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TABLES OF STARK LEVEL TRANSITION
PROBABILITIES AND BRANCHING RATIOS

IN HYDROGEN-LIKE ATOMS

K. Omidvar

Laboratory for Planetary Atmospheres
NASA/Goddard Space Flight Center
Gieenbelt, Maryland

ABSTRACT

Transition probabilities and branching ratios between the upper states n’ k' and lower states n k
in hydrogen-like atoms in an electric field, and various sums and averages, have been tabulated, n
and n’ are the principal, and k = n; - n, and k' =n} - nj are the electric quantum numbers. This is
the first time that the transition probabilitics and branching ratios are tabulated in terms of these
quantum numbers. It is found that the transition probabilities between sublevels of n’ and n are
almost dependent of k', and are strongly dependent on |Ak| = |k’ - k|, such that the transition prob-
abilities are largest for Ak = 0, and they exponentially decrease as [AK| increases. Two selection
rules are given. As expected, the lifetime of the excited states increases as n' increases, but the life-
time decreases with respect to the increase of |k'l.

Transition probabilities are tabulated for the transitions n' k' = n k, where 2<n' < 11, 0 <k’
< kg with kg the smaller of 5 and n' -1, 1<n < 5, and all possible values of I, Also tabulaied are
the transitions n’ k' = n, where 2< n' < 10, all possible values of k', and 1< n<n'. Averages with
respect to k', sums with respect to n, and lifetimes of the excited states are also given.

Branching ratios are tabulated for the transitions n’ k' = nk, where3<n'<11,0<k' <k

§

with kg the smaller of § and n'-1,2<n <5, and all possible values of k. Similarly, the branching




ratios for the transitions n' k' - n are tabulated, where 3 <n' < 10, all possible values of k',

2<ngn'

transitions, some unexplained disagreements have been found.

In comparing the calculated branching ratios with measurements forn' =3 ton =

and
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I. INTRODUCTION

Due to an additional degree of energy degeneracy in atomic hydrogen, the linear Stark effect,
where energy level splittings are proportional to the applied electric field, exists only in this atom.

As a result the splitting of energy levels in atomic hydrogen due to an electric field is considerably
larger than other atoms which possess quadratic or higher order Stark effects. In this wa);, while it is
more difficult experimentally to prepare atomic hydrogen in the excited states compared to other
atoms, it is easier to observe the effect of a weak electric field.

In the case of nonhydrogen-like atoms, and molecules, in particular heteronuclear molecules,
application of an electric field makes the medium birefringent. The light emitted is then elliptically
polarized. Thisproperty has led to the invention of a number of laser-operated electro-optical devices
such as optical limiters, amplitude modulators and tunabile filters! . In the case of the hydrogen-like
atoms on the other hand, due to the property of the linear Stark effect, the light emitted as will be
shown is purely linearly polarized.

Transition probabilities and branching ratios between Stark levels are useful in problems dealing
with excited atoms in an electric field. In many experimental setups, the excited atoms decay in a
stray or external electric field, and a knowledge of the transition probabilities and branching ratios
become desirable.

As another example, the electric field of an intense laser beam could be strong enough to cause
splitting of atomic energy levels. When the rotational frequency of the transient electron is large
compared to the field frequency, the electric field can be considered stationary, and the present
results apply. In the case of a hydrogen-like atom, a transient electron acted on by an effective

charge Z and having a principal quantum number n has a frequency of 6.58 X 10!5(Z2 /n3)sec’!.
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For low n or high Z the frequency may be much higher than the field frequency, and the situation
mentioned above may be realized.

Since the present czlculation is based on first order perturbation theory, results are valid if the
applied electric field is much smaller than the atomic field. On the other hand, from the point of
view of observation, the Stark level spacings must be much larger than the fine structure splittings.

For the case of a hydrogen-like atom, we must then have

Z“O.‘2 22 1
nd (j+%) n?

where F is the applied field, e is the absolute value of an electroncharge, a and j are the atomic radius

and angular momentum, and « is the fine structure constant. ‘Eq. (1) can be written alternatively

as

6 4

Y < 100V
— <F<257X 10 : )
nf ﬁ_’_%) n4 cm

137X 195

As an example, a laser beam of energy 1 m J, cross-sectional area 10 cm?2, and pulse dura-
tion of 10 sec has a peak field strength of 4.33 X 10° V/cm, which satisfies Eq. (2) for low n
values.

The first calculation on the intensity of Stark level transitions in atomic hydrogen was done by
Schroedinger? and Epstein®, and the results have been put to extensive experimental tests®.

Hiskes and Tarter® have tabulated values of transition probabilities for transitions of the type
n’ninjm’ ~ nn, n,m, where n'n/njm’ and nn, n,m are the initial and final states, and nn, n,m are the
usual parabolic quantum numbers®. In their tables n' < 10, and all possible values of the other

quantum numbers have been considered. Similarly, they have tabulated the transition probabilities
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summed over all final states nn, n, m for the initial states n'n'ln'zm where 1 <n' < 25, and all possible
values of n"n;m have been considered.

A difficulty with the Hiskes and ther Tables is that the Stark levels are highly degenerate
with respect to energy, and the ;nergy depends only on nand k =n_ - n, (Reference 6). As aresult
many of the transi’cic;n probabiiities tabulated by them belong to a single line. In any application or
in any comparisbn with measurements, the tabulated values should be averaged with respect to nin;m’
and summed with respect o i, n,m, kecpingk' =nj-njandk=n, - n; constant. This requires
additional work. In this paper, however, the transition probabilities tabulated are given in terms of
n’ k' and n k, and have the advantage that no additional summing or averaging is necessary. The
electric quantum number k plays the role of the angular momentum quantum number £ in the
presence of an electric field. In addition, in this paper, the branching ratios have also been tabulated.

In Section II, necessary formulas for the transitioii probabilities and branching ratios are given.
Symmetries are discussed and selection rules are given.

Tables for the transition probabilities and branching ratios are given in Section III. As will be
discussed later, some disagreements for some branching ratios are found between the present calcu-
lation and the measurement of Mark and Wierl®.

Except for a short table given by Bethe and Salpeter® for the branching ratios between Stark
levels, the present calculation is the first extensive tabulation of the branching ratios between Stark
levels. The transition probability multiplied by the statistical weight of the initial state is called the
static intensity J¢ by Bethe and Salpeter, while the branching ratios are called the dynamic intensity

Ty
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II. FORMUI ..TION

A. Electric Dipole Matrices and Branching Ratios

Due to the spherical symmetry of the atomic Hamiltonian in the absence of an electric field, the
X, ¥, and z components of the electric dipole matrices of the atomic electrons are equal. In a uni-
directional electric field, the spherical symmetry is destroyed and is replaced by an axial symmetry.
If the field lies along the z-axis, the x and y components of the dipole matrices are in general differ-
ent from the z-component.

The z-component of the dipole matrices are given in the preceeding paper’ , from now con called
I. To evaluate the x and y components, it is more convenient to introduce the components x + iy

and x -iy. The matrices due to these components in terms of the hypergeometric functions have been

evaluated by Gordon®. Below, we give an independent derivation.
In terms of the parabolic coordinates we can write

xtiy =[fEn e*i¥

3)

where &, 0, and g are the parabolic coordinates of the running electron®.

The hydrogenic wave functions in parabolic coordinates are specified by the quantum numbers
nn, n,m satisfying®

n=nl+n2+m+l

C))
where n is the principal quantum number and m is the absolute value of the magnetic quantum
number. We follow Pauli® and introduce the electric quantum number k by

A (%)
k = n, -n,

ke kb b b))
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Then we deal with the three independent quantum numbers n k m in terms of which n; and n,

are given by

=%Mmt+tk-m-1), n, =¥(n-k-m-1)

6)
The energy levels in a linear Stark effect depend only on n and k (Ref. 6).
Evaluation of the matrices in Equation (3) involves a three-dimensional integration with
respect to , &, and . When the integrations are carried out, we find that the matrix elements of

X * iy vanish unless m’ = m * 1. These matrices are given by
c<nkmzllx+iyln' k'm>

1 20 m+ 2
=<nkm#!llx-iyln'k'm> = ( )
u VZZ' \a+a

mi*1+2
(m, +m)!(n +m)!(n'+mil)!(n'2+mil)_! %

!
X( 20&) X 1 2 1
+a 1 tn'int
o n .n2 '"l'"z'

1

—OV“OvOu

- N
1 2

Da\ Y1t 20 \ Nt /o \ /o) i\ /il

2

X 2 Z Z Z ( ,) ( I) l 2 ll !
=0 at o ato VI v,/ \¥,J\¥,

1 q.01 ,
[E(Qmil t1)+vy, +v‘] ![?(?.mi~ 1+ 1)+V2+p2]!

