculation are the magni-
tudes of the Frank-Condon factors coupling the'0„
and 'Z, states. The generation of accurate vibra-
tional functions necessary to evaluate these factors
is made possible utilizing the II„potential comput-
ed by Browne" and the 'Z~ potential givenby Wake-
field and Davidson (WD)'2 and by Kolos and Wol-
niewicz (KW). '~ Finally, a calculation is made of
the dependence of the radiative lifetime upon an ex-
ternal quenching electric field.

II. QUANTITATIVE DISCUSSION

The expression for the radiative electric dipole
transition probability is given by'

&. =-'(e'~'I«')I&- I', (I)

where

Ksn = fu*(v' )u(v) dfl f y*('Z, )y ('Il„)p d p de

xf or*(N' A'M')&u(NAM) r d(cos8) dp dp, (2)

the product of a rotational, an electronic, and a
vibrational integral. Our over -all molecular eigen-
functions, exclusive of the spin functions, are ta-
ken to be

e('ll„') = u(~; a)Ii ('ll„; p, e, ft)[e(NAM; 8)

x e"'+ e(N AM-; 8)e ""]e-'"',

0('Z, ) =u(U'; R)x ('Z, ; p, e, R)e(N'OM'; 8) e'" ~ .
.. The symmetric-top functions e(NAM; 8) are given

in Herzberg. " In the triplet spectrum, the positive
'lI„' functions are to be used for orthohydrogen and
the negative 'U„ functions for parahydrogen. The
coordinate 8, occurring in the vibrational andelec-
tronic functions, measures the interrmclear sepa-
ration in units of ao; the p, z are electronic cylin-
drical coordinates moving with the internuclear
axis measured from the midpoint of the nuclei, and

g the azimuthal coordinate measured about the in-
ternuclear axis.

Under the Eulerian transformation 8, g, g from
the laboratory system to the system r' rotating
with the internuclear axis, the three components
of r become

x =x'(cosi( cosP —sinr/r cos8 sing)

-y'(sing cosP+cosP cos8 sing)+e' sin8 sing,

y =x'(cosP sing+sing cos8 cosQ)

+y'( —sing sinP+cosP cos8 cosQ) —e'sin8 cosP,

e =x' sing sin8 +y' cosP sin8 + e' cos8 .
Using these expressions and the symmetric-toy
functions, the rotational integral in Eq. (2) is eval-
uated.

Figure 1 shows a schematic of the lower portion
of the rotational spectrum for any vibrational level
and for each of the electronic states: II„, Z, ,
and the repulsive Z„. The ortho levels are indi-
cated as full lines, the para levels asdashedlines.
The electric dipole transitions between II„and
Z, for the ortho and para levels computed here

are shown by connecting dashed and full lines, re-
spectively. The fine-structure splittings are sup-
pressed in the figure; the radiative lifetimes are
determined by the N, N' values, not the J,J' val-
ues. The rotational levels for the 'Z„state and

the connecting transitions for the allowed predis-
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varying function of R whose magnitude changes by
only 15/o over the entire range of R. To a good
approximation we can rewrite Eq. (5) as

3Z;p, z Ro 3II; p, z, RO.

N'
3

+,~ [['"('a&[('&.)1. ..(R-Ra))v'dad~

—4 ao[1 + 0.025(R —1.95)j . (6)

o

FIG. 1. Schematic representation of the lower rota-
tional spectrum for any vibrational level belonging to
the 2sa Z~, 2p& II„, and 2po. Z„electronic states. The
para levels are shown as dashed and the ortho levels as
full lines. The radiative electric dipole transitions con-
sidered in the paper are indicated by the diagonal lines
joining the II„and Z~ states. The allowed predissocia-
tion transitions are shown as diagonal lines joining the
II„and Z„states.

sociations of the 'II„state are shown on the right.
The connecting transitions in the case of the for-
bidden predissociations are not shown on the dia-
gram but obey the selection rule ~N=+1. For the
evaluation of the rotational integral in Eq. (2) we
have taken the initial rotational level to be N= 1
for both orthohydrogen andparahydrogen. Because
of the A dependence of the &o(NAM), only the terms
in Eq. (4) containing cos[i[ or sing contribute to the
rotational integral. Setting x' = y' = p, the square
of the rotational integral is found to be —,

' p2 for
each of the three initial states.

