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Efficient multiresonant laser isotope separation
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A method for efficient isotope separation is proposed, based on efficient photoionization of atoms by a
continuous-wave laser using resonant enhancement in an ultralarge volume optical cavity. This method
should enable higher efficiency than the existing state of the art and could be used as an alternative
to radiochemistry. It should also allow separation of radioisotopes that are not amenable to standard
radiochemistry, with important implications for medicine.
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I. INTRODUCTION

Most elements in the periodic table have several sta-
ble isotopes differing from each other by the number of
neutrons in the nucleus. There are 254 stable isotopes
that are found with varying natural abundances, created
in the early universe. Beyond stable isotopes, the list is
greatly expanded when one includes radioisotopes of the
elements, with half-lives ranging from short (less than a
second) to intermediate (days or weeks) and long (years).
These radioisotopes typically decay by emission of high-
energy particles, including electrons (betas), helium nuclei
(alphas), and photons (gammas) [1].

Isotopes are a great resource for humanity. In medicine,
therapy with radioactive seeds is used for treating tumors
[2]. Radioimmunotherapy, where cancer cells are directly
targeted and destroyed, offers treatment for metastatic can-
cer, and holds potential for even higher efficacy as tar-
geting molecules are improved [3]. Medical imaging with
radioisotopes provides diagnosis of illness [4]. Stable iso-
topes can be used as tracers for the diagnosis and treatment
of metabolic disorders, and for early detection of disease
by a change in isotopic ratios in the body [5].

The first step towards realizing any applications of iso-
topes is the ability to separate them, a difficult task due
to their nearly identical physical and chemical properties.
The two main methods to date are the calutron, invented
over 80 years ago by Emest Lawrence [6], and the gas
centrifuge, which is only applicable to a few elements in
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the periodic table that have gas-phase compounds at room
temperature [7]. The calutron is the most general method
for isotope separation, now referred to as electromagnetic
isotope separation (EMIS). While EMIS is an established
method, it is energy intensive due to the large magnetic
field required over the entire ionization volume. The large-
scale machines in the USA and elsewhere were shut down
in the late 1990s due to their high operating costs, leaving
only Russia as the global source. Near-total dependence
on subsidized Russian machines created a fragile supply
chain [8]. In recent years, the US Department of Energy
has invested significant resources towards construction of
new EMIS units to address growing demand, and this effort
has been successful [9].

Motivated by the desire to make isotope separation
machines more compact and energy-efficient, the possibil-
ity of using lasers for this purpose has been the topic of
intense effort. Previous work on laser separation of iso-
topes relied on multiphoton ionization with pulsed lasers
[10]. In some variations, continuous-wave (CW) lasers
were proposed and used to achieve isotopically selective
optical pumping into metastable states, but the final step
of laser ionization was always accomplished with a pulsed
nanosecond laser [11—14]. This method, known as atomic
vapor laser isotope separation (AVLIS), was developed for
uranium separation by large-scale government programs as
an alternative to the gas centrifuge. Ultimately, these large-
scale AVLIS programs failed and were abandoned. Pro-
posals and demonstrations of AVLIS with various stable
isotopes continue to this day, but AVLIS has never tran-
sitioned from numerical simulations and demonstration
experiments to commercial production despite many years

© 2025 American Physical Society
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of effort. This may be due to the requirement for high laser
power needed for efficient ionization, combined with low
repetition rate of the pulsed lasers. The need for continuous
operation demands robust lasers and other components.
Meanwhile, there has been great progress in solid-state
laser technology over the past years, providing robust plat-
forms of tunable CW lasers at several-watt power levels.
These include semiconductor diode lasers [15] and vertical
external cavity surface emitting (VECSEL) lasers [16].

In recent years, an alternate method of laser isotope
separation was developed by our group, magnetically acti-
vated and guided isotope separation (MAGIS) [17,18].
This uses lasers to change how atoms respond to a mag-
netic field through a process known as magnetic-state
optical pumping. Desired isotopes are then separated using
arrays of permanent magnets, which act as a guiding track.
The isotopically selective laser excitation relies on an iso-
tope shift of atomic resonant frequencies that depends on
the mass number of the nucleus. The isotope shifts are
typically in the range of 1 GHz out of an optical fre-
quency, so only one part in 10°, but that shift is larger
than the Doppler profile of an atomic beam. MAGIS relies
on permanent rare-earth magnets to create a large field
close to the surface of the magnets. It therefore does not
consume much energy, unlike the calutron, except for
vaporization of the element in a crucible, operation of
the vacuum pumps, and the lasers (taken together, these
are typically around three orders of magnitude smaller
than electrical consumption by the calutron). MAGIS was
proven in the laboratory [19] and protected by an issued
patent [20]. MAGIS is used to produce commercial quan-
tities of Yb-176 at high enrichment needed for produc-
tion of the radioisotope Lu-177 which is used for cancer
therapy [21].

