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Laser isotope separation of 223Ra
M. V. Suryanarayana 

A three-step photoionization has been theoretically studied for the laser isotope separation of 223Ra 
through the following photoionization scheme. 

  The effect of bandwidth, peak power density of the excitation and ionization lasers, Doppler 
broadening of the atomic ensemble, number density of the atoms, and charge exchange collisions 
on the laser isotope separation process has been studied. The optimum system parameters for the 
separation of 223Ra through this photoionization scheme have been derived. The effect of unknown 
parameters on the degree of enrichment has also been discussed. It has been theoretically shown 
that it is possible to produce 223Ra isotope with 98.5% radio-isotopic purity at a rate of 0.74 μg/h 
corresponding to the production rate of 435 patient doses per hour. This is the first ever study on the 
laser isotope separation of Radium isotopes.

Radium was discovered in 1898 by Marie and Pierre Curie. It has more than 20 isotopes and all of them are 
radioactive. The mass numbers of the known isotopes range from 206 to 230 and their half-lives vary from 182 ns 
for 216Ra to 1600 years for 226Ra. Among them, four Radium isotopes 223Ra (235U decay series), 224Ra (232Th decay 
series), 226Ra (238U decay series), and 228Ra (232Th decay series) occur in nature as they are members of the radioac-
tive decay series. The Radium isotopes 223Ra  (T1/2 = 11.44 d), 224Ra  (T1/2 = 3.7 d) and 226Ra  (T1/2 = 1600 years) are 
α-particle emitters, while 228Ra  (T1/2 = 5.75 years) and 225Ra  (T1/2 = 14.9 d) are β-particle emitters.α-particle based 
radionuclide  therapy1 using 223Ra isotope has been found to be providing survival benefit for castration-resistant 
prostate cancer (CRPC) patients with symptomatic bone  metastases2,3. In 2020 alone, 1.4 million new prostate 
cancer cases and 375 thousand deaths have been reported  worldwide4. Therefore, survival chances critically 
dependent on the wider availability of 223Ra to the patients.

As mentioned earlier, 223Ra occurs naturally only in trace amounts through 235U decay; therefore, it is nor-
mally produced through irradiation of 226Ra in a nuclear  reactor5. When 226Ra isotope is irradiated in a nuclear 
reactor, it produces 223Ra, 224Ra, 227Ra and 228Ra isotopes apart from the 227Ac  (T1/2 = 21.7 years) isotope. The 
227Ac isotope thus produced decays to 223Ra through 227Th which is periodically  extracted6 similar to a moly cow. 
Due to the long half-life of 227Ac, the amount of 223Ra produced is rather small. For example, irradiation of one 
gram of 226Ra in a medium flux nuclear reactor (3 ×  1014 neutrons/cm2-sec) for 100 days produces, 14.9 mg of 
227Ac and 0.11 mg of 228Ac  (T1/2 = 6.13 h). 228Ac isotope decays quickly due to its short half-life. After the chemi-
cal separation of Ac and cooling for 100 days, the 227Ac produces 20 μg of 223Ra. With no carrier added specific 
activity of 223Ra being 1893.7 TBq/gm; a typical dose requirement of 55 kBq/kg of body weight, given at 4 week 
intervals of 6  doses7,8; each dose for a 60 kg patient corresponds to 1.7 ng of 223Ra. Therefore, about 12,000 doses 
can be produced every 100 days using the cow. Though, this is an easy and efficient method for the production of 
223Ra, the valuable 223Ra produced during the 100 days of irradiation of 226Ra is not utilized. For example, when 
one gram of 226Ra is irradiated in a medium flux reactor for 100 days; it produces 16 μg of 223Ra corresponding 
to ~ 9400 doses. Due to the large scale requirement of the 223Ra isotope, it is perhaps pertinent to recover 223Ra 
isotope from the irradiated 226Ra isotope mixture.

Among the co-produced isotopes during 100 days irradiation in a medium flux reactor, namely 223Ra, 224Ra, 
227Ra and 228Ra; the 227Ra isotope decays quickly due to its short half-life  (T1/2 = 47 m). Thus, the residual Radium 
isotope mixture consists of 223Ra (1.66 ×  10−3%), 224Ra (1.01 ×  10−2%), 226Ra (99.999%) and 228Ra (3.96 ×  10−6%). 
However, in order to utilize this 223Ra for radionuclide therapy, it needs to be separated from rest of the isotopes 
of Radium.