(m+r)tmel+0)) ! (m+v,) (m]+p)!

X

] 2
X @m+321+p +v, +0 +0)),
all notations being defined in I.

Equation (7) is an alternative to an expression in terms of the confluent hypergeometric func-

tions given by Gordon®.

7.
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In order to find the transition probabilities and branching ratios, we have to find the degeneracy

of each Stark level. It will be shown below that each level is n - Ik | fold degenerate. From (4) and

(5) it follows that
k=-(n-1)+2n +m =n-1-(2n, + m) 8)
Keeping in mind that n , n,, and m are positive integers, we havek . =-(n-1)andk ax N1,
implying that
-(n-1<k<n-1. )
We first find the degeneracy for m = 0. From Eq. (8) we see that when m = 0, n + |k | must
be odd. Through Eq. (9) we find that there are n terms for k given by
k=-(@-1),-(n-3),....,(n-3),(n-1);m = 0. (10)

For each k and m = 0 there is only one value for n, and one value for n, specified by Eq. (8). Then

the number of states for a givenn and k,and m=0is e (n + Ik |) where we have defined

1,jodd
e€(j) = 48}

0, j even

When m # 0, the smallest value of m is 1 and through (8) we find the following relationships:

n, =0,1,2,...., <=(n-2+k) 1
fk<0,

(m-2-k)) (12)

6o |-

=
It

-k,-k+1,..., <

o) —

n, =kk+l,..., <~%—(n~2+k)
k>0, (13)
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Since there is a double degeneracy when m #* 0, we see from Eq. (12) that for k <0, a level with
agivennandkisn+k-e(n+ |k|) fold degenerate. Similarly, for k = 0, we see from Eq. (12)
that each level for a given n and k is n - k - ¢{n + {k {) fld degenerate. Then for all values of k a

level with a given nand k is n- |k i- e(n + Ik |) fold degenerate.

Combining the m = 0 and m # O cases, we reach the conclusion that energy levels in a linear Stark

effect specified by n and k are n - [k | fold degenerate. As a check the total number of states for a

given n is given by

n-1

(n- ki) = n?, (14
k=-(n-1)

as should.

We now find the transition probabilities and branching ratios. The transition probabilities
parallel and perpendicular to the field are different. The transition probability is proportional to
the cube of the energy difference between the levels. As a first approximation and as far as the
energy difference is concerned, we neglect the energy splitting of the lzvels due to the electric field.

Then in analogy to Eq. (2) of I we have

. 3
A, @K,k =50 R, /had 2t (L - L
nz n’2

(15)

1
X Z [2-8(m,0)] | <nn mlzln'nim > 12
n' -1k " apn,

where A, is the probability of a transition parallel to the field, and we have averaged the dipole
matrices with respect to n'l and summed it with respect to n,. For a given n, k, and n , the value
of m is given through Eq. (8), and no summation with respect to m is necessary. However, the

factor 2 - 8(m, 0) accounts for the fact that the m = G state is singly degenerate.
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Similarly, for transition probabilities perpendicular to the field we get

.y 1 1 1y\?
A, (@ K, nk) =-3-oz3(R_/hag)yZ“(_.;-_-.)

n? n'?
(16)
1 '
\(m ' om {I<nnlm IxIn'nim'> 1% +|<nn mlyln'nim > F}
This can be written as
' 1 3 2 of1 1 3
A, (nk,nk) =3 (R”/hao YuZ —--—)
2 .12
n“ n
%ot |
X |2 . 5(m 0] |<nn, m-1lx+iy In'n,m>?
' Kl 1nl[ (my Of 1< om, Y
+ I<nnm+1/x+iy In)njm> Izz
The equality of Egs. (16) and (17) follows from the fact that the matrix elements of x and
y are real. The total transition probability is given by
A=A_+A (18)

Since A is proportional to the square of the electric dipole matrices, the value of A when
summed and averaged with respect to the internal quantum numbers is the same in spherical and

parabolic coordinates. This follows from the fact that the length of a vector is the same in the two

coordinates. We therefore have

[

n'-1 n-1 n-1 n-1
Z Z @+ DA@'Y,nQ) = Z (n - 1K DA @K, nk) (19)
=0 g=0 k'=-n'+1  k=-n+1

Equation (19) shows that A (n', n) does not change in a weak electric field, where A (n', n) is

the transition probability between the states n’ and n. This has the important consequence that if

10
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electrons are distributed according to their statistical weights among the sublevels of the initial state
n’, they have the same lifetime with and without a weak electric field.
Similarly, when sums and averages are made with respect to the internal quantum numbers, the

transition probability should be independent of the direction of the electric field. This means that

n'-1 n-1 n'-1 n-1
Z Z (- K'DA, ('K, nk) = 2 Z Z (- 1K')A_(n'K', ok} (20)
k'=-n'+1 k=-n+l k'=-n'+1  k=-n+1 -

Eq. (19) and (20) are used as checks on the accuracy of the numerical values of the transition
probabilities.

The branching ratios 8, (nk, n'k"), 8. (n, n'k’), B (nk, n'), and B (n, n) are obtained through
relationships similar to Eqs. (3) through (6) of I, except that £ and &' are replaced by k and k',

and 2¢' + 1 is replaced by n' - | k' |. Tables for the branching ratios are given in the next section.

B. Parity, Symmetry, and Selection Rules

We first show that all spectral lines emitted in a linear Stark effect are linearly polarized. For

a transition n'k’'m’ = nkm through Eq. (8) we obtain
n' -n=2(@-n)- Ak + Am @2n

where Ak =k’ -k, and Am=m'-m. For n’ - n even Ak and Am have the same parity, and forn' - n
odd the parity is opposite. This means that for radiation parallel to the field where Am = 0, Ak has
the same parity as n’ - n, and for radiation perpendicular to the field where Am = *1, Ak has
opposite parity to that of n’ - n. For a given n' - n, each transition is either 7 or o radiation, and all
the emitted radiations are linearly polarized.

Although it is generally believed that there are no selection rules governing transitions bet'ween

Stark levels, there exists some selection rules as will be given below.

11
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In Eq. (9} of 1 the interchange of n, and n, is equivalent to the interchange of », andv,.
Similarly, the interchange of n l' and “2' is equivalent to the interchange of v, "and v, '. The opera-
tionv, v, andv,' v, in turn changes the sign of the dipole matrix in Eq. (9) of I. Then

<n-kmizin - kKm>=-<nkmlzlnk'm>

(22)
By a similar argument we obtain from (7)
<n - km#l Ixziyln' - K'm>
= <nkm#l Ix iy In'kK'm> (23)
The two equations (22) and (23), making use of Eqs. (15) and (17), imply that
A, (n' -kK,n-k= A, ('K, nk) (24)
A, @ - k,n- k)= A @ nk) (25)

Therefore both Ay and A ; are symmetric with respect to the change in sign of k and k’. Combining

the last two equations we obtain
A(@ - K,n - k) = A@K,nk) (26)
Herrick® has also derived Eq. (26) using the properties of the Clebsch-Gordan coefficients occurring

in the transformation matrix between the spherical and parabolic ccordinates.

From (22) we also obtain

<n0m|z|n'Om>= 0, (27
from which follows that ‘

neo_ L e -
A (nk' =0,nk =0)=0 (28)
It may seem at first that k' = 0 to k = 0 transitions correspond to transitions i)etween two

spherically symmetric charge distributions. This, however, is not the case. By expanding the para-

bolic wave functions in terms of the spherical wave functions, it can be shown that thek’=0tok =0
12
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transitions correspond to an aggregate of optically forbidden tiznsitions where the conditions
Q-2 =%1 and m’' - m = 0 have not been met.

