
`Abstract. We present results on isotopically selective lutetium
photoionization using dye lasers pumped by copper vapor lasers
as applied to the problem of obtaining the 177Lu radionuclide for
medical applications.
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1. Introduction

Lutetium is the last element of the lanthanide group. Natural
lutetium consists of a mixture of stable 175Lu with an
abundance of 97.4% and weakly b-radioactive 176Lu (half-
life T1=2 � 3:6� 1010 years) with a natural concentration of
2.6%. The remaining isotopes of lutetium (over 60, including
isomers [1]) were obtained artificially and are radioactive with
lifetimes from several milliseconds to several years. From an
applied point of view, standing out among them is radioactive
177Lu as the most requested medical radiopharmaceutical
drug. Due to its nuclear-physical properties (a half-life of
6.7 days, a low average energy of b electrons (� 133 keV), and
a radius of impact on biological tissue of less than 2 mm), the
isotope is considered the most suitable for the treatment of
small tumors and metastases, having a minimal effect on
healthy organs. The accompanying soft gamma radiation

with energies of 113 and 208 keV makes possible diagnostics
(visualization), dosimetric analysis, and optimization of the
treatment process in each specific case, implementing the
principles of personalized medicine.

Currently, there are two main methods for obtaining the
177Lu isotope, which involve neutron irradiation of an
isotopically enriched substance in a nuclear reactor. When
177Lu is obtained by the indirect route, a target of highly
enriched 176Yb (natural concentration: 12.6%) is used, which,
upon neutron capture, transforms into 177Yb with further
decay to form 177Lu. The extraction of 177Lu from the
ytterbium carrier is performed by chemical methods. The
concentration of the radionuclide isolated by this method
reaches the theoretical limit of� 100% [2, 3]; however, due to
the small cross section for neutron capture by the 176Yb
nucleus (2.5 bn), a high neutron flux is required. Further-
more, during one irradiation session, only a small fraction of
enriched 176Yb �� 10ÿ4� transforms into 177Lu, and the reuse
of highly enriched ytterbium is difficult, which significantly
increases the cost of the final product. The second method
(direct route) harnesses the large cross section for neutron
capture by the 176Lu nucleus, approximately 2065 bn. In
moderate neutron fluxes (� 1014 cmÿ2 sÿ1) when using highly
enriched 176Lu, the concentration of 177Lu amounts to 20%,
while with an intense neutron flux (� 2� 1015 cmÿ2 sÿ1) we
can reach the level of 60% [4, 5]. A characteristic feature of
this method, which distinguishes it from the previous one, is
the presence in the irradiated product of a long-lived
metastable nuclear isomer 177mLu with a half-life of 160 days.
This difference in the lifetimes of the isomeric excited state
and the ground state is due to the prohibition on dipole g-ray
transitions due to the large difference between nuclear spins:
I � 23=2 for 177mLu and I � 7=2 for 177Lu. The disadvantages
of the direct method are the limited concentration of 177Lu
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and the presence of the 177mLu isomer, which leads to the
formation of long-lived radioactive waste during the treat-
ment of patients and presents certain problems during its
storage and disposal. Recently, however, interest associated
with the possibility of making a 177Lu generator based on
the nuclear transition of metastable 177mLu to the ground
state [6] has also arisen in the extraction of the isomer
itself. Due to the long lifetime of the isomer, such a
generator could supply the medical industry with the
177Lu radioisotope to the maximum extent for a long
time, regardless of irradiation in a reactor.

In our work, we considered an alternative method for
obtaining 177Lu by isotope separation, based on the use of
laser-induced isotopically selective photoionization of atoms.
A feature of the method is the possibility of separating
radioactive isotopes, since the main part of the installa-
tionÐ the laser systemÐdoes not undergo radioactive
exposure. The theoretical and experimental foundations of
the method, which have been known for over 50 years, are
described in numerous publications [7±11]. We used laser
photoionization to extract the 176Lu isotope from natural
lutetium for further irradiation and obtain 177Lu by the direct
method [12]. In Ref. [13], we proposed amethod for obtaining
177Lu, based on laser extraction of 177Lu fromnaturalmetallic
lutetium irradiated by neutrons. As a result of irradiation, the
source material becomes a mixture of 175Lu, 176Lu, 177Lu; and
177mLu isotopes. Depending on the intensity and duration of
neutron irradiation, the 177Lu concentration varies between
10ÿ5 and 10ÿ3. Of these, approximately 10ÿ3 atoms are long-
lived isomers [14]. It is proposed to extract such small
amounts of radioactive lutetium using selective laser photo-
ionization. The sample is placed in a vacuum and evaporates
at high temperature, forming a beam of atoms which passes
through a laser-irradiated zone. Due to the isotopic unique-
ness of the spectra of optical transitions, the radiation makes
it possible to selectively ionize the 177Lu isotope or the 177mLu
isomer in order to further electrostatically separate photoions
from a stream of neutral atoms, bypassing the stage of
chemical purification from the remaining lutetium isotopes.
The selectivity of 177Lu photoionization with respect to
177mLu will make it possible to purify the radionuclide from
the long-lived isomer and thus combine the advantages of the
large activation cross section of the `direct' method of
obtaining the 177Lu radionuclide from 176Lu and the low
isomer concentration characteristic of the `indirect' method
of obtaining 177Lu from 176Yb.

Mention should bemade of three studies known to us that
propose laser technologies for obtaining the 177Lu radio-
isotope. Specifically, selective laser photoionization was
used at the stage of enrichment of natural ytterbium with
the isotope 176Yb for the indirect method of obtaining 177Lu
[5]. The authors of [5] managed to increase the ytterbium
concentration to more than 97% with a productivity of
27 mg hÿ1. Reference [15] on laser separation of ytterbium
isotopes in atomic vapor is also devoted to the development of
enrichment technology. The preparation of effectively the
176Yb monoisotope with a content of 99% from a natural
mixture was demonstrated. In the production of weight
quantities of 20 mg hÿ1, the concentration reached 88%
with the suppression of the amount of the 174Yb isotope
from 31.8% to 5%, the content of which is subject to severe
restrictions for irradiation in the reactor. Another option for
using laser technology for the production of 177Lu pharma-
ceutical preparation is being developed by an international

group at CERN at the CERN-MEDICIS facility [16, 17]. It is
reported that two ways of producing the radioisotope are
possible. The first involves the use of a 1.4 GeV proton beam
from the CERN proton synchrotron. When protons interact
with a target, isotopes of various chemical elements are
produced, of which only lutetium isotopes are ionized in the
laser field. The lutetium isotopes are then transported to an
electromagnetic mass separator where the final 177Lu extrac-
tion takes place. The second method implies that the facility
makes use of samples irradiated in nuclear reactors ormedical
accelerators, as well as samples from nuclear waste deposi-
tories.

This paper is a review of the work carried out at the
National Research Center Kurchatov Institute in order to
study the capabilities of selective laser photoionization to
obtain 177Lu as a medical pharmaceutical. The research
addressed not only the purely scientific aspects of isotope
extraction, which are of independent importance for atomic
spectroscopy, such as the search for an effective optical
photoionization scheme and its kinetic parameters and the
study of the hyperfine structure of the scheme and isotopic
shifts, but also applied aspects of isotope separation: isotopic
selectivity, degree of extraction, etc.

2. Experimental facility
and measuring techniques

The studies were carried out by the method of Laser
Resonance Ionization Mass Spectrometry (LRIMS) [18, 19]
on a setup designed for spectroscopic experiments with
narrow collimated atomic beams with the possibility of
determining the isotopic composition of photoions produced
during laser-induced photoionization. The setup consists of a
vacuum chamber with an evacuation system and a tantalum
evaporator placed inside the chamber of a quadrupole mass
spectrometer. A commercial MS-7302 quadrupole mass
spectrometer was used. The resolving power of the mass
spectrometer was � 200 and, when tuned to a certain
isotope, the contribution to the signal amplitude from
neighboring isotopes did not exceed 10ÿ4 of the amplitude
of the latter.