In present work, the possibility of separation of 223Ra from the remaining Radium isotopes through Atomic 
Vapor Laser Isotope Separation (AVLIS) method has been examined. The density matrix formalism has been 
adopted for the calculation of ionization efficiency of the isotopes under various conditions from which the 
degree of enrichment has been calculated. The optimum conditions for the efficient separation of 223Ra have 
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been derived. This is the first ever study reported on the laser isotope separation of 223Ra. All the wavelengths 
mentioned in the article are vacuum wavelengths.

AVLIS of radium. An excellent compilation of spectroscopic data of Radium can be found in Ref.9. 
Radium belongs to the alkaline earth metal group having a ground state electronic configuration of  [Rn]7s2 

1S0. Radium has ionization energy of 42,573.36   cm−1 (5.3 eV). Since energy of a photon in the visible region 
is about 2  eV, it requires a three-step laser photoionization process for the selective ionization of Ra. Most 
of the known transitions originating from the  7s2 1S0 are in the UV wavelength region except for the 7s21S0
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transitions. Isotope shifts of both the transitions are similar in  magnitude10. Sebastian Raeder et al.11 have used 
482.7277 nm transition for the photoionization of Ra which requires a frequency doubled Ti:Sapphire lasers 
for the excitation and photoionization process. Since frequency doubling is not an efficient process, such pho-
toionization scheme cannot be used for AVLIS process. Day Goodacre et al.12 have used the following three step 
photoionization scheme wherein two Ti:Sapphire lasers have been used for the excitation and the dye laser has 
been used for the ionization.

Photoionization scheme. 

Lynch et al.13 have measured isotope shifts for the 714.3185 nm transition. The isotope shifts relative to 
the 223Ra isotope were reported to be 224Ra (− 2706 MHz), 226Ra (− 8798 MHz) and 228Ra (− 14,719 MHz). The 
isotope shifts for the 784.0270 nm transition have not been reported so far, therefore, the isotope shift has been 
considered as zero. The effect of magnitude of isotope shifts of second excitation transition on the laser isotope 
process will be discussed in the subsequent sections. The atomic hyperfine structure constants of 223Ra for the 
resonant energy levels of the photoionization scheme are tabulated in Table 1.

The hyperfine pathways of the two-step resonance three-photon ionization of 223Ra isotope are tabulated in 
Table 2. Among them, F = 3

2 → F
′

= 5
2 → F

′′

= 5
2 (where F, Fʹ and Fʺ correspond to the F-quantum numbers 

of the ground, first and second excited states respectively) hyperfine pathway corresponds to the most intense 
hyperfine pathway corresponding to the resonance frequency of (1685.7 MHz, 570.7 MHz). Therefore, in the 
present work, selective photoionization of 223Ra has been investigated through to this hyperfine pathway.

The schematic of the photoionization scheme has been shown in Fig. 1. The atoms from the  7s2 1S0 (0.0  cm−1) 
ground state are excited into the 7s7p 3P°1 (13,999.3569   cm−1) state using a pulsed (pulse width = 50 ns) 
Ti:Sapphire laser having a pulsed repetition frequency of 10 kHz which is tuned to the 714.3185 nm transi-
tion. The atoms from the 7s7p 3P°1 (13,999.3569  cm−1) are further excited into 7s8s 3S1 (25,754.02  cm−1) using a 
similar Ti:Sapphire laser tuned to the 784.0270 nm transition and eventually ionized through an autoionization 
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Table 1.  A table of hyperfine structure constants of 223Ra isotope energy levels.

Level

223Ra

ReferenceA (MHz) B (MHz)

7s7p 3P°1 (13,999.3569  cm−1)
1202.5 − 472.1 13

1206.6 − 467.63 14

7s8s 3S1 (26,160.293  cm−1) 1504.3 0.0 14

Table 2.  A table of hyperfine pathways of 223Ra isotope. *Fʹ, Fʺ and Fˈˈˈ are the hyperfine levels of the first, 
second and third excitation states.