The electronic integral to be evaluated has the
form

J 0 ('&, ; p, z, R)y('lI„; p, z, R)p'dp dz . (5)

This integral is only weakly dependent upon the
parameter R. Designating the integral by E(R)and
using helium functions, one finds E(0) = 3. 68 ao,
and for hydrogen functions E(~)=4. 24 ao. Huzin-
aga' has given approximate one-center functions
for 'Z, and ~ii„ from which we obtain E(2) = 4. 08 ao.
Retaining only the leading term of the Coolidge-
James Z function' and the leading term of the
Amemiya function, ' and evaluating at the potential
minimum indicated by these functions, one obtains
E(1.87) = 3.93 ao. To summarize, E(R) is a slowly

Retaining the second term in Eq. (6) will amount
to approximately a 10/~ correction to the total tran-
sition probability.

The integral over the internuclear coordinate R
must still be evaluated. For this purpose, it has
been necessary to generate the vibrational func-
tions u(v) and u(v') belonging to the 3II„and 'Z,
states, respectively, using the equation

d
+ (a [W. —V(R)] —,lu(v)= 0, (&)

where t[. = ——,1+
~

= 918.308 .1M2' '
2M'

For V(R), we have used both the potential of WD
and the fixed nuclei potential of KW to generate the
Z, levels and the potential of Browne for gener-

ating the '0„ levels.
The vibrational eigenvalues are shown in Table

I. The 'Il„entries are listed for N = 1 and the 'Z,
entries for N=O, 1, 2, the corresponding three fi-
nal rotational levels; the latter eigenvalues are
given in double entry, appropriate to the respective
potentials. If we compare the lowest four 'll„ lev-
els with the experimental values given by Dieke,
the calculated values are found to be 0. 007 Ry high-
er than the experimental values; better agreement
is found by comparing the first differences in the
calculated eigenvalues with the first differences in
the spectroscopic values, the discrepancies in the
differences amounting to about 0. 0001-0.0002 Ry.
The WD 3Z, levels computed here lie about 0. 0002
Ry lower than the values computed by WD; whythis
occurs is unclear since both calculations use the
same potential. The KW levels computed here
agree with those computed by KW. Of some inter-
est is the fact that our WD v = 0 and v =1 energy
levels and the KW v=0 to v=6 energy levels lie
lower than Dieke's spectroscopic values. In both
cases, the v = 0 eigenvalue lies between the spec-
troscopic values given by Beutler and Junger
and by Dieke. A similar situation was found by
Wright and Davidson for the Z~ state. Inspection
of the second differences in the WD 'Z, levels
shows a discontinuity near the v = 6 level. This dis-
continuity also occurs in WD's spectrum and is of
the same magnitude. We have tentatively ascribed
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TABLE I. Vibrational spectrum of the II„and Z~ electronic states measured in rydberg units below the total ioniza-
tion limit. For the 3II„state, the eigenvalue is given for the N=l rotational level and for the Zz state, the N =0, 1, 2
rotational levels. The Z~ levels are given in double entry and are computed using the WD and KW potentials, respec-
tively. Dieke's spectroscopic values are listed for the lowest rotational level. The asterisk implies an extrapolated
value.