Due to a system of apertures, lutetium atoms formed an
atomic beam with a total opening angle of 3�. The atomic
beam was crossed by the laser beam directly in the ionization
chamber of the ion source of the mass spectrometer (Fig. 1).
The directions of the atomic beam, laser radiation, and the
ion-optical axis of the mass spectrometer were mutually
perpendicular. The Doppler broadening of the lines under
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Figure 1. Schematic diagram for recording photoion current and fluores-

cence.
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these conditions was � 100 MHz. In the chamber, the laser
beam passed through an aperture stop, which was placed
directly in front of the evaporation zone and selected themost
uniform central part of the beam. The zone of interaction
between light and vapor was a cylinder 2 mm long and 2 mm
in diameter. Photoions were detected in the mass spectro-
meter using a secondary electron multiplier, and fluorescence
was recorded using a photomultiplier located on the ion-
optical axis of the spectrometer in the direction opposite to
the photoion flow.

Metallic lutetium of a natural isotopic composition was
used in the experiments. To conduct studies with the 177Lu
radioisotope and the 177mLu isomer, the samples were
exposed to a neutron flux of �1:5ÿ3� � 1013 cmÿ2 sÿ1 of the
IR-8 reactor for 1 and 49 days, respectively.

The laser system comprised pulsed dye lasers (DLs) with
lasing in the visible range pumped by copper vapor lasers
(CVLs). TheDL system had three independent channels, each
of which consisted of a master oscillator (MO) and an
amplifier. The master oscillators operated by a single long-
itudinal mode and were built according to the Littman
framework with a grazing incidence diffraction grating [20].
Two DL channels (laser dye: Pyrromethene-556 in ethanol;
lasing range: 532±555 nm) were pumped with the green
component of the CVL (510 nm), and one DL channel
(Sulforhodamine-640 in ethanol: 605±620 nm) was pumped
with the yellow component of the CVL (578 nm). The output
power level of single-modeMO oscillation was 100±200 mW;
the spectral width of the laser line was 100±150 MHz
(FWHM, full width at half maximum), the frequency-
nonselective background did not exceed 0.6%, the pulse
duration was 15±20 ns (FWHM), and the pulse repetition
rate was 10 kHz. The average output power of the MO was
raised to a level of several watts in DL amplifiers. All MOs
had the capacity to scan the laser wavelength by changing the
voltage on the piezodrive of the resonator's rotary mirror.
The radiation wavelength of each DL was monitored using
LM007 precision l-meters (Laser 2000, GmbH), which
provided an absolute accuracy of wavelength measurements
of� 0:0005 �A. If necessary, l-meters were used as a stabilized
reference for transferring any DL to the mode of active
wavelength stabilization. The output DL frequency was
stabilized automatically by controlling the length of the MO
resonator using a piezodrive of the input resonator mirror.
The deviation of the laser line center from the preset value in
the long-term stabilization mode did not exceed �40 MHz.
More detailed information about theDL system can be found
in Ref. [21].

The DL beams at the output of the amplifiers were
telescoped to a size of 1 � 12 mm. Their spatial convergence
into a single beam was carried out using semitransparent and
dichroic mirrors. The three-color radiation was next directed
to the mass spectrometric chamber. Control of the laser
system, data recording, and their preliminary processing
were carried out online [22].

3. Photoionization scheme

The ionization threshold of a lutetiumatom is 43,762.60 cmÿ1.
For radiation in the visible range, this means that three
quanta are needed to overcome this threshold, i.e., the
excitation scheme should be three-stage. The electronic
configuration of the ground state of the LuI atom is
4f 145d6s2 2D3=2. Since the 4f shell is completely filled, its

electrons hardly participate in electronic transitions between
levels, and the spectrum of optical transitions in lutetium is
not as rich as in most other rare earth elements. Detailed
information on atomic levels and spectral lines of optical
transitions is contained in Refs [23±25]. For a CVL-pumped
DL system, the choice of the first and second excitation levels
was virtually the only option. The strongest transitions are
those with wavelengths of 5404 �A (first stage) and 5350 �A
(second stage) to the states 5d6s6p 4F0

5=2 and 5d6s7s 4D3=2,
respectively, and so the task was to find an effective
autoionizing state (AIS).

The search for the transition to the AIS from the
5d6s7s 4D3=2 level was performed using three DLs, two of
which were tuned to resonance with the first and second
transitions (DL1 and DL2, respectively). The DL of the third
stage (DL3) was scanned in the spectral range of dye tuning
with simultaneous recording of the photoion signal. When a
peak was detected, a check was made for the relation between
the resonance and the second transition. If the photoion
signal disappeared when DL2 was completely intercepted,
then the detected resonance was recorded as an autoioniza-
tion (AI) transition. The search for AISwas carried out in two
spectral ranges: 5640±5907 �A (Pyrromethene-597 dye) and
6050±6300 �A (Sulforhodamine-640, Cresyl Violet). The data
are collected in Table 1. The autoionization transition with an
in-air wavelength of 6178.77 �A to a state with an energy of
53,375 cmÿ1 turned out to be the brightest one [12]. Therefore,
the optical scheme of LuI photoionization, which was used in
further studies, is as follows:

5d6s2 2D3=2 �0 cmÿ1� ! 5d6s6p 4F0
5=2�18;504:58 cmÿ1�

! 5d6s7s 4D3=2�37;193:98 cmÿ1� ! �53;375 cmÿ1�01=2
(Fig. 2). Note that Indian authors have recently published a
number of papers on the photoionization of the isotopes
176Lu and 176Yb. New optical excitation schemes were
proposed and calculations based on the density matrix
formalism were performed in a quest for optimal photo-
ionization conditions [26±28]. The search for odd autoioniza-
tion states of LuI in the range of 50,650±51,650 cmÿ1 was also
the concern of recent Ref. [29].

Since the 175Lu, 176Lu, 177Lu, and 177mLu isotopes have a
nonzero nuclear spin, all energy levels are split into multiplets
(see Fig. 2). The sublevels in the multiplet are determined by
the total atomic momentum F � J� I, J� Iÿ 1; . . . ; jJÿ Ij,
where J is the total electron momentum of the atom, and I is

Table 1. AI transitions observed in the spectral ranges* 5640±5907 �A and
6050±6300 �A.

Wavelength
(in air), �A

Photoion signal,
arb. units

Wavelength
(in air), �A

Photoion signal,
arb. units

5640.37

5646.27

5661.17

5724.50

5737.44

5770.79

5777.49

5786.03

5787.10

5793.88

30

18

15

23

350

18

35

30

35

3

5793.88

5799.99

5802.00

5866.83

5884.70

5901.17

6128.60

6145.77

6156.25

6178.77

3

5

6

6

10

15

60

70

80

500

* Arbitrary units of the magnitudes of photoionization signals in
different ranges do not coincide.
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the nuclear spin. The hyperfine structure (HFS) spectrum
arises from transitions between sublevels of multiplets with a
change in the momentum DF � 0;�1; as a result, the optical
photoionization spectrum for each isotope consists of 30 lines.
The line frequency difference, as a rule, significantly exceeds
the spectral lasing widths. Therefore, at a certain setting of the
lasers, photoionization proceeds only along one chain of lines
of the first, second, and third stages: the photoionization
channel. The number of possible channels, taking into
account the selection rules, amounts to 44. Obviously, the
search for selective channels for the extraction of the target
isotope (along the lines with the greatest frequency separation
from background isotopes) is possible only proceeding from a
detailed study of the hyperfine structure of transitions at all
stages of the photoionization scheme for each isotope.

