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Abstract

Explicit relations are developed to estimate the outflux of migrating isotopomers iQF6 to the outskirts of a supersonic
supercooled free jet whose core is irradiated by a co-axial laser beam and intercepted by a skimmer that separates core
gas from peripheral gases. The QF6 target gas is diluted in carrier gas G ~G � He, N2, Ar, Xe, SF6, etc.!which determines
the jet’s supersonic characteristics and forms QF6:G dimers at low temperatures. Under isotope-selective laser
excitation, excited iQF6

* convert their vibrational energy V into kinetic energy T after forming transient iQF6
*:G dimers

that dissociate in sub-microseconds. Three migrating groups with different transport parameters are created in the jet:
thermal monomers, faster-moving epithermal monomers, and slower-moving dimers. Jet-core-fleeing QF6 is enriched in
iQF6 due to enhanced outwards migration of iQF6

! epithermals and reduced escape of jQF6:G dimers in the jet. Isotope
enrichments in the rim gases are highest for heavier carrier gases such as G � Xe or G � SF6.

Keywords: Epithermal molecules; Laser isotope separation; Monomer versus dimer migration rates; SF6 and UF6;
Supersonic free jets

1. INTRODUCTION

The present paper is a sequel to Eerkens ~1998!, providing
more complete calculations of dimer-mediated isotope enrich-
ment effects from vibrationally laser-excited iQF6 mol-
ecules in supercooled gas streams. The laser-irradiated QF6

vapor ~Q � S, Se, Te, Mo, W, U, etc.! is dispersed through
carrier gas G ~e.g., G � H2, He, N2, Ar, Xe, SF6, SiBr4!with
which it can form QF6:G dimers, and is supercooled by
supersonic expansion in a free jet. In molecular laser isotope
separation ~MLIS! applications, iQF6 isotopomers are then
selectively excited via their n3 vibrational absorption bands
that are isotope-shifted from those of jQF6 species.

In one MLIS scheme employing supersonic free jets,
jet-fleeing iQF6 molecules are harvested after excited
iQF6

*:G dimer predissociations and VT conversions take
place, and formation of non-excited iQF6:G is reduced
relative to jQF6:G dimers ~Lee, 1977; VandenBergh, 1985;
Eerkens, 1998!. After passage through an irradiation cham-
ber, the jet enters a skimmer that separates the jet’s core flow
from peripheral gases which are pumped out separately as

shown in Figure 1. This MLIS harvesting concept was first
conceived by Y.T. Lee ~1977!. Lee originally proposed to
directly excite and dissociate already dimerized species
such as QF6:G or ~QF6!2. However excitation of QF6 mono-
mers, which subsequently dimerize and predissociate in the
same manner is more effective ~Eerkens, 2001a!. An advan-
tage of the latter scheme is that monomers have stronger
absorption peaks than dimers. Below 20 K however long-
lived dimerization dominates, and only direct laser excita-
tion of dimers can induce isotope separation.

The kinetics of transient QF6
*:G dimer bondings and pre-

dissociations with VT conversion was investigated experi-
mentally by VandenBergh ~1985!. This mechanism has a
much higher VT conversion probability at low temperatures
and pressures than direct specular VT conversions, and pro-
vides the basis for MLIS processes employing dimer har-
vesting, named SILARC ~Separation of Isotopes by Laser
Assisted Repression of Condensation! or CRISLA ~Conden-
sation Repression by Isotope Selective Laser Activation!
~Eerkens, 1998!. Earlier experiments in the 1970s through
1980s had shown pre-dissociation lifetimes of laser-excited
dimers to be tpd, 10�6 s for internal n3 infrared vibrations
in QF6

*:G or QF6
*:QF6 dimers. Measured dimer absorption

bands of these internal vibrations showed center frequencies
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that were slightly red- ~and blue-! shifted from the monomer
n3 frequency. With broadened widths inversely proportional
to predissociation lifetimes, one deduced tpd , 10�6 s
~Smalley et al., 1976; Beswick & Jortner, 1978; Bernstein
& Kolb, 1979; Geraedts et al., 1981, 1982; Snells & Reuss,
1987; Liedenbaum et al., 1989; VanBladel & VanderAvoird,
1990; Beu & Takeuchi, 1995, 1997; Beu et al., 1997; McCaf-
ferey, 2002!.

Although most earlier measurements were made with
laser excitation of initially unexcited dimers, if an already
n3-excited QF6

*monomer forms a QF6
*:G or QF6

*:QF6 dimer,
the latter should dissociate at essentially the same rate as a
direct-dimer-excited species would. Internally excited
QF6~n3!

* molecules move at the same translational speeds
as unexcited QF6 and should dimerize at the same pace.
Because of the large frequency difference of internal n3

vibrations and dimer-bond vibrations na, there is initially no
coupling between these vibrations during dimer formation.
After dimer bonding and a few dimer rotations and bond
vibrations, predissociation with VT conversion of n3 ensues
in a Lissajous excursion. The small frequency defect Dn3

between internal n3 vibrations of monomers and dimers to
be accommodated during dimer formation, may aid the
predissociation process. Dimerization, previously thought
to require three-body collisions ~Hirschfelder et al., 1967!,
actually proceeds much faster by two-body collisions ~Eerkens,
2001a!. This coupled with the discovery of microsecond
lifetimes for excited QF6

*:G dimers, correctly explains and
predicts CRISLA isotope separations.

VandenBergh ~1985! observed isotope-selective effects
from predissociation and VT conversion of SF6~n3!

*:Ar,

after SF6 monomers were excited and subsequently formed
SF6
*:Ar dimers. He also investigated and compared such

effects for directly laser-excited SF6:Ar dimers. Both exci-
tation schemes gave similar results, except that monomer
excitations gave higher yields, attributable to the fact that
photon absorption resonances for monomers are sharper and
stronger. Since tpd , 10�6 sec and dimer formation times
tdf and jet transit times ttr exceed 10�6 sec, the time tdVT to
produce a VT conversion after a QF6~n3!

*:G dimer forms, is
essentially instant compared to other microscopic processes
in the jet; that is tdVT � tdf � tpd' tdf.

The pathways by which an internal vibration in excited
gaseous QF6

* can relax are:

1. Spontaneous ~Einstein!Photon Emission ~lifetime tse�
Æse

�1!
2. Direct collisional VT conversion ~lifetime tVT � kVT

�1 !
3. Direct collisional ~near-!resonant VV transfer ~life-

time tVV � kVV
�1 !

4. Transient excited dimer formation followed rapidly by
predissociation ~lifetime tdf � kdf

�1!

In MLIS one needs to know how fast mechanisms 1 through
4 are, compared to:

5. Dimer dissociation lifetimes of non-excited dimers
~tdd!

6. Transit time of the jet through the laser irradiation cell
~ttr!

The transit time by a jet traversing a laser beam equals:

ttr � L0 PU, ~1!

Fig. 1. Schematic of CRISLA chamber with free jet and skimmer.
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where L is the distance traveled by the gas through the laser
irradiation region and PU is the average flow velocity of the
jet in the absorption cell. Typically, 2 , L , 20 cm, and
0.1 , PU , 2 km0s, so 10�5 , ttr , 2 � 10�3 s. In the gas
phase, only options ~1! through ~4! are available to excited
QF6
* molecules for V-relaxation. For V-excited monomers

that adsorb or condense on a surface, mechanisms ~1!–~4!
still apply with some modification, but in addition one must
include interactions with phonons in the condensate which
populate the latter’s internal energy reservoirs. This situa-
tion ~cold surface condensation! is examined in a separate
paper ~Eerkens, 2002!. The analyses provided in that paper
and in the present one, supersede and correct the theory
given in Section 2 of ~Eerkens, 1998!.

We first examine probabilities and rates of processes ~1!
through ~5!, and then obtain enrichment parameters for the
lightest and heaviest hexafluoride, SF6 and UF6. These
molecules possess desirable isotopes 33S ~0.74% ab.! used
to generate 33P for nuclear medicine, and 235U ~0.71% ab.!
used as fuel for nuclear reactors. 33SF6 can be excited by
the 10P-26 and 10P-28 lines of the CO2 laser, while 235UF6

is excitable with 16-micron rapidly pulsed Raman-converted
CO2 laser photons or by 5-micron CO laser photons
~VandenBergh, 1985, Eerkens, 1998!.

2. INTERACTIONS OF QF6 WITH PHOTONS

2.1. Laser excitation of QF6

The laser excitation rate kA for iQF6 molecules to absorb
resonant laser photons equals:

kA � wLsA, s�1 per iQF6 molecule, ~2!

wheresA is the laser photon absorption cross-section ~cm2!.
QF6 absorption bands are hot-band-broadened, their peaks
becoming sharper and higher towards lower temperatures.
The laser flux wL is given by:

wL � 5.035 � 1022 IL~W0cm2 !0eL~cm�1 !, photons cm�2 s�1.

~3!

Here IL is the laser beam intensity in Watts0cm2 and
eL � hnL the laser photon energy in cm�1. Typical vibra-
tional absorption cross-sections have ~temperature-dependent!
values on the order of sA ' 10�18 cm2 at T , �150 K
near a fundamental band peak ~e.g., the n3 vibration of
QF6!, sA' 10�20 cm2 for binary combination bands ~e.g.,
the n2�n3 vibration of QF6!, and sA ' 10�22 cm2 for
tertiary QF6~3n3! absorptions. The laser photon energy eL
must of course be equal to the vibrational excitation quan-
tum ea ~or ea � eb, 3ea! to effect resonant absorptions. For
the n3 vibration of 33SF6 one has eL' e3' 939 cm�1 and
sA~n3! ' 2�10�18 cm2, while for 235UF6 it is eL ' e3 '

628.3 cm�1 and sA~n3! ' 10�18 cm2. Then Equation ~2!
yields:

kA � 106.2 IL~W0cm�2 !, s�1 per 33SF6 molecule, with

eL � 939 cm�1 ~4!

kA � 80.2 IL~W0cm�2 !, s�1 per 235UF6 molecule, with

eL � 628 cm�1. ~5!

With IL � 1000 W0cm2 for example, kA~SF6~n3!! �
1.06 � 105 s�1 and kA~UF6~n3!!� 8.02 � 104 s�1.

2.2. Spontaneous emission by QF6 (process 1)

The spontaneous photon emission or “Einstein” rate Æse for
a vibrational v3 � 1 r 0 transition of the photon-active n3

vibration of QF6 can be expressed by ~Eerkens, 1973!:

Æse � ~32p303!$e20~\c!%~c�01
2 0l3

3!� ~8p203!~e20c!~z3 0l3!
20M3,

~6a!

or:

Æse � 1.220 � 104 $z3 0l3~mm!%20M3~amu!, s�1. ~6b!

Here �01
2 is the dipole-derivative transition matrix for v3 �0

a 1 transitions, given by:

�01
2 � $\0~4pc!%l3z3

20M3, cm2. ~7!

The derivative dipole charge zb[~zb!01 or derivative dipole
moment ~mb

' !01 � ezb, and the vibrational mass Mb of
vibration mode b have been calculated for some polyatomic
molecules ~Kraus, 1967!, while emission wavelengths lb

are usually known from spectral measurements ~l3'10.5mm
for SF6 and l3' 15.9 mm for UF6!. More often Æse~vb! is
measured from which values for zb

20Mb can be derived. Then
with Mb calculated or estimated, zb can be deduced.