S. no.

714.3185 nm transition* 784.0270 nm transition*
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transition. The decay rates to the resonant lower levels and trapped levels are also shown in Fig. 1. For the present 
work, the excitation lasers have been considered to be unpolarized.

Density matrix equations accurately describe laser-atom interactions in a multi-step laser photoionization 
 process15. The population dynamics in a three-step ladder excitation of an atom described by the coupled density 
matrix equations are published in Ref.16.

The excitation into autoionization state is considered as incoherent process, which is induced by ionizing 
laser at a rate γi = σ� , where σ is the photoionization cross-section and ϕ is the flux of the ionization laser. For 
a typical auto-ionization cross-section of 1 ×  10−16  cm2, the ionization rate γi is calculated to be 1.46 ×  103 I  Sec−1, 
where I is the power density of the ionization laser in W/cm2.

According to the phase diffusion model, the laser spectrum is Lorentzian near the centre with full width at 
half maximum (FWHM) γι and has a cut-off around βι. For the detunings �ι ≪ βι, these terms reduce γι; while 
�ι ≫ βι, the laser appears to be monochromatic.

The effect of the laser bandwidth and its lineshape are included in the  terms17,18

For a typical evaporation temperature of 1173° C for Ra, the most probable velocity of 226Ra is 326.1 m/sec. 
At this temperature, the vapor pressure of Radium is 100 mbar. When the full angle divergence of the atomic 
ensemble of Radium is limited to 30°, the number density of the atoms will be ~ 1 ×  1012 atoms/cm3 at 100 mm 
above the exit orifice of the atom source. In this region, the atomic beam diameter in the perpendicular plane 
of the laser propagation axis will be 55 mm. Under these conditions, the flux averaged irradiation probability 
of the atomic beam is 0.99.

For the entire calculations in this work, the laser has been considered to be having a Gaussian pulse-width 
of 50 ns, with no delay between the pulses and all the lasers are considered to be co-propagating. Initially, the 
population of the ground state has been set to one. The coupled density matrix equations are then integrated 
using the standard numerical integration method for the set conditions for the entire duration of the laser–atom 
interaction. At the end of the laser interaction, the population of the ion state corresponds to the ionization 
efficiency of the photoionization process. For the inclusion of Doppler broadening of the atomic ensemble in 
the calculations, divergence angle of the atomic ensemble has been segmented into a minimum of 30 angular 
groups; and each angular group has been segmented into a minimum of 30 velocity groups. The frequency scale 
in this article is referenced to the centre of gravity of the 223Ra transition unless stated otherwise.

Results and discussion
In an atomic vapor laser isotope separation process, the primary objective is to obtain high isotope selectivity 
(resulting in high degree of enrichment) and high ionization efficiency (resulting in high production rate). Fur-
ther, the above objective shall be achieved with the simplest possible system configuration. Unfortunately, many 
a times, achieving these objectives requires mutually excluding conditions. Therefore, one needs to optimize 
the system parameters such as bandwidth and power of the excitation lasers, Doppler broadening of the atomic 
ensemble so that high degree of enrichment can be achieved without significant compromise in production rates. 
The optimization of the system parameters has been carried out as described below.

(1)2.γi
β2
i

�2
i + β2

i

, i = 1, 2

Figure 1.  Schematic diagram of the photoionization scheme of Radium (not to scale).



4

Vol:.(1234567890)

Scientific Reports |         (2023) 13:7001  | https://doi.org/10.1038/s41598-023-34204-w

www.nature.com/scientificreports/

First, the dependence of ionization efficiency on the frequency of excitation lasers has been studied. The 
frequency of both the excitation lasers has been varied by several GHz from it resonance frequency and the 
resultant ionization efficiency data has been plotted as the two-dimensional contour plot. A typical plot obtained 
for the 223Ra isotope has been plotted in Fig. 2. The hyperfine pathways were numbered as per serial numbers 
in Table 2. All the hyperfine pathways were found to be at the expected resonance frequency positions. The 
horizontal and vertical ridges in the contour correspond to the wing overlap excitations of the first and second 
excitation transitions, respectively, while, the diagonal ridges correspond to the coherent two-photon ionization. 
As mentioned earlier, the isotope shifts for the second excitation transition have not been reported so far. The 
possible resonance frequency position range of even 224Ra, 226Ra and 228Ra isotopes for the second excitation 
transition have been marked in Fig. 2. A detailed discussion on the two-dimensional contours can be found in 
Ref.16,19. When the lasers are tuned to the F = 3