Computed
2pm II„

Dieke (Ref. 19)
WD

Computed
2so Zg

KW
Dieke (Ref. 19)

10

12

13

14

—1.455 07

—1.433 84

—1.413 85

—1.395 11

—1.377 49

—1.360 87

—1.345 24

—1.330 58

—1.316 88

—1.304 14

—1.292 50

—1.282 06

—1.272 93

—1.265 26

—1.259 00

—1.462 56

—1.441 24

—1.421 04

—1.401 94

—1.383 9*

—1.461 40
—1.460 84
—1.459 62

—1.438 43
—1.437 85
—1.436 68

—1.416 45
—1.415 91
—1.41479

—1.395 69
—1.395 15
—1.394 11

—1.376 31
—1.375 82
—1.374 82

—1.358 23
—1.357 77
—1.356 88

—1.341 34
—1.340 96
—1;34011

—1.325 41
—1.325 01
—1.324 20

—1.310 84
—1.31044
—1.309 71

—1.297 40
—1.297 04
—1.296 33

—1.285 33
—1.285 00
—1.284 36

—1.274 65
—1.274 36
—1.273 79

—1.265 59
—1.265 34
—1.264 86

—1.258 30
—1.258 11
—1.257 71

—1.462 27
—1.461 66
—1.460 45

—1.439 25
—1.438 67
—1.437 52

—1.417 47
—1.416 93
—1.415 83

—1.396 90
—1.396 38
—1.395 35

—1.377 51
—1.377 02
—1.376 04

—1.359 27
—1.358 82
—1.357 89

—1.342 21
—1.341 77
—1.340 90

—1.326 30
—1.325 89
—1.325 07

—1.31158
—1.31119
—1.31043

—1.298 09
—1.297 74
—1.297 04

—1.285 94
—1.285 62
—1.284 98

—1.275 24
—1.274 96
—1.274 40

—1.266 22
—1.265 97
—1.265 49

—1.259 13
—1.258 94
—1.258 56

—1.461 33

—1.438 32

—1.416 56

—1.396 00

—1.376 62

—1.358 40

—1.341 33

this discontinuity as due to the properties of the
potential function rather than to a feature of the

numerical integration procedure.
Kolos and Wolniewicz have also computed the
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f [1+0.025(R —1.95)]kk*(v')kk(v) dR . (8)

Inspection of the experimental eigenvalues for
v, v' & 4 and the computed eigenvalues for v, v' & 4
listed in Table I shows that only those transitions
for which v' & v are energetically allowed. Note,
however, that a comparison of the computed values
for v, v' & 3 would indicate transitions v-v' are
allowed; this erroneous result is a consequence of
the relatively large error in the computed 3II„ lev-
els. This selection rule on v' together with the
similarity of the potentials V(R) for the kll„and
323 states causes the integral (8) to be small com-
pared with unity. In Table II, we have listed the

TABLE II. Tabulation of the square of the vibrational
integral, Eq. (8), for several values of z, e'. Paren-
thetic values are base ten exponents. The upper entry
is computed using the WD potential, the lovrer entry
from the KW potential.

dynamical corrections to the 'Z, potential; the ef-
fect of including these corrections is to lower the
eigenvalues approximately 0.00004-0. 00007 Ry
compared with the KW eigenvalues listed in the ta-
ble. The quantities that enter into the calculation
of the radiative transition probabilities are the dif-
ferences of the 'II„and 'Z~ eigenvalues. Because
of the relatively large errors which persist in the
II„ levels, the energy differences are not signifi-

cantly improved by inclusion of the dynamical cor-
rections to the 3Z~ eigenvalues. The radiative
transition probabilities are computed using the
eigenvalues listed in the table.

In the succeeding paragraphs, the various fac-
tors which enter into the calculation of the transi-
tion probabilities have been evaluated using solu-
tions derived from both the WD and KW potentials.
A comparison of the different pairs of computed
quantities provides some measure of the sensitivity
of these results to further improvements of the

. Z, potential.
From Eqs. (2) and (6), the vibrational integral

to be evaluated is

x EMD ~@ sec (10)

squared values of (8) for several values of v, v'
and for N=N'= 1; the quantities are listed in dou-
ble entry, the upper values have been computed
using the WD potential, the lower values the KW

potential. The values vary over several orders of
magnitude; for any v, the largest values occurs
for v' =v —1, with magnitude of the order of one-
tenth diminishing toward the highest v levels.

