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Space-charge amplification of the direct and indirect ionization resulting from photoabsorption in
a%+&g-metal vapor is shown to provide a useful complement to the conventional techniques of
absorption spectroscopy. Because of its inherently greater sensitivity, this technique is particularly useful
in spectroscopic applications involving weak transitions such as those to highly excited states or
absorptive transitions from excited states of low population. This paper reports the use of this technique
to extend prior measurements of the oscillator strengths of the (6'S ~ n 'P) series in Cs, the n 'D
doublet separations, and the photoionization spectrum of Cs2.

I. INTRODUCTION

Space-charge detection of the products of photo-
ionization and associative ionization gives a tech-
nique for extending the sensitivity of classical
atomic absorption spectroscopy by several oxders
of magnitude. It has been recently utilized in
alkali-metal-vapor systems to investigate a
variety of atomic and molecular absorption
spectra, "including those from excited states, '
multiphoton processes, ' and molecular satellites
of atomic cegium lines. e This payer presents some
new spectroscopic data obtained with these tech-
niques for both atomic and molecular cesium. In
particulRr, the measurements reported here con-
cern the determination of osci11ator strengths for
the 6'8- n'P series for atomic cesium in the limit
of large n, measurement of the n'D doublet inter-
vals for highly excited states, and a more precise
determination of the photoionization cross section
of Css as a function of wavelength.

In contrast to the techniques of standard absorp-
tion spectroscopy which are based on the mea-
surement of relatively small attenuations of large
signals, the method used in this and the previously
cited works is based on the measurement of posi-
tive ions produced either directly or indirectly by
the photon absorytions. The positive iona pro-
duced in this way enhance the output signal of R

thermionic diode containing the absorbing gas by
partially neutralizing the negative space charge
surrounding the diode filament. The relatively
long time which the positive iona spend traversing
the potential well of the space-charge region pro-
vides for the release of 104-10' electrons per ion

from that region."Essentially this technique,
when coupled with light modulation and synchro-
nous detection, represents a modernization of the
early experiments on photoionization " and is
now sufficient to allow detection of ion signals as
sma11 as a few ions per second.

II. EXPERIMENTAL APPARATUS

The experimental absorption cell used in these
cesium studies was made of Pyrex glass with
quartz windows and filled with cesium vapor at
a pressure controlled by a two-chamber oven
according to standard techniques. ' The diode in-
cluded in the cell consisted of a 0.15-mm-diam
tungsten wire filament and a silver disk anode,
both properly activated with cesium and separated
by 1.5 mm. They were aligned so that the con-
duction path lay transverse to the optical axis.
The exact position of the focal volume within the
diode structure was not found to be particularly
critical, and only required that the positive ions
produced by the absorption process under in-
vestigation be able to diffuse or drift into the
space-charge cloud surrounding the filament.

For investigation of absorption from ground-
state cesium species the diode was used as de-
scribed above. However, for processes involving
photoabsorption from excited states, such as
6'P or 5'D, it was necessary to use the diode
to produce R dischRrge to yopulRte these stRtes,
but at a sufficiently low power to minimize the
direct production of ions. In this case the detec-
tion of the ions produced from the subsequent
photoabsorytion occurred in a second diode of
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identical construction and placed in sufficient
proximity, ahout 3 mm, from the excitation diode
to allow the diffusion of ions between them.
Figure 1 shows a schematic representation of
this double-diode arrangement together with the
supporting optics and electronics.

It was necessary to optimize the light-modula-
tion frequency in terms of transit times of the
ions. The optimum was found to lie in the range
8-20 Hz, in agreement with measured" diffusion
coefficients of cesium ion Cs+ and Cs,+ in cesium
at the working pressure range corresponding to
saturated vapor at temperatures of 200-210 'C.
Optimal filament temperatures were of the order
of 1100 'K for the detecting diode and 800 'k for
the excitation diode when the latter scheme was
employed.

LOCK-IN
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FIG. 1. Block diagram of the experimental apparatus.

The light source employed was a 450-W high-
pressure xenon arc lamp, the continuum from
which was filtered with a 1-m Czerny-Turner
monochromator with a 1200-line/mm grating.
Slits were selected to give 0.5-A resolution.