QF6 molecules have two photon-active vibrations, n3

and n4. For SF6 and UF6, values of Æse@SF6~n3!# � 23.8
s�1 and Æse@UF6~n3!#� 12.0 s�1, or tse@SF6~n3!#� 0.042 s
and tse@UF6~n3!# � 0.083 s have been measured ~Burak
et al., 1970; Kim & Person, 1981!. This yields z3

20M3 �
0.215 for SF6 and z3

20M3 � 0.249 for UF6. Using esti-
mated values of M3~SF6! � 18.77 amu and M3~UF6! �
119.88 amu, one deduces that z3~SF6!� 2.01 and z3~UF6!�
5.46. Lifetimes of other QF6 molecules for v3 � 1 r
v3 � 0 transitions are of the same magnitude. That is
0.03 , tse@QF6~n3!# , 0.3 s generally. Thus with transit
times ttr , 2 � 10�3 s, there is little chance for laser-
excited QF6~n3!

* monomers to loose vibrational energy by
photon emission during its journey in the free jet. If the n3

vibration is excited in QF6:G or QF6:QF6 dimers, much
faster predissociations prevail over relaxation by spontane-
ous emission; again few photons are released.
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3. COLLISION-INDUCED REACTIONS OF
EXCITED AND UNEXCITED QF6

MOLECULES

3.1. Collision rates, mean free paths; overview of
reactive processes

The contact collision rate kc of QF6 molecules with mol-
ecules M ~M � G or QF6! is:

kc � nMscQ0M SuQ0M

� 1.41 � 107 scQ0M~Å2 ! pM~Torr!0$~T~K!MQ0M~amu!%102, s�1

~8!

where nM is molecular density ~cm�3! of M, scQ0M �
p~roQ � roM!

2 is the collision cross-section ~Å2! for QF6 �
M collisions, and SuQ0M the relative molecular velocity ~cm0s!
given by:

SuQ0M � $~80p!kT0MQ0M%
102

� 1.457 � 104 $T~K!0MQ0M~amu!%102, cm0s. ~9!

In Eq ~8!, nM~cm�3! � 0.97 � 1019 pM~Torr!0T~K! is
assumed, and MQ0M~amu! � MQMM0~MQ � MM!, where
QF6 is shortened to Q in subscripts. roQ, roG are molecular
contact radii of QF6 and G ~Eerkens, 2001a!. For SF6 or UF6

diluted in 0.01 torr Ar at T � 50 K for example, kc~SF60
Ar! � 7.94 � 105 s�1 and kc~UF60Ar! � 9.88 � 105 s�1.
Table 1 lists additional rates kc for other gases.

The mean collision-free path �c for a QF6 molecule diluted
in carrier gas G at temperature T is:

�c � ~nGscQ0G!
�1 � 1.04 � 10�3 T~K!0$scQ0G~Å2 !pG~torr!%, cm,

~10!

where scQ0G is the elastic collision cross-section for QF6 �
G encounters and pG � ~1 � yQ!ptot is carrier gas pressure.
QF6�QF6 collisions are neglected since mole fraction
yQ ,, 1 is assumed.

Most QF6 � M encounters result in elastic collisions, but
some result in the formation of transient QF6:M dimers. For
vibrationally excited QF6

* molecules, aside from elastic
collisions, encounters with M can result in direct VT con-
versions or in VV transfers if M � QF6 with probabilities
�VT or �VV. Also a dimer QF6

*:M can form with probability
�df~Q0M!, which ~pre-!dissociates within microseconds
~Smalley et al., 1976; Beswick & Jortner, 1978; Bernstein &
Kolb, 1979; Geraedts et al., 1981, 1982; Snells & Reuss,
1987; Liedenbaum et al., 1989; VanBladel & VanderAvoird,
1990; McCafferey & Marsh, 2002!. The outcome of both
�VT and �df processes is that epithermal QF6 and M mol-
ecules recoil off each other after conversion of V to T
energy, as discussed below. Direct resonant VV transfer
between an excited QF6

* and unexcited QF6 ~i.e., M � QF6!
has a high probability but does not effect overall V storage.
However while the net energy distribution is not changed by
VV transfers, for MLIS processes, near-resonant exchanges
iQF6

*� jQF6r
iQF6 � jQF6

* generate undesirable isotopic
losses ~isotope scrambling!. Such losses are minimized by a
high dilution of QF6 in carrier G.

Table 1A. Molecular parameters for SF6~n3! and UF6~n3! gas-phase collisional VT relaxations

Gas Temperature T � 200 K
Collision
pair QF6

*0G
Reduced

mass MQ0G, amu
Collision cross-
section sc, Å2

Repulsive
range LR, Å x3 FC~x3! �VT3 kc0pG, s�10torr kW pG, s�1 torr

SF6
*0H2 1.97 199.5 0.098 17.9 0.145 2.76 � 10�2 1.416 � 108 295.80

SF6
*0He 3.89 180.4 0.108 42.9 3.45 � 10�2 3.34 � 10�3 9.116 � 107 232.80

SF6
*0N2 23.5 237.1 0.108 261.4 8.26 � 10�5 1.32 � 10�6 4.877 � 107 72.10

SF6
*0Ar 31.4 223.1 0.126 469.6 3.10 � 10�6 3.77 � 10�8 3.970 � 107 66.28

SF6
*0Xe 69.1 258.3 0.137 1,232 1.92 � 10�9 1.05 � 10�11 3.098 � 107 38.59

SF6
*0UF6 103.2 342.2 0.096 907.1 2.75 � 10�8 1.00 � 10�10 3.942 � 107 20.31

UF6
*0H2 1.99 221.0 0.107 9.44 0.281 1.623 1.904 � 108 218.26

UF6
*0He 3.96 201.0 0.117 22.4 0.107 0.311 1.239 � 107 168.68

UF6
*0N2 25.9 260.6 0.117 148.3 9.7 � 10�4 4.3 � 10�4 6.122 � 107 52.03

UF6
*0Ar 35.9 245.9 0.135 270.3 7.0 � 10�5 2.2 � 10�5 4.935 � 107 46.61

UF6
*0Xe 95.6 282.8 0.146 847.9 4.7 � 10�8 5.7 � 10�9 3.436 � 107 25.15

UF6
*0SF6 103.2 342.2 0.096 398.1 8.6 � 10�6 9.6 � 10�7 3.942 � 107 20.31

UF6
*0UF6 176.0 370.3 0.110 883.1 3.4 � 10�8 1.1 � 10�9 3.749 � 107 12.52

Notes: ~a!Molecular Masses MG or MQ ~amu! are: 2 for G � H2; 4 for G � He; 28 for G � N2; 40 for G �Ar; 131 for G � Xe; 146 for Q or G � SF6; 352
for Q or G � UF6. R �1 cm is assumed to calculate kW pG. ~b!Vibrational constants assumed for the n3 vibrations are: for SF6, n3 � 948 cm�1, M3 �18.77
amu, x3 � 0.0029; and for UF6,n3 � 627.7 cm�1, M3 � 119.88 amu, x3 � 0.0017. ~c! VV transfer probabilities for iQF6~n3!�

jQF6r
iQF6 � jQF6~n3!

exchanges are calculated to be: �VV~SF6~n3!� 1.09 � 10�4 and �VV~UF6~n3!� 2.56 � 10�4, at T � 200 K.
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3.2. Direct specular VT relaxations (process 2)

In a gas mixture of QF6 diluted in carrier gas G, VT deexcita-
tions of QF6

* through contact collisions QF6
*� Gr QF6 �

G � K.E. occur at rates:

kVT � kc �VT, s�1. ~11!

Here kc is given by ~8! and VT transition probability �VT3 �
�VT~QF6~n3!! is ~Eerkens, 2001a!:

�VT3 � ~8kT0e3!~M3 0MQ0G!z3
2FAFC exp~� 2

1�e3 0kT !

� ~2kT0e3!~M3 0MQ0G!FC exp~� 2
1�e3 0kT ! ~12!

with e3 � hn3 and we assume z3
2FA ; 0.25. The collision

function FC is given by:

FC � FC~x!� ~1 � 0.4548x506 !~3x10302!2csch2~3x10302!, ~13!

with:

x � xQ0G � 0.21 MQ0G LR
2 De20T. ~14!

In ~14!, LR is the repulsive range parameter in Å, De � e3
equals the energy quantum ~in cm�1! that is VT-converted,
MQ0G is the reduced mass of the collision partners in amu,
and T is the gas temperature in K. For x . ;20, Eq. ~13!
reduces to the simpler SSH relation ~Eerkens, 2001a; Schwartz
et al., 1952; Schwartz & Herzfeld, 1954; Yardley, 1980!:

FC ~x! � 4~p03!102x302exp~�3x103 ! ~15!

VT deexcitations can also take place in collisions of QF6
*

with a like QF6 molecule, with MG replaced by MQ in the
above expressions. However in QF6

* � QF6 encounters,
resonant VV transfers ~process 3! have a much higher
probability of occurring than the VT process 2.

Using molecular parameters listed in Table 1, calculated
VT probabilities at different T for SF6~n3!0G and UF6~n3!0G
with G � H2, He, N2, Ar, Xe, SF6, and UF6 are listed in
Table 1. They show the enormous effect of mass MG and T
on direct VT probabilities and rates.

3.3. Direct specular resonant VV transfers (process 3)

For a direct VV transfer of v3 in a QF6~n3!0QF6 contact
collision, the probability is ~Eerkens, 2001a!:

�VV3 � ℑ3 �3 � ~M3 0MQ0Q!~kT0e3!x3, ~16!

where:

ℑ3 [ ℑ~QF6~n3!0QF6!

� 16kT ~z3
20\2 !~M3

20MQ0Q!FAFC exp~� 2
1�6De60kT !

� �4~kT0\2 !~M3
20MQ0Q!, ~17!

and:

�3 [ �~QF6~n3!0QF6!� 2
1�@\20~M3 e3!#Vanh

� 2
1�@\20~M3 e3!# @~m!0n!!x3

m�n�10~m � n!2 #

� \2x3 0~4M3 e3!. ~18!

Table 1B. Molecular parameters for SF6~n3! and UF6~n3! gas-phase collisional VT relaxations

Gas Temperature T � 100 K Gas Temperature T � 30 K

Collision
pair QF6

*0G x3 FC~x3! �VT3

kc0pG,
s�10torr

kW pG,
s�1 torr x3 FC~x3! �VT3 kc0pG, s�10torr

kW pG,
s�1 torr

SF6
*0H2 35.88 4.93 � 10�2 1.55 � 10�4 2.002 � 108 104.58 119.6 2.04 � 10�3 1.14 � 10�13 3.656 � 108 17.20

SF6
*0He 85.9 6.12 � 10�3 9.78 � 10�6 1.289 � 108 82.31 286.3 5.13 � 10�5 1.45 � 10�15 2.353 � 108 13.52

SF6
*0N2 522.7 1.58 � 10�6 4.19 � 10�10 6.900 � 107 25.49 1,742 6.3 � 10�11 2.94 � 10�22 1.259 � 108 4.187

SF6
*0Ar 939.3 2.10 � 10�8 4.09 � 10�12 5.615 � 107 23.43 3,131 6.2 � 10�14 2.19 � 10�25 1.025 � 108 3.848

SF6
*0Xe 2,464 1.3 � 10�12 1.14 � 10�16 4.381 � 107 13.64 8,213 1.6 � 10�20 2.51 � 10�32 7.998 � 107 2.243

SF6
*0UF6 1,814 4.1 � 10�11 2.46 � 10�15 5.575 � 107 7.18 6,047 3.5 � 10�18 3.77 � 10�30 1.018 � 108 1.787

UF6
*0H2 18.9 0.1357 4.09 � 10�2 2.692 � 108 77.17 63.0 1.34 � 10�2 1.55 � 10�8 4.915 � 108 12.67

UF6
*0He 44.9 3.15 � 10�2 4.76 � 10�3 1.752 � 108 59.64 150.0 8.99 � 10�4 5.24 � 10�10 3.198 � 107 9.792

