
Proceedings of the 6th International Symposium 
on 

Advanced Nuclear Energ) Research 

-INNOVATIVE LASER TECHNOLOGIES IN NUCLEAR ENERGY-

ANGULAR MOMENTUM IN MULTI-STEP PHOTO IONIZATION 

Tadashi YOSHIDA, Hajime ADACH1, Takashi WATAN ABE*, Itaru YOGUCH1*, 
Akira KUWAKO, Koichi NITTOH and Yoshio ARAKI 

Nuclear Engineering Laboratory, Toshiba Corporation 
1 Komukai Toshiba-cho, Saiwai-ku, Kawasaki 210, Japan 

•Nuclear Power Research & Development Center, 
Tokyo Electric Power Company 

1-3 Uchisaiwai-cho, 1-chome, Chiyoda-ku, Tokyo 100, Japan 

The effect of the angular momenta on the multi-step laser-ionization 
efficiency was investigated numerically for cases with and without the 
hyperfine interactions. For either cases the ionization efficiency proved to 
depend appreciably on the values of J in the excitation ladder. In this 
respect, we elaborated a simple and efficient method of determining 7, which 
was based on the laser polarization dependence of the excitation rate. 
Application of this method to a couple of real excitation ladders proved its 
usefulness and reliability. 

Keywords: Angular momentum, Ionization, Photo-excitation, Polarization, Laser spectroscopy 

1. INTRODUCTION 

Angular momentum J is a basic quantum number which characterizes each of the energy 

levels of an atom. Knowledge of the value of / in a given atomic level is indispensable for 

identifying its electronic configuration1). From a practical point of view, / is one of the 

important parameters influencing the multi-step photo-excitation and ionization processes2), 

which are the key process in such application fields as the laser isotope separation and the 

laser-induced fluorescence analysis. In these respects, determination of 7 has both basic and 

practical importance. There are several ways to determine J ^4\ but some of them are rather 

time-consuming, and others are not straightforward. A simple and direct method of 

determining J has, therefore, practical usefulness. 

In section 2, the effect of the angular momenta on the ionization efficiency in a three-step 

resonant photoionization is worked out numerically. Novel methods of determining J of 

atomic energy levels will be described in the following sections. 
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2. ANGULAR MOMENTUM AND IONIZATION EFFICIENCY 

In resonant laser excitation of an atom, transitions occur among the magnetic sublevels, 

which degenerate in each atomic level, and the paths and strengths of these sublevel 

transitions depend on the angular momenta of the initial and the final levels. This situation is 

illustrated in Fig.l, where the transition paths and strengths are shown for the laser-induced 

electric-dipole transition. As is seen here, the transition pattern depends on A J, the change of 

the total angular momentum before and after the transition, and the polarization of the laser. 

Excitation and ionization dynamics under the resonant laser irradiation is described by the 

following density matrix equations, 

"PkM.kM _ _ . J_ V O ( n _ m "\ 

« * L AT=M-1 

i Af+1 

+ I T ZJ^KMM' (PkM.k+Uf ~ Pk+lM-.kSt)~"-°k4PkA1.kM ' " " 0 ) 

tin 1 Af+I 1 A'+1 
aPm.m- _ - j y Q _ • ! V Q D ,. l ~ Z~i t~\.M"M'PkM,i-\M" ' 0 2-isVi,r« Pk-nr.M 

U f ^ W"=Af-l z AT=M-1 
i iM+l i M+1 

+ Z X 2-! '•MM"PlMM\M-~l~Z 2-ik.MM"Pk+\M"M' 
1 M"=M'-1 Z Af"=Af-l 

where the level index k goes from 1 (the ground level) to 4 (the top autoionizing level) and 

^t,MW'is the Rabi-frequency of the transition between the magnetic sublevels k,M to k+l,M'. 

R is the ionization rate from the top level, and S the Kronecker delta. The suffixes M and M' 

in p and Q stand for the magnetic quantum number of the sublevels which degenerate in the 

level. When the excitation dynamics of an atom which has the hyperfine splitting in its photo 

absorption lines is under study, we have to extend the equations (1) and (2) from J, M basis to 

F, MF basis. This expansion is rather complicated but straightforward. 

Figure 2 shows the calculated ionization rate in a three-step resonant photoionization as a 

function of the Rabi-frequency Q averaged over sublevels. In the case (a) of zero nuclear 

spin, or in the absence of the hyperfine interactions, there is a definite upper limit on the 

ionization rate, beyond which even an extremely high £l (or laser fluence) can not raise the 

ionization rate. As is seen in the cases (b)~(d), however, where nuclear spin I of 3/2,5/2 or 

7/2 is postulated, the presence of the hyperfine interactions appreciably mitigates the above 

restriction imposed by the electric-dipole selection rules5) and high ionization rate can be 

realized at the cost of high laser fluence. Even in this case the ionization efficiency depends 

strongly on the values of J in the excitation ladder. This is mostly the car-2 at moderate size 

of Q. (or at moderate laser power). In this sense, the angular momentum J plays an important 

role in the photoionization process of atoms. Before getting into these details of the 

— 923 

2. ANGULAR MOMENTUM AND IONIZATION EFFICIENCY 

In resonant laser exCItation of an atom， transitions occur among the magnetic sublevels， 

which degenerate in each alomic level， and the paths and strengths of these sublevel 

transitions depend on the angular momenta of the initial and the final levels. This situation is 

illustrated in Fig.l， where the transition paths and strengths are shown for the laser-induced 

electric-dipole transition. As is seen here， the transition pattern depends on d J， the change of 

the total angular momentum before and after the transition， and the polarization of the laser. 