The electric dipole transition probability for all
transitions v, v' are listed in Table III again in
double entry as in Table II. The probabilities
listed in the table correspond to the N=N' =1 tran-
sitions shown in Fig. 1 for orthohydrogen. In cal-
culating the transition probabilities, we have used
Dieke's spectroscopic energy levels for v & 3, a
linear extrapolation of these experimental values
for v =4, and the computed energy levels listed in
Table I for v & 5; we have used Dieke's values for
v' & 3 and the calculated values for v' & 4. In the
range v &4, the computed energy levels give a
transition probability larger by a factor of 2 or 3
compared to the transition probabilities computed
using the experimental energy levels.

The transition probabilities listed in Table III
are very small in comparison with the transition
probabilities of order 10 sec ', characteristic of
the neighboring 2so II~, 3pm II„, and 3d5 ~~ elec-
tronic states, and sufficiently small to warrant
consideration of the higher multiple contributions.
The magnetic dipole and electric quadrupole tran-
sition probabilities are given by

. Q
= kk(E'303/@c')

I
('ll. IDm) EQ I'~. ) I'

where either DMD=(r xp l /2mc or DzQ =koyz/2c
We shall ignore here the possibility of interference
between the DMD and the DE~. Evaluating the ro-
tational integrals for N= 1, evaluating the electron-
ic integrals using the single-center Huzinaga func-
tions, and bearing in mind that the P(v') belonging
to the Z„repulsive state form a continuous spec-
trum, the transition probabilities are found to be

+MD, EQ 3 (e ~0/Ikc ) f kv
I 0 (v )f(v)I dgl

12

0.042 0.0032
0.039 0.0027

0.069
0.069

1(-S)
2(-6)

1(-7)
1(-7)
0.11
0.10

10

1(-6)
2(-6)

8(-6)
1(-5)
1(-4)
1(-4)
0.077
0.084

7(-8)
1(—7)

3(-7)
1(-7)
s(-5)
4(-5)
7(-4)
7(-4)
0.020
0.023

with E„D= 5x10 and EE~= 1x10 . We can esti-
mate the value of the integral in Eq. (10) using the
James-Coolidge ' electric dipole transition proba-
bility for the 'Z, -'Il„ transition and taking advan-
tage of the similarity of shape of the 'Z~ and II„
potentials. James and Coolidge found RED(3Z
—'Il„) = 103 sec ' for the five lowest vibrational
levels of the 'Z, state. Using their results, we
obtain

kk(eka0/hack) f kv'
I
p*(v') Q(v)I Cko =1.5x10' sec '.

(11)
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TABLE III. Electric dipole radiative transition probabilities for orthohydrogen in the N= 1 rotational level. The
entries are listed in units of 10 sec '. The upper and lower entries are based on the WD and KW potentials, respec-
tively.