2 → F
′

= 5
2 → F

′′

= 5
2 hyperfine pathway (marked as 7 in Fig. 2), 

the ionization efficiency has been found to be 1.6 ×  10−5. The low ionization efficiency of 223Ra is due to the low 
peak power density of the excitation and ionization lasers (10 W/cm2). From the transition probability values 
of 2.37 ×  106  Sec−1 and 21 ×  106  Sec−1 for the first and second excitation transitions; the saturation power density 
of the transitions was calculated to be 0.41 mW/cm2 and 2.7 mW/cm2 respectively. Though the peak power 
density (10 W/cm2) used was much higher than the saturation power density of the excitation transitions, the 
ionization efficiency is not adequate enough for the efficient laser isotope separation process. Therefore powers 
of both excitation and ionization lasers must be increased to enhance the ionization efficiency. When the powers 
of the excitation lasers are increased beyond the saturation power, saturation broadening occurs. The saturation 
broadening (Γsat) can be calculated using the expression

When the powers of the excitation lasers are 10 W/cm2; saturation broadening for the excitation transitions 
was calculated to be 372 MHz, 1274 MHz respectively. Since saturation broadening is much smaller in magnitude 
than the isotope shift of the non-target isotopes, the powers of the excitation lasers can be increased without 
significant loss in the isotope selectivity. When the powers of excitation lasers are increased to very high values, 
the isotope selectivity is lost significantly due to increased saturation broadening resulting in increased ionization 
of non-target isotopes. Therefore, at certain peak power density values of the excitation and ionization lasers, 
isotope selectivity and ionization efficiency reach their optimum values. In order to find such optimum values, 
a series of calculations of ionization efficiency has been carried out for all the constituent isotopes for different 

(2)Ŵsat = Ŵ0

√

1+
Ilaser

Isat

Figure 2.  Two dimensional contour of the ionization efficiency of 223Ra isotope under Doppler free excitation. 
The bandwidth of excitation lasers is 500 MHz, peak power density of excitation lasers is 10 W/cm2. The 
resonance frequency positions of the hyperfine pathways were numbered according to Table 2. The range of 
resonance freqency position of 224Ra, 226Ra, and 228Ra isotopes for the second excitation transition is also shown.
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lasers bandwidths and varying peak power density of all the three lasers (Table 3). The degree of enrichment of 
the target isotope has been calculated using the expression

where η corresponds to the ionization efficiency of the isotope, A is the fractional abundance and i is the isotope 
mass index.

For peak power density optimization of excitation and ionization lasers, the peak power density of excita-
tion lasers has been sequentially varied between 10 and 60 W/cm2 in steps of 10W/cm2; while the peak power 
density of the ionization laser varied between 1 kW and 10 kW/cm2 in steps of 1 kW/cm2. For these calculations, 
bandwidth of the excitation lasers was set to 500 MHz. Highest ionization efficiency has been obtained for 60, 
60, 10,000 W/cm2 (ionization efficiency = 1.77 ×  10−2), however, in this case, the degree of enrichment was found 
to be 9.2%. On the other hand, when the powers of the lasers set to 10, 10, 1000 W/cm2 (lowest values in this 
calculation region) the ionization efficiency was found to be 5.3 ×  10−4 while the degree of enrichment was 20.7%. 
In AVLIS, it is always a compromise between the ionization efficiency and degree of enrichment. At the powers 
of 10, 10, 10,000 W/cm2; the ionization efficiency if found to be 5.3 ×  10−3 (one order higher than the lowest 
value) and the degree of enrichment remained at 20.7%. Therefore, these values are considered to be optimum.

A series of calculations having been carried out varying the bandwidth of the excitation lasers under the 
optimum peak power conditions (Table 3). From Table 3, it can observed that when narrowband lasers (band-
width = 50 MHz) are employed for the isotope separation process, the degree of enrichment of the target iso-
tope reaches a value of > 90%. With increase in the bandwidth, the degree of enrichment degrades. When the 
bandwidth of the excitation laser is set to 500 MHz, the degree of enrichment was found to be 20.7%. It can 
also be observed that the ionization efficiency of the target isotope also falls by ~ 70% with increase in the laser 
bandwidth. Since these calculations have been carried out under the Doppler free conditions, these should be 
considered as upper limits. The effect of Doppler broadening on the degree of enrichment and ionization effi-
ciency has been dealt as described below.

