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Transition Intensity Relationship
Between Different Isotopes of Atoms
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Abstract The total electric- dipole transition intensity originated from the same J- manifold in the small
signal high resolution laser spectroscopy between different isotopes of atoms is proportional to their abun-
dance providing that J- mixing from different J states into a hyperfine structure F state is negligible. T he

. . . . . . S . . .
intensity distribution of single F-F transition can be caleulated from group theory. Experiments of urani

um using intermodulated laser spectroscopy confirmed the theoretical prediction.
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Spectroscopic data of transition probability for certain isotope may be difficult to measure
comparing to to another isotope of the same atom. For example, data of U are important in
atomic vapor laser isotope separation (AVLIS). Unfortunately the laser spectroscopic signal is
normally very weak in the natural uranium sample because the abundance of this isotope is only 0.
7 % . Furthermore, the nuclear spin I = 7/2 causes the transition intensity spreads into many hy-
perfine structures and that the intensity of each component is roughly equal to 10~ 3 of the corre-
sponding transition intensity of Z**U which is with 99. 3% abundance and no hyperfine structure
(I = 0). Using 25U enriched sample is one way to solve this difficulty, but such a sample is ra-
dioactive and expensive, and sometimes it is impossible for some laboratories.

This difficulty may be also solved by measuring the corresponding transition probability of ***
U and using Wigner Eckart theorem to infer the relevant quantities of Uit is mainly an elec
tric- dipole allow ed transition. Our experimental results showed that the agreement is very nice us-
ing a >U enriched sample and intermodulated spectroscopic technique.

Hyperfine structure in the atomic spectroscopy originates from the nuclear spin and the nucle-
ar electric quadruple moment. These interactions are considered within a Fmanifold in the first
order calculation and within many J manifold in a higher order calculation which is call F mixing.

The effect of Jmixing can be estimated to be
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(hyperfine splitting) / (energy spacing of different J level),
which is less than 107 ? in most levels located far beneath the ionization limit. So we shall neglect
the JFmixing effect. The wave function of a hyperfine component | FM;» can be expressed by its
parents wave function | JM;} | IM;) as

| FM;) = .”Z!:,_(JM;-IM;I FMp) | JM; > | IM;).

The total transition intensity from all the F components originated from J level to all the F' com-

ponents originated from J level is proportional to
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where D is the electric dipole operator and ¢ denote the polarization: gq= O for linear polarization
and q= X1 for positive /negative circular polarization. According to Wigner Eckart theo-
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Using the orthogonal relation of Clebsch- Gordan coefficients

2i(iyamimal jm)(jijamimal j'm') = 8 8,

"y,

the eq. (1) can be rewritten to be
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which is just equal to (2I+ 1) times of the total intensity of transition from J'- manifold to J'-

manifold. The measured intensity must account the abandance A; and the populations on each hy-

perfine structures. Suppose that the J manifold is the ground state and the hyperfine splitting is

much smaller than the thermal energy kT, then each My state has the same population. In anoth-

er word, each M; state has the population 1/( 21+ 1). The measred intensity for the isotope with

nuclear spin 1 is

D LY
(2] + 1)

w here the bracket on the right side of (3) is independent on the nuclear spin I. Then we reach

Intensity ( measured ) = A | (JiMjq | J’M}} |2, (3)

the impotant result: the measured intesity ratio of defferent isotopes of an element is equal to the
ratio of their abundances.

The next step is to calculate the individual intensity of each F-F" transition. It is necessary to
use the Clebsch-Gordan coefficient of practical values of J and I'¥. Tt is easy to show that these
values are independent of the choice of polarization of light. T he physical meaning is that the total
transition intensity of F-F' levels for different polarization of the light is always the same due to
the fact that there is no preferring direction in the free space.

A Spectra Physics 380D ring dye laser was used in the experiment with about 1 MHz line
width. A home made hollow cathode lamp with nickel cathode covered with several milligram **°
U enriched layer was used to produce the necessary isotopes. We used both Dopplerfree inter
modulated fluorescence and Doppler- limited laser induced fluorescence to record the spectra. The
whole system was described in more detail in our previous paper'* .

The experimental result of transition from L6"toM7(0em™ 'to 16900 em™ ') was shown in
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- 23 B Fig. 1. In accordance with the area r:itin of U 10 *U,
it is deduced that the abundance of Z*U is 11%. Two

R . similar experiments were performed for transitions from
. Ks?(620 em™ ") to Lg (17361 em™ ") and from L’ (0
em™ ') to Lg (17361 em™ ") and values are obtained 10.

b0 4% and 9. 4% respectively. For the latter two experr
000 W U . ments, the hyperfine structures are hard to be resolved
200, 00 0. 00 200.00 mK clearly. These values coincide with the actual abundance

(10£1) % quite well.

In case of the resolved hfs as shown in Fig. I, the

Fig. 1 Transition from 0 to 16900 cm™ '

abundance can also be found by comparision with the intensity of identified hfs component of |l
to that of *U. The accuracy might be a little bit worse than that from the total area measure
ment w here certain averaging process w as performed against the fluctuation of laser system or ura-
nium vapor density.

In order to model the laser isotope separation process, it is necessary to know the Rabi fre
quency of every M;-M’f transition. Such a measurement in isotope U s extremely difficult not
only from the reasons mentioned above but also to the fact that the interfering from the neighbor
hfs component will introduce serious inaccuracy. On the other hand, to perform the measurement
inan / = Osystem (>°U) is much simpler and much more accurate. The transition matrix ele
ment of each My - M.r; transition can be easily deduced from the Clebsch- Gordan coefficients. For
a complete modeling, it is still needed to measure the hfs constants A and B which has to be only
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performed in isotope “U. The high resolution spectroscopic technique was shown to be quite suc

cessful in such measurements > 7!

The relationship of transition probability between different isotopes can be used to measure
the abundance of isotopes. As shown in the above examples, the accuracy of such a measurement
is about 10% provided the signal/ noise ratio is fairly high. We used a Doppler-limited laser in-
duced fluorescence technique for L’ K (0- 16505 em™ I] transition and obtained the abun-
dance of **U is 7. 5% for the same sample. The accuracy is worse due to a smaller signal/ noise
ratio.

T he above conclusion that the total transition probability from J - J° manifold is independent
of the value of I and that the total transition probability of any F~ F is independent of the polar-
ization of laser light are based on the homogeneity of free space. It is only correct for the equal o
cupation of the initial states. If the initial states are populated selectively, then both of the above
conclusions will no longer hold. For example, a two step transition from J = ltoJ = ltoJ” =
0 for two parallel linear polarization laser lights will be equal to zero because at the second step the
initial population of MJ'- = 0is zero which is the only possible state to make a transition to J” = 0.
If the polarization of the second laser is different from the first one or in a isotope with I # 0,
there does be population on the last J] manifold due to such a pumping scheme. This process was
used as a method for laser isotope separation of Gadolinium.

The level density is very high for highly lying levels of uranium. It is expected that J- mixing
effect would be important. Two experimental methods can be used to verify this J- mixing effect.
The first one is to observe the existence of different life time of different F levels originated from

. 8 . e - . —
the same J manifold'® . and the second one is to observe the transition intensities of different F-F
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deviated from the predicated ones from the Wigner Eckart theorem. It must be very careful to
avoid any nonlinear effects, such as the large signal saturation effect, in this measurement.
One of the authors ( Lin) thanks the CNPq of Brazil for a research fellow ship.
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