Hyperfine splitting (energy shift DnF of sublevels relative
to the `center of gravity' of the multiplet) is described using
the constants of the magnetic dipole, A, and electric quadru-
pole, B, interactions and depends on I, J, and F [30]:

DnF � A

2
K� B

4

�3=2�K�K� 1� ÿ 2I�I� 1� J�J� 1�
IJ�2Iÿ 1��2Jÿ 1� ; �1�

where

K � F�F� 1� ÿ J�J� 1� ÿ I�I� 1� : �2�

For each hyperfine structure line, one can write

Ee ÿ Eg � DnF 0 ÿ DnF � 1

lFF 0
; �3�

where Ee, Eg is the energy of the centers of gravity of the
upper, e, and lower, g, multiplets (levels) of the transition, and
lFF 0 [cmÿ1] is the wavelength of the F! F 0 line.

The energy E of the center of gravity of the level is
determined from the conditionX

F

�EF ÿ E��2F� 1� � 0 ; �4�

where EF is the energy of the sublevel with momentum F.
The energy difference between the centers of gravity for

different isotopes determines the isotopic level shift.

Results of the first experiments to determine the HFS
scheme,

5d6s2 2D3=2 �0 cmÿ1� ! 5d6s6p 4F0
5=2�18;504:58 cmÿ1�

! 5d6s7s 4D3=2�37;193:98 cmÿ1� ! �53;375 cmÿ1�01=2 ;
for natural isotopes were obtained in Ref. [12]. In Ref. [13],
the hyperfine structure of the 5d6s2 2D3=2 ! 5d6s6p 4F0

5=2
transition for the 177Lu radioisotope was studied for the first
time. The results of the HFS study at all stages for the 175Lu,
176Lu, and 177Lu isotopes are presented in Ref. [31], and for
the 177mLu isomer, in Ref. [32].

The wavelengths of all 12 175LuHFS lines of the first stage
5d6s2 2D3=2 ! 5d6s6p 4F0

5=2 were determined by fluorescence
spectroscopy. When scanning the DL1 wavelength in the
vicinity of the transition (� 20 GHz), the fluorescence signal
was recorded (from the first excited level 5d6s6p 4F0

5=2). At the
same time, the wavelengths of 7 out of 12 176Lu lines were
measured. Some of the lines were blended by the 175Lu lines,
mainly due to the difference in the natural abundance of the
isotopes (� 30 times) and, accordingly, in the fluorescence
signals. The F-identifications of the lines and the determina-
tion of the remaining 176Lu lines were performed proceeding
from the splitting of the 5d6s2 2D3=2 and 5d6s6p 4F0

5=2 levels
[33±35].

In view of the extremely low content of 177Lu and 177mLu
isotopes in a sample under evaporation �� 10ÿ5�, their
hyperfine structure was studied by resonance ionization
mass spectroscopy. The wavelengths of the 177Lu first stage
lines were initially determined by calculation. Due to the
equity of nuclear spins �I � 7=2� and close values of nuclear
magnetic dipole moments (m177 � 2:2384�14� mN [36], m175 �
2:2323�11� mN [37]), the patterns of hyperfine splitting of
177Lu and 175Lu levels are similar. In this case, all 177Lu lines
are simply shifted by the isotopic shift relative to the
corresponding 175Lu lines. The isotopic shift at the
transition of the first excitation stage 6s2 ! 6s6p is
determined by the field component (the mass component
is small and does not exceed 20 MHz [38, 39]). The field
shift is due to the difference in the root-mean-square
charge radii dhr 2i of the corresponding isotopes. Accord-
ing to Ref. [35], the difference in the root-mean-square
charge radii dhr 2i for the 177Lu and 175Lu isotopes is
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Figure 2. Photoionization scheme of 175Lu and 177Lu �I � 7=2� lutetium
isotopes.
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approximately three times greater than for 176Lu and
175Lu; hence, it follows that the isotopic shift of 177Lu
with respect to 175Lu is also three times greater than the
shift between 176Lu and 175Lu. The isotopic shift of the
5d6s6p 4F0

5=2 level for 176Lu is known: ÿ388:8 MHz [40]
and, accordingly, ÿ1150 MHz for 177Lu.

The wavelengths of the first stage lines for the 177mLu
isomer were also initially predicted. The calculation used the
fact that the ratios of the constants A and B of the upper and
lower transition levels are the same for all isotopes within the
hyperfine magnetic anomaly [41] and for the lower level
A177m�5d6s2 2D3=2��61:2�3�MHz and B177m�5d6s2 2D3=2� �
2472�11� MHz [35]. An estimate of the isotopic shift, which
was made by analogy with that in the case of 177Lu, was
ÿ815MHz. As a result, it turned out that for 177mLu only one

first-stage line 10! 9 coincided, within 30MHz, with the line
2! 2 of the main isotope 177Lu and could not be spectrally
resolved.

A feature of the experiments with the 177mLu isomer was
that, in contrast to isotopes with different atomic masses
recorded separately using traditional resonant ionization
mass spectroscopy, 177Lu and 177mLu have almost the same
atomic masses. The difference between their masses is
� 0:97 MeV [1], while the difference between the masses of
neighboring isotopes is approximately 1000MeV (themass of
one nucleon). Such a difference cannot be resolved by
quadrupole mass spectrometers; therefore, only lines whose
frequencies differed from the HFS lines of the main 177Lu
isotope by more than the laser linewidth (100±150 MHz)
could be recorded in the experiment. Figure 3 shows an
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Figure 4. Photoionization schemes of 175Lu �I � 7=2� and 176Lu �I � 7� (vacuum wavelength units, �A) [31].
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example of simultaneous selective detection of 177mLu and
177Lu photoions.

When studying the HFS of the second transition 5d6s6p
4F0

5=2 ! 5d6s7s 4D3=2, the mass spectrometer was tuned to
detect atomic mass 177, and DL1 was successively stabilized
at the calculated wavelengths of each of the F! F 0 lines of
the first transition. DL2 was scanned in the vicinity of 5305 �A
and, at resonance with the transition, transferred atoms to the
5d6s7s 4D3=2 level, and DL3 ionized the atoms into a
continuum. During each scan, from one to three photoioniza-
tion peaks were recorded (transitions withDF � 0;�1). Peaks
corresponding to transitions to common upper sublevels F
were determined from the equity of excitation photon
energies, taking into account the hyperfine splitting of the

ground level 5d6s2 2D3=2 [35]. The number of such peaks and
their location in the spectra made it possible to identify the
quantum numbers F of the lower and upper sublevels for all
lines of the second transition for isotopes 175Lu, 176Lu and
177Lu, 177mLu (12 lines each).

During the study of the HFS of the third transition 5d6s7s
4D3=2 ! �53;375 cmÿ1�01=2, DL1 and DL2 were stabilized at
the lines determined at the previous stages of the experiment.
DL3 was scanned near the 6180 �A AI transition. All lines of
the third transition (six lines) were spectrally resolved and
identified in F. After that, the values of the wavelengths of the
first stage were refined. DL2 and DL3 were stabilized at
known wavelengths, and DL1 was scanned near the calcu-
lated resonances.
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Figure 5. Photoionization schemes of 177Lu �I � 7=2� and 177mLu �I � 23=2� (vacuum wavelength units, �A) [31, 32].
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In order to avoid the influence of two-photon processes
on the accuracy of measurements in the study of the HFS of
the first stage, the DL2 and DL3 pulses were delayed relative
to the DL1 pulse by the pulse duration (20 ns). In the study of
the HFS of the second and third stages, all pulses were
separated in time. To determine the center of each line (the
exact value of the wavelength lFF 0 ), the experimental points
of photoionization resonances were approximated by the
Voigt profile using the least squares method.

The results of experiments in the form of photoionization
schemes for 175Lu, 176Lu, 177Lu, and 177mLu isotopes are
shown in Figs 4 and 5. In Figure 6, all lines are brought
together on a common frequency scale for each stage of the
scheme.