From Eq. (21) we see that when n’ - n is even, ¢ radiation does not exist for Ak = 0. Due
to (28) we therefore have

A(n'k’ = 0,nk = 0) = 0, n'-neven. (29)

Egs. (28) and (29) constitute the two selection rules applicable to transitions among linear Stark
levels, Hiskes and Tarter’ also state that k' = 0 to k = O transition is not allowed, but they don’t
give any proof for it.

We finally like to enumerate the number of observed lines for transitions between two arbitra-
ry levels n' and n.

For a given n there are 2n - 1 values for k. Similarly, there are 2n’ - 1 values for k' for a given
value of n’. Keeping in mind Eq. (29), the total number of lines observed wit" “oth polarities

for a given n' and n, which we designate by N, (n, n'), is given by

Ny(',n) =@Qn-1)@n" -1)-e@ -n-1), (30)
with e(j) defined by (11).
To find the number of lines due to w-radiation we notice from (10) that for m = 0 and a given
n there are n values for k. Similarly, there are n - 1 values for k for m = 1 and a given n;n - 2 values
for k for m = 2, etc. A similar argument applies for the number of terms for k' for given values of
m’ and n’. In the absence of any degeneracy, the number of lines with « radiations is a sum over

the products of the number of states in each group which have the same magnetic quantum

13
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numbers. This is given by
' +@m-D@ -D+....+1@ -n+1)

n-1
1
= Z m-»)@ -pv)==nm+ 1)@n" -n+1) 1))
- 6
v=0
There are, however, degeneracies. 1t is not difficnlt to show that m =0 and m =2 have n - 2
common k values for a given n. There are n - 3 common values for k form=landm=3,n-4
common values for k form=2and m = 4, etc. Similar argument applies to n’, m’ and k'. From the

right hand side of (29) we must then subtract
m-2)(n' -2+ (m-3)@ -3)+....+1(m -n+1)
n-3 .

1
= Z n-2-»@-2-»)==(@m-1)(n-2)3n" -n-23) (32)
p=0 6
We also have to take into account the fact that #n-radiation does not exist for Ak = 0. For
n' - n odd the Ak = 0 transition is not automatically allowed for #-radiation, as can be seen irom
(21), and this has been taken into account in the derivation of (31). For n'- n even the vanishing of
Ak = 0 transition has not been taken into account in (31), but is a consequence of (27). We must
therefore subtract 1 from the right-hand side of {31) when n' - n is even. The number of #-radiation
lines, N, (n', n), is therefore given by

N"(n', n) =_6l—"(“+ 1)Gn'-n+ l)—-é—(n -D@M-2)Gn"-n-3)

-e(m -n-1) (33)

=g +(m- D0 -1)-em -n-1)

The number of o-radiation lines, using (28) and (31), is then given by

N (',n) = N .(',n) - N_(',n) =’ +(n-D@ -1) Ny (34)

We see that for n' - n even Ny and N, are equal, while for n' - n odd, n-radiation has one more

line than the o-radiation. It is also seen that N is always even, while N has the parity of n'-n.

14
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Batiin datieont

Due to the symmetry relations (24) and (25) not all values of the transition probabilities are
distinct, and there are abont half as many distinct transition probability values as there are lines.
Let the number of distinct transition probability values for the two kinds of radiations, and their

sum, be designated by M, M, and M... Then detailed calculation shows that

=

i

=

i
|-

M, =-;— [pn' +(n-1) (@' -1)-€n’'-n-1)]. (35)

It is also of interest to find the total number of observed lines due to an electron in an initial

state n’. Using (30) this number is given by

n'-1

1
NT (nl) = ; NT (n" n) = -?[(n' - l) (4]'\'2 -6n'+ 1) te (n" l)] (36)

This number is considerably less than i}z number of transitions _81' (n-DMYn +1)@Bn'-2)
given by Hiskes and Tarter®, These authors presumably neglect the degeneracy of the lines.
Symmetries similar to (24) through (26) hold for the branching ratios. By replacing &, £/, £",

and 22' + 1 in (3) through (5) of I by k, k', k", and n' -|k'|, and making use of (26) we find that

' By (n - k,n' - k) = B (nk,n'k’)

BT (n = k: n') = 31' (nk» n') (37)

ﬁT (ﬂ, “' = k') = ﬁT (na n'k’)

Use have been made of (37) in tabulating the branching ratios.

15
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HI. RESULTS AND DISCUSSIONS

Results are given in Tables I through VIII and Figures 1 through 5.

Table I is given as a test and is a comparison of the present calculational results and the calcu-
lational results of Schroedinger reconstructed from Table 20a of Bethe and Salpeter®. The numbers
given in Table I are obtained from Table 20a by mulitiplying the A values by 2 when m # 0, summing
the A values which have common k and k', and dividing the results by the statistical weight of the
initial state which is n’ - |k'|. In addition, since A defined here is twice the A defined in Ref.

6, the resultant A, is multiplied by a factor of 2. As is seen the present results agree within a few

percent with the results of Schroedinger.

In Table I, A values corresponding to k' =-2 and -1 are not listed, since these cases can be
obtained from the symmeiry relations (24) and (25).

Two additional tests for the accuracy of the present calculational results were made. These
tests were the satisfaction of the unitarity relation (19) and the isotropy relation (20) for numerous
number of cases.

Table II is similar t¢ Table I and gives transition probabilities for transitionsn’'=4ton=1, 2,
and 3. Due to their symmetry, A values for k' = -3, -2, and -1 are not given.

Branching ratios for the transitions of n' = 3 to n = 2 states are given in Table III. For each

transilion three values are given. ‘“Here’ refers to the present calculational results. Ref. 6 refers to

the culculated results of Table 200 of Ref. 6, and “Exp” refers to the experimental results reported
in. the Table 20b. As is seen where the branching ratios are not zero, there are serious disagreements
among the three sets of values. Since there are agreements between the A values calculated here and

the reference 6, the discrepancies between the branching ratios calculated here and in reference 6 is

16
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purely a matter of arithmetical error whose source the author has not been able to find. All possible
tests have been made on the present calculation to insure its accuracy. It is more difficult to find
the source of the discrepancies between the calculated values and the measurements. The measure- | i
ments date back to 1929. New measurements of the branching ratios would be helpful in clarifying
the disagreements.

It should be noted that the branching ratios B__ is called the dynamical intensity J;, in refer-
ence 6, while the transition probability A multiplied by the statistical weight of the initial state,
n' - |k'l, is called the static intensity J s in this reference.

In Figure 1, the transition probabilities for transitions between sublevels of n’= 10 andn=9
are plotted versus A k =k’ - k. Three interesting features of this figures are the following: (1) Fora

given n and n’ the transition probability is a function of Ak only, and is almost independent of the

values of the initial state electric quantum numbers k’, (2) the probability, with a few exceptions,

decreases exponentially as | Ak| increases. As Ak changes by 8 units, the A values change by some
16 orders of magnitudes. It is largest for Ak = 0, then for Ak = +1, etc. This conclusion is in agree-
ment with the statement by Bethe and Salpeter® that the outermost components of the Stark spectra
are the weakest, (3) For a fixed value of | Ak|, the k' - k transition probability is larger than the k - k’,
i.e., the transition probability is larger, when the change in k' is in the same direction as the changein n’.
In Figure 2 the transition probabilities for the initial states n' = 10, k' = 0 - 9 are plotted versus 4
the final states n = 1 - 9. It is seen that while for n = 9 the transition probabilities increase as k'
decreases, the situation reverses itself for lower values of n. Figure 3 is similar to Figure 2, excgpt
that spherical coordinates have been used and is given for comparison.
The lifetimes of the excited states in an electric field for 2 <n' <10, and -(n- 1) <k'<n-1

are plotted versus | k'l in Figure 4. Due to the symmetry relation (26) the lifetime is independent
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of the sign of k'. It should be noted that the lifetime has two distinct behavior depending on whe-
ther k' is even or odd. In each case, the lifetime increases as n’ increases, as expected. However, it

decreases with the increase of |k'|.

Hiskes and Tarter’ have similarly calculated the lifetime of the excited states in an electric field.

