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Abstract.  The use of atomic vapour laser isotope separation (AVLIS) 
for solving a number of urgent problems (formation of 177Lu radio-
nuclides for medical applications, 63Ni radionuclides for betavoltaic 
power supplies and 150Nd isotope for searching for neutrinoless 
double b decay and neutrino mass) is considered. An efficient three-
step scheme of photoionisation of neodymium atoms through the 
50474-cm–1 autoionising state with radiation wavelengths of the 
corresponding stages of l1 = 6289.7 Å, l2 = 5609.4 Å and l3 = 
5972.1 Å is developed. The average saturation intensity of the auto-
ionising transition is ~ 6 W cm–2, a value consistent with the char-
acteristics of the previously developed photoionisation schemes for 
lutetium and nickel. A compact laser system for the technological 
AVLIS complex, designed to produce radionuclides and isotopes 
under laboratory conditions, is developed based on the experimen-
tal results.

Keywords: laser isotope separation, copper vapour laser, dye laser, 
autoionising state.

1. Introduction

Recent technological progress  in the production of  isotopes 
and radionuclides put forward a number of problems, such as 
the  production  of  177Lu  radioisotopes  for  medical  applica-
tions  and  63Ni  radioisotopes  for  betavoltaic  autonomous 
power supplies, as well as the selection of 150Nd isotope from 
a  natural  mixture  (the  natural  content  of  150Nd  is  5.6 %) 
to  search  for  the  double  neutrinoless b  decay  and  neutrino 
mass. A promising (from the point of view of lowering cost 
and enhancing safety) technology for solving the aforemen-
tioned  problems  is  the  technique  of  atomic  vapour  laser 
isotope separation (AVLIS) [1, 2]. One of the factors limiting 
the development of this method is the high cost of laser radia-
tion.  Therefore,  the  efficiency  of  its  application  is  of  key 
importance.

The  essence  of  the AVLIS method  is  the  selective  laser 
photoionisation  of  target  isotope  atoms  with  subsequent 
selection  of  newly  formed  photoions  from  an  atomic  flux 
using  electrostatic  fields.  The  ability  of  laser  radiation  to 
form photoions  is  determined  by  the  photoionisation  cross 
section s:
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where Ni and Na are, respectively, the numbers of photoions 
and atoms on  the propagation path of a  laser beam with a 
cross-sectional area of 1 cm2, and I (in cm–2 s–1) is the fluence 
of laser photons. Assuming (in the first approximation) that 
photoionisation occurs with a constant rate during a pulse of 
width t (in seconds), one can find that the number of photo-
ions by the end of the pulse is

Ni » NasI t.  (2)

An efficient use of an evaporated material implies that the 
number of photoions constitutes a significant fraction of the 
number of atoms, i. e.,

I » 1/(s t).  (3)

Concerning the efficiency of applying laser radiation, an 
important  factor  is  the  fraction  of  laser  radiation  used  for 
photoionisation. This fraction, given by the expression

Ni /(I t) » Na s  (4)

depends, along with the cross section, on the number of atoms 
on the laser beam propagation path. If this number is small, 
only a small part of laser radiation is spent. The efficiency of 
laser  beam  application  can  be  enhanced  by  increasing  the 
number of atoms, as a result of which the radiation absorp-
tion  coefficient  increases  and  some atoms  fall  under  condi-
tions  of  low  photon  fluence;  as  a  result,  conditions  (3)  are 
violated. An arbitrary compromise is an observable but rather 
small absorption coefficient, e. g., 0.1:

Nas » 0.1.  (5)

The number of atoms on the laser beam propagation path 
can be written as a product of the concentration n of target 
isotope atoms and the evaporator length L. Then one has

L » 0.1/(n s).  (6)