1 2 3

6.6 4.3 1.1 0.026
6.2 3.6 0.89 0.069

0.22 0.63
0.033 0.19

0.68
0.30

0.50
0.31

10

0.29 0.10 0.011 0.0002 0.004 0.012
0.27 0.20 0.14 0.083 0.047 0.026

6.9 5.7
6.9 5.9

1.2
1.6

0.001 0.67
0.056 0.27

1.3
0.80

1.3
1.0

0.92 0.59 0.33
0.99 0.83 0.62

0.14
0.41

0.072 0.036
0.24 0.016

4.1
4.1

5.8
6.5

1.7
2.5

0.005 0.78 1.6
0.014 0.59 1.6

1.6
1.8

1.4
1.7

1.0
1.4

0.75
1.0

0.46 0.36
0.70 0.50

3.3
3.3

9.7
11.0

1.9 0.009 0.53
2.5 0.011 0.66

1.5
1.7

2.2
2.1

2.2
2.0

2.0
1.8

1.6
1.4

1.1
0.99

7.6
9.2

9.4
9.4

4.0
5.5

2.4
2.6

6.9
7.6

0.006 0.55 1.4 1.8
0.059 0.46 1.4 1.7
2.8 0.10 0.48 1.3
2.9 0.26 0.14 0.81

2.2
1.9
1.5
1.3

2.1
1.7
1.3
1.6

1.8
1.4
1.2
1.3

2.2
3.1

4.8
6.0

2.5
3.1

0.39 0.053 0.53 0.93 1.0
0.65 0.0033 0.24 0.81 0.71

1.0
1.6

3.6
4.7

2.6
3.1

0.78 0.083 0.039 0.20
1.0 0.19 0.0003 0.08

0.46 2.5
0.72 3.4

2.3
3.0

1.3
1.5

0.50
0.55

0.15
0.15

0.16 1.7
0.26 2.2

2.1
2.5

1.4
1.6

0.82
0.88

10 0.034 0.94 1.4
0.065 1.2 1.7

0.0024 0.39
0.0072 0.52

1.2
1.4
0.76
0.95

12 0.11
0.001 0.17

Combining Eqs. (9) and (10), the transition proba-
bility for these higher multipoles is

AMD +AEq -—10' sec ' . (12)

as a function of the vibrational level v for ortho-
hydrogen using the WD entries listed in Table III.
The lifetimes computed using the KW entries will
range from 1 to 16% less than those shown in the
figure; a calculation for parahydrogen yields life-
times which differ by less than 10/~ from those
shown. The gap in the curves at v = 5 corresponds

It follows that the radiative lifetime for the v =0
level of the 'Il„state is approximately 1 msec and
that the higher multipole radiation represents
about a 10 to 20% correction to Asn for the higher
vibrational levels.

The radiative lifetimes for each of the vibration-
al levels of the 'II„state are summarized in Fig.
2. Here we have plotted the lifetime

7'(v) =[ Q Asn(v, v')+ A„n +AEQj

to the first level at which the theoretical eigenval-
ues were employed in calculating A~D. Using the
theoretical eigenvalues in AED for the v = 1, 2, 3, 4
levels results in radiative lifetimes for these lev-
els which are about half the values shown in the
figure. This is an indication that the lifetimes
for those levels near v = 5 are about a factor of 2

larger than shown in the figure. We have no way
of estimating the error due to the uncertainties in
the eigenvalues for the uppermost levels.

The vibrational integral equation (8) is sensitive
to the shape and to the relative positions of the po-
tentials U(R). Comparing the spacing of the poten-
tial minima of the theoretical potentials with the
spacings derived from spectroscopic data listed in
Herzberg, one obtains a difference of about —0. 005
ao. To test the sensitivity of the lifetimes to the
potential spacing, we have arbitrarily shifted the
II„potential an amount —0. 01 ao and reevaluated

the lifetimes for the v = 2, 5, and 14 levels; the
adjusted lifetimes are indicated by crosses on

Fig. 2.
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I I I I I I I I I I I I Coolidge and

a'= (4e'a', )[ I fu*('Z„v' )u( II„,v) dR
I
']

x [g ('lI„;~= I, ) —II'('Z ~')] -~ (16)

Q
E

10 ~~
«0~0»

+

~W
~W

N' = 1 for orthohydrogen and 0, 2 for parahydrogen.
The main contribution to a3 occurs for v' =v.

In Fig. 3 are plotted the radiative lifetimes as
a function of electric field for the lowest four vi-
brational levels. The dependence for these levels
is given for both the para and ortho forms. Ap-
preciable quenching occurs only for moderately
high electric fields, of the order of 10 to 105 V/cm.
Inspection of the energy differences which occur in

Eq. (16) will show that higher quenching fields are
required for the vibrational levels not shown in the
figure.