However, their figures are obscured by the fact that they plot the lifetime versus the three quantum
numbers n, m, and n,, and they have not taken the degeneracy of the states into account. They
show that the lifetime is independent of the sign of k' for m = 0, while this independence holds for

all values of m.

We now describe Tables 1V and V dealing with the transition probabilities. In Table IV transi-

tion probabilities A for the initial states n’ k', 2 <n' <10,0<k' <n'-1, and the final states n, where

1 <n<n', and various sums and averages are given. It is worth noting that, as expected, lifetimes of
the excited states n’ are the same as the lifetimes of these states without an electric field (I and
Ref. 6).

Tables V give transition probabilities A for the transitions n’ k' = n k, where the ranges of n' k'
and n k are specified in the tables. Due to the limitation of space, values of k' larger than 5 and Jess
than n' -1 are not given. However, to allow interpolation, values of k' - n’ -1 are given. Similarly,
transition probabilities for negative values of k and k' are not given. These can be calculated from
the positive values of k and k' using the symmetry relation (26). It should be noted that each transi-
tion probability in this table corresponds to a linearly polarized 7 or o radiation. This can be seen
from (21), which states that for n' - n + k' - k even (odd), the radiation is parallel (perpendicular) to

the field. The properties of the transition probabilities given in these tables are stated in the discus-

sion of Figure 1.

18
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In Figure 5, th: branching ratios for the initial states n' = 10 and k' = 0- 9 are plotted versus the
final states n =1 - 9. It is seen that the branching ratios for the ground state as the final state is equal
to unity which is due to the lack of the metastable states. From there on it decreases monotonically

as n increases.

In Table VI branching ratios 8 for the initial states n'k’,3<n'<10,0<k’<n’-1, and the
final states n, where 1 < n < n’, are given. Averages with respect to k' are also given. Since the
branching ratio between any initial state and the ground state is unity, they are not listed in the
table. Similarly, due to the symmetry relations (37), the branching ratios for negative vahics of k'
are not given.

In Tables VII branching ratios By for the transitions n' k' = nk, where the ranges of n'k’ and
nk are specified in the tables, are given. Due to the symmetry relationships (37) the branching ratios

for the negative values of k' are not given.

A study of this table shows that for given n’, n, and k, the branching ratios have different
behavior depending whether k' is even or odd. For k' either even or odd, the branching ratios are
smooth functions of k', monotonically increasing with k', monotonically decreasing, or having a
maximum with respect to k'.

The transition probabilities between the principal quantum numbers n and n’ do not change in
an electric field. However, the branching ratios do change. Tables VIII gives ratios of branching
ratios with and without an electric field. As is seen, this ratio for transitions to the ground state is
larger than 1, and for transitions to other states is less than 1. This means that on the average the
electrons decay faster to the ground state with an electric field. The ratios go through a minimum

as n increases.
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In tables that follow transition probabilities and branching ratios are tabulated for atomic
hydrogen. They can be applied to the hydrogen-like atoms, such as the alkali atoms, muonium,
positronium, gtc., by realizing that the electric dipole matrices as given by Eq. (7) scale as (uZ)™!,
where u is the reduced mass and Z is the effective charge of the hydrogen-like atom. Since the énergy
levels scale as uZ2, through Eq. (1) of I we see that the transition probability scale asuZ*. To find
the transition probability of a hydrogen-like atom, we then have to multiply the tabulated values for
the transition probability by uZ*.

On the other hand, since the branching ratios are ratios of transition probabilities, they are in-

dependent of u and Z, and the tabulated values are valid for all hydrogen-like atoms.

20
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TABLE L. Transition probabilities A, and A for n'=3ton=1 and 2 transitions. The A
values in parenthesis are reconstructed from Table 20a of Bethe and Salpeter® as described in the
text. Probabilities for the negative values of k' are obtained through the symmetry relations (24)

and (25).
A, (sec! )A A, (sec!)
n k k 0 1 2 0 1 2
1 ! 0 0.00 0.00 8.37+7 0.00 8.37+7 0.00
(8.2+7) (8.2+7)
2 -1 3.41+6 0.00 1.40+4 0.00 2.2545 0.00
(3.3746) (1.3944) (2.22+5)
0 0.00 1.62+7 0.00 5.14+7 0.00 5.05+5
(1.60+7) (5.08+7) (5.00+5)
+1 3.41+6 0.00 2.36+7 0.00 2.72+7 0.00
(3.37+6) (2.33+7) (2.69+7)
23
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TABLE 11 Transition probabilities A, and A for n'=4ton=1, 2, and 3 transitions.

A, (sec’!)

A, (sec!)
k!
n |k 0 1 2 3 0 1 2 3
1 0 |00 1.14+6 | 0.0 3.0747 | 1.36+7 | 0.0 2.05+7 | 0.0
2 | -1 0.0 7.2545 | 0.0 2.69+4 | 9.67+5 | 0.0 1.61+5 | 0.0
0 |0.0 0.0 5.16+6 | 0.0 0.0 8.174+6 | 0.0 4,30+5
+1 |00 8.06+4 | 0.0 9.7046 | 9.67+5 | 0.0 7.90+6 | 0.0
3 (-2 |00 149142 | 0.0 1.44-1 1.15+4 | 0.0 7.80 0.0
-1 8.99+5 | 0.0 2.00+3 | 0.0 0.0 4.54+4 | 0.0 1.85
0 |00 2.5446 | 0.0 2.63+3 | 9.90+6 | 0.0 8.06+4 | 0.0
+1 | 8.99+5 | 0.0 3.69+6 | 0.0 0.0 6.89+6 | 0.0 9.32+4
+2 100 3.4545 | 0.0 43546 | 1.15+4 | 0.0 3.53+6 | 0.0
24
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TABLE III. Branching ratios () and f1(0) for transitions n’= 3 ton'= 2. The branching
ratios for the negative values of k' are obtained through the symmetry relations (37).

*Exp: Mark and Wierl, Z. Physics 53, 526; 55, 126; 57, 494 (1929)

£ R
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By (m) B:(0)
k'
0 i 2 0 1 2

Here -1 50 0 0
Ref. 6 89 0 0
Exp* 79 0 0
Here 0 100 100 0 1
Ref. 6 100 100 0 .;
Exp 100 100 0 |
Here +1 22 24
Ref. 6 86 17 I]
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TABLE IV. Transition probabilities A in sec™! for the initial states n'k’, where 2< n’ < 10, |
0 < k'<n’'-1, and the final states n, where 1 < n < n’. Averages with respect to k’, and sums with
respect to n are also given. Lifetimes - each excited state n'k’ and n' in sec are also given. The
probability for n' - k' > n transition is the same as that for n'k’ = n transition. ;