UF6
*0N2 296.5 4.4 � 10�5 1.01 � 10�6 8.659 � 107 18.40 998.3 1.34 � 10�8 1.19 � 10�15 1.581 � 107 3.233

UF6
*0Ar 540.6 1.3 � 10�6 2.11 � 10�8 6.979 � 107 16.48 1,802 4.4 � 10�11 2.81 � 10�18 1.274 � 108 2.707

UF6
*0Xe 1,696 8.3 � 10�11 5.23 � 10�13 4.859 � 107 8.890 5,653 1.1 � 10�17 2.59 � 10�25 8.872 � 107 1.402

UF6
*0SF6 796.1 7.8 � 10�7 4.53 � 10�10 5.575 � 107 7.181 2,154 5.1 � 10�13 1.14 � 10�20 1.018 � 108 1.180

UF6
*0UF6 1,766 4.0 � 10�11 6.59 � 10�14 5.302 � 107 4.426 5,887 5.5 � 10�18 7.23 � 10�26 9.680 � 107 0.727

Notes: ~a! Vibrational constants assumed for the n3 vibrations are: for SF6, n3 � 948 cm�1, M3 �18.77 amu, x3 � 0.0029; and for UF6,n3 � 627.7 cm�1,
M3 �119.88 amu, x3 � 0.0017. ~b!VV transfer probabilities for iQF6~n3!�

jQF6r
iQF6 � jQF6~n3! exchanges are calculated to be: �VV~SF6~n3!� 5.45 �

10�5 and �VV~UF6~n3!�1.28 �10�4, at T �100 K; and �VV~SF6~n3!�1.63 �10�5 and �VV~UF6~n3!� 3.84 �10�5, at T � 30 K. ~c! R �1 cm is assumed
to calculate kW pG.
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Here nb, xb, Mb, zb
2, are the fundamental frequency, anhar-

monic constant, mass constant, and steric collision factor for
internal vibration b in molecule QF6 ~in the present case b �
3!, while in ~17!, we assumed z3

2FA; 0.25 again, and we set
FC � 1 since De� 0 for a VV transfer. For a two-quantum
change in a QF6QF6 quantum box with v3 �1r 0r 1, one
can as an approximation set m � n � S6Dv36 � 2, with
effective values m � 2 and n � 0 in Vanh used in Eq. ~18!.
Note also that MQ0Q � 0.5 MQ. The VV rate in the gas mix is
then:

kVV � tVV
�1 � �VV yQ~sQ0Q 0sQ0G!~MQ0G 0MQ0Q!

102kc

� �VV yQcQ0Qkc , s�1, ~19!

with:

cQ0Q � ~sQ0Q 0sQ0G!~MQ0G 0MQ0Q!
102

� $2roQ 0~roQ � roG!%
2$2MG 0~MQ � MG!%

102. ~20!

Here yQ is the mole fraction of QF6 in the QF60G gas mix,
and kc is the QF60G collision rate given by ~8!. The factor
cQ0Q corrects for different collision cross-sections and masses
of QF60QF6 interactions. Table 4 of ~Eerkens, 2001a! lists
some values of collision radii roQ and roG needed in ~20! for
molecules QF6 and G, while the reduced mass MQ0M �
2MQMM0~MQ�MM!.

Using values for M3, e3, x3,sQ0Q, MQ0Q from Table 1, one
finds from ~16! for example at T � 50 K, that �VV~SF6~n3!0
SF6!� 2.52 �10�5 and �VV~UF6~n3!0UF6!� 6.40 �10�5.
For 2% SF6 or UF6 diluted in 10�2 torr of Ar, one has from
~19! thattVV~SF6~n3!0SF6!�8.2�10�3 s, andtVV~UF6~n3!0
UF6!� 2.36 �10�3 s. These times are longer or comparable
to ttr and tdf ~, 10�3 s! at T , 50 K.

3.4. Dimer formation rates (process 4)

It was shown in ~Eerkens, 2001a! that the dimer formation
probability �df can be expressed by:

�df ' f2Q0Mi*�TV' ~~vd � 1!r vd!exp~h*!

� f2Q0Mvd �o$1 � ~1 � h*!exp~�h*!% ~21!

where:

h* � e* 0kT � 4
1�ea

20~DakT ! ~22!

i* � 1 � ~1 � h*!exp~�h*! ~23!

f2Q0M � ~ yQ MQ � yM MM !

� ~ yQ MM 0MQ � yM MQ 0MM !0

� ~MQ � MM � yQ MQ � yM MM ! ~24!

�TV' ~~vd � 1!r vd!� vd �o exp~�h*! ~25!

vd � 2Da0ea� 2
1�, ~26!

�o � �1 exp~��1! ~27!

�1 ' 2rQ0M~kT0ea!exp~�0.5h*! ~28!

rQ0M � MQ0M 0MQ0~Q � M !

� MM~2MQ � MM!0~MQ � MM!
2. ~29!

Here vd is the highest ~dissociation! vibrational quantum
level in the dimer potential well, while MQ, MM, yQ, yM are
molecular masses and mole fractions of QF6 and M ~M � G
or Q [ QF6!. Energy ea � hna is the fundamental energy
~frequency! quantum and Da is the well-depth of the dimer
bond. We use V' to designate dimer-bond vibration as opposed
to V ~without a prime! for internal high-energy molecular
vibrations. The dimer formation rate kdf is:

kdf � kc �df , s�1, ~30!

with kc given by ~8! and �df by ~21!.
Da values for various collision partners can be obtained

from Table 4 in ~Eerkens, 2001a!, assuming ~Da!Q0M �
~DaQ DaM!

102, while na can be calculated from Eq. ~19! in
~Eerkens, 2001a!, with values of ro � 1

2
_ ~roQ � roM! taken

from the same table. For 2% SF6 or 2% UF6 diluted in 0.01
torr of H2 for example, one finds �df~SF60H2! � 5.89 �
10�3 and �df~UF60H2!� 4.19 �10�3 at T � 50 K. With Ar
instead of H2, one obtains �df~SF60Ar! � 6.31 � 10�4,
�df~UF60Ar! � 5.87 � 10�4 at T � 50 K. In 0.01 torr of
carrier gas, the dimer formation rates are then kdf~SF60
H2! � 1.67 � 104 s�1 and kdf~SF60Ar! � 501 s�1, while
kdf~UF60H2!� 1.59 � 104 s�1 and kdf~UF60Ar!� 579 s�1.
Other calculated values of �df for selected gas mixtures at
various temperatures are listed in Table 2. The table illus-
trates the diversity of dimerization rates due to the strong
effect of mass MG and temperature T in the dimer formation
process.

Figures 2 and 3 show plots of �VT3 and �df versus gas
temperature T for different SF60G and UF60G gas mixtures.
The figures clearly show that towards lower temperatures,
dimer formation0predissociation VT conversions are more
probable than direct collisional VT relaxations. In some
early ~1970s!measurements of VT rates, researchers observed
that vibrational relaxation rates, after initially dropping as
expected, increased again towards lower temperatures ~Yardley
1980!. Except for light elements, this was in conflict with
the collisional VT theory of Schwartz et al. ~1952! and
Schwartz & Herzfeld ~1954!, and often ascribed to possible
VR ~Vibration r Rotation! transfers, even though colli-
sional VR conversions are rather improbable quantum-
mechanically. By including low-temperature two-body dimer
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formation and pre-dissociation of V-excited species, agree-
ment between theory and experiment is restored.

3.5. Collisional dissociation rates of dimers
(process 5)

At monomer partial pressures pQ � yQptot with pQ less than
the homogeneous cluster nucleation pressure pd ~see Sec-
tion 7.2!, the dissociation rate of dimers is ~Eerkens, 2001a!:

kdd � kcd �dd � kcad �dd, s�1 ~31!

with:

�dd � 2
1�$exp~�Da0kT !%$1 � exp~�ea0kT !% ~32!

ad � ~scQG0G MQ0G
102 !0~scQ0G MQG0G

102 !

� $~roQ � 2roG!0~roQ � roG!%
20$1 � MG

2 0~MQ
2 � 2MQ MG!%

102.

~33!

Here �dd is the probability that a dimer QF6:G dissociates to
QF6 � G in a collision with molecule G. The parameter ad

corrects the collision rate kc for QF60G monomer collisions
to the rate kcd � adkc for QF6:G0G dimer collisions which
has a larger collision cross-section and higher reduced mass.
Contact radii roQ, roG, and reduced masses MQ0M in ~33!
were discussed in Sections 3.3 and 3.4. Calculated values of
�dd are listed in Table 2. At T; 50 K and pG; 0.01 torr for
example, Tables 1 and 2 show that 104 , kdd , 105 s�1, or
10�5 , tdd , 10�4 s. This compares with transit times of
10�5 , ttr , 2 � 10�3 s.

4. MOLECULAR MIGRATIONS AND
THERMALIZATION OF EPITHERMALS

4.1. Isotope harvesting from laser-irradiated
free jets

In isotope separation techniques that utilize laser irradiated
free jets of supersonically cooled gas mixtures, advantage is
taken of the fact that QF6:G dimers, QF6

~*! monomers, and
QF6

! epithermals, migrate at different rates due to different
collision cross-sections and average molecular speeds.After
isotope-selective excitation of iQF6, the iQF6

* will dimerize
briefly as iQF6

*:G which rapidly dissociates with VT con-
version, creating above-thermal or “epi-thermal” iQF6

!. We
label epithermal iQF6

! with superscript ! to distinguish them
from internal vibrationally excited iQF6

* molecules marked
by superscript * which move at thermal speeds. At low
temperatures, under continuous laser pumping, the iQF6 are
distributed over iQF6

* , iQF6
! , iQF6:G, and non-excited iQF6

populations, while jQF6 populate jQF6:G dimer and jQF6

monomer groups. Because of the different population frac-
tions and different migration rates, isotopomers iQF6 fleeT
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Fig. 2. VT conversion probabilities �VT and �df for SF6
*~n3!0G gas mixtures.
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Fig. 3. VT conversion probabilities �VT and �df for UF6
*~n3!0G gas mixtures.
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the jet core at higher rates than the jQF6, resulting in isotope
separation. To summarize, the jet contains iQF6 of four
types, iQF6

* , iQF6
! , iQF6, and iQF6:G, which have three

different average transport constants, while the jQF6 are
divided over two classes, thermal monomers jQF6 and slower
moving dimers jQF6:G, each with different transport param-
eters ~see below!.

The peripheral or “rim” gases are pumped out separately
from the supersonic jet core gases which exit through a
skimmer at the end of the jet chamber ~see Fig. 1!. As they
migrate through the jet core while in transit to the skimmer,
laser-excited iQF6 cycle repeatedly through excitation r
dimerizationrdissociationrVT-conversion0epithermaliza-
tionr re-thermalization. If iQF6:G dimers are laser-excited
instead of iQF6, the sequence is the same except it starts
with dimerization r excitation r dissociation. . . . Non-
excited jQF6 isotopomers experience only collisional dimer-
izations and dissociations, but at low temperatures most
travel as jQF6:G dimers which migrate more slowly than
iQF6 monomers. Thus iQF6 escape at higher rates from the
jet core than jQF6, thereby enriching the rim gases with
iQF6.

The mean free path between collisions of a QF6 molecule
diluted in gas G was given by Eq. ~10!. Table 3 lists pG�c

values for several gases G at different temperatures. For
example, at pG � 0.01 torr, T � 50 K, and G � Ar, a SF6

molecule experiences one collision in every 0.22 mm of
travel. Thus although “thin,” the gas in a jet with 10 mm
radius, still follows Maxwell-Boltzmann kinetics and obeys
the diffusion laws, as assumed in what follows.