The limitations of MAGIS are primarily due to the cur-
rently available strength of permanent rare-earth magnets.
First, to reach the field strengths required for separa-
tion, the atoms must be collimated in one dimension to
less than 20 mrad so that they may be aimed at small
grazing angles of incidence to the magnetic array. This
collimation also reduces atomic flux. Laser cooling can
brighten the beam considerably, but at the cost of much
higher laser power [22,23]. Second, scaling up production
requires large magnetic arrays, precluding the application
of MAGIS for separation of radioisotopes. The safe han-
dling of radioisotopes, especially gamma emitters, requires
a special enclosure that provides radiation shielding for
operators together with robotic control, known as a hot
cell [24].

In this paper, we propose a method for isotope separa-
tion based on photoionization of atoms that should resolve
the current limitations of AVLIS. The method, multires-
onant laser isotope separation (MRLIS), is described in
detail for a generic case, and then specifically for strontium
(Sr) isotope separation. Applications to several isotopes
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FIG. 1. Schematic of proposed experimental setup. An atomic
oven inside a vacuum chamber produces an effusive atomic beam
that is collimated. The blue laser excites the desired atoms.
The ionizing laser (purple) is enhanced in a large mode-volume
cavity. lonized atoms are collected on a cathode.

are outlined, both stable and radioisotopes, as an alterna-
tive to radiochemistry.

II. MRLIS DESCRIPTION

The goal is efficient ionization of the desired isotopes
with lasers, and their separation from the atomic beam with
an electric field so they can be collected. The approach
used in the past for laser ionization relied on a fast
sequence of high-intensity nanosecond pulsed lasers. The
excitation of atoms from the ground state using resonant
atomic transitions can be efficient, but the problem was
with the last step of photoionization.

We propose to use CW lasers to drive atomic transitions,
combined with long interaction time in ultralarge-volume
resonant cavities. This paradigm has many advantages,
including the use of reliable solid-state lasers and predicted
high ionization efficiency.

A schematic of the proposed setup is shown in Fig. 1.
The first step in the process is excitation of the desired
isotopes from their ground electronic state to an excited
electronic state. This is not fundamentally different from
what is done in AVLIS, especially with recent proposals to
use CW lasers or time-delayed pulsed lasers to pump into
a metastable atomic state [11,12]. In some cases, a two-
step excitation from the ground state should be employed,
which can be driven efficiently using stimulated Raman
adiabatic passage [25].
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The last step is photoionization, which is nonresonant
and typically requires a high-power pulsed laser. We pro-
pose to use an optical resonator to boost the laser power
by a factor of at least 200. The problem with optical res-
onators, also known as Fabry-Perot interferometers, is that
the Gaussian waist scales as the product of cavity length
and mirror radius of curvature to the one-fourth power
[26]. The resulting beam waist is usually in the region
of 100 wm, which would intersect only a small fraction
of the atomic beam and result in low average ionization
probability. One option is to use a cavity with two flat
mirrors and an intracavity lens, but the beam waist is of
the order of several millimeters [27]. The alternative is
to make the radius of curvature very large using thin-
film deposition. In previous work, a radius of curvature
of 10 km was demonstrated [28], but could be made much
larger by using flat mirrors. Such a configuration is usually
called an etalon, but in the past, it has been used with low
reflective coatings or none at all. Such a configuration with
high-reflectivity mirrors was first considered in Ref. [29],
though applications to laser ionization were not proposed.

The only condition for resonance is that there be a
uniform phase front to the beam, and the overall length
of the cavity be an integer multiple of half-wavelengths.
This can also be seen by the resonant frequencies of
transverse modes, which are shifted from the fundamen-
tal resonances by integer multiples of cos™!(1 — L/R),
where L is the cavity length and R is the radius of cur-
vature. In the limit of infinite R, these frequency shifts
are zero, so mode matching is not required. High-finesse
Fabry-Perot etalons effectively filter wavefront imperfec-
tions by rejecting spatial frequency components outside
a narrow angular acceptance [30]. In practice, this means
that fine-scale aberrations in the input laser beam are sup-
pressed by the etalon, but, in exchange, the system requires
precise control of mirror parallelism and alignment. This
topic is discussed in detail in Appendix B. The Rayleigh
length of a laser beam is the distance over which the
transverse radius increases by a factor of V2 and is pro-
portional to the square of the minimum spot size divided
by the wavelength. For example, a laser beam at a wave-
length of 1 wm with a spot size of 6 cm has a Rayleigh
length of about 3 km. If the mirror reflectivity is 99.9%,
and the cavity length is 10 cm, then 1000 round-trips is
only 100 m, and the beam does not expand significantly.
A laser of a 10 W power would produce an intracavity
power of 10 kW. For comparison, the Laser Interferome-
ter Gravitational-Wave Observatory (LIGO) routinely has
a circulating power of that magnitude or higher in its
resonators [31]. To minimize absorption losses and heat-
ing of the coatings, near-infrared wavelengths longer than
800 nm are optimum.