v n 4
n'k’ L 2 3 4 5 6 Total Lifetime
~
20 6.27+8 6.27+8 1.60-9 |
21 | 3.1348 3.13+8 | 3.19-9
Mean | 4.70+8 B 47048 | 2.13-9 |
30 | 0.00 5.82+7 58247 | 1.72-8
31 8.37+7 | 4.36+7 1.27+8 | 7.86-9
' 32 | 83747 | 24147 1.08+8 | 9.28-9
_I Mean | 5.57+7 | 4.4147 9.98+7 | 1.00-8 ’
40 | 1.36+7 | 1.93+6 | 1.17+7 2.73+7 | 3.66-8 j
f 41 1.14+6 | 8.97+6 | 9.81+6 1.99+7 | 5.02-8
42 | 2.05+7 | 1.3247 | 73046 4.10+7 | 244-8
43 | 3.07+7 | 1.0247 | 4.45+6 4.53+7 | 3.21-8
i Mean | 1.28+7 | 8.42+6 | 8.99+6 3.02+7 3.31-8
a 50 | 0.00 2.2146 | 8.12+5 | 3.49+6 6.51+46 | 1.54-7 i
| 51 51646 | 1.08+6 | 1.98+6 | 3.07+6 1.13+47 | 8.86-8 é
: 52 | 1.15+6 | 2.27+6 | 2.97+6 | 2.54+6 8.93+6 | 1.12-7
53 | 6.88+6 | 5.03+6 | 3.18+46 | 1.92+6 1.7047 | 5.88-8
54 1.38+7 | 4.93+6 | 23246 | 1.26+6 2.23+7 | 4.49-8
Mean | 4.13+6 | 2.53+6 | 2.2046 | 2.70+6 1.16+#7 | 8.65-8
60 1.69+6 | 2.45+5 | 8.12+45 | 3.51+5 | 1.32+6 4.20+6 | 2.38-7
5 61 564+ | 891+5 | 1.98+6 | 6.39+5 | 1.19+6 3.2246 | 3.10-7
62 | 22646 | 6.94+5 | 2.97+6 | 9.14+5 | 1.04+6 54946 | 1.82-7
63 846+5 | 7.97+5 | 3.18+6 | 1.07+6 | 8.62+5 4.67+6 | 2.14-7
| 64 | 2.8246 | 2.2546 | 2.32+6 | 1.02+6 | 6.65+5 8.28+6 | 1.21-7
| 65 | 7.05+6 | 2.68+6 | 1.3146 | 7.44+5 | 4.59+5 1.2247 | 8.17-8
| Mean | 1.65+6 | 9.74+5 | 7.79+5 | 7.72+5 | 1.03+6 52146 | 1.92-7
70 | 0.00 3.50+5 | 1.32+5 | 2.17+5 | 1.67+5 | 5.83+5 | 1.45+6 | 6.90-7
7 8.83+45 | 1.53+5 | 2.57+5 | 1.91+5 | 2.68+5 | 539+5 | 2.2846 | 4.38-7
72 | 8.83+4 | 3.91+5 | 2.69+5 | 2.22+5 | 3.50+5 | 4.84+5 | 1.8146 | 5.54-7
73 1.1046 | 4.40+5 | 2.6145 | 3.39+5 | 4.19+5 | 42145 | 2.98+6 | 3.35-7
74 | 5.89+5 | 3.56+5 | 4.73+5 | 4.93+5 | 4.39+5 | 3.51+5 | 2.70+6 | 3.70-7
5 75 13346 | 1.12+6 | 8.1445 | 56945 | 3.98+5 | 2.76+5 | 4.51+6 | 2.22-7
| 76 | 3.98+6 | 1.58+6 | 7.97+5 | 4.62+5 | 2.95+5 | 1.99+45 | 7.30+6 | 1.37-7 _
Mean | 7.57+5 | 4.39+5 | 3.36+5 | 3.04+5 | 3.25+5 | 4.56+5 | 2.6246 | 3.82-7 |




i4

9811 S+Sv'8 S+ETT b+¥T'8 | ¥+LO'L ¥+169 | VH9v'L | v+168 S+CT'1 S+v1°C UBSN
L-€T°€ 9+01°'€ | V+81°S | V+L89 | V+9E°6 G+SE1 S+L0C S+Sv'e S+16°9 9+9S°1 86
L-66'S 9+L9°1 P+9L9 | ¥+96'8 S+81°1 S+LS'T SHIT1T S+78T S+85°¢ $498°¢ L6
L-S0°6 9+01°1L v+1£8 S+€0°1 S+0T°'1 S+E€’l S+LE'L S+ST1 SHI1°1 $+68°C 96
L-90°6 9+01°1 v+78'6 S+L0°1 S+50°1 v+Ev'6 | V+ET8 | V+H09'6 S+¥8°1 ¢+8¢°¢ S6
9-0v°1 S+TI°L S+Cl'l S+e0'1 P+P€'8 | ¥+L99 | P480°L v+¥8°6 S+00°'1 v+eL'L V6
9-61°1 S+EV'8 Sg+9T°1 p+€€6 | P48E9 | VYOS | Y+¥9'9 | PHP9 | PHLETS S+68°C €6
9-78'1 S+6v°S S+LET v+16°L VLTS p+1€s | P+HIT'S | $489°C S+90°1 p+8¢’1 6
9-S¥'1 §+06'9 S+8%°1 P4+IE€9 | VHELY | PHEOV | YOIV | VL9 | P+06'E S+Iv'T 16
9-91°C S+E9'Y S+LS'T Y+E8Y | PHPLY | PHESE | V4S9V S+HS'€E | P+8E6 00 06
L-S§6'9 9+l S+LTT S+9¢°1 S+6¢°1 S+Ev'l S+69°1 S+0TT S+L8'E eI
91T 9+v9°Y v+69°6 S+6E1 S+56'1 S+20°€ S+E1'8 4886 | 9+I¥T L8
L-sL’¢ 9+99°C S+0t’1 S+6L°1 S+S+°C S+8¢°¢ S+S9Y S+¥1°9 ¢+88'9 98
L-S6°S 9+89°1 S+29°1 S+£0°T S+6E°C §+08°T S+1€T S+16°1 SHIY S8
L-89°¢ 9+9L°1 S+e£6°'1 $+60°T S+88°1 S+pS°1 S+6v°1 S+I8°C §+06°S v8
L-60°6 9+01'1 S+TTT c+88°1 G461 S+ST1°1 S+79°1 S+68°1 4688 €8
Lv¥L 9+pe’l S+8v°C S+LS'L S+10°1 S+ET°1 S+IT1 S+T1°1 S+l6'v (4]
9-91°1 S+198 S+ILT S+ITT v+i1°6 | v+966 | 7+81°8 S+06°1 €+70°L 18
L-80°6 9+01°1 S+06'CT | v+L9'8 | ¥+IS6 | V4999 S+CI'1 P+EL'S C+E6'¢ 08
awmaTy [T 8 L 9 S L4 € 4 I AU

(ponumuod) ‘A1 TIVL

27

T s B TP A g e SV
> e e



aduy

o T TR

1

9-16'1 | S+bTS| PH9I°L| V489F | Vv+HI6'E| P+69°€ | V+08E | vHPCh | V+OI'S | P+ET'L| SHITT UeSN
L-S9Y | 9+STT| v+96T | v+6L'E b6y | PH+TL9 | P+E€9°6 | SHLY'T| SHIV'T | S+9Pb | 9+€0°L 601
L-60'8 | 9401’1 | V+8L°E| VL8V | V+IT9| P+E0'8 S+S0°T | SH8ET | S+6L°1 | S+0T'T | SHOE'T 801
9-CET | S+6S°L | v+6SV | V+09°S V+ES9 | P+6EL | VHLE6L | V+66'L | PHIEL | VHOL'L | S+80°T LOIT
9-LET | S+8TL | V+BES| ¥+96'S P+L0°9 | $+08°S | P+PTS | vH66'V | P+HIO9 | SHET'T | S+PO'T 901
9-L0'CT | S+¥8YV | P+ET'9| v+S6°S P+LI'S | p+6TY | VHI6'E | P+HL9P | PHPI9 | PHSL'S | P+8BED sol
9-08'1 | S+SS°S; v+¥89 | v+C9°S P+81v | P+8EE | v+PSE | P+I0V | PHLBE | PHETO | SH6L'T bOI
9-TL'CT | S+89°¢E | PHOS'L| P+SO°S b+LE€ | P+66T | PHPI'E | PHIOE| P+COV | P+CT9 | PH+PI'T €01
9-0TCT | S+S¥ | vHOT'8| V+EEV | PHI8°CT | PH+ILC P+SST | P+E8T | $H99°C | HHIOE | SHESTT [44]!
9-9T°€ | S+LO'E | P+T9'8 | P+LS'E | V+¥OC | V+Eb'T | PHETT | VHPLT | VHIPT | V468°S | €TV 101
9-86°C | S+LBE| v+L06| P+S8T P+8S°C | v+86°1 V+LTT | v+86'T | P+EEE | P+98'T | S4BT 001
umeyry | [eI0L 6 8 L 9 S 4 £ (4 I AU