It was found that an external load resistance of
10' Q provided sufficient signal for synchronous
detection according to standard techniques. '

III. RESULTS AND DISCUSSION

Typical direct recordings of ion signal are
shown in Figs. 2 and 3 for the wavelength ranges
corresponding to the principal (6'S —n'P) and
diffuse (6'P- n'D) series, respectively, of atomic
cesium. As mentioned above, the former mea-
surements involving photon absorption from the
ground state were made with the single-diode
system, while the latter involving absorption
from the resonance 6'P states required the use
of the double diode. One diode was used for ion
detection and the other for the excitation of the
6'P states in a low-power dc discharge. It was
found that a 2-V bias was sufficient to maintain
the discharge in the excitation diode, and larger
biases were avoided, as they were found to initiate
the anode glow mode of discharge with the pro-
duction of a considerable continuous ionization
which lowered the sensitivity of the detecting
diode.

The relative sensitivity of the diode detection
method in comparison with conventional absorption
techniques can be appreciated by noting that
spectra of the same signal-to-noise ratio as
shown in Fig. 2 may be obtained in the latter case
by use of a multiple-reflection system to give an
effective absorption length of 40-50 m, a vapor
pressure of a few torr, and several hours integra-
tion time of the signal on a film. ' '" In contrast,
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FIG. 2. Typical ion sig-
nal spectrum showing the
Cs tprincipal series (6 $

n2P) near the series
limit. Both the continuum
molecular absorption of
Csm and the main continuum
of the Cs atom can be seen
together with members of
the quadrupole series 62$~ D.
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FIG. 3. Ion signal spec-
trum typical of absorption
from excited states. The
large signals correspond
to sequences of the diffuse-.
series spectrum arising
from transitions from the

6P(12 and 6P312 states of
atomic cesium.

'~a" ta, II /

15

Cs*(n'P or n'D) + Cs(6'S) - Cs, *,

followed by either

Cs, *-Cs++Cs (for n~12) (1b)

or

Cs, *-Cs,++e (for n &12), (lc)

where Cs, * is a highly excited molecular state.
In contrast to the present work, however, in

those earlier papers"'" it was necessary to
measure absolute photoion currents and the cor-
responding time of flight which required the
minimization of thermal electron emission cur-
rents and related space-charge effects. The
objective of the present work has been the detec-
tion at highest sensitivity of the positive ions
produced from the highly excited states resulting
from the photoabsorption processes. For this
purpose, in addition to the approximately six-
orders-of- magnitude internal amplification of the

the space-charge detection of resultant ions
employs an optical path of the order of 1.0 mm,
0.1-0.5-torr vapor pressure, and time constants
of the order of a second. Absorption from excited
atoms such as shown in Fig. 3 is even more diffi-
cult by conventional techniques.

During the work reported in this paper, clearly
resolved lines were observed for principal
quantum numbers in the range 7 +n +55 for the
principal series and 7 +n +33 for the diffuse
series. In each case, it is believed t:hat the ion-
ization actually detected results from the photo-
absorption event according to one of the mech-
anisms suggested by Lee and Mahan"'":

hot-wire diode, external amplification with
standard light modulation and synchronous detec-
tion served to give an, over-all gain of the order of
10'-10" electrons per ion.

Since the bulk of the data obtained concerns
the spectroscopy of the excited states of cesium
lying above n = 12, the quantitative interpretations
first to be discussed were made in terms af the
Cs+ ion spectrum resulting from process (1b).

Oscillator strengths were obtained from the
data of Figs. 2 and 3 by using the atomic contin-
uum as a reference. This cross section at the
limit of the principal series has been reported"
to be &r, (A ) =0.22 Mb (1 Mb='10 "cm'). Then,
from the ratio of expressions for the ion current
integrated over the absorption line 'S„ to the ion
current S, , from the portion of the continuum
lying within the bandwidth b, A. of the spectrometer,
the f values can be obtained in terms of the
photoionization cross section o, (A.,), at the wave-
length A corresponding to the ionization limit, as

mc' t'A.a, (A,)~Af(A„)S,),
we' ~A'I(A)P, (A)S, (A.,) ~~'

where I(A) is the relative intensity of the irradi-
ating light at the wavelength A and P, (A) is the
probability of ionization of the excited state pro-
duced by the absorption of the wavelength A.

Collection efficiencies and geometric factors
characteristic of the diode have been eliminated
in the scaling of the measurement to the photo-
ionization continuum.

A similar expression for the f values for the
diffuse series requires the additional knowledge
pf the ratio pf populations pf the 6'P and 6'S
states. This was determined from LTE con-
siderations applied to the 800 'k electron temper-
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FIG. 4. f values corre-
sponding to the 6 S&&2-

n P3]2 and 6 P3//2-n Ds]2
transitions of cesium atoms.
Ordinates are given as
(n*)sf//'2 where n* is the
effective principal quantum
number and abscissas in
terms of (ionization ener-
gy) for convenience.
Open circles, this work;
closed circles, Krater and
Meister; dashed line, Stone
(theoretjcal); soljd line,
Marr and Creek (extrapo-
lated) .