It follows from formulas (3) and (6) that the scale of the 
system (laser power and evaporator length) and, correspon-
dingly, its cost increase with decreasing photoionisation cross 
section  s.  For  example,  in  the  photoionisation  schemes  of 
lutetium [3] and nickel [4], the photoionisation cross sections 
are ~10 –15  cm2;  thus,  a  laboratory  setup  with  an  average 
power of a laser system of several watts and evaporator length 
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of ~1 m turns out to be quite efficient when using the laser 
system conventional for AVLIS: a dye laser (DL) pumped by 
a copper vapour laser (CVL). However, in the scheme of neo-
dymium photoionisation  [5]  (the  photoionisation  cross  sec-
tion is ~10 –17 cm2), the desired efficiency is obtained only in 
a commercial system with an average power of several hun-
dred watts and an evaporator length of several tens of meters. 
This is consistent well with the problem of producing several 
hundred kilograms of enriched neodymium, an amount nec-
essary for searching for the neutrino mass  [6]. The develop-
ment of  such a  large  system  is highly  expensive, which  is  a 
hindrance for implementing the AVLIS method. It should be 
noted  that  specifically  high  risks  of  implementing  the  new 
technology led to curtailing the programme of incorporating 
the AVLIS  into  the production of  enriched uranium  in  the 
United States at the turn of the 20th and 21st centuries [7].

The risks related  to  the  implementation of AVLIS tech-
nology can be significantly reduced by developing it step by 
step, starting with an efficient laboratory setup. To use effi-
ciently laser radiation and evaporated material under labora-
tory conditions, one needs a new scheme of neodymium pho-
toionisation with a photoionisation cross section of ~10 –15 cm2. 
This scheme will make it possible to develop a unified techno-
logical laser complex for producing 177Lu and 63Ni radionu-
clides, as well as 150Nd isotope.

2. Development of the photoionisation scheme  
of neodymium atoms

The  experience  in  searching  for  three-step  photoionisation 
schemes [5] shows that the spectrum of Nd I does not contain 
any odd autoionising states with large photoionisation cross 
sections, except for the level with an energy E = 50474 cm–1 
[8]. However, the three-step scheme involving this state, which 
was proposed in [8], is characterised by a small isotopic fre-
quency  shift  in  the  first  transition, as a  result of which one 
cannot  obtain  sufficiently  high  selectivity  [5].  Therefore,  a 
new photoionisation scheme must be sought for; this search 
was performed in two directions.

The first way is to search for an autoionising state with a 
high photoionisation cross section among even states. Neo-
dymium atoms can be excited (using two dipole transitions) 
from the even ground state to an even autoionising state with 
an energy exceeding the ionisation threshold: 44562 cm–1. The 
frequency of one of these transitions must lie in the UV spec-
tral range, and the frequency of the other must be in the visi-
ble range.

The second way is to use the high cross section of photoio-
nisation through the known level with an energy of 50474 cm–1. 
To implement this possibility, it was necessary to find a com-
bination of transitions that, on the one hand, would be char-
acterised by a significant isotopic frequency shift (~1 GHz) 
and provide high  selectivity and, on  the other hand, would 
make it possible to excite neodymium atoms to the autoioni-
sing state with an energy of 50474 cm–1.

The energy level diagram of neodymium is one of the most 
complicated among the energy level diagrams of lanthanides. 
This complexity is explained by the partial filling of the f shell, 
which contains four electrons in the ground state, whose ener-
gies are close to those of d electrons. Despite the large amount 
of data on  the  energy  levels of Nd I  [9, 10],  the neodymium 
spectrum remains hardly studied, with a large number of unclas-
sified levels and transitions. Especially scarce are the data on 
the high-lying states with energies above 31000 cm–1. The last 

(found  by  us)  spectroscopic  data  on  Nd I  were  published 
almost 15 years ago [11, 12].

When developing a  two-step  scheme of  excitation  to an 
even autoionising state, one must take into account that UV 
laser radiation is obtained by frequency doubling in a nonlin-
ear crystal, as a result of which the radiation power is signifi-
cantly limited. In this context, we restricted ourselves to the 
consideration of schemes based on an UV transition from the 
ground  state,  because  the  absorption  cross  sections  for  the 
first transitions are generally much larger than the ionisation 
cross sections. In addition, the results of studying the isotopic 
shift  [13]  suggest  that  these  transitions  may  include  those 
characterised by large isotopic frequency shifts.

Table  1  contains  the  line  parameters  for  the  strongest 
transitions from the ground Nd I state, which were found by 
us in the wavelength range of 3028 – 3233 Å, and the isotopic 
shifts between the transition frequencies in 142Nd and 144Nd. 
For the transitions having the largest isotopic shifts, the shifts 
between  the  transition  frequencies  in  148Nd and  150Nd were 
also measured. Despite the fact that the magnitude of the iso-
topic  frequency  shift  for  the  transitions  found  in  the  UV 
region exceeds that for the transition with l1 = 5967.64 Å in 
the  photoionisation  scheme  [5],  one  should  not  expect  the 
photoionisation  selectivity  to  increase,  because  the  ratio  of 
the isotopic shifts to the Doppler widths for these transitions 
is much smaller.