(penunuod) "ATFTAVL

28

AN i s s




- gt L 4‘% i~y T v 1‘
Pl | s+08T | b€ | THIET | w4081 | CH0'S | £+688 | £+pSl | €St | £418T | e0rt | g+See |40 [ £400¢ 1 :
++08°1 | s+86°€ | €499% | vt | 14801 | pebTT | 49971 | galfe | ogrer'e | £IRE | ogrbeS | THOE | ©409T | £hE9 ot b
PHLOE | SH8C | S+0r1 | €481€ | v+I10 | THEIS | t489°T | €486t | teE01 | €4sH® | £4881 [ eri® | THOL | £ 6 3
PHSS | SHb68 | pepso | s+l | TH0T6 | pers | €409% | peesT | pesT1 | aes08L | pe0Ll [ THleTl | g0 | ol 8 ;
GOU'T | 94bb1 | S+6T9 | VHPIL | SH00°E | THOIS | SHOUL | FHLOT | p#SO'E | PHSECE | THLSE | t4SET | PHOT | p4sSTl L :
SHTHT orrps | 04801 | p+€19 | 400 | p+E91 | s+ETL | berc9 | 400l | p#€10 | pRlUS | 40T 9 i
SH0T'9 94TOF | 9+T6T | PHSLT | S+60°8 | S+OIT | SHTOTL | S+S61 | 606 | r#9ST S :
9+107T 9H0L6 | 9+06L | 908 | S#L9%6 | SHSTL | S+1971 | 49T t f
9+58'6 (49€T | L4ELT | 9+IVE | S+STT | 0P € i

P=AT=u ") .,
PHLIT | BHH0E | bebl | PHSE'E | £489F | bHIVE | THSEP | pHE0E 1
PHSE | pepIY | pHIST | PHISTL | p4BSS | E48R'E | b4SES 000 ol
pT00 | BHLL'S | bHELO | bHIBB | v480T | t4b96 | £4T61 | 14058 6
s+01'1 | pisT SHLI'T | v48L6 | SHILTL | vH0T | SHTLI 000 8 g
SH6IT | SHIT s+99% | s+€9T | stovt | swigce | pwT1 | sere L i
+06°F S+p8°1 | S+616 | S+L'9 | SH+81 | S+60'8 000 9 “
9+6T'1 GHP8T | 94T0T | 9400 | S+89°1 | 9+661 ¢ {
9+IEY s+0ey | 9+91's | 9+L1B 000 t )
LHbT SH50°s | LA | LIS £ N

0=1'z=u g A m

3
pregL | svel'L | seStl | vHb9'l | sHIOT | e+6lE | 44098 000 H 4
SH9TL | 9+€0 | t48€9 | SH6LL | pHpOl | SHESTT | €4V | S4BT ol i
c1T | 9stst | sesee | eeen | os+esT | pesEl | sHIFT 000 o 4
SH8E | 9HIPT | SH01F | SH06S | p#S8'8 | SHT6F | EHIOL | SHE6E 8 :
crcr | 9486 | 9+€€Tl | SHe8'S | 94011 | beegs | S+€878 000 - i
0459'L oscoL | 9+I8T | s+op8 | 9+9TT | #H9S | 94691 9 !
9+€ 1t 14861 | os8g9 | ossrr | 94017 000 < 1
L+8T'1 (L0 | £40T | 9prL | L49€L t :
LH8SS L+LEG | L+LES 000 £ !
8+0Lt 8+EL'E | 8+LT9 z
i

ucaly I~ < t £ : [ 0 I- - ¢ - 2 L+ u- AN P

0=¥'1=U"y

*(97) uonejar AnowuiAs §uisn pauie}qo aIe j JO SanjeA
aAnje3au a1f1 103 sanffiqeqord a1y ], "Pa3si| JOuU dIe [ — U pue § pue ‘c- pue (] — ,u)- udamiaq Jfej
JeY) 3 JO Sanjea uonejiui Meds dyp o3 [-USYSQPUBGSUS[-UuS I> (] - W)-

‘11> ,U S 7 21aym ‘SUORISURI) YU « Y, U J0 ;098 Ul Y sani[iqeqoid uonisueil, ‘A HTAVL

L -

e




Lt A

vy e

£468°C § S+0S'I E+00°6 | THP61 | €+68T | TH6YS | T+66'S | THISH 1400t | FHRLT 1+LS7C +68] 1486 1+0S°1 1
£+479 | S+01T 14818 | t+L071 | TH619 | €4£9T | T+06 | THOET | 40O £t | THo87 L] FILE 14+L5°1 o1
te201 | ses0e | peger 1+0°6 | b+IT €476 £+E6°1 | €487 Hes | Trrs | cesl 1HOTT | THITT [+85°1 6
P51 | S+65F | #4901 | p+r09 | £48071 0T | E+60€ | THISL | gH0Ll THY'Y THIST 0S| TeToE 1491 8
b+88°€ | s#sTL SHESE | EHO9 | LIS | SHES | €+0L8 | 8 Lrs | e | ss0Tt THSLE | 14SOL 18171 L
£459'8 94Tl G+689 | THol'l P66 | FROTT | £+SLT £+IPS | £es8T | D10 1487 8T 9
S+§CT 9+1TT | 9+LEI PP T | pHCUL | pHTIE | €4099 | THISE l+obt oF T 3
SH+ISL 9+6Ey | 9+£6°€ | S+SHE | paSI 6 08°L I-t471 t

T=Y'f=U "4
g+6lL | ¥HL6TL EH10F | PHLIT | 1498L | +l€d THSB'S | €408°¢ | c4eLl £+0ET crobT | TRTET) €Tl THTT i
PHLT'T | P48ST | bebET | £46TC | b4GOE +018 | peogti | gae8l £+61°9 £HTO'E EHR071 SHIEC] TeELE | THST al
PHEOT | PHEPE | P4SIE | pHLIL | g0 T B o B £+£9°C CH0ET | EHIRY | THIT|  £eee'l THET 6
FHOLE | PHEOF | SHEVT $4+69°€ | SHITT 1486'€ | t459°5 | £495°9 | p+Tol PHEET 8Lt | sros | £HR0L THOGT 8
recoL | t4809 | seel'r | sisee | teste | s4907C £490F | 4000 | papsT E+US | bR FHTL) £306T | THOST L
S+l toibg | SHEL | s+6EL | vrevl SHOE'E | HOLE | oSt | t40e's | pesIT | ssour | TeeeT 9
S+96°F S50t | 94Tl 9+60°T | v4S€t | S#SLE | S+SUT | p89E | esert | cesTi $
94661 PHCE6 | 9+69E | 94689 | S+60'8 | bHCE | €400 S r

1=Y'€=U "3
CH05°6 | SHITE | 448071 £+€€0 | +389°1 £+19°1 PHCR'L 000 il
+49S°1 | €40TS | tesi PHIIT | SHLEL | $H00°E | THEL | $4+067T o1
00T | €409 | st FHOT | PHOEE | SHSTL | beTh 00°0 6
PHITS | SHISTL | t466'0 | FHEST | b48°€ | IS | ceEh | tHsre 8
S¥O0°'T | o£4R68 | Hp8E | SHopt | S49TL FOIS | StolT 000 L
SHEET SHT6 | b | s+ege | SHile | reTSE | stels 9
SHESL EHLTL | FHO6'L S+pe8 | 9+l 000 <
9+SHE €+60°C | t+008 | 9+pST | vHboo t

i

ueafy i~ § t+ 3 z t 0 1- - ¢« - s [+, N

n=4¢=1"Q

(penunuod) ‘A F19VL
P M ,}'\ P

30




e A A v i acag s aik S ARSI { R . g o SR i el Bl S R ' ) ST
B g e . “ ,

EHLSE | LT oty | ewpTe | THeoT | et08T | THs9 | cHose | THe0's 8t | cHorl 14616 | 1-90F 1-+9°F i

£+88°S | tH¥1 PH6LT 14815 | v+01 | 4968 | e+ | e+101 14858 | 485t | 48171 90'8 | THLI'I -oL'e ol

0T | b+L8°1 €486'6 | t+SOF | THIET | P60l e+11T | TH06 | e+iel +s2°8 | THo0l 14187 | Tl 1-99°C o

pree’l | tHpET | S+OET e+c0'L | 4595 | e+ssT | e+irg | gH05€ 1+ILT | T+e89 | THeLy | THeeT | 14TSE 1-Cs1 8 ,

vHE0E | bS8 | sHTe | s+6LT | e+sTl 4160 | €466 | £+p6'l £+89°c | S+8571 THEE 1+o1e 8+ T18's L

r4bL6 peST'E | s+68's | s+bTo | e+1T8 | vHibs | vi9671 s+op'e | TH88E 1+18°1 oL | oeoLe 9 :