Atomic transitions of an atomic ensemble exhibit Doppler broadening. Doppler broadening arises due to 
the velocity and angular distributions of atoms exiting the atom source. The flux-velocity distribution of atomic 
ensemble is given by the following expression

where  vmp is the most probable velocity. At 4 ×  vmp, the relative flux drops to the value of ~  10−7 of the maximum.
The divergence of the atomic beam can be calculated using the collimation ratio of the “canal” type atom 

source.

where “l” is the length and “d” is the internal diameter of the atom source.
The collimation ratio can be further increased by incorporating the additional aperture in the plane perpen-

dicular to the atom propagation axis; however, this could result in the loss of throughput of atoms. Therefore, 
atom sources can be built with the requisite full angular divergence

When Radium is evaporated at the temperature of 1173° C, the Doppler broadening of the first and second 
excitation transitions for the freely expanding atoms will be 761 MHz and 693 MHz respectively. When the full 
angular divergence is limited to 30°, the residual Doppler broadening of the transitions falls to 376 MHz and 
343 MHz respectively. The Doppler broadening of the transitions affects the AVLIS process in two ways. First, 
when the Doppler broadening of the atomic ensemble is larger than the bandwidth of the excitation lasers; the 
larger velocity groups which are having larger Doppler shifted resonances lie far away from the rest frame reso-
nance frequency, therefore they are unlikely to be excited and ionized by lasers. As a result, production rates are 
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Table 3.  A table of the degree of enrichment of 223Ra for various bandwidths of the excitation lasers under 
Doppler free condition. Peak power density of the excitation and ionization lasers is 10, 10, 10,000 W/cm2.

Bandwidth (MHz) of the excitation lasers Ionization efficiency of 223Ra ( η223Ra) ×  10–2 Degree of enrichment (%) 223Ra

50 1.83 93.3

100 1.58 81.3

250 0.99 54.4

500 0.53 20.7
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affected. On the other hand, when the bandwidth of the excitation lasers is larger than the Doppler broadening 
of the atomic ensemble; the photon frequencies at the pedestal of the laser bandwidth are not in resonance with 
atoms. As a result photon economy is lost. Therefore, in order to find an optimum values for the bandwidth 
of the excitation lasers and Doppler broadening, a series of calculations of ionization efficiency and degree of 
enrichment have been carried out varying the angular divergence of the atomic ensemble, bandwidth and peak 
power density of the excitation lasers. In order to incorporate Doppler broadening into the calculations, the 
flux-velocity distribution of the atomic ensemble has been calculated according to the Eq. (4). Further, the entire 
atomic ensemble has been segmented in to a minimum of 30 velocity groups and each velocity group has been 
segmented into 30 angular groups. The results are tabulated in Table 4. From Table 4, as expected, the degree 
of enrichment falls with increase either in the bandwidth of the excitation lasers or in the angular divergence 
of the atomic ensemble. In case of broadband lasers (bandwidth = 500 MHz), the effect of angular divergence 
on the degree of enrichment and ionization efficiency is not significant. In case of relatively narrowband lasers 
(≤ 250 MHz), the loss in the degree of enrichment and ionization efficiency has been found to be up to 19% 
(100 MHz case) and 52% (50 MHz case) respectively. When the bandwidth of the excitation lasers has been 
increased from 50 to 500 MHz, the degree of enrichment has degraded from ~ 85 to ~ 20%. On the whole, the 
full angle divergence value of 30° is considered as optimum for the selective ionization of 223Ra.

After obtaining the optimum values for the peak power densities of the excitation and ionization lasers and 
full angle divergence value of the atomic beam, the effect of charge exchange collisions has been studied. Charge 
exchange collisions play a vital role in AVLIS process. The photoions formed during the laser-atom interaction 
process are extracted using an electric field gradient. During extraction, when the atoms traverse through the 
atomic ensemble, they undergo charge exchange collisions with unionized atomic vapor. Probability of charge 
exchange can be calculated using the expression

where σ is the resonant charge exchange cross-section  (cm2), dist is the distance traversed by the photoions prior 
to the collection at the collector (cm) and den is the number density of the atoms (atoms/cm3).