For the transition with  l1 = 3027.736 Å, which is characterised 
by the largest measured isotopic shift, we sought for transiti ons 
to the autoionising states with energies E = 49667 – 50573 cm–1. 
The characteristics of the found transitions are listed in Table 2.

In the photoionisation scheme with l1 = 3027.736 Å and 
l2 = 5929.843 Å, we investigated the dependences of the pho-
toion current on the average laser beam intensity at the first- 
and second-transition frequencies (Figs. 1, 2). It can be seen 

Table 1. Isotopic frequency shifts Dn142 –144 and Dn148 – 150 of the stron-
gest  transitions  from  the Nd I  ground  state,  found  in  the wavelength 
range  of  3028 – 3223  Å;  the  ratios  of  the  isotopic  shifts  to  Doppler 
linewidths  at  a  neodymium  evaporation  temperature  of  1900  К;  and 
similar  characteristics  of  the  three  transitions  in  the  visible  spectral 
range (the measurement error Dn is ±30 MHz).

Transition line 
wavelength in 
vacuum/Å

Transition 
energy/cm –1

Isotopic frequency  
shift of transition, 
Dn142 –144 (Dn148 – 150) 
/GHz

Ratio of 
|Dn148 – 150| 
to the Doppler 
linewidth

3027.736 33027.98 –1.40 (–1.75) 0.69

3073.764 32533.40 –1.26 (–1.57) 0.63

3087.192 32391.90 –1.04 –

3094.786 32312.42 – 0.95 –

3188.381 31363.88 –1.03 (–1.39) 0.58

3191.617 31332.09 – 0.55 –

3191.992 31328.40 – 0.94 –

3194.169 31307.04 – 0.26 –

3195.333 31295.64 – 0.34 –

3208.585 31166.39 – 0.57 –

3214.209 31111.86 – 0.90 –

3217.835 31076.80 – 0.86 –

3223.330 31023.81 –1.11 (–1.30) 0.55

5889.506 16979.352 – 0.224 (– 0.106) [14] 0.08

5967.641 16757.039 – 0.872 (–1.127) [14] 0.88

6289.743 15898.902 – 0.674 (– 0.802) [14] 0.66
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that the saturation of transition to an autoionising state calls 
for  laser  radiation with  an  average  intensity of  80 W cm–2, 
which  corresponds  to  a  photoionisation  cross  section  less 
than 10–16 cm2. The results show that, although no photoioni-
sation scheme with a large cross section was found in the first 
stage,  the  search  among  two-step  schemes  should be  consi-
dered as promising. The work in this field will be continued.

The second direction of search is related to the develop-
ment of a three-step photoionisation scheme through the auto-
ionising state having an energy of 50474 cm–1; this state was 
found by Zyuzikov et al. [8], who proposed a photoionisation 
scheme with l1 = 5889.51 Å and l2 = l3 = 5971 Å, involving 
the aforementioned autoionising  level  (Fig. 3). The  isotopic 
shifts between the frequencies of transitions with l1 = 5889.51 Å 
in 148Nd and 150Nd is only – 0.11 GHz [14] (Table 1); hence, 
this scheme cannot be applied directly to select efficiently the 
150Nd isotope from a natural mixture. It  is noteworthy that 
the total electron momentum J of the first excited level with 

an  energy E  =  16979.35  cm–1  is  3.  In  accordance  with  the 
selection rules for dipole transitions, D J = 0, ±1; therefore, the 
number J for the second excited level with E = 33276.1 cm–1 
should to be 2, 3, or 4. An attempt to find a transition to the 
state with E = 33726 cm–1 from the first excited state with E = 
16757.039 cm–1 and J = 5, which corresponds to the first tran-
sition with l1 = 5967.641 Å and a large isotopic shift, was not 
successful. Therefore,  the quantum number J of  the  second 
excited level with E = 33276.1 cm–1 is 2 or 3. Hence, transi-
tions  from  the ground  state  to  the  first  excited  state with a 
moment J equal to 3 or 4 should be sought for.