The system of linear equations (3) for all recorded lFF 0
lines was solved with respect to the constants A and B of the
upper and lower levels and �Ee ÿ Eg� by means of w2-
optimization for each stage of the scheme (number of lFF 0
usually exceeded the number of unknowns in the equation).
The results are summarized in Table. 2.

As is obvious from the diagram in Fig. 6, for the 177Lu and
177mLu isotopes, there are excitation lines with a significant
(� 1 GHz) distance from the lines of natural isotopes, which
can be used for their selective extraction from a mixture of
isotopes of irradiated natural lutetium.

4. Level lifetimes

The efficiency of photoionization, as well as the choice of
appropriate laser radiation intensities, largely depends on the
decay characteristics of the excited states. If the level lifetime
turns out to be comparable to or shorter than the laser pulse
duration, then a significant part of the particles sponta-
neously leave the excited level. In this case, it turns out to be
critically important whether the decay occurs back to the
previous state, or whether the particle passes into another,
third-party state that does not participate in the photoioniza-

tion scheme. In the former case, the particle can be re-excited
by laser radiation and can further contribute to the separation
product, in which case the particle is lost and the degree of
extraction of the target isotope decreases. In the scheme under
consideration, the lifetime of the first excited state 5d6s6p
4F0

5=2 is known (472 ns), and the decay occurs into the ground
state 5d6s2 2D3=2�0� and the metastable state 5d6s2 2D5=2

(1993 cmÿ1) with branching ratios of 0.566 and 0.434,
respectively [42].

There is no information on the lifetime of the second
excited state 5d6s7s 4D3=2 in the literature. The lifetime of the
5d6s7s 4D3=2 level determined experimentally (Fig. 7) is
11.5 ns [31]. Spontaneous decay from the 5d6s7s 4D3=2 level
occurs, in addition to 5d6s6p 4F0

5=2, into six other levels
(Table 3) [25]. Atoms that have passed to these levels are lost
for the photoionization process, since the DL photon energy
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is high enough to excite them above the ionization threshold.
According to Table 3, the branching ratios to the 5d6s6p 4F0

5=2
state and to the side levels are 0.367 and 0.633, respectively,
and the lifetime of 5d6s7s 4D3=2 is 11.5 ns, which coincides
with the experimental data.

The 900 MHz width of the observed photoionization
resonance (Fig. 8) arises both from the width of the
autoionization state itself and from the 150 MHz width of
the second excited state, from which photoionization occurs.
Therefore, the 750 MHz broadening of the line arising from
the third transition 5d6s7s 4D3=2±AIS �53,375 cmÿ1�01=2 is
associated only with the width of the upper level and
corresponds to its lifetime t � 0:21�4� ns.

5. Transition cross sections

The photoionization scheme levels have a developed hyper-
fine structure (see Figs 4±6), which, together with selection

rules, gives 44 different combinations of sublevelsÐchannels
through which photoionization can be performed. With a
certain laser tuning, photoionization occurs in only one
channel; the differences among the transition frequencies of
different channels for each isotope, as a rule, significantly
exceed the spectral laser widths. The channels differ in
wavelengths and transition probabilities. The saturation of
scheme transitions was investigated in Ref. [43] in order to
determine the effective cross sections for excitation of various
components of the hyperfine structure for the isotopes 175Lu,
176Lu, 177Lu, and 177mLu.

Table 2. Energy, isotopic shifts relative to 175Lu, and hyperfine splitting constants for levels of the photoionization scheme for 175Lu, 176Lu, 177Lu, and
177mLu.

Level Isotope (nuclear spin) Energy, cmÿ1 A, MHz B, MHz Isotopic shift, MHz References

5d6s2 2D3=2

175(7/2) 0 194.4(7) 1509(6) 0 [35]

176(7) 0 137.6(5) 2132(11) 0 [35]

177(7/2) 0 194.9(6) 1467(5) 0 [35]

177m(23/2) 0
61.2(3)
61.2(8)

2472(11)
2466(40)

0
[35]
[32]

5d6s6p 4F0
5=2

175
18,504.5864(21) 987.5(2,2)

987.35(12)
1103(43)

1117.9(2.0)
0

[31]
[50]

176
18,504.5733(19) 697.8(0.8)

698.25(15)
1566(29)

1572.2(3.0)
ÿ390�14�
ÿ388:8�11�

[31]
[50, 40]

177 18,504.5463(22) 988.8(2.8) 1059(55) ÿ1201�20� [31]

177m 18,504.5593(20) 310.5(8) 1840(63) ÿ812�25� [32]

5d6s7s 4D3=2

175 37,194.0202(26) 1105.2(2.8) 74(33) 0 [31]

176 37,194.0149(22) 781.0(1.3) 78(30) ÿ160�30� [31]

177 37,194.0007(27) 1107.6(5.8) 48(46) ÿ605�46� [31]

177m 37,194.0082(27) 348(2) 134(68) ÿ360�57� [32]

�53,375 cmÿ1�01=2

175 53,375.0494(35) 1752(18) 0 0 [31]

176 53,375.0421(27) 1240.5(5.6) 0 ÿ201�55� [31]

177 53,375.0217(41) 1764(22) 0 ÿ822�81� [31]

177m 53,375.0324(43) 549(6) 0 ÿ507�120� [32]

Table 3. Einstein coefficients Aeg for transitions from levels
18,504.580 cmÿ1 and 37,193.980 cmÿ1 [25].

Transition wave-
length (in the air),

�A

Energy
of lower level g,

cmÿ1

Energy
of upper level e,

cmÿ1

Einstein
coefécient Aeg,

106 sÿ1

5402.566

6055.017

5057.603

5349.139

6248.814

6354.875

6677.157

7640.084

7758.291

0
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17,427.280
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Figure 8. 176Lu photoion signal (experimental points) during scanning:

DL2 near (1) transition 5d6s6p 4F0
5=2 ! 5d6s7s 4D3=2 �4:5! 5:5;

5350:5760 �A� and DL3 near (2) transition 5d6s7s 4D3=2 ! AIS

�53,375 cmÿ1�01=2 �5:5! 6:5; 6180:0215 �A�. Solid curves are Voigt pro-

files with widths Dn9=2ÿ11=2 (FWHM) � 150 MHz and Dn11=2ÿ13=2
(FWHM) � 900 MHz, respectively [31].
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The partial cross section for the transition between the
hyperfine component F of level 1 and the component F 0 of
level 2 can be written as [44]

sFF 0 � C�F; J;F 0; J 0; I�~s12 ; �5�

where ~s12 is the total cross section of transition 1! 2, and
C�F; J;F 0; J 0; I� is the angular coefficient depending on the
angular momentum involved in the transition. The angular
coefficients for 175Lu, 176Lu, 177Lu, and 177mLu isotopes
calculated using formulas from Ref. [44] are collected in
Table 4.