Resonant charge exchange cross-section can be calculated using the following  formula20

where v is the velocity of the ion in cm/sec and IP is the ionization potential of the element in eV. From the ioni-
zation potential of Ra (5.2789 eV) and the most probable velocity (328.29 m/sec), the resonant charge exchange 
cross–section value can be calculated to be 3 ×  10−14  cm2. Therefore for the present computations the resonant 
charge exchange cross–section value has been taken as 1 ×  10−14  cm2. For this resonant charge exchange cross 
section, for a number density of 1 ×  1012 atoms/cm3 and a 50 mm extraction region width, the probability of 
charge exchange collisions is calculated to be 5%.

A series of calculations have been carried out varying the bandwidth of the excitation lasers for different 
atomic number densities ranging from  1011 to  1013 atoms/cm3 and the degree of enrichment has been calculated. 
It has been found that up to the number densities of 1 ×  1012 atoms/cm3 the degree of enrichment remained some-
what unaffected. A typical two-dimensional contour of the degree of enrichment with variation in bandwidth of 
the excitation lasers has been shown in Fig. 3 for the number density of 1 ×  1012 atoms/cm3. The computed degree 
of enrichment for the 500 MHz bandwidth was found to be 19.7% for 223Ra. Therefore, the number density of 
1 ×  1012 atoms/cm3 has been considered as an optimum value for the enrichment of 223Ra.

(7)Charge exchange probability p = 1− e−σ∗dist∗den

(8)σ(v) =
(

1.81× 10−14 − 2.12× 10−15.log10v
)

.

(

IP

13.6

)−1.5

Table 4.  Table of variation in the degree of enrichment of 223Ra with the increase in the angular divergence 
of the atomic beam. Peak power density of the excitation and ionization lasers is 10, 10, 10,000 W/cm2 
respectively.

Bandwidth of excitation laser 
(MHz) Full angle divergence (degrees)

Ionization efficiency of 223Ra 
( η223Ra) ×  10–2

Degree of enrichment of 
223Ra (%)

50

10° 1.80 84.7

30° 1.50 81.2

60° 0.94 68.6

100

10° 1.56 81.0

30° 1.26 76.1

60° 0.82 61.9

250

10° 0.99 54.2

30° 0.92 51.1

60° 0.69 42.0

500

10° 0.53 20.7

30° 0.53 20.7

60° 0.48 19.9
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Production rates can be calculated using the following expression

where dia is the laser beam diameter (cm), p fractional population of the ground level, len is the length of the 
laser-atom interaction region (cm), den is the number density of atoms in the interaction region (atoms/cm3), 
A is the fractional abundance of the target isotope, f is the fractional flux (flux relative to the flux of unhindered 
atomic beam), η is the ionization efficiency (derived from the density matrix calculations), i is the irradiation 
probability, n is the number of passes of the laser beam through the atomic ensemble, M is the atomic mass 
of the target isotope (grams),  NA is the Avogadro number (6.02214076 ×  1023) and PRF is the pulse repetition 
frequency of the lasers (Hz).

For the values of dia = 5.5 cm, p = 1, len = 27 cm, den = 1 ×  1012 atoms/cm3, A = 1.66 ×  10−3, f = 1, η = 5.3 ×  10−3, 
i = 0.99, n = 1, M = 223, PRF = 10 kHz, the production rate is calculated to be 0.74 μg/h. This corresponds to the 
production rate of 435 patient doses per hour.

Effect of unknown parameters on the laser isotope process. As mentioned in the previous section, 
isotope shift for the second excitation 784.0270 nm transition has not been measured so far. The isotope shift of 
this transition may have significant influence on the degree of enrichment of the laser isotope separation process. 
Therefore this aspect has been studied further. The isotope shift for the 1S0-3P°1 and 3P°1-3S1 transitions of the 
isotopes of iso-electronic elements viz.  Ca21,22 and  Sr23 have been analyzed through King’s plot  analysis24. The 
isotope shift of transition comprises of field and mass shifts which can be expressed  as23

where F, M are the field shift and mass shift parameters respectively and δ�r2�A
′
,A is the difference in the mean 

square nuclear charge radii.
The King’s plot analysis of the 1S0-3P°1 and 3P°1-3S1 transitions of iso-electronic elements like Ca and Sr has 

shown that the field shift of the second excitation transition is about 50–60% of the first excitation transition. 
Therefore, the same can be expected in case of Ra transitions.