4.2. Radial molecular migrations and jet
core escapes

To estimate the radial outward diffusion of QF6 molecules
and QF6:G dimers from a supersonic free jet, we approxi-
mate the actual jet contour by an equivalent cylinder with
radius R equal to the skimmer entrance radius ~see Sec-
tion 7!. All molecules in the cylinder striking the “wall” at R
are then assumed to leave the cylinder, as if the wall were a
total molecular absorber. The non-excited and vibrationally
excited monomers will be shown to escape the jet at thermal
rates kW, while epithermals escape at rates kW1 and dimers
leave the jet with a rate constant kWd, such that kW1. kW.
kWd s�1 per molecule.

In ~Eerkens, 2001b! it was shown that a batch of N QF6

molecules diffusing through carrier gas G in a long cylinder
with volume pR2L and surface 2pRL, strike the wall at
rates:

kW � 3
1�~2.405!2 SuQ0G�c 0R2 � 1.928~�c 0R!2kc

� 29.3T 3020~ pG R2scQ0G MQ0G
102 !, s�10molecule, ~34!

if the wall is 100% absorbing. Here �c is the mean-free-path
and R is cylinder radius in cm, scQ0G is the Q0G collision T
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cross-section in Å2, pG is in torr, T is in K, and MQ0G �
MQMG0~MQ �MG! is reduced mass in amu. These units will
be used in all final expressions that follow. Table 1 lists
typical values of kWpG. The inverse rate kW

�1 equals the
average time tW for a QF6 molecule in the cylinder to reach
the wall, provided it is not terminated in the gas phase.

In our mathematical model, the “wall absorption” rate
equals the jet core escape rate of QF6 molecules. Because
the jet moves at supersonic speed, molecules who cross the
“wall” at radius R, can not return to the jet core and can be
considered “absorbed” by the “peripheral” or “background”
gases in the jet chamber. For a batch of QF6 molecules
entering the jet chamber, which looses QF6 to the “wall” by
radial diffusion as it moves towards the skimmer, the num-
ber left in the jet core as a function of time is:

NQ~t! � NQo exp~�kW t!, QF6 molecules, ~35!

Here NQo is the tagged QF6 population entering the jet
chamber at t � 0. After travel time t � ttr, the number of QF6

molecules remaining in the jet core is:

NQ~t � ttr !� NQo exp~�kW ttr !, QF6 molecules, ~36!

and the number NQesc or fraction Q that escaped equals:

Q � NQesc~t � ttr!0NQo � 1 � exp~�kW ttr!. ~37!

Here the transit time t � ttr � L0 PU, where L is the travel
distance and PU the average bulk velocity during the jet’s
travel through the irradiation chamber.

For a batch of outward diffusing epithermal molecules
QF6

! , the migration rate is similar to thermals, except trans-
port parameters must be adjusted and thermalization must
be considered. Using subscript 1 to label epithermal trans-
port parameters, the epithermal migration rate kW1 is:

kW1 � 3
1�~2.405!2 Su1 �c 0R2

� 29.3 T1
102T0~ pG R2scQ0G MQ0G

102 !, s�1 per molecule. ~38!

Here we used ~34! and replaced T 302 by T1
102T since the

epithermal velocity Su1 is proportional to T1
102. The mean free

path �c due to scattering of QF6
! monomers by molecules G

is virtually the same as for thermals and is proportional to
T0pG, if QF6 is highly diluted in the QF60G gas mix.

The average epithermal temperature ^T1& during slow-
down can be approximated by the logarithmic mean between
the initial kinetic energy e0 and the final one eT, that is:

^T1&0T � m1
2 � eT

�1~e0 � eT!0�n~e0 0eT!

� ~eQ 0eT!0�n~1 � eQ 0eT!

� ~hQ0G ea 0eT!0�n~1 � hQ0G ea 0eT! ~39!

with:

m1 � $~hQ0G ea 0eT!0�n~1 � hQ0G ea 0eT!%102 � $a0�n~1 � a!%102,

~40!

Here a is defined as:

a � eQ 0eT � hQ0G ea 0eT, ~41!

in which eQ is the original kinetic recoil energy given to QF6

in the VT conversion by dimer predissociation, ea is the
released quantum of vibrational energy, and eT � kT is the
thermal kinetic energy. From momentum and energy con-
servation of dissociating dimer partners one deduces that:

hQ0G � eQ 0ea � MG 0~MG � MQ!. ~42!

The original kinetic energy e0 of a VT-energized QF6
! mol-

ecule then equals:

e0 � eQ � eT � ~1 � a!eT. ~43!

In the case of laser excitation of n3 in QF6 molecules, the
quantum energy ea � e3 � hn3.

Note from ~42! that the heavier the dimer partner G is, the
larger the fraction of the vibrational energy ea imparted to a
recoiling QF6 molecule. Most useful carrier gases have
masses MG that are less than those of SF6 ~MQ � 146 amu!
and UF6 ~MQ � 352 amu!. Thus for QF6 molecules one
usually has hQ0G � 0.5. Heavy particles or solid surfaces
might look attractive for maximizing eQ, but one finds that
other problems are introduced. Laser isotope separations
utilizing cold surfaces are discussed in a separate paper
~Eerkens, 2005!.

Returning to ~38!, the “wall” escape rate for epi-
thermals is:

kW1 � m1kW � 1.928m1~�c 0R!2kc

� 29.3 m1T
3020~ pG R2scQ0G MQ0G

102 !, s�10molecule, ~44!

and the epithermal escape fraction Q1 is:

Q1 � 1 � exp~�m1kW ttr!. ~45!

For dimers which move thermally, the collision cross-
section and reduced mass is higher than for monomers. That
is in ~34!, one must replace scQ0G and MQ0G by scQG0G and
MQG0G. Using subscripts d for dimers, the escape rate kWd

for dimers then equals:

kWd � cdkW � 1.928~�c 0R!2cdkc

� 29.3 T 3020~ pG R2scQG0G MQG0G
102 !, s�1 per molecule, ~46!
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cd � ~scQ0G MQ0G
102 !0~scQG0G MQG0G

102 !

� $~roQ � roG!0~roQ � 2roG!%
20$1 � MG

20~MQ
2 � 2MQ MG!%

102.

~47!

Here cd, which is less than unity, is the migration rate
correction factor for dimers compared to monomers. The
QF60G collision rate kc and mean-free-path �c were given
by ~8! and ~10!. The dimer escape fraction is finally:

Qd � 1 � exp~�cdkW ttr!. ~48!

4.3. Slowing-down parameters for epithermal
molecules

The average number of collisions that an epithermal mol-
ecule experiences till it is thermalized, and the average
distance it moves, can be obtained from “FermiAge Theory”
originally developed for epithermal neutrons instead of
molecules ~Glasstone & Edlund, 1952!. This theory shows
that the average number of collisions NT to thermalize an
epithermal molecule equals:

NT � $�n~e0 0eT!%0^�n~eII 0eI!&� j�1�n~e0 0eT!

� j�1�n~1 � eQ 0eT!� j�1�n~1 � a!. ~49!

Here eI, eII are kinetic energies of an epithermal molecule
before and after a momentum-transfer collision, and the
average logarithmic energy decrement j equals:

j � ^�n~eII 0eI!&� 1 � $a0~1 � a!%�n~a!, ~50!

with:

a � $~MQ � MG!0~MQ � MG!%
2. ~51!

Kinetic energy eQ was given by ~42!, and the ratio a � eQ0eT
by Eq. ~41!. In Fermi age theory, an epithermal neutron or
molecule is considered thermalized when its kinetic energy
has dropped to eT � kT, rather than ~302!kT ~Glasstone &
Edlund, 1952!. The average fractional energy loss for each
epithermal QF6

! � G momentum transfer collision is given
by:

Ã � 1 � ^eII 0eI&� 1 � ~a� 1!02. ~52!

If energy losses of QF6
! during thermalization are purely

due to scattering and momentum transfers, the slowing-
down length or migration distance “as the crow flies,” is
~Glasstone & Edlund, 1952!:

Ssth � ~6qT !
102 � 1.41 NT

102 �c ~53!

where �c and NT were given by ~10! and ~49!, and the
thermalization “age” qT equals:

qT � qe0reT$~D�c!0~je!%de� ~103�c
20j!�n~e0 0eT!� 3

1��c
2 NT.

~54!

Here we assumed D�c0j to be independent of energy and the
“flux diffusion coefficient” is approximated by D ' 1

3
_ �c.

Table 3 lists j, eQ, NT, �c, and Ssth of SF6 and UF6, with
various carrier gases at several temperatures T and kinetic
energies e0.

The thermalization rate of epithermals in the gas ~� a
feed term for the thermal group!, is:

kth � Su10~�cNT!�m1kc 0NT

� 1.41 � 107~m1 0NT!pGscQ0G 0~TMQ0G!
102, s�1, ~55!

where units are in torr, Å2, K, and amu, as before. This
rate is high and forces epithermal molecules to re-enter the
thermal monomer group repeatedly and be re-excited, etc,
several times before reaching the wall. The same is true
for dimers which are continuously formed and dissociated
in collisions. That is, in a unit volume of gas, rapid exchanges
take place between populations of the four migrating groups,
but under steady-state conditions, the fractional popula-
tions are constant ~see Section 5!. Individual molecules
are continuously cycled through laser-excitation, dimerization0
predissociation0epithermalization, and re-thermalization in
tens of microseconds as they migrate to the wall. However
as long as the population fractions for each migrant class
are constant, the effective escape rate per molecule per
second is kW for the thermal group, kW1 for the epithermal
fraction, and kWd for those in the dimer state, even though
individual molecules are continuously exchanged between
these different migrant groups. That is, under continuous
laser pumping, all thermalizing iQF6 leaving the epither-
mal group are replaced by newly excited iQF6

* that dimer-
ize, and epithermalize. Thus as long as molecules are not
permanently removed in the gas and populations are steady,
the migration of iQF6 can be considered taking place by
three independently moving species: a fraction fit at rate
kW for excited or unexcited thermal monomers; a fraction
fi1 for epithermals at rate kW1; and a fraction fid at rate kWd

for dimers. Steady-state fractional populations fit � fi* �
fim, fi* , fi!, fim, fid of excited, epithermal, and non-excited
iQF6 monomers and dimers are considered next.

5. POPULATION OF DIMERS, LASER-EXCITED
MOLECULES, AND EPITHERMALS

5.1. Monomer laser excitation

As mentioned, under steady monomer laser-irradiation, the
iQF6 population is distributed over four distinct groups:
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excited species ~*!, epithermals ~!!, non-excited monomer
molecules ~m!, and non-excited dimers ~d!. The fraction
fi* of laser-excited iQF6

* is defined as fi* � ni* 0ni �
@iQF6

*#0@iQF6# , where the brackets ~by convention! indicate
concentrations. Here ni [ nQi is the density ~molecules0
cm3! of a selected isotopomer iQF6, nQ � SjnQj is the total
density of all QF6, while the isotopic abundance of iQF6

equals xi � ni0nQ. Other populations of interest are the
fraction fi! of epithermal iQF6

! molecules, the fraction fim of
non-excited iQF6 monomers, and fraction fid of non-excited
dimers. We shall assume that most dimers formed in the gas
mixture will be heterodimers QF6:G if mole fraction yQ ,
;0.05. That is, we neglect homo-dimers QF6:QF6 and tri-
mers, tetramers, etc. Neglect of oligomers other than dimers
is reasonable because of the short residence time of the jet in
the chamber ~Sec. 7.2!. A material balance then gives:

fi* � fi! � fim � fid � 1. ~56!