Among the first transitions from the ground state to the 
levels with J = 3, there are two known transitions: with l1 = 
5622.105 Å  to  the  level E  =  17786.93  cm–1  and  with  l1  = 
6289.741 Å to the level E = 15898.91 cm–1. The isotopic fre-
quency shifts of these transitions are listed in Table 3. Tran-
sitions to the level with E = 33726.1 cm–1 were found for both 
upper  levels;  therefore,  photoionisation  may  occur  via  the 
autoionising state with E = 50474 cm–1 (Fig. 3). The existence 
of  a  photoionisation  scheme  where  the  frequencies  (wave-
lengths) of the second and third transitions do not coincide, 
allowed us to investigate the spectral profile of the absorption 
line on the autoionising transition between the levels with E = 
33726.1 cm–1 and 50474 cm–1 (Fig. 4). It can be seen in Fig. 4 
that  the  line profile  is  rather wide and has a  fairly  atypical 
structure.

We also investigated the dependences of the photoion cur-
rent on the laser beam intensity for each transition; the results 
obtained for the first two stages of the schemes under consi-
deration are listed in Table 4.

The dependence of the photoion current on the laser beam 
intensity  for  the  third  stage,  obtained  by  tuning  the  third-

Table 2. Energies  of  even  autoionising  levels  of Nd I, wavelengths  (in 
vacuum)  of  the  lines  of  the  corresponding  autoionising  transitions  in 
142Nd from the level with energy of 33027.984 cm–1, and the ratios К of 
the photoionisation current through an autoionising state to the photo-
ionisation current in continuum at an average laser beam intensity of 
2.5 W cm–2.

Wavelength of autoionising 
transition line/Å

Energy of autoionising  
state/cm–1 K

6004.21 49682.96 4

5981.70 49745.65 4

5964.91 49792.69 10

5964.16 49794.81 6

5953.07 49826.03 2

5952.47 49827.73 3

5946.61 49844.30 4

5930.42 49890.20 7

5929.84 49891.84 12

5929.29 49893.40 14

5908.40 49953.03 5

5871.79 50058.57 4

5765.57 50372.32 4
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Figure 1. Dependence of  the photoion current on  the average  excita-
tion radiation intensity ( l1 = 3027.736 Å ) at an ionising radiation inten-
sity of 3 W cm–2.
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Figure 2. Dependence of the photoion current on the average ionising 
radiation intensity ( l2 =5929.843 Å ) at an average excitation radiation 
intensity of 0.25 W cm–2.

Table 3. Isotopic frequency shifts for the first-stage transitions (in MHz).

Transition  
line  
wavelength/Å

Dn142 – 144 Dn144 – 146 Dn146 – 148 Dn148 – 150 References

6289.741  – 674 – 638 – 670 – 803 [14]

5622.105 + 600 (30) + 615 (30) + 702 (40) + 1131 (40)
This  
study
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stage radiation wavelength to the peak with l = 5972.1 Å, is 
shown in Fig. 5. The saturation of the transition calls for an 
average intensity of 6 W cm–2, which corresponds to a photo-

ionisation cross section of (5 ± 1) ́  10 –16 cm2. The photoioni-
sation  scheme with  l1 =  6289.7 Å,  l2 =  5609.4 Å  and  l3 = 
5972.1 Å corresponds to the problem stated, because the pho-
toionisation cross section for the transition with l3 = 5972.1 Å 
is sufficiently large. At the same time, the isotopic frequency 
shift of the first transition (Dn148 – 150 = – 803 MHz) exceeds the 
isotopic  frequency  shift of –110 MHz of  the  first  transition 
with l1 = 5889.5 Å in the scheme considered in [8] by a factor 
of more than 7 and makes it possible to reach the desired pho-
toionisation selectivity. Thus, the scheme found can be used 
in a laboratory setup for 150Nd preparation. It is not reason-
able to apply the scheme with l1 = 5622.11 Å, l2 = 6273.84 Å, 
and l3 = 5972.1 Å  because of  the high  expenditures on  the 
second-stage saturation.

3. Development of the laser system

The  laser system of a  technological AVLIS complex should 
provide highly efficient selective photoionisation of 177Lu and 
63Ni radionuclides and 150Nd isotope. A necessary condition 
for highly efficienct photoionisation  is simultaneous satura-
tion of each transition in the corresponding photoionisation 
scheme. Table 5 contains the wavelengths and average laser 
beam  intensities  corresponding  to  the  saturation  of  transi-
tions in the developed photoionisation schemes for lutetium, 
nickel, and neodymium atoms [3, 4].