To test the above hypothesis, we performed numer-
ical simulations, and the results are shown in Fig. 2.
The method and details of the numerical simulation are
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FIG. 2. Numerical simulation of transmission coefficient of a
cavity of length 5 cm and mirror reflectivity 99.9%. The spot size
is changed from 20 mm to 1 mm.

included in Appendices A and B. The figures show the
cavity transmission as the wavelength is scanned; alterna-
tively, the length of the cavity can be changed, and res-
onances occur for a half-wavelength change. We assume
that mirror transmission is 7= 1 — R, which is justified
when scatter and absorption losses are much smaller than
transmission. A cavity transmission of unity is expected
for a plane wave, and the intracavity circulating power is
boosted by a factor of 1/7. For mirrors with 99% reflec-
tivity, transmission is not affected by the spot size unless
it is less than 5 mm. In the case of mirrors with 99.9%
reflectivity, the spot size must be larger than 20 mm.
These numerical results agree with the heuristic arguments
above.

In addition to isotope separation, the above method can
be used for ultrasensitive detection of atomic isotopes.
Isotope sensing is especially important for detection of
rare isotopes as tracers for metabolism [32] and isotope
ratios are sensitive indicators of disease [33]. Small blood
or urine samples containing atomic isotopes are already
analyzed using mass spectrometers, which have become
extremely precise over the years. However, their cost is
often prohibitive, and slow sample preparation to iso-
late the element of interest limits their throughput to a
small number of tests per day. Laser spectroscopy can be
much more sensitive than mass spectroscopy and has been
demonstrated to reach laser shot-noise limited sensitivity
using frequency modulation spectroscopy [34]. It is even
possible to detect atoms below the standard quantum limit
using squeezed light [35]. Detection of atomic isotopes
using MRLIS would enable atom counting by detecting the
produced ions and removing background signals by modu-
lation of the lasers and lock-in detection of the ion current.
This should allow the detection of atomic isotopes limited
only by quantum projection noise, which is the ultimate
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limit [36]. This would be realized in an atomic beam and
does not require a closed cycling transition which is needed
for detection of trapped ions or with the atom trap trace
analysis method [37-39].

III. APPLICATION OF MRLIS

In this section we discuss an application of MRLIS, pre-
senting a numerical simulation of an ionization scheme for
isotope separation. We analyze here the case of Sr, which
has a rare isotope, Sr-84, that can be used as a tracer for
bone absorption to detect the onset of osteoporosis [40].
This same isotope can also be used to produce the radioiso-
tope Sr-85 which has been proposed for a new test of
quantum mechanics [41,42].

A rate-equation model is presented and used to make
estimates of ionization fraction in the pulsed and CW cases
as a function of ionizing laser power, beam diameter, rep-
etition rate (in the pulsed case), and oven temperature.
Saturated optical pumping on the transition to the interme-
diate state is assumed. The magnitude of expected ac Stark
shifts of the transition is also discussed. We estimate that
the combination of high intracavity power and long transit
time leads to near unity in ionization probability.

A schematic of the relevant energy levels in atomic Sr
is shown in Fig. 3. The ionization limit of Sr is 5.695 eV.
The ground 'S state would first be excited by a laser near
460.9 nm to the 'P; state which has a decay rate of 2.01 x
10% s7!. A second laser near 405.2 nm would then excite
atoms from the 'P; state to the ' D, autoionizing state. The
quoted spectroscopic data are available online [43].

The ionization cross section is from Ref. [44]. The value
reported there is the isotropic cross section oig,, appropriate
for excitation with unpolarized light. For linearly polarized
light the cross section depends on the angle 6 between
the pump and ionizing laser polarization axes. Assuming
that ionization is due to a J = 1 — J = 2 transition, the
dependence is given by Ref. [45]:

3
o =15 (3 + cos® 0) oiso, (1)

or 0y; = 1.20y, for parallel polarizations.