Neglecting excitations of in-flight epithermals and second-
step excitations of once-excited species, the excited species
production rate under laser irradiation is given by the prod-
uct wLsA fimni � kA fimni, where wL is the laser flux, sA is
the photon absorption cross-section, and fimni is the non-
excited monomer population of iQF6. Then, since fim �1 �
fi! � fi* � fid, one has:

d~ fi*ni!0dt � ~1 � fi* � fi! � fid!nikA

� fi*ni$~1 � e*!~kdf � kV � Æse!� e*kW%, s�1 cm�3.

~57!

The first term on the right-hand-side of the kinetics bal-
ance ~57! is the laser excitation rate per unit volume of
iQF6 monomers which produces iQF6

* , while the second
term represents losses of vibrational excited iQF6

* due to
dimerizations0predissociations and direct VT and VV trans-
fers, spontaneous emissions, and “wall” escapes of iQF6

*.
To-the-wall survival probabilities e* for QF6

* in the gas
phase are included in ~57! to balance all sources and sinks:

e* � exp$�~kdf � kVV � kVT � Æse!tW%

� exp@�0.519~�c 0R!2~�df � �VT � �VV � Æse 0kc!# , s�1.

~58!

Here the average travel time to the wall tW �kW
�1. Unless the

gas is very thin, e*; 0 usually. Parameters kdf, kW,and Æse

were already reviewed, while kA was discussed in Section 2.1.
The loss rate kV � kVV � kVT from direct VT and VV

transfers of the n3 vibration in SF6
* and UF6

* equals:

kV � kVT3 � kVV3 � kc $�VT3 � yQ~1 � xi!cQ0Q �VV3%, s�1 ~59!

Here the collisional encounter rate kc was given by Eq. ~8!,
�VT3 by ~12!, �VV3 by ~16!, and cQ0Q by ~20!. At enrichment-
favoring temperatures T ; 30 K, and with pG ; 0.01 torr,
yQ � 0.02, and masses MG . ;10 amu, Table 1 shows that
�VT3,;10�10 and �VV3;10�4, while Table 2 gives �df;
10�3. Both �VT and �VV decrease with decreasing T, but �df

increases with decreasing T. Under these conditions, with
kc ; 106 s�1, one obtains kdf ; 103 s�1, kVT3 ; 10�4 s�1,
kVV3;102 s�1, while Æse; 20 s�1. Thus ~57! and ~58! can
be simplified to:

d~ fi*ni!0dt � ~1 � fi*-fi! � fid!nikA

� fi*ni$~1 � e*!kdf � e*kW%, s�1 cm�3, ~60!

and:

e* ' exp~�kdftW!� exp$�0.519~R0�c!
2�df%, s�1. ~61!

The epithermal population fi!ni is balanced by the relation:

d~ fi!ni!0dt � ~1 � e*!~kdf � kVT!fi*ni

� $~1 � e1!kth � e1kW1%fi!ni' kdf fi*ni

� $kth � kW1e1%fi!ni. ~62!

Here kdf was given by ~30!, kth by ~55!, and kW1 by ~44!.
Since for T, 50 K, kVT ,, kdf, and usually e* ,, 1, e1 ,, 1,
the approximation in ~62! applies under enrichment-favoring
conditions. The to-the-wall survival probability e1 for gas-
phase epithermals in ~62! equals:

e1 � exp~�kthtW1!� exp~�kth 0kW1!

� exp$�0.519~R0�c!
20NT%. ~63!

Herem1kc cancels out in the ratio kth0kW1 in the exponential
of ~63!. Factors e1 and e* apply to “leaks” from internal
microscopic processes per unit volume in the jet, insuring
correct values for fi* when R � �c. Survival factors e* and e1

must not be confused with bulk losses Q or Q1.
The population of non-excited dimers fid is determined

finally by the kinetic balance:

d~ fidni!0dt � fimnikdf � fidnikdd � ~1 � fi* � fi! � fid!nikdf

� fidnikdd � ~1 � fi* � fi!!nikdf � fidni~kdf � kdd!.

~64!

Under steady-state laser-irradiation and gas flow,
d~ fi*ni!0dt � d~ fi!ni!0dt � d~ fidni!0dt � 0. Then ignoring
kVT since kVT ,, kdf, Eqs ~62! and ~64! yield:
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fi! � @~1 � e*!~kdf � kVT!0$~1 � e1!kth � e1kw1!%#fi* � k1 fi* ,

~65!

with:

k1 � ~1 � e*!~kdf � kVT!0$~1 � e1!kth � e1kw1!%

� ~1 � e*!kdf 0$~1 � e1!kth% ' kdf 0kth , ~66!

and:

fid � ~1 � fi * � fi! !$kdf 0~kdf � kdd !%� $1 � ~k1 � 1!fi* %vd ~67!

with:

vd � kdf 0~kdf � kdd!� �df 0~�df � ad �dd!. ~68!

Finally, setting ~57! equal to 0 and inserting ~65! and ~67!
yields:

fi* � $~1 � vd!kA%0$~k1 � 1!~1 � vd!kA

� ~1 � e*!~kdf � kVV � kVT � Æse!� e*kW%

� $~1 � vd!kA%0$~k1 � 1!~1 � vd!kA � kdf%

� @1 � k1 � kdf 0$~1 � vd!kA%#
�1

fi* � @1 � kdf 0kth � ~kdf 0kA!~1 � kdf 0kdd!#
�1, ~69!

fi! � k1 fi*' @1 � kth 0kdf � ~kth 0kA!~1 � kdf 0kdd!#
�1, ~70!

fid � $1 � ~k1 � 1!fi* %vd

� @1 � ~kdd 0kdf!~1 � kA 0kdf � kA 0kth!#
�1. ~71!

The dimer formation and dissociation rates kdf and kdd were
given by Eqs ~30! and ~31!, together with ~21! through ~27!
and ~32!, while kth was expressed by ~55! and kA by Eq ~2!.

Concentration fractions fi! and fid given by ~70! and ~71!
are key factors in isotope separation. The higher fi!, the
higher the enrichment factor b is. Note that at low temper-
atures with high levels of dimerization, one has kdd ,, kdf

and kdd r 0. Then the third terms in the denominators of
~69! and ~70! approach infinity and both fi!r 0 and fi*r 0,
while fid r 1 according to ~71!. Finally note that unless
kddr 0, in the limit that kAr`, the population fi! becomes:

fi!r ~1 � kth 0kdf!
�1 � $1 � m1 0~NT �df!%

�1, for kA .. kth ; kdd . 0.

~72!

The ratio kth0kdf �m10~NT�df! is clearly important, and the
higher NT�df is, the higher fi! and b.

A second source term �fj* ~1 � xi!~ni0xi!kVV could have
been added to the right-hand-side of ~57! to represent VV
re-transfers from other ~non-i! excited jQF6

* isotopomers
which were produced by collisional VV transfers iQF6

* �

jQF6 r
iQF6 � jQF6

*. Here ~1 � xi! � xj is the fraction
of other isotopomers jQF6 ~ j Þ i!, ni0xi � nQ, kVV is the
VV transfer rate, and fj* is the steady-state fraction of
isotopomers jQF6 that are excited due to VV transfers from
iQF6

*. A second balance equation would have to be written
for fj* , but if yQ � @QF6#0@G�QF6# , ;0.05, the “VV
recycle” term gives only a small correction and we shall
~conservatively! neglect it.

We tacitly neglected laser excitation of epithermals or higher
excitations of iQF6

* molecules. If the kinetic energy eQ is
high enough, it might be possible for an excited epithermal
iQF6

*! to relax its n3 vibrational energy by direct VT conver-
sion collisions, since �VT increases with T. However for
n3 vibrations of QF6 one finds eQ, 1000 K, and the proba-
bility �VT is still negligible unless MQ0G,;4 amu ~i.e., for
G � H2 or He!. “In-flight” excited epithermals iQF6

*! must
first slow down before they can dimerize and experience
predissociation with VT conversion again. After thermal-
ization, still-excited iQF6

* become part of the thermal
population group fi* , whose kinetics balance was already
considered. Double and higher step excitations iQF6

* r
iQF6

**r iQF6
*** can also occur, since absorption frequency

differences for higher vibrational steps are usually small. How-
ever subsequent dimerization0VT conversion proceeds pre-
ponderantly in one-quantum steps, so we can lump fi** and
fi*** populations with the fi* crowd.

5.2. Dimer laser excitation

If iQF6:G dimers are laser-excited instead of iQF6 mono-
mers, one can write:

fid � fi! � fim � 1 ~73!

d~ fidni!0dt � ~1 � fid � fi!!nikdf � fidni~kdd � kA!, s�1 cm�3,

~74!

d~ fi!ni!0dt � kA fidni � fi!ni$~1 � e1!kth � e1kW%, s�1 cm�3.

~75!

Here fid is the fraction of iQF6 that are dimerized as iQF6:G
and kdd is the dimer dissociation rate given by ~31!. The laser
rate kA applies here to resonant absorptions by iQF6:G
dimers whose internal n3 vibrations are slightly shifted
compared to the monomer n3 vibration of iQF6.

Under steady-state conditions, setting time derivatives
equal to 0, one obtains:

fid � kdf 0$~1 � l1!kdf � kA � kdd% ' kdf 0$~1 � l1!kdf � kA%

~76!

fi! � l1 fid ~77!
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with:

l1 � kA 0$~1 � e1!kth � e1kW1% ' kA 0kth. ~78!

Usually kA.. kdd, kth.. e1kW1, and e1,, 1 if pG;10�3 torr,
in which case the approximations in ~76! and ~78! apply.
Combining ~76! and ~77! yields:

fi!d [ ~ fi!!d � kAkdf 0@kA$kdf � ~1 � e1!kth � e1kW1%

� ~kdf � kdd!$~1 � e1!kth � e1kW1%#

� kAkdf 0$kA~kdf � kth!� kth~kdf � kdd!%

� @1 � kth 0kdf � ~kth 0kA!~1 � kdd 0kdf!#
�1, ~79!

and:

fidd [ ~ fid!d � fi! 0l1' @1 � kA 0kth � kA 0kdf � kdd 0kdf#
�1.

~80!

Here we added subscripts d to fi! and fid to distinguish dimer
laser-excitation fractions fi!d and fidd from expressions for
monomer laser-excitation fractions fi! and fid given in
Section 5.1.

Comparing ~79!with ~70!, we see that the expressions for
fi!d and fi! are almost the same except for the last term in the
bracket. For dimer-excitation the last term kdd0kdf r 0 if
kddr 0, and:

fi!dr @1 � kth 0kdf � kth 0kA#
�1, for kddr 0. ~81!

On the other hand, for monomer pumping we found fi!r 0
when kddr 0 since the last term kdf0kddr`. Thus at very
low temperatures where kdd r 0, only laser excitation of
iQF6 dimers can promote isotope separation. However because
monomers have higher and sharper peak absorption cross-
sections ~sA! than dimers, it is more advantageous to pump
monomers instead of dimers, as long as kdd is not entirely 0.
That is, with the same laser intensity or flux wL, one usually
finds ~kA!monomer;10~kA!dimer . Temperatures and pressures
for optimum enrichments using either monomer or dimer
laser pumping will be analyzed in the next section.