S+20°€ rLET | 94Tl 9+£6° s+.9°1 | £+ogs | THlOT 08'C T-06°€ 51 3

T=Av=u"|

£+99F | 46T | p4+91 €HITT | PHOSTI it £+58 | T+898 | crefe | €408l T+0SS | £r0t1 | T80Tl [+8S°1 1

e+orr | £+88T | pe8el | pesT | e4s€r | weptT | THeSY | £488'8 | £499T | £+61T | e+leT | THest | THooS et | ot

el | £401°E | t4€8E | #4991 | tH66r | THILI peI8T | £+€8C | €+81'8 | €+b8'S | T488T | g6l | 11T 4811 6 —_ i

pe6oT | €HTE | S+I0L | p4988 | bHO'L ppL8 | €40T1 | v486T | #4801 CH8FT | €459 | e+18F | £+601 T 8 @

t+Ts | e+00€ | pasT | seeel | seLzT | e+eT8 | S+ | peLrl 0T | pHP1T | oeHIg0 | gs081 | te1we vTF L

| £480T | b+b0°€ | SHEI'F | S+659 | £+90°€ | S+05°1 pH9'L | pElL £+HIT] 1+L8'€ SUl ) m

SHPES , THO9 | v40ST | s+TEe | owbiT | S+66T | vHi€ THI6'F 90°s Tret S 3
3

I=%t=u"H M

3
Ly
4

E+6E°S | TH8LL e+48'5 | €4199 | eHTe | poll THBE | bHsTT 1 )

£486'8 | TSl grstr | oevste | veorl €481 | 61T 000 ol {

1071 | THELT pees 1 | wiort | teovi pesee | oee8871 | pegsc 6 i

+401¢ | THIL THLOT t+0¢t | proge | b8l P488°L 000 8 i

t+50'L | THTot £465L | t+0971 | wHLS® | S+8Il FHEE | SHERL L

€+€6'l 1405t | £400C | tHolT | S#STT | s+ioS 000 9 ,M

SH6'L grs | tesco | t+0T | s+95°9 | 9essC <

urapy I-u s t € T | 0 - - ¢ b s 1+,u- 3 Xy

0=YFt=u"0

(panunuod) ‘A FIdV.L




£+78°¢ 149€°%6 €+877°9 P+CCL +ele t+Cll o'l £486°F CHLET SHO1°] £48¢7°1 #6170 cHo'L =LY I
€+L9°C [+8C'8 H+CC71 EHLR'L PHETT +88'1 P8+°1 €+0¢€71 €+6¢° £HI8T PR CHERCL R d i 1-60°C oI
P+S0L [+L+°9 v+IE PH0'€ €+1'8 P+LOF LY 46571 C+II'C £HCTL €+LE'C et THOR'Y 1501 o
PHO1T [+£0°F £+L0°6 PHIE9 P+SE' DR i ol of P+69°9 £4+65°9 £+8Y°6 £+P6'8 £+19°C cHUTE I+10°Y OF'E a8
+HLTS [+58°1 +81°8 P+80°1 SH+HLET S+66°C THLR'S PHCCL t+61°¢ £H0ET STt [++t'] [-8¢t 0Lt L
S+oL’l 6’1 CHET 48578 SH+EI'E SR8 S+0T'1 €+8L°F THO'I oL <081 S-lo's 9
I=Y'¢=u"q
€4+86°€ 9€°8 E+ETL CHER'E £+88°S £+65°1 P+E0°1 000 3
£4+0C°9 8¢9 Lt £+68°¢ €+66°¢ P+l THEE'6 1871 0l
P+LTL €6°¢€ £HOL'E tHr1] PHET] €+€1°8 tHIFE 0070 6
++LE°C 8L°1 C+06'8 €+19°6 F+68°C F+OEY €+00°L B+C8L R
++8€°9 -0+ [+E8°L +69 £€499°L ++08°L S+68'T 000 L
SHEET it So'l CHITTT £+€0°L S4+9TC 9+L0°| 9
O0=Y'¢=u"y

4881 P+E070 £+04'C <HOFC THOP'E CHIR'L 1+00°1 1+01°¢ oL’9 £ 1+c0°1 o I-66' AN I
£490°€ S+6C°l CHL'L £4+TET e e o CHLLTL T+l 81 [+99°C 14+20°C I-1es OR'E | [Ny el 01
£+6T°S S+eRL PH6S°L THes £+98°[ CHITO [+L87C CHITT I+91°¢ ISR’y 1+05°1 I+ 8¢ =589 0
CHIU°6 S+9L°T e N F+E8°1 £+98°] «+89°6 CHSL9 [+ [+68'C 1+f¢°¢ [+9T°C (19 1-85'9 e 8
t+to’l S+OE S+EI7T 1+01°8 t+C8°1 £HOC'E [+09°9 THCTE CHBLTL [+t o't -1t 00’1 t06'8 L
FHIFY | $+01°L SHLO'E E+ES°L £489°6 £+00°% cH+0S°S t+5779 et 1-89°1 £068°F $-86°8 9
S+oli’l 9+EC7] SHRL'L S 19 £488°1 +ced 1-06'9 Tl §-6+'9 L-L0's <

. u
VBN -1 S r ¢ < L 0 - < £ - S- L+,U- A X

C=Y't=U"f

(paunuod) ‘A gI4VL

e

32




e At S A e e L AP A i B - -~

£+60°1 v+6T°9 THY'S CHET'L [+10°C [+1T°€ 95’1 123 e [-68°C s’ I-S1°¢C 1-5¢71 Py 1
E+6L°1 4598 THLTT THEL'E | THSPI 1-89'9 +L8°1 L8V Tles €59 [-8C°9 I-+€¢ «srs 9-8L°1 o1
€+01°E S+€TT E+HLTS ws6v 8Pl Tl L8L o't ELE L9l 1-99°¢ or's €18 L-9t't 6
E+SLC | S+€8°1 (4290 e+8vt | THEL'S 00°C +20't 1+9L°1 S6’€ [-SL'y LTy eere &EL'6 8-1+'S 8 Y
PHLIL S+E8C S+9€°L €+29°C €+€6°1 THOP'L +29'6 €L 1-20v o8l 8v'v S-+0°1 L0y 61871 L )
P+L9°C S+ISY SH+IET | #4571 THELY 98 TIc6 €T 9vL'8 8-01'9 o167t { €1-€9°¢ 9 :
P=)'¢=u-Q o
o
E+S1°T £+68°9 9’8 £+v6°T THOL'E Hor'e +HITT [-$8°L I+LS°E [+£0°C -iL'y g€ IS tot'C I
EHLSE €4CE8 jar A T+8ST €+9°C T+8C9 +1T°L 9871 1+87¢ el 1+0€°1 96 LLT il 01
3 E+EE9 | €+L86 £+LI'1 P+8L°1 13240 €+LE"] HIEL 1+0C°1 +LL€ 4+0C°S 14€6°1 (433 |58 2 4 RS 6
P+CT'1 P+l S+LI'T 146€°9 | ++08°1 £498°C T+S8°l +H9E THLI'T +6b'E 69°¢ [-L0°€ CeTl 9-91'9 8
v+C9T | LT S+6¥°C S+LTT £+8°¢ v+10°1 EHOLE | THBLY 426t 6¥°C 1-80°1 €-0C°C SEv'y L-567C L
r+0L™9 £4+69°L S+STY S+8S°Y P+HOEY eHIET [+L0°€ I-E¥¥ €-L6'S $-86°¢ L-0C°C | Ol-1FY 9
€=%'¢=u"N
€+88°C | €45€71 v+6v'l T+v9°1 €+6E°L THSY E+0L°1 THL9 1+96°8 TH0'E 14490 oty 1++0°¢S 8t L
€48 | €+6E71 £+6%°9 y+9T°C [+0%°C €4+0L°L E+T°1 9L 4558 1+09°t 1++C°9 cFEL [+£8°0 €LO°L 01
£4788 E+EE’] y+TS €+80°S | PHLTE E+11°] E+8°S E+L1T +S1+ T+60'Y TP T+HOO'1 1+L6°1 €01y 6 i
v+oL°1 €+C11 S+LO°( SH11 €+CHl LT £4+6¢6°S E+1671 €+L1T THCI'8 871 [+LE71 1071 I A 8
PH0v | CH6'9 P+l S+86°1 S+89°C £+08°C v+60°€ | P+0171 €+CLL CHIL'I oL 1-10°¢ [ o ISR L .
S+61°1 HoL'l €+06'8 S+6L'E SHLL™O Y+006°L E+LP'T 1468 o't -6€71 S-vE9 L¥9°C 9
u
ueapy [-"u s t € c I 0 I- < o s S- I+ U 3 _
W T=AC=U W ;

(ponunuod) ‘A FIIVL

o o N e . e e e . T



TABLE VI.. Branching ratios B for the initial states n'k’, where 3<n'<10,0<k'<n’' -1,
and the final states n, where | < n < n'. Averages with respect to k' are also given. Branching ratio

for n' = k' = n transition is the same as for n’k’ = n transition.