Further, unlike Ca and Sr transitions, Ra transitions are solely dominated by field shift. For example, Lynch 
et al.13 have reported the field shift parameter of F = − 28.75 GHz/fm2 and mass shift parameter M = − 305 GHz.u 
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Figure 3.  A plot of degree of enrichment of 223Ra isotope with variation in the bandwidth of excitation lasers. 
Full angle divergence of the atomic beam is 30°. Peak power densities of the first, second and third excitation 
lasers are 10, 10, 10,000 W/cm2 respectively. Atomic number density is 1 ×  1012 atoms/cm3.
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for the 714.3185 nm transition of Ra. From the known values of mean square nucleus charge radii of Radium 
isotopes, field and mass shifts have been calculated. The mass shift has been found to be about ~ 0.2% of the field 
shift value; hence, mass shift contribution can be ignored. Therefore, the isotope shift of the second excitation 
transition has been taken as 50% of the first excitation transition.

Two-dimensional contour of ionization efficiency has been calculated for the even isotope of Radium and 
plotted in Fig. 4. Expected resonance frequency position range of F ′

= 5
2 → F

′′

= 5
2 hyperfine transition of 

223Ra isotope for the second excitation transition with reference to 224Ra(*),226Ra(#) and 226Ra($) isotopes has 
been shown in Fig. 4. In this graph, the variation in the ionization efficiency of even isotopes of Radium in the 
expected frequency range of F ′

= 5
2 → F

′′

= 5
2 hyperfine transition of 223Ra (of the second excitation transition) 

can be observed. Figure 4A has been generated by setting the laser bandwidth of 0 MHz (monochromatic laser), 
peak power density of 10, 10, 10 W/cm2 for the excitation and ionization lasers under Doppler free excitation. 
It can be seen from Fig. 4A that the ionization efficiency of non target isotopes varies by about three (224Ra) to 
four (226Ra, 228Ra) orders of magnitude within the expected resonance frequency range of F ′

= 5
2 → F

′′

= 5
2 

hyperfine transition of 223Ra. Figure 4B is calculated under the same conditions as Fig. 4A except that laser 
bandwidth is set to 500 MHz. In this case, as a result of bandwidth of the excitation lasers, ionization efficiency 
contour is broadened. Within the expected resonance frequency range of F ′

= 5
2 → F

′′

= 5
2 hyperfine pathway, 

the ionization efficiency of 224Ra does not alter significantly while the ionization efficiency of 226Ra and 228Ra 
vary by three and four orders magnitude respectively. Figure 4C shows the ionization efficiency contour of even 
isotope calculated with similar conditions of Fig. 4A, except that in this case the power of the ionization laser 
has been raised to 10,000W/cm2. Due to the high power of the ionization laser, the ionization efficiency of non-
target even isotope increases by three orders of magnitude at the resonance (0 MHz, 0 MHz), while its ionization 
efficiency within the expected F ′

= 5
2 → F

′′

= 5
2 hyperfine transition frequency range of the second transition 

of 223Ra varies by one (224Ra) to four (226Ra and 228Ra) orders of magnitude. Therefore, it can be concluded that 
under these conditions the saturation broadening has little influence on the degree of enrichment of the laser 
isotope process. Figure 4D shows the ionization efficiency of even isotope under similar conditions of Fig. 4A 
except that the Doppler broadening of the atomic ensemble has been considered for the present calculation. 
Even in this case, the ionization efficiency of even isotopes varies by two (224Ra), three (226Ra) and four (228Ra) 
orders of magnitude. Figure 4E shows the ionization efficiency contour of even isotope inclusive all the system 
parameters such as bandwidth (500 MHz), high power (10, 10, 10,000 W/cm2) and Doppler broadening (angular 
divergence of 30°). From Fig. 4E, the ionization efficiency of even isotopes varies by one (224Ra) to three (226Ra, 
228Ra) orders of magnitude. Under these conditions, when the isotope shift of even isotopes of second excitation 
transition has been considered to be 0 MHz, the degree of enrichment of 223Ra is found to be ~ 20%. As mentioned 
earlier, the isotope shift of the second excitation can be about 50% of the first excitation transition; under this 
case the degree of enrichment of 223Ra isotope can reach a value of 93.6%. However, further experiments for the 
measurement of isotope shifts of the second excitation transition are necessary to exploit the photoionization 
scheme for laser isotope separation of 223Ra effectively.