A. Continuous-wave excitation

The laser will be scanned just above the ionization limit
to optimize ionization with an autoionizing state, but it
may be simpler to find a convenient high-power laser that
is above the ionization threshold. Positive ions will be
accelerated by an electric field that will remove the desired
isotopes from the beam and collect them on a cathode
plate.

The optical pumping scheme for ionization of Sr is dia-
grammed in Fig. 3. Atoms are excited from the ground
state 55> 'Sy using 460.9-nm light to the intermediate state
5s5p 'Py, and then to the autoionizing state 5p* ' D, using

405.2-nm light. Experimental parameters for the numerical
results are given in Table I.

Theoretical models of photoionization for isotope sepa-
ration are described in Refs. [10,46—49]. Here we employ
a rate-equation model, valid for CW excitation or when
laser pulses are much longer than the excited state lifetime.
We assume that the atomic density is low enough that the
medium can be considered optically thin. For a uniform
atomic beam of density 7, interaction cross section o (v),
and laser interaction path length L, the atomic beam can be
considered optically thin if [50]

n <« (2)

Lo(v)

For the 405.2-nm transition of Sr, values from Table I sug-
gest that atomic beam densities 7 < 10'3 cm™ are opti-
cally thin. Typical densities for collimated atomic beams
from thermal oven sources are in the range 10’—10'° cm—3,
satisfying the criterion for optical thinness.

Consider an atomic beam with density ny subject to two
overlapping laser fields with intensities /;, and I;, respec-
tively, driving transitions from the ground state 1 to an
excited state 2 and then ionizing via an autoionizing state
i. The level population densities 7; and n; of atoms subject
to laser light can be described by the rate equations

dl’l]
_dt = —Bpn + (421 + By1) na,
3)
dnz
- = Biany — (Aa1 + Bay + By na,

where A5, is the rate of spontaneous decay from state 2 to
1, B, are the stimulated transition rates from m — m’,
and vy is the atomic transit rate through the laser beam.

In general, the populations #,, and transition rates B,
are each functions of longitudinal atomic velocity v. How-
ever, the autoionizing transition is broad, with a full width
at half maximum of approximately 1.8 THz, and so By; can
be considered effectively velocity independent [51]. The
pump transition is much narrower (about 30 MHz), but if
this is narrower than the transverse Doppler distribution,
the pump laser can be spectrally broadened, or high enough
intensity used to address the entire Doppler distribution.
Thus, Eq. (3) can be taken to describe the entire trans-
verse velocity distribution, with all quantities considered
velocity independent.

We first consider the case of CW excitation. Each atom
with longitudinal velocity v that enters the light beam
effectively sees a laser pulse of length equal to the tran-
sit time 7, = d/v, where d is the width of the laser beam.
Here, for simplicity, we are neglecting the dependence on
transverse velocity and on the shape of the laser beam
profile.

Consider a group of atoms with longitudinal velocity
v that all enter the beam at the same time. If we assume
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FIG. 3. Optical pumping scheme for photoionization via intermediate state 5s5p 'P; and autoionizing state 5p? 'D,. The total elec-
tronic angular momentum of a state (J) can be read out from the diagram as the number of symbols minus one. For example, the 'P,
state is indicated with two squares. Squares indicate S = 0 (i.e., a singlet state).

saturation conditions for the 1 — 2 transition (i.e., By = Over longer time scales (but still shorter than the tran-
By > Ay, By;), then over short time scales we have a sit time), the total number of atoms decreases as atoms
quasi-steady-state condition in which we can set dn|/df =  are ionized. Adding together the two parts of Eq. (3), we

dny/dt = 0 and neglect 4, and By;, so that Eq. (3) reduces find an expression for the rate of increase of ion density #;,
to ny = n;. In other words, light field 1 continuously  equal to the decrease of the atomic population n = n; + ny,
equilibrates the level populations so that, at any given

time, half of the atoms are in state 1 and half are in dn; dn o Byin &)
state 2. dt  dt 2
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TABLE L.

Parameters used for the numerical estimates.

Ionization cross section

Ionization photon energy

Atomic mass

Pulse repetition rate

Oven temperature

Most probable atomic speed in oven
Mean longitudinal atomic beam velocity
Laser beam diameter

Circulating ionizing laser power (CW)
Average ionizing laser power (pulsed)

oy 1.2 x 5450 Mb
haw; 49 x 10717

my 88 amu
Jrep 1to 10 kHz

T 690 to 930 K

) 360 to 420 m/s

v 480 to 560 m/s

d 1to5cm

Py; <5 W x 100 (buildup)
Py; <25W

or, since n + n; = ny,

dni B (ng —ny) )
dr 2 '