IV. CONCLUSIONS

I I I I I I I I I I I I

0 1 2 3 4 5 6 7 8 9 10 ll 12 13 14

V ibra t iona I I eve l —v

FIG. 2. Radiative lifetimes calculated as a function
of vibrational level for orthohydrogen in the N =1 rota-
tional level. The crosses refer to the radiative lifetime
calculated for the v = 1, 2, 5, and 14 levels for a relative
shift in the potentials of —0.01ao.

The radiative lifetimes for the vibrational levels
lying above the ground vibrational level are found
to be approximately 100 p, sec. The lifetimes for
these vibrational levels are about one-tenth the
radiative lifetime of the metastable ground vibra-
tional level, but most probably are longer than the
lifetimes for allowed predissociation. The appar-
ent distribution of the lifetimes for the different
decay modes arranged according to increasing life-
time is allowed predissociation, radiative dipole
emission, and forbidden predissociation. The pri-
mary source of error in the dipole transition prob-
abilities is due to the uncertainty in the II„eigen-

HI. QUENCHING ELECTRIC FIELDS 10

We shall consider next the dependence of the ra-
diative lifetimes on an external electric field. An

electric field couples the electronic states 2pm'Il„
and 2so'Z, to first order. Because of the large
radiative decay probability of the 'Z, to the Z„
state, which is of the order of 10' sec ', and the
small energy differences separating the 3II„and
'Z, levels, one would suspect that even a moderate
field could lead to a significant change in the
lif ctime.

If the electric field 8 is taken along the z axis in
the laboratory system, the perturbation in the mo-
lecular system is

8 = —eS(p sin8 sing+ p sin8 cosg+ z' cos8), (14)

from Eq. (4). The perturbed SII„ function is now
4' ('lI„) = 4'('ll„)+ a84('Z~), and the induced radiative
transition probability coupling the II„and Z„
states becomes

where the A»('Z„v' —'Z, ) are given by James and

10

I
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10

10 310 10 10 10

Q uench ing el ec tr ic f ie Id —v/cm

FIG. 3. Radiative lifetimes plotted as a function of
electric field for the v =0, 1, 2, and 3 vibrational levels
for molecules in the N=1 rotational level. Solid curves:
orthohydrogen; dashed curves: parahydrogen.
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values resulting from the approximate nature of
the 'Il„potential and causing the computed life-
times to be in error by about a factor of 2.

Vhth reference to the problem of energetic mo-
lecular beam formation, the radiative lifetimes are
sufficiently long that keV molecules can drift sev-
eral meters without appreciable decay; the radia-
tive lifetimes are relatively insensitive to external
fields: Moderate fringe fields up to the order of
10 V/cm will not affect the decay. Whether or not

those rotational levels which are susceptible to
allowed predissociation can contribute effectively
to molecular beam formation can only be judged
when a more accurate estimate of the lifetime for
this dissociation mode becomes available.
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The E-shell fluorescence yield ~E has been measured for the low-atomic-number elements
bery11ium, boron, carbon, fluorine, and magnesium. The primary vacancies in the E shell
were produced by an intense beam of K x rays generated by electron bombardment of alumi-
num and carbon targets. The measured values of && agree quite well. with values calculated
from a theoretical prediction of Wenzel. They exhibit only fair agreement with semiempirical
formulas which include screening and relativistic effects, and with a recent calculation by
McGuire based on the A-shell Auger transition rate.

I. INTRODUCTION

The occurrence of a vacancy in an atomic shell
leads to an internal reorganization which ultimately

results in the emission of a characteristic x ray
or in the ejection of an Auger electron. Atomic
excitation occurs in a wide range of processes, in-
cluding nuclear decay by internal conversion and