6. LASER-INDUCED ISOTOPE SEPARATIONS
IN SKIMMER-SCOOPED JETS

6.1. Enrichment factor bm for monomer
laser excitations

Assuming continuous laser irradiation of the jet and steady
jet flow, the mole fractions of thermals ~iQF6 � iQF6

*!,
epithermals ~iQF6

! !, and thermal dimers iQF6:G throughout
the jet will be fitxi yQ � ~1� fi! � fid!xi yQ, fi!xi yQ, and fidxi yQ,
where yQ is the mole fraction of QF6 in the gas mix and xi �
@iQF6#0@Sj~

jQF6!# is the isotopic abundance of iQF6. Here

the fraction of excited and non-excited thermal monomers is
fit � fi*� fim �1 � fi! � fid. Fractions fit, fi!, fid, fjt, and fjd are
constant but the number of iQF6 and jQF6 in the jet drops as
the jet travels through the chamber to the skimmer due to
escape fractions Q, Q1, and Qd.

Using a prime to label the isotopic abundance of iQF6 in
core-escaped gas and no prime for incoming un-irradiated
feed gas, the isotopic composition xi

' of QF6 in the escaped
gas is:

xi
' � @All escaped iQF6# � @All escaped QF6#

� @xi $~1 � fi! � fid !Q� fi!Q1 � fidQd%#

� @~1 � xi!$~1 � fjd!Q� fjdQd%

� xi$~1 � fi! � fid!Q� fi!Q1 � fidQd%# , ~82!

or:

bm � xi
'0xi � $1 � fi!~f1 � 1!� fid~1 � fd!%0@1 � vd~1 � fd!

� xi$vd~1 � fd!� fi!~f1 � 1!� fid~1 � fd!%#

� @1 � vd~1 � fd!$1 � ~k1 � 1!fi* %� k1 fi* ~f1 � 1!#0

� @1 � vd~1 � fd!� xi fi* $~f1 � 1!k1

� vd~1 � fd!~k1 � 1!%#. ~83!

Here bm � xi
'0xi is the enrichment factor for iQF6 in the

jet-escaped rim gases, and f1, fd equal:

f1 � Q1 0Q� $1 � exp~�kW1 ttr!%0$1 � exp~�kW ttr!%

� $1 � exp~�m1kW ttr!%0$1 � exp~�kW ttr!%, ~84!

fd � Qd 0Q� $1 � exp~�kWd ttr!%0$1 � exp~�kW ttr!%

� $1 � exp~�cdkW ttr!%0$1 � exp~�kW ttr!%. ~85!

Parameters m1, cd, k1, vd, and kW were given by ~40!, ~47!,
~66!, ~68!, and ~34!, while mole fractions fi* , fi!, and fid were
given by ~69!, ~70!, and ~71!. Mole fractions fjm and fjd of
other isotopic monomers jQF6 and dimers jQF6:G are:

fjm � 1 � fjd � 1 � vd � kdd 0~kdf � kdd!� ~1 � kdf 0kdd!
�1

� $1 � �df 0~ad �dd!%
�1, ~86!

fjd � vd � kdf 0~kdf � kdd!� ~1 � kdd 0kdf!
�1

� ~1 � ad �dd 0�df!
�1, ~87!

with escape fractions Q and Qd. Also of course xj � 1 � xi.
Note that fjd given by ~87! agrees with fid expressed by ~71!
for kA � 0. Also note if xi ,, 1, the enrichment factor
becomes:
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bm ' 1 � fi* $k1~f1 � 1 � cd!� cd%0~1 � cd!, ~xi ,, 1! ~88!

with:

cd � vd~1 � fd!. ~89!

The enrichment relation ~83! or ~88! has three important
components, fi* , f1, and cd. The laser-pumped excited frac-
tion fi* increases with laser radiation intensity and the higher
fi* is, the higher bm. However fi* also depends on the
availability of monomers and, as mentioned, if kdd r 0 or
vdr 1, one finds fi*r 0. This happens at low temperatures
when all monomers become dimerized during the jet flight
and there are no monomers left for laser excitation. Since
the factor fi* can never exceed 1, only the epithermal factor
f1 and dimer factor cd can make bm larger than 2. The larger
f1 and cd are, the higher bm is.

Figures 4 and 5 show plots of bm at different pressures
and temperatures for several SF60G and UF60G gas mix-
tures, assuming a fixed kA �105 s�1 and jet core with radius
R �1 cm and length L � 20 cm. The curves show maximum
bm’s around T � 25 K for SF60G and T � 35 K for UF60G at
pressures between pG � 0.005 and 0.05 torr. High values of
b are driven by high values for cd andf1. The latter has high
values when eQ0eT � hQ0Gea0~kT ! is high. Since ea is fixed
for a given QF6, one expects low values of T and a high

value for hQ0G � MG0~MG�MQ!, ~i.e., high MG!, to yield a
high f1 and b. Indeed Figures 4 and 5 show heavy SiBr4

~MG � 348! as carrier to give the highest enrichment, but its
poor aerodynamics gives problems ~see Sections 7 and 8!.
Low temperatures for good enrichments can only be attained
temporarily in supersonic jets. Feasibility of attaining such
low temperatures will be investigated in Section 7.

Inspection of ~83! and ~88! shows that the observed peaks
of bm around T � Tmax; 25K for SF60G and T � Tmax; 35
K for UF60G, occur just before vd r 1 or vd ' 0.995,
where:

�dd~T ! ; 0.005 �df~T !, ~maximum bm!. ~90!

For T much less than Tmax, almost total dimerization occurs
as vd r 1 or �dd ,, �df. Under these strong dimerization
conditions, there are no monomers left for laser excitation
during the supersonic jet flight in the chamber, and thus
b r 1. One finds that epithermals contribute very little to
bmax, and the major isotopic effect is due to dimers.

6.2. Enrichment factor bd with dimer laser
excitation

Isotope enrichment factors under direct selective laser exci-
tation of dimers iQF6:G can be deduced in the same manner

Fig. 4A. Enrichment factors bm~T! for SF6~n3! monomer excitation at fixed pG.
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using the fractions fidd and fi!d obtained in Section 5.2. One
has:

bd � @~1 � fi!d � fidd!Q� fi!dQ1 � fiddQd#0

� @~1 � xi!$vdQd � ~1 � vd!Q%

� xi$~1 � fi!d � fidd!Q� fi!dQ1 � fiddQd%#

� @1 � $~f1 � 1!l1 � 1 � fd% fidd#0

� @1 � cd~1 � xi!� xi fidd$~f1 � 1!l1 � 1 � fd%# , ~91!

where l1 ~' kA0kth!, f1, fd, and cd � vd~1 � fd! were
given, respectively, by ~78!, ~84!, ~85!, and ~89! with vd �
kdf0~kdf � kdd! defined by ~68!, and where fidd � @1 �
kA0kth � kA0kdf � kdd0kdf#

�1 was given by ~80!. For xi,, 1,
the expression for bd reduces to:

bd � @1 � $~f1 � 1!l1 � 1 � fd% fidd#0~1 � cd!, ~xi ,, 1!. ~92!

For low temperatures where kdd ,, kdf and vdr 1, one has
that cdr ~1 � fd! and ~92! becomes:

bd � @1 � $~f1 � 1!l1 � 1 � fd% fidd#0fd, ~xi ,, 1; kdd ,, kdf!

~93!

with:

fidd � @1 � kA 0kth � kA 0kdf#
�1 ~kdd ,, kdf!. ~94!

Figures 6 and 7 show enrichment factors bd~T ! for 33SF60G
and 235UF60G for carriers Ar and Xe at various tempera-
tures and pressures, assuming R � 0.4 cm and a laser
excitation rate of kA � 104 s�1 ~simulating ~sA!dimer; 0.1
~sA!monomer!. The plots show peaks of bd in the same general
region ~20– 40 K! where bm peaks, but in addition there are
some high bd values at very low pressures ~ pG; 0.001 torr!
and temperatures ~T,; 0.5 K!, where complete dimeriza-
tion has set in. This region is unattractive however since
such low jet expansion temperatures and pressures are dif-
ficult ~costly! to achieve, and product cuts Qo are very low
there ~see below!.

Fig. 4B. Enrichment factors bm~pG! for SF6~n3! monomer excitation at fixed T.
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6.3. Overall product cuts Qo for monomer and
dimer excitations and depletion factor g

The enrichment factor b alone is insufficient to characterize
the performance of an isotope separation process and a
minimum of two performance parameters are needed. Besides
b, the product “cut” Q or tails isotope depletion factor g
must be specified to define a separation process ~Benedict
et al., 1981!. Usually the product output cut Qo is specified
which is defined by:

Qo � @Quantity of QF6 in Enriched Product Stream#0

� @Quantity of QF6 in Feed Stream# �

� Total Fractional Loss of QF6 from the Jet Core. ~95!

From a mass balance, one can show that the isotope deple-
tion factor g in the “Tails” stream ~this g not to be confused
with g� cp0cv! is related to b and Qo by ~Benedict, 1981!:

g � @iQF6#0@QF6#Tails � @iQF6#0@QF6#Feed

� @1 �Qo$1 � ~1 � xi
'!~b� 1!%#

� @1 � ~Qo 0b!$1 � ~1 � xi
'!~b� 1!%#

� xi
''0xi � ~1 � bQo!0~1 �Qo!, if xi

' ,, 1. ~96!

Here a single prime refers to product, a double prime to tails,
and no prime to the feed stream.

In the case of monomer excitations, the product cut Qom

according to ~95! equals:

Qom � xi~ fitQ� fi!Q1 � fidQd!� xj~ fjmQ� fjdQd!, ~97!

which reduces to:

Qom �Q@1 � cd � xi fi* $~f1 � 1!k1 � cd~k1 � 1!%# , ~98!

whereQ�1 � exp~�kWttr!,Q1 �1 � exp~�m1kWttr!,Qd �
1 � exp~�cdkWttr!, f1 �Q10Q, fd �Qd0Q ~see Eqs ~37!,
~45!, ~48!, ~84!, ~85!!. The parameter cd � vd~1 � fd! was

Fig. 5A. Enrichment factors bm~T! for UF6~n3! monomer excitation at fixed pG.
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Fig. 5B. Enrichment factors bm~ pG! for UF6~n3! monomer excitation at fixed T.

Fig. 6. Enrichment factors bd~ pG,T ! for SF6:G dimer laser excitations.
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previously defined by ~89!, vd � kdf0~kdf � kdd! by ~68!,
while fractions fit � fim � fi* � 1 � fi! � fid, fi! � k1fi* , and
fid � vd$1 � ~k1 � 1!fi* %, with fi* given by ~69! and k1 by
~66!. We also used the relations xj �1�xi, fjd �vd, and fjm �
1 � fjd � 1 � vd.

For the dimer excitation case, one deduces similarly:

Qod � Q@1 � cd � xi$~f1 � 1!l1 fidd � ~1 � fd! fidd � cd%# , ~99!

where l1' kA0kth was given by ~80! and fidd by ~82!.
If xi ,, 1, both Qom and Qod reduce to:

Qom ' Qod'Qo � ~1 � cd!Q, ~for xi ,, 1! ~100!

with Q given by ~37! and vd by ~89!. Figures 8 and 9 give
calculated curves of Qo for SF60G and UF60G in the pres-
sure and temperature ranges where bm and bd are high. For
Qo . ;0.3, the cylindrical jet approximation may become
less realistic, and the equations for calculating bm, bd, and
Qo are less reliable. Note that at temperatures below T�1 K,

where bd has some secondary peaks, the product cutsQo are
very small ~Qo , ;10�3!, and economically unattractive.