Integrating Eq. (5) over the transit time, we can find the
ionization fraction #n;/ny for these atoms. For numerical
evaluation and plotting it is more convenient to work with
the quantity n = 1 — n;/ny, the fraction of atoms that are
not ionized. We find

Tt 1
New = exp <— / —Bzidf) . (6)
0o 2

The ionization transition rate is given in terms of the
photoionization cross section oy; by By = 02;$;, where
®y; = I;/(hwy;) is the flux of ionizing photons. Thus the
integral in Eq. (6) is given by

] iI iT 'Pl'
/ _Bzidt:szz r_ 0P ’
0 2 2hw2,~ 2hw2ivd

(N

where we have used the definition of t; and written the light
intensity in terms of the light power P,; = I;d?. Defining
the saturation parameter

02iP>;

= — 8
2hw2iv0d’ ( )

Kcw

where vy is the most probable atomic speed in the oven
from the Maxwell-Boltzmann distribution, we have for the
un-ionized fraction of atoms with velocity v,

new (V) = exp (—kcwvo/v) . ©)

Now the longitudinal velocity distribution f (v) in a
thermal atomic beam produced by an oven at temperature

T is given by [52]

3
f(v)dv = 2%5”2/03@. (10)
0

It is convenient to write the velocity distribution in terms
of a dimensionless velocity £ = v/vy,

f&)de =283 dt. (11)

To find the total un-ionized fraction, we multiply Eq.
(9) by the velocity distribution f(£), and integrate over
velocity. This gives

new = /0 (€ new (€)dE = / 283 eRew/E g

0
4 2
Kcw 3.0 3 Kcw

= Gol—-2,—=,0]—% ), 12
16T 0’3( 27| 4 ) (5

where G is the Meijer G-function. We are interested in
the regime «kcw > 1. Expanding this function in a power
series, we find within 1% accuracy in this range that

ew ~ e (0.383cy/* + 15794y + 1.023kcw)-
(13)

Substituting numerical parameters from Table I into the
expression for kcy, we find

Py, [W]

85 ————, 14
d[cm]/T[K] (14

Kcw ~ 4.

with an upper range of kcw < 90. The un-ionized frac-
tion ncw is plotted for a range of kcw in Fig. 4(a). For a
cavity with a 200x enhancement factor, an input power of
at least 1.1 W would achieve ionization efficiency greater
than 99%.
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is negligible.

B. Pulsed excitation

Now consider the case of pulsed excitation, with laser
pulses of length 7, at a repetition rate fr,. We assume
that the pulse length is much shorter than the character-
istic atomic transit time (i.e., 7, < d/vp), but still much
longer than the equilibration time for optical pumping on
the 1 — 2 transition. Then the development proceeds as
for the CW case, except that each atom sees an integer
number of pulses, the number depending on its velocity
and the time that it enters the interaction region.

The number of light pulses that a given atom may be
subject to is determined by the ratio of its transit time 7,
through the light beam to the pulse repetition period 1/frp,
that is, the quantity 8 = Tifep = frepd/v. Writing g = m +
r, where m is the integer part of 8 and r is the remainder,
a given atom with transit parameter 8 will be subject to
either m or m + 1 pulses, depending on the time that the
atom enters the interaction region; that is, for 0 < 8 < 1,
an atom will see either 0 or 1 pulses, for 1 < 8 < 2, either
1 or 2 pulses, and so on. The fraction of atoms that see the
higher number of pulses is r.

Thus, the un-ionized fraction for atoms with velocity v
is

1, (v) = (1 — e + re” "D, (15)
where m and r both depend on v, and we have obtained the
saturation parameter «,, for the pulsed case,

. = 0Pty 0%y
P 2hw2id2 2hw2,~frepd2 ’

(16)

from kcw by replacing the characteristic transit time with
the laser pulse time and writing the peak laser power Py; in
terms of the average light power

PZi = P2ifpfrep- (17)

Multiplying by the atomic velocity distribution and chang-
ing variables from v to B gives the integral for the total
un-ionized fraction,

* ,33 2,82 1
Ny =/ ZEe*ﬁO/ﬁ [(l — e P 4 pe T )"l’]d,B,
0
(18)

where By = frepd/vo is the characteristic transit-time
parameter for the velocity distribution.

Using the substitution B = m + r, we can break up this
integral into a sum of integrals over r for each value of m,
each integral running from » = 0 to 1:

Sl B/ m+r)?
Ny, = / 0 o—By/lmtr
3 mX:; o (m+r)?