Energy'" (Ry"')

ature indicated by the relative populations of
6 P3(2 and 6 Pj/2 states.

Figure 4 collects the results of these computa-
tions, assuming that P(()(.) = 1 for all )(., although
such equality is only approximately achieved in
the limit of high quantum numbers. Shown are
values of (n*)'f, where n* denotes the effective
principal quantum number obtained from the
spectroscopically determined energy of the level.
It can be seen that the values, uncorrected for
the actual behavior of P&()(), appear to decrease
steeply toward lower n at about n=30 for the n'P
states. This is evidently due to the steep decrease
of ionization probability in comparison with other
possible relaxation branches for the deeper-lying
atomic states. At higher principal quantum num-
bers (n*)'f values reach a nearly constant asymp-
tote and fit well the general shape of the extrap-
olated and previous experimental and theoretical
data."" The essentially unit probability for ioni-
zation of these higher states is consistent with the
mean lifetime values, which are strong functions
of principal quantum number. From the data of
Fig. 4 it is possible to compute the ionization
probability P, ()() and correct the f values in the
wavelength region spanning the gap between the
Marr-Creek" values and those of this work.
Resulting f values for the principal series are
summarized in Table I.

Doublet intervals for the n'D states were de-
termined directly from data such as shown in
Fig. 3. Figure 5 summarizes, together with
Kratz' s' values for the n'P intervals, the re-
sulting values which show good agreement with

the theoretical expression
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FIG. 5. Doublet intervals in cm for the n D states
of Cs as determined from this work in comparison with
published values for the n2P intervals.
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TABLE I. Corrected f values for the principal series
68 f/2 ++3/2 o«e»um.

TABLE II. The nd Dz levels and 6v& doublet intervals
shown as they result from present photoionization spec-
tra (untiln =13 from Moore's table' ), in cm

s +3f/2
f values

from n J Level Interval n J Level Interval

6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

2.3617
3.4059
4.4208
5.4278
6.4317
7.4341
8.4360
9.4370

10.4379
11.4384
12.4393
13.4395
14.4397
15.4406
16.4410
17.4420
18.4427
19.4430
20.4430
21.4430
22.4430
23.4430
24.4430
25.4430
26.4430
27.4430
28.4430
29.4430
30.4430
31.4430
32,4430
33.4430
34.4430
35.4430
36.4430

1.094
1.461
2.838
9.77
4.41
2.35
1.40
9.15
6.24
4.45
3.28
2.50
1.95
1.54
1.25
1.Q3

8.58
7.21
6.16
5.29
4.56
4.07
3.57
3.16
2.80
2,50
2.23
2.00
1.80
1.63
1.48
1,35
1.24
1.13
1.04

10
10 3

10 4

10 4

1O-'
10 4

10 5

10 5

10 5

10
10 5

10
10 5

10 5

1Q 5

10 e

10-e
1p-e
1p-e
10 e

1p-e
10-e
10 e

10-e
1p-e
10-e
10-e
10-e
10-e
10-e
10
1o-'
10 '
10 e

7.205
0.289
0.123
0.078
0.058
0.048
0.042
0.0384
0.0352
0.0333
0.0320
0.0304
0.0295
0.0290
0.0282
0.0280
0.0274
0.0271
0.0269
0.0265
0.0264
0.0262
0.0261
0.0260
0.0259
0.0258
0.0257
0.0256
0.0254
0.0253
0.0253
0.0253
0.0253
0.0252
0.0252

Marr and Creek
Marr and Creek
Marr and Creek
Marr and Creek
Marr and Creek
Marr and Creek
Marr and Creek
Marr and Creek
Marr and Creek
Marr and Creek
Marr and Creek
Marr and Creek
Marr and Creek
Marr and Creek
Marr and Creek
Marr and Creek
Marr and Creek
Mar r and Creek
Marr and Creek
Marr and Creek
Marr and Creek

interpolated
between MC
and present
data
present data
present data
present data
present data
present data
present data
present data
present data
present data
present data

4.1x10 3

9,0x10 3

2.l.x10 2

3.8x 10 e

6.6x10 '
1.1x10 1

1.6x 10 1

0.224
0.296
0.373
0.457
0.543
0.629
0.712
0.778
0.857
0.899
0.946
0.980
0.990
1.000
1
1
1
1
1
1
1
1
1
1

where subscript x=I'or D in agreement with the
l value for the state. Near the d, vs(n*) line of
slope —3 and 6@~(n) curve we indicate by open
circles the data from Moore's table, "not in
agreement with expression (3). For convenience,
the resulting n'Dz energy levels and 4 v~ doublet
intervals are tabulated in Table II.

