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SEPARATION OF UPANIUM ISQTOPES BY SELELTIVI PHOTOIONIZATION*
Benjamin 8. Snavely, Richard W. Solarz
and Sam A. Tuccio

Considerable progress has been made during the past year in the development of
selective photoioniz2ation processes for the separation of vranium isotopes. Uranjum
cnrichment by selective photojonizatijon hat been scaled from the microscopic level
reported by Tuccio et all 1 in June 1974 to the milligram per hour rate 2 . This
progress has been supported by developments in the understanding of the uranium spec-
trum resulting from the application of tunable dye 1asers as spectroscopic tools. In
this paper, recent results of experiments on the faser photoseparation of uranium
isotopes are reported.

The high density of uranium encray levels in the 10,000 cm'] to 50,000 cm']
energy range provides the opportunity for selective photoionization of uranium by a
numher of different schemes, Some of these are represented in Figure 1. In
Figure 1A is showa a two-step process in which the isotopically selective step, hu],
is followed by the absorption of photons with energy hv, to produce jons of the de-
sired isotope. In the diagram, huz is shown terminating on an avtaionization state
or discrete state, above the ionization continuum of the atom to take advantige of
the relatively large absorption cross section associated with these states,
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FIG. 1 Alternative Excitation Schemes for the Isotopically Sclective
Photoiaaization af Uranium

A petentially serious problem with the two-step photoionization process is that
a small value of the ohotoionization cross section may prectude efficient utiliza-

tion of the laser producing tv,. This could seriously impair the economics ot such
a process. A variation of the two-step process is shown in Figure 1B, In this case,

photons of energy hvz excite the atoms to an energy level slightly below the

*This work was perfarmed under the auspices of the U. 5. Enrergy Research and
Devalopment Administration
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lon-zation is accomplished by the absorption of a third photon

jonizaticn continuum.
(3) A5 A Mldhs iy

of energy hv3. This scheme was suggested by Kebeazahl and Levin
which smail photoionization cross sections could be utitized effectively in a separa-
tion system. By using an efficient infrared laser, such as a L0, laser, (v proyide
the photons for the ionization siep, process economics may not be affected adversely
by a small photoionization cross section.

Another type of three-step process is diagrammed in Figure 1C.
or energy levels, can be properly chosen, it would be possible to fonize with photons
approximately equa) energy, that is:

vy ¥ vy Ehvy .

If ithe photons,

a spectrel region which is readily ac-

This places the required laser wavelengths in
A varjation on this scheme,

cessible to presently available tunable lasers.
Figure 1D, utilizes the infrared photon hv4 to overcome a snall photolonization cross
section.

In a1l of the diagrams, photons have been used to accomplish the jonization. If,
however, the desired isotope is excited to a state which lies stightly below the joni-
zation energy, there are alternatives for the ionization step. These include: field
tonization by am electric field or by electron impact. These techniques have also
been proposed as means ¢f uvercoming effectively smal] photoionization cross sections.
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FIG. 2 Excitation Scheme Used in the Photosepavation of Small Macrescopic
Quantities of Enriched Uranium

The excitation schere used in an experiment carried on at Livermore to separats

macroscopic guantitiss of enriched yraniun is showm in Figure 2. Two lusers are uied

for the selective photoionization. A xenon on laser operating 3781 A excites ura-

nium atoms from a metastable state at 620 cm'] above the ground state, to an energy

Yeve} at 27,068 cm'], approximately one-half of the jonization energy. Excited atoms




are then ionized by the ultraviolet output of a krypton jon laser operating simul-
tancously on two lines at 3507 R and 3564 i. These 1ines were chosen far conveni-
ence and do not necessarily carry the atom to an autoionization state. The terminal
state 1s considerably higher in energy than any of the autoionization states which
have been found to date. Therefore, the cross section for this pmcvzss.n> is ex-
pected to bo of the order of 107/ cm“. The xenon laser i.as chosen for the iso-
topically selective excitation step because of the fortuitaus coincidence between
the xcnon laser line at 3781 A and a uranium-atomic transition,