16979.35 cm–1

Odd levels Even levels 
44562 cm–1

Ionisation threshold

50474 cm–1

5972.1 Å

33726 cm–1

17786.93 cm–1
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Figure 3. Nd I photoionisation schemes. Double lines show the photo-
ionisation scheme proposed in [8]. The isotopic shifts (in GHz) between 
the frequencies of transitions in 148Nd and 150Nd are given in parentheses. 
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Figure 4. Spectral profile of the autoionising transition line between the 
levels with Е = 33726 cm –1 and 50474 cm–1 (the FWHM of the peak at 
l = 5972.1 Å  is 4.7 GHz). Wavelength scanning was performed at an 
average radiation intensity of 0.12 W cm–2.

Table 4. Transition  saturation  intensities  for  the  first  two  excitation 
stages in Nd I photoionisation schemes.

Stage
Transition line 
wavelength/Å

Average saturation 
intensity/W cm–2

First 6289.74 0.06

Second 5609.40 0.06

First 5622.10 < 0.015

Second 6273.84 4
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Figure 5. Dependence  of  the  photoion  current  on  the  average  laser 
beam intensity in the third stage in the scheme with l1 = 6289.7 Å, l2 = 
5609.4 Å, and l3 = 5972.1 Å, at average radiation intensities in the first 
and second excitation stages of 0.18 and 0.15 W cm–2, respectively.

Table 5. Wavelengths and average laser beam intensities corresponding 
to  the  saturation  of  transitions  in  the  photoionisation  schemes  of 
neodymium, lutetium, and nickel atoms.

Stage Element Wavelength/Å Intensity/W cm–2

First

Nd 6289.74 0.06

Lu 5404.16 0.01

Ni 3222.58 0.08

Second

Nd 5609.40 0.06

Lu 5350.59 0.01

Ni 5464.01 0.02

Third

Nd 5972.1 6

Lu 6180.06 2

Ni 5442.16 5
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Concerning  the  light power and spectral,  frequency and 
spatial characteristics, a DL system pumped by a CVL can be 
considered  efficient  for  the  AVLIS  process  [15].  The  CVL 
radiation  has  two  components  with  approximately  equal 
intensities  at  wavelengths  of  l  =  5106  and  5782 Å,  due  to 
which the spectral range of efficient DL generation  is  fairly 
wide.  Recently,  diode-pumped  solid-state  lasers  with  fre-
quency  doubling  in  a  nonlinear  crystal  ( l  =  5321 Å)  have 
more often been used  for DL pumping  [16, 17];  these  lasers 
are  characterised  by  high  energy  efficiency  and  durability. 
However, having similar energy and temporal characteristics 
of radiation, the pump source used in this case significantly 
narrows  the  spectral  range  of  efficient DL  generation  and, 
therefore, limits the possibilities of selective laser photoioni-
sation.

The  transition  saturation  conditions  must  be  satisfied 
throughout the entire irradiation zone in the region of inter-
action with atomic vapour; therefore, an important factor is 
the  laser-beam diameter. A decrease  in  the  transverse beam 
size, on the one hand, imposes less stringent requirements on 
the output DL power and, on the other hand,  increases the 
laser  beam divergence  and,  therefore,  reduces  the  length of 
the zone where  the  laser  intensity can arbitrarily be consid-
ered constant.

When  the  laser  beam diameter  is  less  than  10 mm,  it  is 
rather difficult to converge several beams into one and trans-
port them jointly to the separating complex. This condition 
determines the main energetic parameters of the laser system: 
the average laser power of the third stage should to be 2 – 6 W, 
depending on the type of selected isotope.

The laser complex consists of a set of wavelength-tunable 
pulsed DLs, pumped by a CVL system.

4. Pump laser 

The CVL system is based on self-heating active elements (AEs) 
of  the  LT-40Cu  ‘Crystal’  series  (Research  and  Production 
Corporation  ‘Istok’)  [18] and thyratron modulators accord-
ing to the master oscillator – amplifier scheme.

The CVL oscillator is based on the scheme of double-pass 
superluminescence amplification (Fig. 6). A special three-lens 
achromatic  system  ( 1 – 3 )  with  a  diaphragm  ( 4 )  is  used  to 
‘purify’ radiation spatially and form a weakly divergent beam 
with a diameter approximately equal to the AE channel dia-
meter (20 mm).