For a usable laser isotope separation process, one would
like Qo . ;0.08 and b . ;1.8 or g , ;0.93 according
to ~96!. From Figs. 4 through 9, it is clear that cuts Qo are
higher the higher T and p are, contrary to the enrichment
factor b which is higher the lower T and p are. Thus
compromise temperatures and pressures must be chosen to
optimize separations. For example for SF60Xe, one might
select T � 25 K and pXe � 0.007 torr, which gives b �
2.00 and Qo � 0.10. For UF60SF6, a possible selection
might be T � 35 K, pSF6 � 0.02 torr, yielding b � 1.95,
Qo � 0.23. These are reasonable process parameters, and
allow 33SF6 to be enriched from 0.75% to 96% in seven
stages for example, or 235UF6 from 0.73% to 2.8% in two,
or from 0.73% to 5.4% in three stages. This is much better
than in Diffusion ~b ; 1.002! or Ultracentrifuge ~b ; 1.1!
separation plants that enrich 235UF6 employing hundreds
of stages.

For the MLIS0CRISLA scheme, staging is simple since
Feed, Product, and Tails streams are all gaseous and chem-
ically the same except for isotope concentrations. In MLIS

Fig. 7. Enrichment factors bd~ pG,T ! for UF6:G dimer laser excitations.
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schemes other than CRISLA, the product is chemically
changed and must be reformed between stages.

7. SUPERSONIC FLOW AND
SUPERSATURATION CONSIDERATIONS

7.1. Free jet flow characteristics

To ascertain that the free-jet low temperatures and pressures
desirable for useful isotope separations are attainable with-
out excessive cluster growth, we briefly examine some
supersonic expansion relations obtained from the adiabatic
expansion relations ~Liepmann & Puckett, 1953!:

T0To � ~ p0po !
~g�1!0g � ~n0no!

~g�1! ~101!

~A0At!
2 � 2

1�~g� 1!$20~g� 1!% ~g�1!0~g�1!~ po 0p!20g

� $1 � ~ p0po!
~g�1!0g %�1 ~102!

~U0Uso!
2 � $20~g� 1!%~1 � T0To!. ~103!

Here subscripts o and t on T, p, A refer to upstream reservoir
~stagnation! and throat conditions of the gas mixture which

is expanded from a large reservoir through a small constrict-
ing circular opening or a slit ~the “throat”! with cross-
sectional area At. No subscripts indicate downstream conditions
in the supersonic jet stream. A is the cross-sectional area
through which the jet core flows and U is the supersonic
bulk-flow velocity of the jet at a downstream station. Uso is
the sound velocity of the gas in the reservoir, given by
~Liepmann, 1953!:

Uso � 9,116.5 $gTo~K!0M~amu!%102, cm0s, ~104!

with M being the atomic mass of the gas atoms or molecules
in amu. Gas coefficients g � cp0cv equal g � 1.67 for
monatomics He, Ar, Xe, g�1.4 for diatomic gases ~H2 and
N2!, g'1.3 for SF6, CH4, and Br2, and g'1.07 for UF6 and
SiBr4.

Low-pressure background gases in the jet chamber create
a diffuse boundary layer around an expanding supersonic
free-jet core, as the latter experiences oscillating expansions
and contractions that form a series of Mach cells with
normal and oblique shocks. Figures 10 and 11 show free-jet
structures measured by ~Eerkens, 1957, 1958! and ~Chow,
1959! for reservoir pressures of po � 0.8 and 3.9 torr, and
throat diameters of Dt �2.22 and 1.27 cm, with jets exhaust-

Fig. 8A. Isotope product cuts Q~T ! for 33SF6 at fixed pG.
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ing into vacuum chambers pumped down to less than 0.01
torr. The latter conditions are close to the expansions needed
for successful CRISLA operations. The jet contours of Fig-
ures 10 and 11 also show that it is reasonable to approximate
the jet core by a gas-filled cylinder with a “vacuum wall” as
assumed in Section 4.2 to simplify mathematics. As long as
radial diffusion losses from the jet are not excessive ~Qo �
;0.3!, jet expansion parameters using ~101!–~104! provide
useful first-order estimates. Note that because the flow is
supersonic, the downstream skimmer ~see Fig. 1!, can not
perturb the upstream flow pattern.

Theoretical calculations of two-dimensional jets, though
available ~Adamson & Nichols, 1959!, are complex and
involve graphical constructions. While the one-dimensional
flow relations ~101!–~104! can not predict the observed
two-dimensional “Mach diamonds or cells” of supersonic
free jets, they do provide average order-of-magnitude down-
stream values of the supersonic flow expansion cross-
sections ~A0At! and accompanying pressures and temperatures.
To attain gas expansions to T; 25 K and p; 0.01 torr with
a noble gas carrier for example, one calculates reservoir
pressures of 5 torr and throat diameters of 0.532 cm, which
are quite manageable. Table 4 lists calculated values of the
required reservoir tank pressures po and required circular
throat radii Rt or rectangular slit widths Wt, for various

carrier gases containing a few percent QF6, which are expanded
in one step to pressure p � 0.01 torr and various tempera-
tures in a vacuum chamber. The reservoir temperature is
assumed to be To � 300 K in these one-step-expansion
calculations, while a final jet radius of Rj �1 cm is assumed
in all cases. Calculations with SiBr4 as carrier gas G shows
it to be impractical due to a very low g. Low-energy vibra-
tions ~hna; kT ! in this molecule retain too much energy at
low temperatures.

To improve laser beam overlap and flow control, it can be
advantageous to pass the gas first through a contoured super-
sonic nozzle, before allowing it to expand as a free jet into
the jet chamber, as illustrated in Figure 1. The gas can be pre-
expanded smoothly in a nozzle ~with less flaring! for exam-
ple from;5 torr at T � 300 K in the feed chamber to about
0.1 torr and T;63 K at the nozzle exit, using an axi-symmetric
Mach-3.4 nozzle with exit diameter of 0.6 cm ~including
boundary layer! and throat diameter of 0.26 cm. The gas mix
subsequently enters the jet chamber where it expands further
to p' 0.005 torr and T; 25 K with some flaring, forming a
quasi-cylindrical jet.Actually any available Mach-3 or Mach-4
supersonic nozzle with throat radius 0.2–0.5 cm and exit radius
5–7 cm can be adapted for this function.

For increased flow rates slit nozzles with two-dimensional
~instead of axisymmetric! jets can be used. In this case, the

Fig. 8B. Isotope product cuts Q~ pG! for 33SF6 at fixed T.
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Table 4. Calculated one-step supersonic jet expansion parameters for QF60G with G � He, Ar, Xe (g� 1.67); G � H2, N2 (g� 1.4); G � SF6 (g� 1.33); G � SiBr4 (g� 1.07)a

Monatomic Gases with g� 1.667
G � He, Ar, Xe

Diatomic gases with g� 1.4
G � H2, N2

Polyatomic Gas
G � SF6 with g� 1.33

Polyatomic Gas
G � SiBr4 with g� 1.07

Expansion Temperature T Expansion Temperature T Expansion Temperature T Expansion Temperature T

Parameter 25 K 35 K 55 K 25 K 35 K 55 K 25 K 35 K 55 K 25 K 35 K 55 K

Reservr po, torr 5.00 2.15 0.695 59.9 18.44 3.79 223.4 57.57 9.314 3 � 1014 1.8 � 1012 1.8 � 109

Rthroat, cm 0.266 0.340 0.467 0.086 0.117 0.224 0.0466 0.077 0.149 6 � 10�7 6.3 � 10�7 1.6 � 10�5

Wthroat, cm 0.0708 0.115 0.218 0.0075 0.0136 0.053 0.0022 0.006 0.022 3 � 10�15 4 � 10�13 2.4 � 10�10

Ust, km0sb 0.883 ~He!
0.279 ~Ar!
0.154 ~Xe!

0.883 ~He!
0.279 ~Ar!
0.154 ~Xe!

0.883 ~He!
0.279 ~Ar!
0.154 ~Xe!

1.206 ~H2!
0.322 ~N2!

1.206 ~H2!
0.322 ~N2!

1.206 ~H2!
0.322 ~N2!

0.140 0.140 0.140 0.0861 0.0861 0.0861

U, km0s 1.690 ~He!
0.535 ~Ar!
0.295 ~Xe!

1.659 ~He!
0.524 ~Ar!
0.290 ~Xe!

1.596 ~He!
0.504 ~Ar!
0.278 ~Xe!

2.828 ~H2!
0.756 ~N2!

2.777 ~H2!
0.742 ~N2!

2.670 ~H2!
0.714 ~N2!

0.3552 0.349 0.335 0.4481 0.4399 0.4230

t tr, msc 0.156 ~He!
0.492 ~Ar!
0.891 ~Xe!

0.157 ~He!
0.498 ~Ar!
0.901 ~Xe!

0.161 ~He!
0.511 ~Ar!
0.925 ~Xe!

0.099 ~H2!
0.371 ~N2!

0.100 ~H2!
0.376 ~N2!

0.103 ~H2!
0.386 ~N2!

0.8084 0.819 0.842 0.7488 0.7605 0.7858

Note: aExpansion to pG � 0.01 torr; Reservoir temperature To � 300 K; yQ � @QF6#0@G#� 0.05; Rjet �1 cm; L � 20 cm; g� cp0cv. b Throat sonic velocity Ust � $20~g�1!%102 Uso. Reservoir sonic velocities
at To � 300 K are: Uso �1.0193 km0s for He; Uso � 0.322 km0s for Ar; Uso � 0.178 km0s for Xe; Uso �1.321 km0s for H2; Uso � 0.353 km0s for N2; Uso � 0.1507 km0s for SF6; Uso � 0.0876 km0s for SiBr4.
c t tr � L0 PU � 2L0~U � Ust!, seconds.
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laser beam is passed cross-wise through the free jet ~Eerkens,
1998!. Pre-expansion of the gas mix through a two-dimensional
supersonic slit nozzle is again desirable to tailor the free jet
for better laser beam overlap.

7.2. Nucleation and particle growth

To determine whether significant concentrations of ~QF6!N
clusters could develop during the transit time ttr as the jet
expands to the desired final temperature and partial pres-
sure, we examine conditions that cause nucleation. Typi-
cally the final partial pressure of QF6 is pQ; 2 � 10�4 torr
if the final gas jet pressure is p � pG; 10�2 torr and yQ �
0.02. At adiabatic expansion temperatures of T �100 K, this
pressure pQ is well above the equilibrium vapor pressure peQ

of both SF6 and UF6 ~and other QF6 species! listed in
Table 5. Under normal equilibrium this would cause QF6 to
condense, but in the gas phase the process is retarded
because of the reduced surface tension ~Kelvin effect! and
reduced binding energy per monomer of small clusters. The
actual pressure pdQ at which QF6 vapor would start to
nucleate and grow ~QF6!N clusters in the gas is much higher
than peQ. As reviewed in Eerkens ~2003!, depending on
pressure pQ and temperature T, a “critical” particle size r*
or monomer loading N* can be calculated, requiring time tc

to grow. N-mers with N , N* do not grow since they can
not keep additional monomers on their surface during
repeated collisions. That is, all sub-critical N-mers ~dimers,
trimers, . . .! exist only transiently in extremely small con-
centrations ~Eerkens, 2001a!.

At T.;150 K, the concentration of dimers at any instant
is much lower than that of monomers, while trimer popula-
tions are orders-of magnitude smaller than those of dimers,
etc. Thus nucleation is of no concern. However for a con-
densable vapor which is suddenly cooled in an expanding
free jet to T , 100 K, significant particle ~“snow”! forma-
tion might occur since N*~T ! drops rapidly as T drops and
consequently the concentration of critical N*-mers can increase
steeply. Even then, this can only happen if the time constant
tc for growth is less than ttr ~;10�3s!. Although heterodi-
mers QF6:Ar and hetero-N-mers ~QF6!N:ArK also form, we
briefly examine growth of homo-N-mers ~QF6!N, and assume
the results for hetero-NK-mers are similar.