Excitation and ionization dynamics under the resonant laser irradiation is described by the 

following density matrix equations， 
.1，... .¥1+1 

ヱ也監=一iム 'LQ"-1・M'M(P"-IM'.kM -Pω，k-1M') 
dt 2 M:哨ー

M+l 

+i士ヱQ"，MM'(PkM，k+1M' - Pk+1M州)ーR8k4PkAf刷 ，・・(1)
....M・:M-1

dpkJ，f.IM' ! 1れ，-，. . 1や
~ー=< LQ

ト 1，川・ PkM，I-IM"-i ~ 2，}lト 1川 Pk-1M"，IM'd t 2 M"~'-l '-'，'" ， .. ， ， ffJr，.，-，1'I 2 M勾ー1

M・令 M+l

+i士エQ/，M'M"P伽 1M ーi士エQω Pk+1M"，IM
"'M、M・ー "M"=M四 l

与(δ~4 + 814) PkM，lM . (2) 

where the level index k goes from 1 (the ground level) to 4 (the top autoionizing level) and 

Qk，MM' is the Rabi-frequency of the transition between the magnetic sublevels k，M to k+ 1 ，M'. 

R is the ionization rate from the top level， and O the Kronecker de1ta. The suffixes M and M' 

in P and Q stand for the magnetic quantum number of the sublevels which degenerate in the 

level. When the excitation dynamics of an atom which has the hyper日nesplitting in its photo 

absorption Iines is under study， we have to extend the equations (1) and (2) from J， M basis to 

F， Mp basis. This expansion is rather complicated but straightforward. 

Figure 2 shows the ca1culated ionization rate in a three-step resonant photoionization as a 

function of the Rabi-frequency Q averaged over sublevels. In the case (a) of zero nuclear 

spin， or in the absence of the hyperfine interactions， there is a definite upper Iimit on the 

ionization rate， beyond which even an extremely high Q (or laser fluence) can not raise the 

ionization rate. As is seen in the cases (b)-(d)， however， where nuclear spin 1 of 3/2，5/2 or 

7/2 is postulated， the presence of the hyperfine interactions appreciably mitigates the above 

restriction imposed by the electric-dipole selection rules5) and high ionization rate can be 

reaIized at the cost of high laser fluence. Even in this case the ionization efficiency depends 

strongly on the values of J in the excitation ladder. This is mostly the caf ，~ at moderate size 

of n (or at moderate laser power). In this sense， the angular momentum J plays an important 

role in the photoionization process of atoms. Before getting into these details of the 

-923-



calculated results, this kind of calculation can not be accomplished without the values of J as 
input. 
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Figure 1 An example of three-step photoionization scheme and the electric-dipole 
transition strengths in magnetic sublevels 
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Figure 2 Rabi- frequency dependence of three-step laser-induced ionization 
and effect of nuclear spin I. 
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3. EXPERIMENTAL DETERMINATION OF ANGULAR MOMENTUM J 

For determining the value of the angular momentum / of a given level, there are several 
methods currently used. One is to excite it by laser light from many known lower levels3). 
One can find the value of / in question from the known values of / in the lower levels with 
the aid of the electric-dipole selection rules, A/ =0 or ±1. The inverse process, or the 
spontaneous emission, is also applicable4) in the same context. In this alternative method the 
fluorescences are detected, which are emitted along with the de-excitation of the level under 
study to lower known levels. Other methods based on detection of the Zeeman patterns or the 
hyperfine splittings in absorption lines are also applicable for determining/. These methods, 
however, often suffer from such drawbacks as ambiguity of the result or time-consuming 
nature of the experiments. In the rest of the present paper we introduce a simple and novel 
method of determining / and demonstrate its applicability to practical situations. 

3.1 Ionizing Systems 

Greenland et al.6) proposed a new method of determining / of autoionizing levels. Their 
method is based on the measurement of the relative ion-yield for five different combinations 
of polarization of three lasers in three-step photoionization. The ion yield in multi-step 
photo-excitation varies depending on the polarizations of the lasers in a way characteristic to 
the /-values of the levels which participate in the excitation. Therefore one can determine a 
value of / from the polarization dependence of the ion yield. Miyabe et al.7) utilized this 
method to study the nature of the Rydberg-type autoionizing levels. 