T T I T

S I

n
| n'k’ 2 3 4 5 6
30 1.00
31 3.42-1
‘ 32 2.24-1
h Mean 5.35-1
40 456-1 | 4.20-1
41 7.01-1 | 4.92-1
42 3.75-1 | 1.78-1
| 43 2.46-1 | 9.81-2
; Mean 5,01-1 3.49-1
% 50 6.48-1 | 3.60-1 | 5361
| 5] 424-1 | 3.01-1 | 2.72-1
| 52 5711 | 416-1 | 2.85-1
‘ 53 3.90-1 | 2.04-1 | 1.13-1
| 54 2.60-1 | 1.10-1 | 5.65-2
| Mean 4851 | 3.10-1 | 2.85.1
T 60 434-1 | 290-1 | 2.36-1 3.13-1
5 61 6.03-1 | 3381 | 3.18- 3.71-1
| 62 4.14-1 | 2.55-1 | 2.19-1 1.90-1
63 499-1 | 3.50-1 | 2.64-1 1.85-1
64 3.98-1 | 2.18-1 1.31-1 8.03-2
65 2.69-1 | 1181 | 6.29-2 3.75-2
Mean 4741 | 200-1 | 2381 23001
70 5831 | 3.021 | 2.83-1 2.46-1 | 4.02-1
71 424-1 | 2681 | 2.06-1 195-1 | 2.36-1
7 560-1 | 3.29-1 2.53-1 258-1 | 2.68-1
| 73 410-1 | 2.36-1 1.88-1 166-1 | 1.41-1
| 74 455-1 | 3.18-1 2.40-1 1.80-1 | 1.30-1
‘ 75 4.04-1 | 2.29-1 1.42-1 9252 | 6.12-2
76 276-1 | 1.24-1 6.74-2 4142 | 27222
Mean 4681 | 2791 | 21741 1941 | 2.151
3
|
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Table VL. (continued)

n ,
n'k’' 2 3 4 5 6 7 8 9
80 4.29-1 2.66-1 |1.97-1 | 1.76-1 | 1.76-1 2.63-1
81 5.67-1 3.05-1 |2.51-1 | 2.13-1 | 2.24-1 3.14-1
82 4,19-1 2.53-1 |1.91-1 | 1.60-1 | 1.64-1 1.85-1
83 5.24-1 3.19-1 |2.27-1 | 2.04-1 | 2.07-1 2.02-1
84 4.09-1 2.28-1 |1.70-1 | 1.48-1 | 1.31-1 1.10-1
85 4,25-1 2.89-1 |2.19-1 | 1.70-1 | 1.30-1 9.67-2
86 4,08-1 2.36-1 |1.50-1 | 1.01-1 | 7.00-2 | 4.89-2
87 2.82-1 1.29-1 {7.11-2 | 4.41-2 | 2.97-2 | 2.09-2
Mean | 4.64-1 2.72-1 12.04-1 | 1.73-1 | 1.68-1 1.94-1
90 5,57-1 2.95-1 |2.39-1 | 1.91-1 | 1.90-1 1.97-1| 3.38-1
91 4.24-1 2.57-1 |1.88-1 | 1.56-1 | 1.46-1 1.55-1 1 2.14-1
92 5.47-1 3.02-1 |{2.29-1 | 1.94-1 | 1.77-1 1.98-1| 2.51-1
93 4.16-1 2.42-1 |1.81-1 | 1.45-1 | 1.33-1 1.39-1 | 1.49-1
94 4.96-1 3.08-1 |2.14-1 | 1.77-1 | 1.69-1 1.68-1| 1.58-1
95 4.09-1 2.25-1 |1.60-1 | 1.35-1 | 1.20-1 1.06-1 ] 8.89-2
96 4.04-1 2.66-1 |2.02-1 | 1.59-1 | 1.26-1 { 9.86-2] 7.52-2
97 4.10-1 2.42-1 {1.57-1 | 1.07-1 | 7.61-2 | 5.54-2! 4.05-2
98 2.87-1 1.33-1 |7.44-2 | 4.65-2 | 3.14-2 | 2.25-2| 1.67-2
Mean | 4.61-1 2.67-1 [1.97-1 | 1.61-1 | 1.47-1 1.49-1 | 1.82-1
100 4,28-1 2.57-1 |1.84-1 | 1.51-1 | 1.34-1 1.32-1| 1.47-1 2.34-1
101 5.491 2.92-1 (2.27-1{ 1.81-1 | 1L.65-1 1.62-1| 1.83-1 2.81-1
102 4.22-1 2.50-1 |1.81-1 | 1.44-1 | 1.30-1 1.24-1 | 1.37-1 1.78-1
103 5.27-1 3.00-1 {2.15-1| 1.79-1 | 1.57-1 1.53-1( 1.73-1 2.04-1
104 4.14-1 2.35-1 [1.73-1 ] 1.37-1 | 1.18-1 1.14-1 | 1.20-1 1.23-1
105 4.73-1 2.98-1 |2.06-1] 1.62-1 | 1.46-1 1.42-1} 1.38-1 1.27-1
106 4,09-1 2.24-1 |1.54-1 | 1.26-1 | 1.11-1 9.96-2 | 8.79-2 7.39-2
107 3.89-1 2.49-1 |1.89-1 | 1.50-1 | 1.20-1 9.67-21 7.75-2 6.04-2
108 4.12-1 2.46-1 |1.62-1| 1.13-1 | 8.11-2 | 6.00-2| 4.54-2 3.44-2
109 2.91-1 1.37-1 [7.73-2 | 4.86-2 | 3.30-2 | 2.37-21 1.79-2 1.38-2
Mean | 4.58-1 | 2.641 [192-1| 1.53-1 | 1.35-1 1.28-1{ 1.36-1 1.70-1
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TABLE VIII. Ratios of the branching ratios with and without an electric field,
% (m,n") /8, (n, n'), where ﬁ‘; (n, n') is the branching ratio with an electric field.

S e T

i n
n' 1 2 3 4 5 6 7 8 9
2 1.333
3 1.041 | 0.758
4 1.036 | 0.668 | 0.635
5 1.029 | 0.606 | 0.490 | 0.576
6 1.024 | 0.564 | 0.417 | 0.417 | 0.515
7 1.018 | 0.539 | 0.375 | 0.344 | 0.364 | 0.483
8 1.015} 0.468 | 0.348 | 0.300 | 0.295 | 0.332 | 0.449
9 1.013 | 0.508 | 0.328 { 0.274 | 0.254 | 0.265 | 0.307 | 0.431
10 1.011{ 0.497 [ 0.315 | 0.255 | 0,227 | 0.226 | 0.241 { 0.289 | G.411
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FIGURE CAPTIONS

Figure 1. Transition probabilities for transitions between sublevels of n' = 10 and n = 9 versus
Ak = k' - k. Numbers on the curves are the values of k’.

Figure 2, Transition probabilities for the initial states n’ = 10 and k' =0 -9, and the final states
n=1-9, Numbers on the curves are the values of k',

Figure 3. Transition probabilities in spherical coordinates for the initial states n' =10 and
Q' =0 -8, and the final statesn=1-9, Numbers on the curves are the values of ',

Figure 4, Lifetimes of the excited statesn’' =2-10and -(n- 1) <k'<n- 1, The state n’, -k’
has the same lifetime as the state n', k',

Figure 5. Branching ratios for the initial states n' = 10 and k' = 0 - 9, and the final states

n=1-9, Numbers on the curves are the values of k'.
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