In the experiment, the atomic vapor source was operated at a temperature of
2600°K. At this temperature, approximately 27% of the atoms are iy the 620 cm']
state. The ground state contains approximately 45% of the atoms. If a selective
photoionization process 1s to utilize the greatest fraction of the uranium atoms
in the vapor stream, then it is necessary to provide a second laser for excitation
from the ground level. Since the purpose of this experiment was proof of principle,
and not large scale operation, a laser accessing the ground state was not used.
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FIG. 3 Geometry af the Photoseparation System

The geometry of the separation experiment is shown in Figure 3. The uranium
oven produces a stream of uranium atoms in a fan-shaped beam. The xenon laser bean,
passing near the slit as shown, produces the isotopically selective excitation.
Tonization of the excited atoms 3§ then produced by the krypton laser beam traveling
in Lhe opposite dirzclion. The 235” irns thus produced. 2ee collected on & beryi-
Vium plate by an electric field produced by maintainina the cellector plete at 2
negative potential of 1500 volls with respect to the uranium oven. Neutral atoms
are collected on a plate pravided for Lhe purpose as Shown.

The xenon laser beam power 1r this experiment was approximately 70 2%, The




increased by placing the uranium vapor within the cavity of the krypton laser. In

order to accomp)ish this, the output mirvor of the xenon laser served as one of the
reflectors for the krypton laser. The circulating power in the jonizing lascr Leam
was between 30 and 50 watts,

The deposition pattern of uranium fons on the colleclor plate is Shown in
figure 4 as determined from densitometer tracings of an autoradiograph of the plate.
Approximately 1 mg of material enriched to slightly over 1% in 233 vias deposited
on this plate. In Subsequent experiments, approximately 4 mg af yranium eariched te
between 2.5 and 3% has been obtained during a run Jastinre approximately 2 hours,
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FIG. 4 Uranium Ton Distribution on the Beryllijum Collector Plate

Calculations have been carried out to describe the jon trajectories in the
collector system. The two-band pattern shserved on the beryllium plate is pre-
dicted Ly these calculations and results from distortion of the electric field by
the neutral atom collector structure. At the right hand Side of Figure 4 is showa
the calculated trajectory distribution as a function of distance across the be-yl-
Yium collector piate.

The quantity and the enrichment of material collected in these experiments was
determined primarily by the power of the krypton laser. The number of therma) ions
produced by the hot uranium vapor source corresponds to about 0.1% of the total num-
ber of atoms in th2 vapor stream. NWith the laser powers used in this experiment,
earichment greater than approximately 3% cannot be expected, There was no provi-
sion jn these experiments for suppression of thermally generated jons to imorove
the enrichuent.

Knowledge of uranium atom spectroscopic parameters is essential in the assess-
ment of the economic feasibility of enrictment processes based on uranium metal
vapor. The value of the photoionization cross section is of particular importance




in this regard and & syctem has been assembled to study the photoionicaetion speclew |
In this apparatus, a uranium bean is produced by an atomic vapor source bated on the
alloy UReZ(] . The uranium beam is excited to a selected energy level by the tun-
able output of a Ci dye laser. 7The dye laser, with an output power of about 30 mil,
produces sufficient intensity in the beam region to nearly saturate the chosen tran-
sition. In a scheme which fs very similar to that used to demonstrate selective tvo-
step photoionization, a second, ultraviolet, aptical beam intercepts the excited
uranium beam. The ultraviolet beam is produced by a 2500 watt mercury arc filtercd
by a monochrumator. As the ultraviolet wavelength is scanned, the rgle at which
uranium jons are produced is measured. Urdnium 238 ions are filtered out from spuri-
ously produced ions of other types by a quadrupolc mass filter. By measuring the
23HU ion current as a function of the uliraviolet photon wavelength, it is possible
to determine the photoionization spectrum related to the‘SEIected state of uranium,
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F16. 5 High Lying Odd Parity Levels of Uranium

o
A photoionization spectrum obtained at a resclution of 8 A is shown in

Figure 5. This spectrum represents photoionization from a state at 16906 cm']

of
the 7M7 level. This is an even-parity state reached from the odd parity SL“G
ground state by the tunable Ck dye laser. The 7M7 level is a level of the f3dsp
electron configuration. From this state, it is expected that autoionization staies
can be reached corresponding to the electron configuration f3dp2.