Studied in our experiments was the dependence of the
photoion current on the radiation intensity of the DL, which
was successively tuned to each HFS line of a particular

transition of the scheme (Fig. 9). The study of the lines of
the first and second stages was performed with pulses
separated in time. In this case, within each pulse, the atomic
system can be considered a two-level one, and the intensity
dependence can be obtained from the solution of the system
of two kinetic equations

dNi

dt
� ÿNiwik �Nkwki ; �6�

dNk

dt
� Niwik ÿNk�wki � a� : �7�

Here,Ni andNk are the numbers of particles in the lower and
upper states, respectively, a is the frequency of decays from
state k, wik is the frequency of laser-induced transitions from

Table 4. Angular coefficients C�F; J;F 0; J 0; I� of cross sections [43].
5d6s2 2D3=2 1st transition 5d6s6p 4F0

5=2 2nd transition 5d6s7s 4D3=2 3rd transition AIS
(53,375 cmÿ1)

F C�F; J;F 0; J 0; I� F C�F; J;F 0; J 0; I� F C�F; J;F 0; J 0; I� F

175Lu and 177Lu �I � 7=2�

2
0.4
0.4
0.2

1
2
3

1
0.6
0.214

2 1 3

3
0.19
0.417
0.393

2
3
4

0.4
0.625
0.458

3
0.75
0.25

3
4

4
0.083
0.33
0.587

3
4
5

0.161
0.495
0.72

4
0.417
0.583

3
4

5
0.025
0.187
0.788

4
5
6

0.047
0.28
1

5 1 4

176Lu �I � 7�

5.5
0.556
0.328
0.116

4.5
5.5
6.5

1
0.492
0.149

5.5 1 6.5

6.5
0.29
0.418
0.291

5.5
6.5
7.5

0.507
0.627
0.383

6.5
0.711
0.289

6.5
7.5

7.5
0.13
0.367
0.503

6.5
7.5
8.5

0.223
0.551
0.671

7.5
0.378
0.622

6.5
7.5

8.5
0.04
0.22
0.741

7.5
8.5
9.5

0.067
0.329
1

8.5 1 7.5

177mLu �I � 23=2�

10
0.603
0.30
0.094

9
10
11

1
0.455
0.128

10 1 11

11
0.332
0.414
0.254

10
11
12

0.545
0.62
0.351

11
0.694
0.306

11
12

12
0.154
0.367
0.465

11
12
13

0.251
0.571
0.646

12
0.361
0.639

11
12

13
0.048
0.238
0.716

12
13
14

0.078
0.354
1

13 1 12
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state i to state k, wik � �Isik=�hnik�, where �I is the laser
radiation intensity [W cmÿ2], sik is the transition cross
section [cm2], and n is the transition frequency i! k.

The solution of system (6), (7) under the condition of a
rectangular laser pulse is of the form

Nk�t� � N0wik

A

�
exp

�ÿ �B� �A

2
t
�
ÿ exp

�ÿ �Bÿ �A

2
t
��

; �8�

where

�A � gi � gk
gk

wik � a ; �B �
���������������������������������������������������
gi � gk
gk

wik � a

�2

ÿ 4a

s
wik ;

with gi and gk being the statistical weights of the states i and k,
respectively.

The third transition was studied using pulses coincident in
time, with deep saturation of the first and second transitions.
Under these conditions, a bottleneck effect occurs at the third
transition, and the number of photoions formed by the end of
the pulse can be approximated by a function obtained in
Ref. [45]:

Ni�t� � N0w34

w34 � a3M

�
1ÿ exp

�
ÿ g3�w34 � a3M�

g1 � g2 � g3
t
��

; �9�

whereN0 andNi are the numbers of particles in the initial and
final AI states, respectively; g1, g2, and g3 are the statistical
weights of the initial, first, and second excited states; a3M is
the decay rate from the second excited state; w34 is the
frequency of laser-induced transitions from the second
excited state to the AIS; w34 � �Is34=�hn34�, s34 is the cross
section of the third transition [cm2]; and n34 is the frequency of
the third transition.

It is pertinent to note that some lines coincided to within
400MHzwith excitation lines from other lower sublevels [31].
With increasing intensity, the excitation and subsequent
ionization of atoms from these sublevels had a noticeable
effect on the dependence of the photoion current on the laser
radiation intensity and made it impossible to determine the
individual cross sections for these transitions. These lines
include pairs 2! 3, 4! 3 and 3! 4, 4! 4 for isotopes
175Lu and 177Lu, 5:5! 6:5, 7:5! 6:5 and 5:5! 5:5,
6:5! 5:5 for 176Lu, and 10! 11, 12! 11 and 11! 12,
12! 12 for 177mLu. The total effective cross sections for each

transition were extracted by formula (5) from the condition of
minimizing the sum of squared deviations from the experi-
mental measurement data of the cross sections of the HFS
transition components. The results for 175Lu, 177Lu, 176Lu,
and 177mLu are collected in Table 5. The cross sections for
177Lu did not differ from the corresponding values for 175Lu
within the experimental errors.

6. Degree of target isotope extraction
in photoionization

One of the most important parameters of any isotope
separation procedure is the fraction of atoms of the target
isotope that enters the product, i.e., the degree of extraction of
the target isotope from the feed stream. For the laser
photoionization method, the degree of extraction is the sum
of the probability that vaporized atoms find their way into the
laser-irradiated zone, the probability of irradiating a contin-
uous stream of atoms with pulsed laser radiation, the
probability of photoionization of the irradiated atom, and,
finally, the probability of extracting a photoion to the product
collector. All of the above factors depend on the specific
configuration of the separation cell, except for the probability
of photoionization of irradiated atoms, which depends on the
properties of transitions in the photoionization scheme and
the selected laser radiation intensities at each stage. With an
increase in intensity, the degree of extraction increases almost
linearly at low intensities; with a further increase, the growth
slows down and saturation sets in. The physical reason for
saturation is the depletion of atoms in the ground state. In this
case, we can assume that all atoms that were at the initial level
are converted into photoions. For example, when the 177Lu
radioisotope is photoionized from the sublevel F � 5 of the
hyperfine structure �F � 2; 3; 4; 5� of the ground state
5d6s2 2D3=2, the degree of extraction may be as high as
0:34� 0:72 � 0:24, where the factor 0.72 is the population
of the ground state at a lutetium evaporation temperature of
1700 �C, and 0.34 is the fraction of atoms that are at the
sublevel with F � 5.

To confirm the possibility of achieving a given extraction
degree, the method of direct measurement [46] (Fig. 10) was
used, the idea of which was to minimize the influence of
geometric factors and make the irradiation probability of
evaporated atoms close to unity. A thin beam of atoms from
the evaporator passed through an extended (8 cm) irradiation
region. The region was formed as a result of repeated passage
of the laser aigrette (radiation with three wavelengths), which
made the irradiation probability of atoms, taking into
account the Maxwellian distribution of atomic velocities,
equal to 97%. The irradiation zone was located between
metal plates with a potential difference of several hundred
volts. This ensured almost 100% removal of photoions from
the vapor flow, which was subsequently limited and hit the
quartz sensor for measuring the deposition thickness. The
fraction of atoms extracted from the flow due to photoioniza-
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Figure 9.Dependence of the 176Lu photoion current on the average output

power of first-stage DL 8:5! 7:5 (experimental points) and approxima-

tive curve (7) for the transition cross section s8:5ÿ7:5 � 3:2� 10ÿ14 cm2 [43].

Table 5.Total effective cross sections of the 5d6s2 2D3=2! 5d6s6p 4F0
5=2!

5d6s7s 4D3=2 ! �53;375 cmÿ1�01=2 transitions of the photoionization
scheme [43].

Isotope ~s01, cm2 ~s12, cm2 ~s23, cm2

175Lu, 177Lu
176Lu
177mLu

4:5�1� � 10ÿ13

5�1� � 10ÿ13

5�1� � 10ÿ13

1:6�3� � 10ÿ12

3:5�5� � 10ÿ12

2:3�3� � 10ÿ12

1:2�2� � 10ÿ14

1:5�3� � 10ÿ14

2:1�3� � 10ÿ14
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tion was determined by comparing the film growth rates on
the sensor under open and closed laser radiation. The
presence of a mass spectrometer above the working volume
when splitting off a small part of the laser radiation made it
possible to measure the fraction of atoms remaining in the
ground state and thereby estimate the degree of initial state
depopulation.