The photoionization signal contributed by the
cesium molecule can be seen to underlie the
principal atomic series in Fig. 2. As in the case
of determination of the f values, these data can
be interpreted to give photoionization cross
sections for the cesium molecule by measuring
the ratios of ion currents from molecular and
atomic continua. Proceeding in an analogous
manner, using thermal equilibrium ratios of Cs,
to Cs, the cross sections presented in Fig. 6
were obtained. These have been plotted as a
function of wavelength together with earlier val-
ues from the literature. ""Due to the higher
sensitivity of the present method, it was possible
to resolve the three bands around 3214, 3239, and
3290 A, , as shown in the wavelength region near
the principal-series limit. Previous standard
absorption measurements gave only an average

5 % 14 499.49

2 14 597.08

6 $ 22 588.89
22 631.83

7 g 26 047.86
26 068.83

8 2 27 811.25
27 822.94

9 g 28 828.90
28 836.06

10 8 29468 54
29 473.22

11 % 29 896.64
29 899.89

12 %s 30 197.02
30 199.35

97.59

42.94

20.97

11.69

7.16

4.68

31086.906
31 087.216

31118.827
31119.092

31146.197
31146.425

31 169.841
31170.039

22 31190.407
31190.579

31208.406
31208.557

31224.248
31224.382

31238.266
31238.384

0.310

0.265

0.228

0.198

0.198

0.151

0.134

0.118

13 2 30 416.06
30 417.76

14 8 30 580.39
30 581.68

15 % 30 707.08
30 708.08

16 e 30 806.720
30 807.518

17 $30 886.50
30 887.14

18 q 30 951.359
30 951.886

19 ~q 31 004.805
31 005.242

20 4 31 049.365
31 049.732

1.70

1.29

1.00

0.798

0.64

0.527

0.437

0.367

31250.727
31250.833

31261.856
31261.951

31271.834
31271.920

31280.816
31280.893

31288.930
31289.000

31296.284
31296.347

0.106

0.095

0.086

0.077

0.070

0.063

Reference 21.

of both atomic and molecular absorption, as
shown by the dashed curve in Fig. 6.

It is worthwhile to note that the maximum mo-
lecular cross section near the main atomic
threshold at 3183 A is about 21 Mb for 3214 A,
almost LOO times greater than the indicated maxi-
mum atomic cross section of 0.22 Mb at the
threshold. At the same time, the atomic-to-
molecular-concentration ratio at the 490 'R tem-
perature of the saturated vapor is approximately
400, so that the photoionization signal for the
molecule would be expected to be about 25% of
that from the atom, in general agreement with the
data of Fig. 2. Nevertheless, this continues the
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disagreement between experiment" and recent
theory, ' leaving a factor of uncertainty of about
2 between them. Finally, it should be emphasized
that, in the present work, both the 6'S-7'P and
6'S —8'P doublets were observed, but at greatly
reduced intensities in comparison with the higher
members of the series. Both levels have been
suggested to be below the limit for associative
ionization according to reaction (1c), and the non-
occurrence of associative ionization from these

I

l0 ~ I ~ I & t I I ~ 1 I I I I

3200 3300 3400

Wavelength ( A)

FIG. 6. Photoionization cross section for Cs2 as a
function of wavelength. Closed circles, this work; open
circles, Popescu et al . (1966); dashed line, Creek and
Marr (1968).

levels has been used to bound the dissociation
energy of the Cs,' molecular ion in past work. '
The observation of ionization resulting from ab-
sorption to these levels does not appear to affect
these conclusions in the current experiment be-
cause of the orders-of-magnitude-smaller signals
detected in comparison with levels lying above
the threshold for associative ionization. Rather,
it suggests the necessary involvement of some
minority species implying either associative
ionization of the 7P and 8P by collisions with
ground-state atoms of high kinetic energy or the
Penning ionization by collision with another
excited atom or molecule.

IV. CONCLUSIONS

Owing to a very high sensitivity for the detection
of positive ions extending to a few ions/s, the
space-charge-amplification system discussed in
this work may be used as a detector for a large
variety of reactions leading to the ionization of
alkali-metal atoms and molecules. The agreement
between spectroscopic constants obtained by this
technique and those available from conventional
absorption methods over the overlapping range of
sensitivity tends to confirm the basic accuracy
of the system in evidencing photon absorption
through the detection of direct and indirectly
produced ionization. In contrast to the standard
optical methods, the diode detection scheme is
best suited to the investigation of reactions in-
volving highly excited states, and in this case
appears to form a valuable complement to con-
ventional absorption spectroscopy.
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