The present authors refined this method by introducing several combinations of linear 
polarizations, which are mutually parallel and/or perpendicular, and by optimizing the laser 
fluences, or the corresponding Rabi-freuencies, in order to make the polarization dependence 
salient to distinguish. Figure 3 shows their results. By comparing the measured and the 
calculated dependence of the ion yield on the polarizations, one can determine the unknown 
value of/ of the autoionizing levels, which are at the top of the three-step excitation ladders. 
The particular case (c) in Fig.3, however, poses a question whether / should be 4 or 6. This 
difficulty can be circumvented by varying the Rabi-frequency Q. as is illustrated in Fig. 4. 
This means that, by optimizing Q in advance of conducting the experiment, one can 
determine the /-value without serious ambiguity. In other words, an appropriate preanalysis 
provides a good possibility of conducting an optimized experiment without any trial-and-
error. Further discussion on this subject is given in Ref.(8). 
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3.2 Bound Systems 

The method of determining J described in the preceding section can not be applied 
straightforwardly to bound-level systems without ionization. We utilized two varieties of 
three-level systems (Fig.5) to demonstrate the extension of the method to cover bound-level 
systems. In this case we detect the fluorescences, in place of the ion yield, originating in the 
top level which is not autoionizing but a bound state. 

Another point of our present system under study is that it requires only two colors to reach 
the top level. In comparison with the system described in Sec.3.2 where three colors of laser 
lights were applied, the number of the laser polarization combinations is quite restricted. 
Within the circular polarizations, we have only two combinations; co-circulating and counter-
circulating polarizations. (Remember that the combinations of right-right and left-left circular 
polarizations can not be distinguished spectroscopically.) Two varieties are not enough to fix 
one value of J out of three allowed in the regime of the electric-dipole transition. To cope 
with this difficulty, we introduce two additional combinations. They are mutually parallel 
and mutually perpendicular linear polarizations. 

The experimental setup is illustrated in Fig.6. The system consists of a set of lasers and a 
vacuum chamber in which atomic beam is generated and irradiated by laser lights. 
Retardation plates consisting of birefringent elements, namely A/2 and A/4 plates, were used 
to realize the polarizations required in each of the two laser beams incident into the vacuum 
chamber. 

Scheme A Scheme B 

•/=5(Ref.4)or6(Ref.3) J=6 (Rcf.3) or 7 (Ref.3 and 4) 

monitoring 
fluorescence 
524 nm 

7=5 
14840 (cm'1) 

OCcm"1) 

monitoring 
fluorescence 
565 nm 

Figure 5 Two varieties of excitation ladders studied here. 
/ is the total angular momentum of the levels. 
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Figure 7 shows the experimental results for Schemes A and B, where the relative strengths 
of the fluorescence originating in the top levels are plotted against four combinations of the 
polarizations in lasers 1 and 2. Calculations were carried out on the basis of equations like (1) 
and (2) with R put to be zero assuming the top level angular momentum J to be 6,7 or 8. For 
Scheme A, the obvious agreement between the experiment and the calculation with 7=6 leads 
to the conclusion that the /-value of the top level should be 6. In the same way 7 should be 7 
in Scheme B. These two examples indicate a good applicability of the present method of 
determining / based on laser polarizations. 

4. CONCLUSION 

In the present study we evaluated numerically to what extent the ./-values of the levels 
influence the laser-induced ionization efficiency. The result suggests that the angular 
momenta / are the next important physical quantity preceded only by the electric-dipole 
moment, or the photo-absorption cross section, from the view point of the efficiency in laser-
induced photo-ionization. In this respect the simple and accurate methods of measuring / 
described in this paper are of not only fundamental but of practical importance. Two 
alternative methods apply to determination of /-values in autoionizing or bound levels, 
respectively, covering all the possible kinds of high-lying levels of atoms, which are prone to 
lack the experimental data. 

Figure 6 Experimental Setup. Two laser lights, resonant to the two Bohr-frequencies in 
three-level systems, are led into vacuum chamber where photo-reaction takes 
place. X12 and VA plates are inserted to control the polarization conditions. 
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to the conclusion that the J-value of the top level should be 6. In the same way J should be 7 

in Scheme B. These two examples indicate a good applicability of the present method of 

determining J based on laser pol訂izations.

4. CONCLUSION 

In the present study we evaluated numerically to what extent the J-values of the levels 

influence the laser-induced ionization efficiency. The result suggests that the angular 

momenta J are the next important physical quantity preceded only by the elec凶c-dipole

moment， or the photo崎 absorptioncross section， from the view point of the efficiency in laser-

induced photo-ionization. In this respect the simple and accurate methods of measuring J 

described in this paper are of not only fundamental but of practical importance. Two 

alternative methods apply to determination of J-values in autoionizing or bound levels， 

respectively， covering all the possible kinds of high-lying levels of atoms， which are prone to 

lack the experimental data. 

Argon ion 1aser 

c. W. rin， dye laser 

pulaed dye amplifier 

Da1a acquiaiou 
ayllem 

Figure 6 Experimental Setup. Two laser 1ights， resonant to the two Bohr-仕'equenciesin 

three-level systems， are led into vacuum chamber where photo-reaction takes 

place.λρand ').J4 plates are inserted to con汀01the polarization conditions. 
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Figure 7 Laser-polarization dependence of the excitation rate to the top-level. 
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Co-circulating, +-: Counter-circulating. 
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