The measurement data of the degree of extraction and
depletion of the ground state in channel 5! 6! 5! 4 of
175Lu photoionization are collected in Table 6. The degree of
extraction directly depends on the population of the initial
state (the starting sublevel), which is confirmed experimen-
tally (Table 7). The highest extraction of 17%was achieved in
channel 5! 6! 5! 4. Judging by the temperature popula-
tion of the ground state and the fraction of atoms at the
sublevel with F � 5, the probability of photoionization of the
irradiated atom was 70%. This value turned out to be
noticeably lower than the measured degree of depletion of

the initial state of 88%. The reason for this probably lies with
the intense decay from the second excited state, whose lifetime
is rather short, 11.5 ns [31].

Formula (9) was obtained in Ref. [45] to estimate the
effect of decay on the probability of photoionization of an
irradiated atom. The factor w34=�w34 � a3M� describes the
competition between photoionization and spontaneous decay
of the second excited state. This factor relatively quickly
(when w34 � a3M) reaches the value of 0.5, but its further
increase slows down with increasing w34, and even at
w34 � 5a3M it is only 0.83. Achieving a photoionization
degree above 0.9 requires so significant an increase in w34

that it seems to be beyond rationality. The effect of decay is
well illustrated in Fig. 11, which shows the experimental
dependence of the photoion signal on the DL3 intensity
measured in a wide power range. One can see that
saturation occurs at an average intensity of about
2.5 W cmÿ2 in the absence of decay (dashed curve). In the
presence of decay (experimental points), the signal con-
tinues to increase at values of average intensity up to
17 W cmÿ2, and, at 2.5 W cmÿ2, the signal is � 0:7 of the
saturation value.

With the simultaneous action of laser pulses of the first
and second stages, photoionization is significantly affected by
multiphoton processes, which lead to a decrease in
selectivity. To increase the selectivity, one can use the
delay of the DL2 and DL3 pulses with respect to the first
stage pulse, taking into account the fact that the lifetime
of the first excited state is rather long, 472 ns. In this case,
however, a decrease in the extraction degree is inevitable,
since not all atoms that were at the initial sublevel F � 5
become available for photoionization, but only those that
populated the first excited state F � 6 after the end of the
first stage pulse. In the case of saturation, the fraction of
such atoms is g2=�g1 � g2� � 0:54, where g1 and g2 are the
statistical weights of the ground and first excited states,
respectively. Direct measurement showed that, with a
DL2 and DL3 delay of 20 ns, the degree of extraction
was 0:6� 0:1 of that measured in the case of combined
pulses, which is in good agreement with the above
estimate.

Laser
beam

ÿ

4

10 3

8

25
0

11

9

721

6

5

Figure 10. Facility for direct measurement of extraction degree: 1Ð

vacuum chamber, 2Ðthermal evaporator, 3Ðquadrupole mass spectro-

meter, 4Ðatomic beam, 5Ðflange of multipass system, 6ìmulti-pass
system mirror, 7Ðwindow for input of laser radiation, 8Ðextraction

system, 9Ðsemitransparent mirror, 10Ðquartz deposition sensor, 11Ð

beam shutter [45].

Table 6. Measurement data for 175Lu extraction degree in channel
5! 6! 5! 4 [45].

Average DL intensity, W cmÿ2 Ground state
depopulation

degree

Extraction
degree1st stage 2nd stage 3rd stage

0.025 0.025 2.5 0:88� 0:05 0:17� 0:03

Table 7. Measurement data of extraction degree using different HFS
transition components [45].

Photoionization
channel

Fraction
of atoms

on the lower
sublevel F

Relative
population
of the lower
sublevel F

Relative
extraction
degree

5! 6! 5! 4

4! 4! 5! 4

3! 4! 5! 4

2! 1! 2! 3

0.34

0.28

0.22

0.16

1

0.82

0.64

0.46

1

0:75� 0:1

0:6� 0:1

0:5� 0:1

1.2
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Figure 11. Dependence of the photoion signal on the average intensity of

the third-stageDL (experimental points) in channel 5! 6! 5! 4. Solid

curve: calculation by formula (8) with a cross section s34� 1:2� 10ÿ14 cm2

and a decay frequency a3M � 87MHz; dashed curve: s34� 1:2� 10ÿ14 cm2

without decay, a3M � 0 [45].
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7. Photoionization selectivity

In laser isotope separation, the selectivity achieved at the
photoionization stage, along with the extraction degree, is the
most important parameter of the separation.

Selectivity, defined as the ratio of the photoionization
probabilities of the target isotope Wt and the nontarget
isotopeW,

S �Wt

W
; �10�

primarily depends on the magnitude of the spectral contrast,
i.e., the fraction of laser radiation entering the absorption
profile of a nontarget isotope, as well as on the ratio between
the spectral width of laser radiation and the frequency
difference between the absorption lines of the target and
nontarget isotopes. For an initial content of the target isotope
Cf, the number of photoions of the target isotope will be
WtCf, the amount of the nontarget isotope will beW�1ÿ Cf�,
respectively, and the concentration of Cp, the target isotope,
in the ensemble of photoions will be

Cp � WtCf

W�1ÿ Cf� �WtCf
: �11�

Determining the ratioWt=W from formula (11), we obtain an
expression for the selectivity in terms of the quantities
measured in the experiment:

S �Wt

W
� Cp�1ÿ Cf�
�1ÿ Cp�Cf

: �12�

The photoionization selectivity was studied for 176Lu, 177Lu,
and 177mLu isotopes. The use of narrow atomic beams with a
Doppler width of� 100MHz suggests that theDoppler effect
does not affect the photoionization selectivity.

As is clear from the diagram (see Fig. 6), the hyperfine
structure of 176Lu has the largest width (on the frequency
scale) at all stages, and the extreme lines of the first transition
(5:5! 4:5 and 8:5! 9:5) are� 3GHz away from the nearest
lines of the dominant 175Lu isotope. If the cross sections are
equal in stages (see Table 5), the population of the main
sublevel with F � 8:5 is 1.55 times higher, and, therefore,
from the point of view of extraction, photoionization via
8:5! 9:5 is preferable. The dynamic range of the mass

spectrometer of � 300 limited the direct measurement of the
176Lu photoionization selectivity to a level of 104. By way of
indirect measurements, the photoionization selectivity of
176Lu in the 8:5! 9:5! 8:5! 7:5 channel was estimated
at the level of� 106 at average DL intensities of 10mW cmÿ2,
10 mW cmÿ2, and 3000 mW cmÿ2 at the stages.

The choice of selective channels for 177Lu radionuclide
photoionization is not so obvious. Based on studies of HFS
(see Figs 4 and 5), five 177Lu excitation channels were
identified (Table 8). The frequency shifts relative to 175Lu in
all channels turned out to be similar and, on average, were
1.2GHz,ÿ0:6GHz, and 0.2GHz at the stages. The hyperfine
structure of the 176Lu isotope is different: nuclear spin I � 7,
m176 � 3:1692�45� mN [37], and the nearest channels turned
out to be shifted in frequency by 1±3 GHz in two or three
stages simultaneously. With respect to the 177mLu isomer,
channels 5! 6! 5! 4 and 2! 1! 2! 3 can be con-
sidered selective at the first stage, and channels 4! 3!
4! 3, 2! 3! 4! 3, at the second and third stages.

The 177Lu photoionization selectivity was measured for
five channels (Table 9) [47]. The target isotope concentration
in the evaporation sample was Cf 177 � �3:4� 0:4� � 10ÿ5.
Average DL intensities at the stages were 3 mW cmÿ2,
3 mW cmÿ2, and 2000 mW cmÿ2. The DL2 and DL3 pulses
were delayed by 20 ns relative to the first stage pulse. The
177Lu photoion current signals in all ionization channels were
comparable and corresponded to the region of photocurrent
transition to the saturation mode (in light intensity).
Selectivity for all channels averaged S � 2:7�4� � 105. An
example of recording the photoion mass spectrum in the
course of selective 177Lu photoionization in channel

Table 8. Selective 177Lu photoionization channels (in terms of HFS components)* [31, 32].