X [(1 —r)e ™ + re_(mH)"P] dr. (19)
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Evaluating the integrals, we find that the series can be
written as

1
My =M — 2o (1 = erf o)
+e [ﬂﬂo (1 — 2erf By + erf <@)>
2 2
+ Zefy — Zeﬂoz]
S [ (2

+erf<_ﬂ° ))
m+ 1

B /302 7& B ﬁ02
+ (m— e @=D* —2me n> + (m+ 1)e +D* ||

=t

(20)

where erf is the error function. The terms on the first and
second lines describe atoms that are subject to 0 and 1
laser pulses, respectively, while each term of the sum from
m = 2 to oo describes atoms that are subject to m laser
pulses. For accurate numerical evaluation, the series can be
truncated after a small number of terms. For large enough
kp, all terms except those on the first line are negligible; in
this regime 7, is independent of «,.

Substituting numerical parameters into the expressions
for «,, and By, we find

K, ~ 6.67 Pa[W] @1
r A2 [em?] frep[kHz]
and
d[cm]frep[kHZ]
A 0.727 22
4 VK] )

with typical values k, < 45 and By < 2. The un-ionized
fraction n,, is plotted for a range of k;, and By in Fig. 4(b).

Pulsed lasers operating in the neighborhood of 405 nm
capable of matching the ionization efficiency of a cavity-
enhanced CW system do not appear to be widely available.
For example, a 15-mW pulsed laser with a 10-MHz rep-
etition rate, available from Thorlabs [53], provides an
ionization efficiency of 0.04%. Quantel and Ekspla offer
optical parametric oscillator-based systems at this wave-
length with average power approaching 1 W, but repetition
rates in the 10100 Hz range and consequently very low
ionization rates, below 1% [54,55].

C. ac Stark shift

The ac Stark shift of a state due to light interacting with
a given transition is of the order of Q%/A, where A is the

light detuning from resonance, 2 = dE/h is the Rabi fre-
quency, d is the dipole matrix element and E is the light
electric field amplitude. Writing d in terms of the natu-
ral width I' and wavelength A of the transition and E in
terms of the light intensity / [56] and neglecting numerical
factors of order unity, we have

1 [TIA3
mV he

resulting in a Stark shift

I’ 4
T2Ahc’ 24
A significant contribution to the ac Stark shifts of the
ground and excited state of the 460.9-nm transition due to
the 405.2-nm light is likely to come from the 405.2-nm
light interacting with the 460.9-nm transition itself. Using
A =460.9nm,7 = (100 W)/(3 cm)?, T = 1/(5.2 ns), and
A =2mc/(405.2 nm) — 2mc/(460.9 nm) = 5.6 x 10'4/s,
we can estimate a Stark shift of the order of 10 kHz. Thus
we can conclude that for this case the ac Stark shifts are
negligible.

IV. DISCUSSION

Our proposed method for efficient isotope separation
based on laser ionization can be compared with the prior
method of laser ionization by simple scaling. In that case,
pulsed lasers were utilized, with a typical pulse duration of
100 ns and a pulse repetition rate of 10 kHz [6]. The aver-
age laser power was in the range of 20 W, as typical with
pulsed dye lasers. The enhancement of the ionizing laser
in MRLIS with a 1000 finesse cavity, and use of CW solid
state lasers with a power of 5—10 W, would provide a com-
parable average laser intensity to that of the pulsed laser,
assuming similar focusing. The interaction time would be
about 1000 times longer in the case of MRLIS, addressing
all the desired isotopes in the atomic beam, and bring-
ing the ionization probability to near unity. In addition,
the use of narrow-band CW lasers would enable high
isotopic purity, unlike the previous method where the exci-
tation lasers had large linewidths of the order of 100 MHz,
limiting isotopic purity.

The most exciting application of MRLIS is towards
production of radioisotopes as an alternative to radiochem-
istry, due to the small footprint of the system’s vacuum
chamber, which could fit into standard hot cells. The most
compelling case is production of the radioisotope Lu-177
from stable Lu-176 due to the much larger (roughly 700
times) neutron cross section of Lu-176 compared with Yb-
176 [57]. The latter stable isotope is currently used to pro-
duce Lu-177 which is separated using radiochemistry [24].
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In conclusion, the presently proposed isotope-separation
technique (MRLIS) is expected to enable new and sig-
nificantly facilitate existing applications of isotopes in
medicine.
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APPENDIX A: GAUSSIAN BEAM PROPAGATION
IN A FABRY-PEROT ETALON

Cavity transmission for a Gaussian beam propagating in
a Fabry-Perot etalon was numerically modeled using open-
source MATLAB code [29]. The cavity mirror spacing was
set at 50 mm, with incident beam spot sizes modeled in a
range from 20 mm to 1 mm. Results were computed for
both 99% and 99.9% etalon mirror reflectivity. Results for
the propagation of incident plane waves in the etalon were
also calculated.