Several distinct peaks are seen in the photoionization spectrum. In the ex~
periments reported in Reference 1, an avarage cross scction for the reaion Foom
3200 3 to 2100 R of about 10']7 cmz was deduced for photoionization transitions Trom
the same state. From the spectrum of Figure 5, it appears that the peak cross sec-
tion for transitions to autoionization states from the 7M7 level is approximately




: 10 times Jarger than the backaround cross section ot <hort saeveleaaths. The pu-
¢ plied value of ~ 107 6 cm? is large enough to be used 10 1arge scale uraniue para
tion systeoms.
Subsequent measurements at higher vesalutian have heen oblained and it ha« been
found that the peaks shown in Figure 5 have a half width {FWHM) of approxiriicly
3 ;4 Photofonization spectra such as thut shown in Fiqure § yleld aufte accurate
: . valtues of ionj2ation potantial of the uranium atom, The value deduced from these
= experiments {s 6,15 + .02 eV.

W T T T T T T T YT
: al |
: e Mo ate Besoluticn ]
: zr N Sueny Spm trum
E 204 (0% po oLy Panctar 1
8 4
16 4
ut .{
2 R
3 10~
B
6 ©q 4
2 0° o
4t o¥
50 Npe—y
' o a g . °
: oh o g8 o L Bal 2

306 304 302 300 258 15,3 294 292 %
Second Phatan Wavalengen (ra}
B " "

-1

FiG. & Autoionization Spectrum from the 7M7 Level at 16,904 cm”™ ' in Uranium

One possible excitation scheme for selective photoionization involves a two-
quantum transition to an isotopically selected state. There are practical advan-
tages for such a process in that the effective Tinewidih of the uranium transition b
could be narrowed to less than the doppler linewidth 4). This, in turn, could re- ;
sult in more efficient utilization of the excitation laser. To take advaniage of
such an excitation scheme, odd-parity levels of the uranium atom lying tetween
30,000 cm'.I and 40,000 c-'n'.| would be required. Very few odd-parity teins in this
energy region have been observed and experiments have been undertaken to identify

such levels 5 . The experimental arrangement for these e¢periments was similar to ,
that used in studying the photoionization spectrum. In this case, however, a tun- E
able nitrogen-laser-pumped dye-Yaser was used for the excitation step. In one .~
of experiments an even-parity level at 17,360 cm'] was excited using the Ci dye
laser. Tne pulsed dye lasor operating at over a wavelength range of approximately
5800 te ES60 ;4 was used in the second and subsequent ionization step excitations,
Transitions to odd parity states are readily observed since the same photons which :
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populate the odd parity levels can also produce jonizing transitiovns from the odd
parity states. Assuming relatively little structure in the photoionization spectrum
in the energy region accessed by the photons used, the jon current produced as a
function of pulsed laser wavelength shr ;1d show peaks corresponding to the odd-
parity terms. Six of the odd parity 1 -els found by transitions from the 17,360 c::e'1
level are shown in Figure 6. Utilizin this information, experiments are now under-
way to measure the two-photon cross sections for transitions from the ground state to
these high lying odd-parity states.

Several experiments of importance in the assessment of the feasibility of metal
vapor processes for laser photoseparation of uranjum isotopes have been described.
At this point, there are many additional experiments which need to be carried out
before the problems of scaling and economic feasibility of meta) vapor processes can
be fully adiressed.

References:

1. S. A. Tuccio, J. W. Dubrin, 0. G. Peterson, and B, B, Snavely, "Two-Step
Selective Photoionization of 235 in Uranium Vapor", presented at VIII
intornational Conference on Quantum Electronics, San Francisco, June 1974,

2. S. A. Tuccio, R. W. Faley, J. W, Dubrin, and ¢. Krikorian, "Macroscopic
Isotope Separation of Uranium by Selective Photoionization“, presented at the
Conference on Laser Engineering and Applications, Washington, D.C., May, 1975,

3. 1. Nebenzahl and M. Levin, "A Process for Isotope Separation", Patent#072312194,
Federal Republic of Germany.

4. {‘ w.)Hinsch, K. C. Harvey, G. Meisel, and A. L. Schawlow, Optics Comm. 11, 50
1974). g :

5. Richard Solarz, Lee Carlson and Charles May, "Autoionization Spectra and High
Lying 0dd Parity Levels in Uranium Vapor", presented at the Conference on Laser
Engineering and Applications, Washington, D.C., May, 1975,