177Lu photoionization channel

Ionization channel
Line shifts in stages relative to 177Lu, MHz

175Lu 176Lu 177mLu

5! 6! 5! 4
5! 6! 5! 4

1192; ÿ587; 212
7:5! ÿ8:5! 7:5! 6:5
ÿ904; ÿ1050; ÿ3550

13! 14! 13! 12

�575; ÿ377; ÿ24

5! 5! 5! 4
5! 5! 5! 4

1192; ÿ618; 212
6:5! 7:5! 7:5! 6:5
257; ÿ1446; ÿ3550

12! 12! 13! 12

ÿ40; �2389; ÿ24

4! 3! 4! 3
4! 3! 4! 3

1222; ÿ618; 267
7:5! 6:5! 7:5! 6:5

1048; 493; ÿ2074
10! 10! 11! 11

ÿ226; ÿ2829; �3629

2! 3! 4! 3
2! 3! 4! 3

1202; ÿ618; 267
7:5! 6:5! 7:5! 6:5

1171; 493; ÿ2074
10! 10! 11! 11

ÿ100; ÿ2829; �3629

2! 1! 2! 3
2! 1! 2! 3

1233; ÿ629; 244
5:5! 5:5! 6:5! 6:5
1685; 2232; ÿ3935

10! 9! 10! 11

�1674; ÿ629; ÿ298
* Indicated for each scheme are nearest 175Lu, 176Lu, and 177mLu isotope excitation channels and frequency distances to 177Lu for all ionization stages.

Table 9. 177Lu photoionization selectivity S for different channels [47].

177Lu

photoionization
channel

Relative
lower-sublevel
population

Cp177
� S

5! 6! 5! 4

5! 5! 5! 4

4! 3! 4! 3

2! 3! 4! 3

4=2! 3�� ! 4! 3

0.34

0.34

0.28

0.16

0.16/0.28

0.80(2)

0.90(1)

0.92(1)

0.88(2)

0.93(1)

1:2�2� � 105

2:7�3� � 105

3:4�5� � 105

2:2�4� � 105

4:0�6� � 105

* Cp176 < 0:02 for all channels.
** DL1 radiation frequency is set between lines 4! 3 and 2! 3.
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5! 6! 5! 4 is shown in Fig. 12. For time-matched pulses,
the photoionization selectivity for channel 5! 6! 5! 4
was half, 0:6� 105, which is attributable to the influence of
two-photon processes in the first and second transitions [47].
The two-photon process intensity is determined by the
difference between the energy of the second excited state and
the sum of laser photon energies of the first and second stages.
For the nontarget 175Lu isotope in channel 5! 6! 5! 4,
the difference is � 600 MHz with a frequency difference of
1192 MHz in the first transition, which has the following
effect: when the laser pulses coincide in time, the photoioniza-
tion probability for nontarget 175Lu increases to a greater
extent than for the target 177Lu isotope with a reduction in
selectivity.

The photoionization selectivity of the 177mLu isomer was
determined for four channels (Tables 10 and 11) [48]. A
sample of metallic lutetium was irradiated in a neutron flux
of 1:4� 1013 cmÿ2 sÿ1 for 49 days and then stored for two
months. As a result, at the time of the experiments, the
concentration of the isomer was Cf 177m� �1:2� 0:1� � 10ÿ6.
The measured 177Lu to 177mLu activity ratio of �0:2� 0:03�
corresponded to the 177Lu concentration of �1� 0:2� � 10ÿ8,
which made it possible to neglect the contribution of
photoions of the main isotope to the photoion signal at a
mass of 177. The average laser intensities at the stages were
6 mW cmÿ2, 4 mW cmÿ2, and 2500 mW cmÿ2, respectively.
The DL2 and DL3 pulses were delayed by 20 ns relative to

DL1. The 177mLu photoion mass spectra for ionization
channels 12! 13! 13! 12 and 13! 13! 13! 12 are
shown in Fig. 13.

The highest selectivity S � 5:5�5� � 105 �Cp177m � 0:4�
was obtained during photoionization via channel 12! 13!
13! 12. The decrease in selectivity for channels 13! 13!
13! 12 and 10! 10! 10! 10 is most likely due to
smaller shifts of the 175Lu lines at the first stage. The reason
for the relatively low selectivity in channel 12! 12!
13! 12 with the largest isotopic shift of 1.23 GHz seems to
be the following. Despite the fact that the MO of the DL
oscillates mainly in one longitudinal mode (single-mode
lasing), there is a possibility of the appearance of weak lasing
in the side (neighboring) modes. The frequency distance
between the longitudinal modes is determined by the length

Table 10. Selective 177mLu photoionization channels (in terms of HFS components)* [48].

177mLu

photoionization
channel

Ionization channel
Line shifts in stages relative to 177mLu, MHz

175Lu 176Lu 177Lu

12! 13! 13! 12
4! 5! 5! 4

ÿ996; �1267; �237
8:5! 8:5! 8:5! 7:5
ÿ1110; �995; ÿ932

4! 5! 5! 4

ÿ2167; �1885; �24

13! 13! 13! 12
5! 5! 5! 4

ÿ852; �1267; �237
8:5! 8:5! 8:5! 7:5
�1078; �995; ÿ932

4! 5! 5! 4

�20; �1885; �24

12! 12! 13! 12
5! 5! 5! 4

�1232; ÿ3005; �237
6:5! 7:5! 8:5! 7:5
�298; �2858; ÿ932

5! 5! 5! 4

�40; ÿ2387; �24

10! 10! 10! 11
3! 2! 2! 3

ÿ832; �880; �545
7:5! 6:5! 6:5! 6:5
�1274; �1225; ÿ3640

2! 3! 2! 3

�103; ÿ1110; �298
* Indicated for each scheme are nearest 175Lu, 176Lu, and 177mLu isotope excitation channels and frequency distances to 177mLu for all ionization stages.

Table 11. 177mLu photoionization selectivity S for different photoioniza-
tion channels [48].

177mLu

photoionization
channel

Relative
lower-sublevel
population F

S� 105

Srel 175 Srel 176 S

12! 13! 13! 12

13! 13! 13! 12

12! 12! 13! 12

10! 10! 10! 11

0.34

0.34

0.28

0.16

7.5(5)

2.0(2)

2.4(2)

1.2(1)

0.62(5)

0.32(2)

0.48(5)

0.17(2)

5.5(5)

1.8(2)

2.2(2)

1.0(1)
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Figure 12. 177Lu photoion mass spectrum in photoionization via channel

5! 6! 5! 4 [47].
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Figure 13. 177mLu photoionmass spectrum in photoionization via channels

12! 13! 13! 12 and 13! 13! 13! 12 [48].
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of the resonator and, in our case (110±140 mm), lies in the
range of 1100±1360MHz.Obviously, the approach of the side
mode to the frequency of the 12! 12 nontarget isotope
transition affects the selectivity of the process and can
become especially noticeable under conditions of low isomer
content. Judging by the spectral profile of the laser line, a
decrease in selectivity is possible already when the side modes
account for 10ÿ4 of laser power.

A sharp (two orders of magnitude) decrease in the 177mLu
photoionization selectivity due to the influence of two-
photon processes was observed for time-coincident pulses.
Due to the low content of the isomer, the selectivity in this
case could only bemeasured for channel 12! 13! 13! 12:
it was S � 6� 103.