Radionuclidic purity of the enriched isotope. The utility of the enriched radionuclide for cancer ther-
apy depends on it’s radionuclidic purity (must be differentiated from isotopic purity) in the enriched mixture. 
No-carrier added specific activity of a radioisotope can be calculated from its half-life using the following expres-
sion

where S is the specific activity (Bq/gm), AMU is the atomic weight of the isotope (amu) and  T1/2 is the half-life 
of the isotope (Sec).

Radionuclidic purity  (Ri) of an isotope “i” can be calculated using the expression

(11)S =
4.174× 1023

AMU × T1/2

Figure 4.  Two dimensional contour of ionization efficiency of even isotope of Radium. The frequency 
scale is referenced to the resonance frequency of the even isotope. The resonance position of 
F = 3

2
→ F

′

= 5

2
→ F

′′

= 5

2
 hyperfine transition of 223Ra for the second excitation transition with reference to 

224Ra (*), 226Ra (#) and 228Ra ($) are also marked. (A) Bandwidth of both excitation lasers is 0 MHz; Peak power 
density of the excitation and ionization lasers are 10 W/cm2, 10 W/cm2 and 10 W/cm2 respectively; Full angle 
divergence of the atomic beam is 0° (i.e., No Doppler broadening) (B) Bandwidth of both excitation lasers is 
500 MHz; Peak power density of the excitation and ionization lasers are 10 W/cm2, 10 W/cm2 and 10 W/cm2 
respectively; Full angle divergence of the atomic beam is 0° (i.e., No Doppler broadening) (C) Bandwidth of both 
excitation lasers is 0 MHz; Peak power density of the excitation and ionization lasers are 10 W/cm2, 10 W/cm2 
and 10,000 W/cm2 respectively; Full angle divergence of the atomic beam is 0°. (i.e., No Doppler broadening) 
(D) Bandwidth of both excitation lasers is 0 MHz; Peak power density of the excitation and ionization lasers are 
10 W/cm2, 10 W/cm2 and 10 W/cm2 respectively; Full angle divergence of the atomic beam is 30° (E) Bandwidth 
of both excitation lasers is 500 MHz; Peak power density of the excitation and ionization lasers are 10 W/cm2, 10 
W/cm2 and 10,000 W/cm2 respectively; Full angle divergence of the atomic beam is 30°.
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where Si is the specific activity of the isotope “i” (Bq/gm), fi is the fractional abundance of the same isotope in 
the isotope mixture.

From the abundance and the no-carrier added specific activity of the isotopes in the enriched isotope mixture, 
the radionuclidic purity of 223Ra has been calculated to be 98.5%. The radionuclidic purity is adequate for the 
medical applications intended.

As mentioned earlier, considering that the isotope shift of the second excitation transition is 50% of the first 
excitation transition, the degree of enrichment can reach a value of 93.6%. In such a case the radionuclidic purity 
of the isotope mixture is calculated to be 99.9%.

Conclusions
A three-step photoionization scheme has been theoretically investigated for the laser isotope separation of 
223Ra. The effect of bandwidth, peak power density of the excitation and ionization lasers, Doppler broadening 
of the atomic ensemble, number density of the atoms on the laser isotope separation process has been studied. 
The system parameters for the optimum separation of 223Ra through this photoionization scheme have been 
derived. The effect of unknown parameters on the degree of enrichment has also been discussed. It has been 
theoretically shown that it is possible to produce ~ 20% enriched 223Ra isotope at a rate of 0.74 μg/h correspond-
ing to the production rate of 435 patient doses per hour. The radionuclidic purity of 223Ra has been found to be 
98.5% which is adequate for the intended application. This is the first ever study on the laser isotope separation 
of Radium isotopes.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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