The average output power of the CVL master oscillator is 
2.5 – 3 W (radiation at l = 5106 and 5782 Å, pulse repetition 
frequency 10 kHz, pulse duration 20 – 25 ns). The radiation of 
CVL  master  oscillator  has  an  intensity  profile  close  to 
P-shaped (with homogeneity better than 90 %), divergence of 
no more than 0.4 mrad, linear polarisation, and highly stable 
directional pattern (instability of no more than 0.05 mrad h–1). 
These parameters of laser radiation promote its further suc-
cessful amplification in the AE of the CVL amplifier, as well 
as efficient and stable conversion into the DL radiation. The 
output  power  of  the  CVL  amplifier  increases  to  40 – 42 W 
without any significant deterioration of the spatial and pola-
risation  characteristics  of  radiation.  Temporal matching  of 
CVL AEs is performed using an electron system [19] reducing 
the triggering time spread to ± 1 ns.

The ratio of the average powers of the green ( l = 5106 Å)
and  yellow  ( l  =  5782 Å)  components  of  CVL  radiation  is 
~5/4 (23 W/17 W). The components are spatially separated 

using a dichroic mirror  [( 5 ), Fig. 6], after which  two pump 
beams are directed to the DL system.

5. Dye lasers

The DL system (Fig. 7) contains three independent channels, 
designed according to the master oscillator – amplifier scheme. 
One of the DL channels is pumped by the yellow component 
of CVL radiation ( l = 5782 Å), and the two others are pumped 
by the green component ( l = 5106 Å). Depending on the pho-
toionisation scheme in use (Table 5), one or two amplifiers are 
applied in the third-stage channels.

The DL master  oscillators  are  constructed  according  to 
the Littman scheme [20] with one selecting element (diffrac-
tion grating operating  in  the  grazing  incidence  regime)  and 
radiation extraction  into zero diffraction order. The output 
power of single-mode radiation is 150 – 200 mW (at a pump 
power  of  1.5 – 2  W),  the  spectral  linewidth  (FWHM)  is 
100 – 130 MHz, the nonselective background component does 
not  exceed  0.3 %,  and  the  pulse  FWHM  is  15 – 18  ns.  The 
intensity distribution profile and beam divergence are close to 
Gaussian  (М 2 »  1.5); more detailed  information about  the 
DL master oscillator can be found in [21].

The ionisation of 177Lu, 63Ni, and 150Nd atoms in specific 
schemes (Table 5) is performed using the most efficient (from 
our point of view) laser dyes: РМ556, РМ567, РМ597 (pump-
ing with l = 5106 Å) and SR640, Cresyl Violet (pumping with 
l  =  5782 Å).  The  experimental  wavelength  dependences  of 
single-mode  efficiency  of  the  DL  master  oscillator  for  the 
aforementioned dyes are presented in Fig. 8.

The  DL  amplifiers  operate  in  the  longitudinal  pump 
geometry [18, 22], which allows one to obtain high efficiency 
of pump radiation conversion and form output beams with a 
sufficiently uniform intensity profile [23]. The efficiency of the 
amplifiers in laser systems based on the chosen dyes is demon-
strated  in Fig. 9, which shows experimental dependences of 
the pump radiation conversion efficiency on gain.

To generate UV radiation (the first excitation stage for 63Ni 
atoms; l1 = 3222.584 Å), the DL frequency is doubled in a non-
linear crystal [second-harmonic generation (SHG), Fig. 7]. The 
output radiation power at l1 = 3222.584 Å is ~0.3 – 0.35 W for 
a SHG efficiency of ~12 % – 15 % (b-BBO crystal 4 ́  4 ́  5 mm 
in size, phase-matching angles q = 39° and j = 90°).

The radiation powers in all channels of the DL system and 
for all ionised elements are presented in Fig. 7. The maximum 
total average power of the three DL beams is 12 W (5 W + 
1 W + 6 W), a value corresponding (at a pump power of 40 W) 
to a conversion efficiency of 30 %. There are DL systems with 
efficiencies of 40 % – 50 %; however, these values were obtai-
ned only due to the efficient operation of the final DL ampli-
fiers  at  much  higher  pump  powers  [15].  It  was  possible  to 
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Figure 6. CVL optical scheme [master oscillator ( MO ) – amplifier ( A )]: 
( 1 – 3 ) three-lens achromatic system; ( 4 ) diaphragm; ( 5 ) dichroic mir-
ror; ( 6 ) polarisation cube.
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make the developed system highly efficient due to the use of 
the longitudinal pump geometry in DL amplifiers, choice of 
appropriate design of DL and CVL master oscillators,  and 
the experimental choice of most efficient dyes.