Here, a remark is in order: to achieve a high level of
photoionization selectivity according to this scheme, it is
necessary to pay special attention to the radiation para-
meters of the DL of the third stage, namely, to the level of
the background component: DL radiation always contains
amplified spontaneous emission (ASE), which is nonselective
in frequency. Despite the fact that the ASE level of pulsed
DLs, as a rule, does not exceed a few percent and is emitted in
a wide spectral range of dye fluorescence (several tens of
nanometers), its effect on selectivity can sometimes become
noticeable. As found in Ref. [49], the ASE of DL3 leads to the
involvement in the ionization process of nontarget isotopes
from the lower metastable level 5d6s2 2D5=2 (1993 cmÿ1) (see
Fig. 2), the high intensity of this process being due to the
following factors:

Ð appreciable metastable level population of 0.25 (at a
lutetium evaporation temperature of 1700 �C);

Ð coincidence of the fluorescence maximum of the DL3
dye (Sulforhodamine 640) with the 6055 �A line arising from
the 5d6s2 2D5=2 ! 5d6s6p 4F0

5=2 transition;
Ð increased level of ASE duringDL operation at the edge

of the dye lasing range (618 nm);
Ð requirement for a high power level of the DL of the last

stage (photoionization).
Careful filtering of the DLMO emission spectrum carried

out in Ref. [49] made it possible to effectively reduce the ASE
of the third stage DL, suppress the capture of nontarget
isotopes, and improve the selectivity of the process by a factor
of 20±40.

8. Production of weight quantity of 176Lu

The production of 176Lu isotope weight quantity was
performed using a separating cell designed to separate
neodymium isotopes [46]. Evaporator 1 (Fig. 14a) formed a
flow of lutetium atoms of natural isotope composition with a
length of 30 cm along the laser beam with collimation
(limitation to 45� of the total angle of atomic expansion) in
the transverse and longitudinal directions. On one side of the
flow, in the shadow of the water-cooled shield 2, there was a
photoion collector 3, and on the other side, deflector 4, which
served to increase and equalize the electric field strength. Two
versions of the working volume were used in the experiments:

the first one used laser beams 20 mm in diameter (bold lines),
while the second made use of laser beams 30 mm in diameter
(thin lines) and increased the width of the working volume
and distance to the crucible. The optical multipass system
provided multiple passes of the laser beam in the working
volume to ensure efficient irradiation of evaporated atoms in
the collimation sector. The evaporation rate was monitored
using a quartz sensor, whose data were calibrated according
to the deposition analysis data on plates 5 located above the
working volume. Figure 14b displays the angular flow
distribution obtained from an analysis of deposition on
plates 5.

Photoionization was carried out via the channel
8:5! 9:5! 8:5! 7:5. The tuning of wavelengths to the
176Lu isotope was controlled in a mass spectrometric setup,
where a small part of the laser beamwas directed. The powers
were chosen in such a way that the intensities of laser
radiation in the separation cell and in the interaction region
in the mass spectrometer coincided for all three stages. The
concentration of 176Lu photoions in the mass spectrometer,
averaged over the operating time (3±4 h), was 97%.

The total productivity was p � 3:5 mg hÿ1 at a 176Lu
concentration Cp � 61% in the first version and
p � 3:9 mg hÿ1 at a 176Lu concentration Cp � 68% in the
second version (Table 12). The feed flow f according to the
analysis of witness plates 5 was 4.1 and 4.6 g hÿ1 in the first
and second versions, respectively, which makes it possible to
determine the extraction degree Kextr of the target isotope,
which is about 2%. At the same time, isotopic analysis of
plates 5 in a narrow area above the centers of laser beams
gives an 176Lu concentration in the dump Cw � 2:33% and
Cw � 2:28% in the first and second versions (natural
concentration of 2.59%), which corresponds to the extrac-
tion degrees of 10% and 12% (see Table 12). Such a
significant difference is attributable to the fact that the
irradiation probability remains high for atoms passing in the

5

3

2

1

4

45�
45�

a b

Figure 14. (a) Working volume: 1Ðevaporator, 2Ðwater-cooled collec-

tor protection, 3Ðphotoion collector, 4Ðdeflector, 5Ðdump control

plate. Version 1 with laser beams 20mm in diameter (bold lines). Version 2

with laser beams 30 mm in diameter (thin lines). (b) Angular distribution

of the atomic flux obtained from an analysis of plates 5.

Table 12. Installation productivity indicators.

Beam diameter, mm p, mg hÿ1 Cp f, mg hÿ1 Cf Kextr Cmax
w Kmax

extr

20 3.5 0.61 4100 0.0259 0.020 0.0233 0.10

30 3.8 0.68 4600 0.0259 0.022 0.0228 0.12
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region of the center of the rays. For atoms falling between the
circumferences of the beam spots, the probability of irradia-
tion is lower. In addition, sputtering of the previously
produced product on the collector leads to a decrease in the
recovery factor due to bombardment with photoions with an
extraction voltage energy of 1±3 kV, which is confirmed by
the presence of a slight enrichment in the isotope 176Lu
(� 2:7%) on plates 5 in the area opposite the collector. The
reduction in extraction degree in the separation cell to 10±
12% compared to that achieved in experiments with a
narrow beam �17� 3�% is explained by the influence of the
Doppler effect, when the frequency of laser radiation shifts
and goes out of resonance for an atom flying at an angle to
the vertical.

The concentration of 176Lu in different places on the
collector ranged from 37.3% on the surface to 72% down-
ward, which indicates a noticeable flow of neutral atoms to
the collector due to scattering in the working volume and on
structural elements. To determine the actual values of the flux
of neutral atoms, information is required on the isotopic
composition of photoions in the working volume, which may
differ from that measured in the mass spectrometer due to the
Doppler effect in view of the fact that the angle of motion of
atoms along the laser beam can reach 22:5� from the vertical,
while in the mass spectrometer this angle is limited to 1:5�.
In Ref. [46], the isotopic composition of neodymium
photoions was determined using data for a number of
even nontarget isotopes, each of which has one isolated
absorption line. In the case of lutetium, each isotope has a
pronounced hyperfine structure, and such a determination
is impossible. Table 13 shows the maximum and minimum
values of the flux of neutral atoms D and the photoion flux
Iion. Their determination was based on the fact that the
176Lu photoion concentration Cphoto in the working
volume cannot be higher than in the mass spectrometer
(97%) or lower than the maximum 176Lu concentration on
the product collector (68% for the first version and 72%
for the second).

The results suggest that the extraction coefficient is
somewhat higher in the second version of the working
volume with laser beams 30 mm in diameter. This may be
due to the higher uniformity of the laser beams and the higher
quality of bringing into coincidence the beams of three
photoionization stages with different wavelengths. The flow
of neutral atoms to the collector in the second version turns
out to be noticeably lower, because, in this case, the size of the
working volume is larger, and in combination with approxi-
mately the same feed flow this leads to a decrease in the
scattering of atoms in the working volume due to a decrease in
their density.

The second version with a beam diameter of 30 mm is
preferable when scaling the production by increasing the
length of the working volume along the laser beam. The
disadvantage of the second version is that its implementation
requires an output laser power that is 2.3 times higher than for
the first version.

9. Conclusions

To solve the problem of obtaining the 177Lu medical radio-
nuclide by laser photoionization isotope separation with
tunable dye lasers pumped by copper vapor lasers, a three-
stage lutetium photoionization scheme was found. For all
levels of the scheme, we studied the hyperfine structure of the
levels of the 175Lu, 176Lu, 177Lu isotopes and the 177mLu
isomer, which are important for solving the problem. Despite
small isotopic shifts, for each isotope and isomer there are
individual HFS components, which make it possible to
achieve a high photoionization selectivity. The scheme
found allows the following processes to be carried out:

(1) selective photoionization of the 176Lu isotope for
subsequent use to directly obtain the 177Lu radionuclide;

(2) selective photoionization of 177Lu for extracting the
radionuclide from the irradiated material;

(3) selective photoionization of the 177mLu isomer to
make an in-hospital autonomous generator of the 177Lu
radionuclide.

The photoionization scheme has a large photoionization
cross section (� 10ÿ14 cm2), which makes it possible to use
low-power lasers (� 10 W) and achieve significant extraction
degrees of the target isotope (isomer) due to photoionization
(10%±17%).
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