To determine N* as a function of T and pQ or fQ �
�n~ pQ0peQ!, a quartic equation must be solved, while an
estimate of tc � tc~N*! requires analysis of a kinetics rate
equation ~Eerkens, 2003!. Computer-calculated values of
N*~T ! for some selected temperatures considered earlier,
are listed in Table 5. For a given N*, tc can be calculated via
the relations ~Eerkens, 2003!:

Fig. 9A. Isotope product cuts Q~T ! for 235UF6 at fixed pG.
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ZN * � 2702 @~N*� 1!1020$N*1003~N*� 1!%# ~105!

�c � $exp~�Da0kT!%$1 � exp~�ea0kT!% ~106!

g � @1 � $1 � 4
1�ea

20~DakT!%$exp~� 4
1�ea

20~DakT!%#0�c ~107!

L* � �c ZN* g�2$�n~1 � g!%N
*
' �cZN* gN*�2, if g ,, 1 ~108!

nQ � 0.97 � 1019pQ 0T, cm�3 ~109!

t4 � @1.65 � 10�49nQ
4 ~T0MQ!

2VQ
803L*#

�104, s ~110!

Table 5. Calculated nucleation and particle growth parameters for (QF6)N

SF6 ~Da� 180 cm�1; ea� 12.4 cm�1;
VQ � 127 Å3!

UF6 ~Da� 400 cm�1; ea� 9.5 cm�1;
VQ � 159 Å3!

Parameter T � 10 K T � 39 K T � 74 K T � 10 K T � 25 K T � 45 K

pG, torr 0.01 0.01 0.01 0.01 0.01 0.01
pQ, torr 2 � 10�4 2 � 10�4 2 � 10�4 2 � 10�4 2 � 10�4 2 � 10�4

peQ, torr 3.6 � 10�63 1.9 � 10�23 5.02 � 10�9 6.18 � 10�259 4.27 � 10�98 7.57 � 10�50

fQ � �n~ pQ0peQ! 135.23 43.79 10.59 590.64 215.7 104.6
N* 2 4 20 2 2 2
ZN* 0.374 3.86 � 10�2 1.08 � 10�4 0.374 0.374 0.374
�c 4.69 � 10�12 4.791 � 10�4 6.013 � 10�3 7.486 � 10�26 4.220 � 10�11 7.297 � 10�7

g~Da, ea,T ! 9.87 � 107 135.25 0.252 4.377 � 1020 1.249 � 105 2.226
nQ, cm�3 1.94 � 1014 4.97 � 1013 2.69 � 1013 1.94 � 1014 7.76 � 1013 4.31 � 1013

L* 6.106 � 10�26 5.897 � 10�7 1.102 � 10�18 3.301 � 10�64 1.393 � 10�19 7.557 � 10�8

t4, s 2.463 � 103 0.0872 100.1 1.213 � 1013 133.8 0.2092
tc ~20%!, s 1.741 � 103 0.0617 70.8 8.57 � 1012 94.6 0.1479

Fig. 9B. Isotope product cuts Q~ pG! for 235UF6 at fixed T.
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Fig. 10. Measured free-jet contour and pressure distribution for G �Air; po � 3.86; p`� 0.21 torr ~after Eerkens, 1958; Chow, 1959!.

Fig. 11. Measured free-jet contour and pressure distribution for G �Air; po � 0.80; p`� 0.15 torr. ~after Eerkens, 1958; Chow, 1959!.
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tc � t4~yc
�1 � 1!104

� 0.707 t4 ~for yc � 0.8, i.e. 20% condensation!, s. ~111!

Here Da and ea are the dimer-bond well-depth and funda-
mental frequency discussed in Section 3.4, while tc is the
time it takes for 20% of the QF6 to have condensed into
growing particles. Units in Eq. ~110! are: T~K!, MQ~amu!,
nQ~molecules0cm3!, and VQ is the volume of one QF6

molecule in the condensate in Å3. The latter is readily
calculated from the relation:

VQ � 1.66 MQ~amu!0rQ~g0cm3 !, Å30monomer, ~112!

where rQ is the density of QF6 ~liquid or solid! condensate,
tabulated in Physics Handbooks. Values of Da, ea, and VQ

for SF6 and UF6 are listed in Table 5. Some tc times calcu-
lated by ~105!–~111! are tabulated in Table 5, showing the
shortest time tc ; 0.1 s. Thus for jet transit times of ttr ,
10�3 s and pQ, 2 �10�4 torr, there is not enough time for
cluster development. However note from ~110! that t4@ nQ

�1

so clustering can occur if pQ . 10�2 torr.
Note from Table 5 that tc exceed 100 seconds both at high

and low temperatures. At high T this is caused by the high
value of N*~T !. For example oligomers with N�20, needed
to start SF6 nucleation at T � 74 K, are extremely rare and
have vanishingly small populations ~, 10�80 cm�3!. At
temperatures of T � 10 K, the high tc values are due to low
collision rates.

8. DISCUSSION AND CONCLUSIONS

To make an isotope separation scheme attractive, one needs
a reasonable unit throughput Funit ~moles of feed per hour!
and energy consumption EC � Pe0Funit ~kWhr0mole! per
separator, besides a good enrichment factor b ~. ;1.8!,
high Qo ~. ;0.08!, and low g ~, ;0.93!. There are many
isotope separation processes ~e.g., calutrons! with high b’s
but low Funit and high EC which are uneconomic compared
to other separation methods.

Our analyses showed that to achieve high CRISLAenrich-
ment factors b with good cuts Qo, operating pressures of
less than 0.1 torr are necessary. If pG' ptot;10�2 torr, the
QF6 partial pressure in the jet core is only pQ;2 �10�4 torr
if yQ � 0.02 ~to minimize VV losses!. This compares with
pressures of 2 � 10�5 torr used in electromagnetic calutron
isotope enrichments, whose economics is poor compared to
ultracentrifuge isotope separations ~presently the favored
non-laser method! because of low throughputs. Fortunately
a free jet moves at supersonic velocities ~as do ions in a
calutron! which partially off-sets low operating pressures.

With supersonic velocities of PU;3�104 cm0s, QF6 feed
through-puts will be on the order of 2.5 � 104 cm30s per
separator or approximately 0.01 moles0hr, if pQ � 2 �10�4

torr, T � 25 K, assuming a single axisymmetric jet with

~average! radius R � 0.5 cm. For small-quantity isotope
productions needed in nuclear medicine, this rate is ade-
quate. For larger scale operations the rate per separator can
be substantially increased by utilizing two-dimensional slit
nozzles and free-jets which are laser-irradiated cross-wise
~Eerkens, 1998!.

An advantage of laser isotope separation schemes over
calutrons and other mass-action methods is that in the laser
case, energy only needs to be spent on a specific isotopomer,
whereas in calutrons the electron discharge must ionize
every isotope of the atomic element. Also, excluding prep-
aration and other losses, only;0.1 eV per desired isotope is
spent in CRISLA, instead of ;6 eV to ionize every isotope
of the element in calutron separations. Thus a laser scheme
can save energy if laser photon generation is efficient.

As mentioned, another advantage of the CRISLA process
with free-jet harvesting is that feed and product streams are
the same gas. Chemical reprocessing of products or tails as
required in other MLIS schemes, is absent. Thus several
enriching stages can be put directly in series in CRISLA to
produce the desired final level of isotope enrichment.

In the analyses, it was tacitly assumed that hetero-dimers
iQF6

*:G provided the main source of isotope-enriching epi-
thermal iQF6

! molecules. Homo-dimers iQF6
*:QF6 also form

and after predissociation could give high kinetic energies
after VT conversion ~see Eq. 42!. However for iQF6

*:QF6

homo-dimers there is a high probability for VV transfer and
isotope-scrambling prior to predissociation. This dimin-
ishes isotope enrichment and is undesirable. To minimize
VV transfers, concentrations yQ of QF6 in the carrier gas are
kept low ~yQ , ;0.05!.

Because the mole fraction yQ of QF6 in carrier gas G is
low, and a low abundance xi of laser-irradiated isotope iQ
makes the concentration yQxi even lower, another tacit assump-
tion made was that the absorbed and VT-released laser
energy is insufficient to heat jet gases. If xi and0or yQ are
high, laser heating of the jet gases might have to be consid-
ered. In most practical cases however, yQxi ,, 1 and this
effect can be ignored.

It might appear desirable to have high iQF6
! escape factors

and thus to have the collision mean-free-path �c be on the
order of the jet core radius Rj. However with �c; Rj, one
would have nearly collisionless slip-flow and Knudsen-
regime conditions. This would preclude enough collisions
of iQF6

* with G to produce an adequate population of
iQF6

*:G species for achieving isotope separation. The opti-
mum gas pressures for isotope separation are thus in the
low-pressure region of continuum fluid mechanics, where
gaseous diffusion relations are still valid.

According to ~42!, a carrier gas G with high mass MG

gives the highest kinetic energy to iQF6 and yields the
highest b’s, provided G does not possess any internal vibra-
tions with a frequency close to n3 of QF6. Thus use of heavy
carrier gases such as Br2 ~M �160!, SiCl4 ~M �172!, SiBr4

~M � 348!, whose vapor pressures still exceed 10 torr at
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room temperature, might appear advantageous at first glance.
However Table 4 shows that a very low value of g ~e.g., g�
1.07 for SiBr4! requires impossibly high reservoir pressures
and small nozzle throat diameters. This suggests use of a
three-component gas mixtures such as QF6 � Ar � SiBr4

studied in earlier CRISLA experiments ~Eerkens, 1998;
Eerkens et al., 1995, 1996!. The effect of two carrier gases
G1 and G2 on b and Qo of iQF6 will be left to a future study.

Noble gases would be most convenient as carrier gases
but do not yield the very highest enrichments. Xe gives the
highest b’s of all noble gas carriers because of its high mass
~M � 131! and favorable g ~� 1.67!, but it is rather expen-
sive. SF6 ~M �146! as carrier gas is less expensive and with
g�1.33 is still usable for supersonic expansions according
to Table 4. Thus for UF6 enrichments, carrier gas SF6 is
preferred, provided VV transfers of UF6’s n3 quanta at
628 cm�1 to SF6’s n4 vibration at 616 cm�1 are minor. The
advantage of SF6 is also that it can be cryo-pumped. At 77 K
~liquid N2!, the vapor pressure of SF6 is on the order of 10�5

torr, precisely the desired sink pressure for evacuating rim
gases from the free-jet chamber.

Note that direct epithermal escapes are mostly operative
in the outer region of the jet core at a distance Ssth ; 1.41
NT

102�c from the imaginary “wall”~see Eq ~53!!. Thus at
higher pressures where �c is small, only laser excitations in
the annular region between ~R � Ssth! and R of the jet core
donate high-speed core-fleeing isotopomers directly. In the
laser-illuminated interior of the jet core, most epithermals
are slowed down before they can reach the jet “wall.” In the
interior region, the main contribution to isotope separation
comes from non-excited isotopomers jQF6 which form long-
lived heavy jQF6:G dimers. These dimers migrate more
slowly than laser-excitable iQF6 monomers which migrate
faster at monomer ~thermal or epi-thermal! speeds.

Of course the calculated b’s in Figures 3 through 6 are
only estimates because of mathematical approximations and
uncertainties in the values of some physical constants. Nev-
ertheless the theory should predict trends correctly and
provide useful approximate values of enrichment factors
needed for the design of CRISLA separators. Though we
focussed on 33SF6 and 235UF6 isotope separations, the equa-
tions can be used equally well for 123TeF6 and 98MoF6 or
any other iQF6 or iQXmYn isotopomer, assuming lasers with
suitable frequencies are available.
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