The  radiation  beams  at  the  amplifier  output  were  tele-
scoped to a transverse diameter of 10 – 12 mm; they were con-
verged  into  one  beam  by  semitransparent  and/or  dichroic 
mirrors. The radiation wavelength of each DL was monitored 
using precise LМ007 wavelength meters (Laser 2000, GmbH), 
which  provide  an  extremely  high  accuracy  in  wavelength 

measurements  (with  an  error  as  low  as ~0.0005 Å).  These 
devices were also used as a stabilised reference when switch-
ing any DL into the regime of active wavelength stabilisation 
during ionisation. The DL lasing frequency was maintained 
automatically  by  controlling  the  length  of  the  DL  master 
oscillator cavity; the deviation of the lasing line centre from a 
specified value  in the  long-term stabilisation regime did not 
exceed ± 40 MHz.

To make it possible to switch the laser system to the spec-
tral range of one of three ionisation schemes, the number of 
dye solution circulation systems was increased to 10 (accord-
ing to the number of working dyes for the DL oscillators and 
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Figure 7. Block diagram of the DL system. The wavelengths and average output powers are indicated near each ray, and the ionisation stage num-
bers are given in parentheses. The laser dyes used for ionisation of a specific element are indicated for each MO and A; SHG is the second har-
monic generator. 
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Figure 8. Dependences  of  the  lasing  efficiency  on  the  wavelength  of 
single-mode radiation from DL master oscillator (pumped by CVL) for 
laser  dyes  (   )  PM556  in  ethanol – distilled water  ( 10/1 ) mixture,  (   ) 
PM567 in ethanol, (   ) PM597 in n-heptane, (   ) SR640 in ethanol – dis-
tilled water  ( 2/1 ),  and  (   ) Cresyl Violet  in  ethanol. All  the  dyes  are 
produced by Exciton ( United States ).
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amplifiers). The replacement of dye in any element of the DL 
system implies reconnection of input and output hose pipes of 
laser  cells  from  one  pumped  system  to  another  (without 
applying the drain/filling procedures, careful washing of the 
system,  replacement  of  filter  elements,  etc.).  As  practice 
showed, small amounts (~1 cm3 ) of dye solution residue on 
the internal walls of cells and hose pipes do not affect the las-
ing  characteristics  of  the  new  solution  with  a  volume  of 
~10 L.

Concerning the optical elements, to switch the  laser sys-
tem to another scheme, one should replace dichroic mirrors 
for  beam  convergence  and  rearrange  the  rotational  mirror 
unit of the master oscillator cavity into the angular position 
corresponding to the lasing spectrum. Since most of the opti-
cal  elements  of  the  system  (mirrors,  splitters, window  cells, 
etc.) have broadband (530 – 600 nm, 600 – 650 nm) dielectric 
(both reflection and antireflection) coatings,  it  is not neces-
sary  to  replace  them.  The  above-mentioned  technical  solu-
tions made it possible to rearrange the laser system for a spe-
cific element during one working day.

6. Conclusions

Photoionisation schemes characterised by similar isotopic shifts 
and effective photoionisation cross sections were found for an 
important practical application: separation of lutetium, nickel, 
and neodymium  isotopes. This advance made  it possible  to 
consider the possibility of forming a laser complex for labora-
tory  production of  177Lu  and  63Ni  radionuclides  and  150Nd 
isotope  using  a  compact  and mobile  laser  system based  on 
CVL-pumped DLs.

The developed laser system made it possible to convert for 
the first time the CVL pump radiation into high-quality (sin-
gle-mode, wavelength-stabilised in the range of 535 – 645 nm, 
with  a  divergence  close  to  the  diffraction  one)  radiation  of 
three DLs with a 30 % efficiency at a  low average power of 
pump radiation (20 – 40 W).

The  pump  laser  is  based  on  only  two LT-40Cu Crystal 
AEs, due to which the laser system maintenance can be sup-
ported at the grant level.
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