For a given etalon, transmission as a function of wave-
length is characterized by its interferometer transfer func-
tion (ITF),

[out O‘)

ITFG) = 0

(AT)

where [, is the intensity of light incident on the etalon, and
Lyt 1s the intensity of light exiting the etalon. The outgo-
ing intensity can be found by the spatial integration of the
outgoing field,
o0
o= [ 12 27 (A2)
0

where r is the radial axis and z is the optical axis, in the
direction of the incoming beam. The total outgoing field

is the sum of contributions by exiting beams that have
made m round trips between the cavity mirrors, where
m=20,1,2,.... For incident plane waves, these partial
beams are expressible as a geometric series, and their sum
by an Airy function.

Incident Gaussian beams require a more general
approach. Here, we use the method of ray transfer matrix
analysis, which allows the performance of ray tracing cal-
culations in cases where the paraxial approximation is
valid. In this method, a 2 x 2 ray transfer matrix (some-
times called an ABCD matrix) operates on a vector rep-
resenting an incoming light ray, yielding a new vector
representing the outgoing ray,

L ]=le s ]l

Here, k is a normalization constant, and ¢ is the complex
beam parameter defined by

(A3)

1 A
— i, (A4)
anw

where R is the Gaussian beam radius of curvature, w is
its Gaussian waist size, » is the index of refraction of the
material through which the beam is passing, and A is its
wavelength. Because ABCD matrices are linear operators,
matrices representing each optical element in a system can
be multiplied together to give a single resultant matrix
representing the system as a whole:

M = MyMy_, --- MxM,. (AS)

Modeling a vacuum spaced etalon requires three differ-

ent kinds of ABCD matrix. The first is Mg, representing
the refraction of a ray either entering or exiting the etalon,

1 0
Mrefr = |: 0 I’l]/l’lz :| D (A6)

where 7, is the index of refraction in the initial medium
and n, is the index of refraction in the final medium. The
second ray-transfer matrix is Mpp, Which represents the
propagation of rays through a homogeneous medium,

1 h/n ] (A7)

Mprop = |: 0 1

where / is the distance propagated (in our case, the mirror-
to-mirror distance), and » is the index of refraction of the
medium propagated through (vacuum, so here » = 1). The
third and last matrix is Min, which gives the reflection of
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rays from a planar surface,

1 0
Mreﬂ:|:0 1:|

Conceptually, it is natural to model the propagation of
the beam through the etalon in three parts: M;,, in which
a ray enters the etalon through the first mirror; M,y, in
which the ray bounces back and forth between the cavity
mirrors; and My, in which the ray exits the etalon. M;,
only involves refraction by the first mirror,

(A8)

M, = Mrefr- (A9)

For M.,,, consider the constituent matrices of a round
trip through the interior of the etalon: (1) propagation
through the interior to the surface of the second mirror;
(2) reflection from the second mirror’s surface; (3) propa-
gation back to the first mirror; and (4) reflection from the
first mirror’s surface. In matrix form,

R Y
Mcav = MreﬁM MreﬂMprop'

prop (A 1 0)

The matrix M,y, representing the ray transmitted
through the cavity, is comparatively straightforward: prop-
agation to the second mirror surface, followed by refrac-
tion through the second mirror to exit the etalon,

Mout = reerprop- (Al 1)

Now M, and M, occur exactly once for each transmit-
ted ray, but the number m of round trips within the cavity
can be any non-negative integer, so the overall system
matrix for any possible transmitted ray has the form

M = Moy (Meay)" M. (A12)

From this system matrix, the transmitted field can be

computed from the relation

1 .
Uout(r,z; M) = m eXp (_lqu (Zout)> ’
(A13)

where zj, and zy,; are the axial positions at the entrance and
exit of the etalon, respectively.

The ABCD ray-tracing model does not capture changes
in field amplitude, so that must be included in the final
summation of contributions to the field from all transmitted
beams,

o0
Uout(r,2) = ) AnUps Ay =t11(1r2)" . (Al4)
m=0

Here, ¢, 1, and ry, 7, are the transmittivity and reflectiv-
ity coefficients of the first and second mirrors. The above

100

§ 75}
[
i)
?

'E 50 |-
[2])
c
o
l_

25+

ol I . .
0 150 300 450 600
Incident angle (prad)
FIG. 5. Numerical simulation of the effect of laser beam inci-

dence angle on cavity transmission. Cavity is 5 cm in length,
mirror reflectivity is 99%, and laser spot size is 10 mm.

provides a method to compute the ITF for any chosen
wavelength, given the incoming beam spot and waist size,
the indices of refraction for intra- and extracavity material,
the mirror-to-mirror spacing, and the reflectivity of each
mirror.

While the number of cavity round trips m used in com-
puting the transmitted field ranges from zero to infinity,
because the partial field contribution becomes smaller and
smaller for higher-m terms, the number of computed round
trips can be truncated at a finite value. This truncation
was chosen by considering the output ITF values to have
converged once the most recent term changes the overall
transmitted field amplitude by less than 0.001%, typically
m ~ 100. To capture fine details, 10° points/nm were com-
puted in the vicinity of the transmission peaks, with 102
points/nm in the interpeak region. The plane-wave compu-
tations were performed by setting the spot size to several
orders of magnitude larger than the cavity dimensions. An
output of this computation for representative values of cav-
ity length, mirror reflectivity, and laser spot size is shown
in Fig. 5.

APPENDIX B: INCIDENCE ANGLE AND MIRROR
NONPARALLELISM

If the input laser beam is tilted at an angle 6; relative
to the etalon, each successive reflection inside the etalon
is slightly displaced. This displacement is called walkoff.
The walkoff per round trip is

Ay = 2d tan 6. (B1)
As the beam is displaced by Ay, relative to the previ-
ous pass, the overlap between the two profiles is reduced.
The normalized field overlap between u(7) and a displaced
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copy u(r — A) is given by

| [ u@u(r — A)d®r|
JI @R [f e — 2)Par

,,.2
u(r) = exp <_F)
0

and wy is the beam waist. Making the reasonable assump-
tion that both beams have the same width and power, the
above simplifies to

Noverlap (A) = (B2)

where

(B3)

AZ
noverlap(A) = €Xp <_ walk) . (B4)

2
2wy

For the mth round trip, this amplitude field factor
becomes

(BS)

2
Amode (M) = €XP <— (mAva) ) .

25

After a number of round trips, the beam will begin to
walk off the mirror entirely. The power fraction of an offset
two-dimensional Gaussian that passes through a circular
aperture of radius a is given by the formula

2(2+42)

Pruss(B) = —F f e T (‘”A) dr, (B6)
= — re — | dr,
pass HW%/z o 0 W%

where I, is a modified Bessel function [58]. The corre-

sponding field amplitude factor is a@,p(A) = \/Ppass(A).
The transmitted field summed over m round trips is

Mmax

Eou(3,0) = £ an (Pe®)", (B7)
m=0

where ¢ = /T — R is the transmission amplitude, » = v/R
is the reflection amplitude, a, = amode(M) - dap(m) is the
combined Gaussian overlap and aperture loss factors, and
Mumax 18 chosen so that additional round trips no longer sig-
nificantly contribute to the sum. § is the single round-trip
optical phase shift,

2
8= - (2nd cos6,) , (BY8)
where n is the refractive index of the intracavity medium
and d is the physical distance between the etalon mirrors.
The transmission 7' is given by

T(,0) = |Eoul*. (B9)

If the input laser beam is instead normally incident on
the etalon, but one of the mirrors has a small tilt 6 relative
to the other in an azimuthal direction ¢, the gap between
mirrors is given by

d(x,y) =dy+6(xcos¢p + ysing). (B10)
x,y are coordinates in the mirror plane, with the beam
center at (0,0). A numerical simulation illustrating how

this affects cavity transmission is shown in Fig. 6. The
round-trip phase varies across the beam footprint as

4nd(x,y)

S(x,y;A) = .

(B11)

The resonance condition is § = 2mr, so different parts
of the beam see different resonances, leading to inhomoge-
neous broadening. The Airy transmission is

1
T\ = —————, B12
* 1 + Fsin® () (B12)
where
F = 4R (B13)
- (1-R?

The effective ITF can be modeled as the Gaussian-
weighted average of the local transmissions,

ffaperture I(x’y)T()";x’y)dXdy

Tavg(A) = , (B14)
./ f aperture I(X,y )dXdy
100
6 =0.0 prad 6=0.5 prad
50
=
5 L
o )
2
g 6=1.0 prad 6=5.0 prad
c
o
[
Wavelength

FIG. 6. Numerical simulation of the effect of mirror nonparal-
lelism on cavity transmission. Cavity is 5 cm in length, mirror
reflectivity is 99%, and laser spot size is 10 mm. 6 is the mirror
wedge angle.
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where the beam /(x, y) is given by

M} B15)

I(x,y) = exp [— 2

In this paper, we use a discrete N,, x Ny, grid with nor-
malized weights W(x,y) given by

1jj

Wy = —2
l Zm,n Im"

(B16)

where /(x,y) = 0 for points outside the etalon mirrors.
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