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Resonant laser ionization and mass 
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225 Ac is a radio-isotope that can be linked to biological vector molecules to treat certain distributed 
cancers using targeted alpha therapy. However, developing 225Ac-labelled radiopharmaceuticals 
remains a challenge due to the supply shortage of pure 225 Ac itself. Several techniques to obtain 
pure 225 Ac are being investigated, amongst which is the high-energy proton spallation of thorium or 
uranium combined with resonant laser ionization and mass separation. As a proof-of-principle, we 
perform off-line resonant ionization mass spectrometry on two samples of 225Ac, each with a known 
activity, in different chemical environments. We report overall operational collection efficiencies of 
10.1(2)% and 9.9(8)% for the cases in which the 225 Ac was deposited on a rhenium surface and a ThO
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mimic target matrix respectively. The bottleneck of the technique was the laser ionization efficiency, 
which was deduced to be 15.1(6)%.

Around 100 years ago, clinical oncologists were already aware that “cases of advanced cancer should receive 
roentgen therapy”1. This was in spite of the fact that very little information was available on the biological effects 
of ionizing radiation. Since then, the irradiation of tumors has become one of the primary cancer treatment 
modalities, with 50% of all patients worldwide being prescribed radiation therapy2. However, radiation therapy 
is only appropriate for direct treatment of localized tumors and cannot be employed if a tumor metastasizes3. 
Metastasis is the process by which malignant cells colonize a distant site within the body by spreading through 
the lymphatic or vascular system, and is often considered a detrimental stage in cancer development4,5. Once 
metastatic spread has begun, targeted radionuclide therapy (TRNT) could be considered as a viable treatment 
option for targeting even very small clusters of metastasized cancer cells with ionizing radiation6,7.

In TRNT, a biological vector molecule that targets tumor-specific antigens is labelled with an appropriate 
radionuclide and injected into a patient. An appropriate radionuclide is one whose half-life is matched to the 
pharmacokinetics of the targeting molecule. In this way, the decay probability of the radionuclide during the 
radiopharmaceutical circulation time is low. Once the radio-labeled vector binds to the tumor-specific antigen, 
the radionuclide remains within the malignant cell vicinity until it decays. The emitted radiation damages cancer 
cells predominantly through DNA lesions, but also by creation of free radicals in cytoplasm, local propagation of 
apoptosis signalling, as well as various immune response pathways8–13. In most instances of TRNT, beta radia-
tion is used, with a path length of a few millimetres in human tissue. However, in the cases where the metastases 
consist of only a few cells, radio-isotopes that emit alpha radiation are desirable due to their range of a few 
human cell-lengths and their high linear energy transfer. Out of over 100 alpha-emitting nuclei, only a handful 
are suitable for TRNT. They must have a half-life on the scale of hours to days, form chemically stable complexes 
with appropriate bifunctional chelators to link to targeting molecules and have no toxic decay daughters. An 
overview of candidate radio-isotopes satisfying these prerequisites is given by Radchenko et al.14. Of these, one of 
the most promising is 225Ac. Its 9.92-day half-life15,16 is compatible with the circulation time of effective targeting 
molecules, and four high energy alpha particles are emitted in short succession in its decay chain, as shown in 
Fig. 1. There have been multiple in-vitro and in-vivo trials performed with 225Ac, with promising clinical results, 
a review of which is given by Morgenstern et al.17.

Despite encouraging results, one of the main challenges of further developing this technique remains the sup-
ply of the pure clinical-grade 225Ac  itself. Almost all of that currently used is eluted from three 229 Th generators 
in Europe, the USA and Russia. Smaller capacity 229 Th generators also exist but mostly for research rather than 
production purposes18,19. While the available amount of 225Ac  that can be obtained from these stocks could be 
increased due to increased access to the U.S. stock granted to TerraPower Inc.20, this reliance on generators is not 
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viable to meet future demand21. Because of this, several alternative production pathways have been proposed. An 
overview of the potentials of such methods is given by Robertson et al.22 One of the main alternative methods for 
producing 225Ac  is the high-energy (>70 MeV)23 proton spallation of Th or U-based materials. While investiga-
tions into the cross section and production yields for 225Ac  produced in Th are ongoing, some measurements 
have been performed. Based on these values, it is suggested that >10 GBq could be produced in-target annu-
ally at isotope production facilities such as RIAR (Russia), LANSCE (USA), ARIEL (Canada) and MEDICIS 
(Europe)23–26. The U.S. DOE-funded ‘Tri-lab effort’ is also focused on increasing availability of accelerator-
produced 225Ac  and establishing practices to be submitted in a drug master file27. For the accelerator-produced 
225Ac  to be of clinical use, it must then be extracted from the irradiated target with high purity and efficiency. 
A common technique used for this is radio-chemical separation, with recent results indicating efficiencies of 
85–98%28–30. A limitation of this technique is its inability to be isotopically selective. As a result, 227Ac  (t1/2 = 
21.8 years) contaminates the recovered 225Ac  with an end of collection activity fraction of 0.1-0.15%. This level 
of activity could lead to issues with radioactive waste handling for hospitals21, where in Europe the clearance 
level is 10 Bq/kg31 and the exemption level is 1 kBq32. Furthermore, pre-clinical research laboratories may also 
be adverse to handling substances with potential for long-lived α-emitter contamination. Another approach that 
has been employed at TRIUMF is the elution of 225Ac  from 225Ra  that has been chemically separated from the 
target using cation exchange and separation chromatography. Here, only 223−226 Ra remain in the target after a 
cool-down time of the order of a day, during which the other Ra isotopes decay. These Ra isotopes are then col-
lected as eluates from extraction chromotography. Of these, 225 Ra is the only isotope that decays via beta emis-
sion to form Ac. Thus by using the recovered Ra fraction as a generator, from which Ac is eluted, the recovered 
sample should consist almost entirely of 225Ac. The result is that the 227Ac  activity fraction of the resulting 225
Ac  is < 7.5× 10−5% . However, the lower spallation cross section of 225Ra  at 438 MeV, along with smaller decay 
and chemical separation losses, limit the activity of the recovered 225Ac  to an order of magnitude lower than 
that obtained from radio-chemical separation of 225Ac  from an irradiated target30.

In this work, we report on an alternative method that could be used to isolate 225Ac  from a high energy 
proton-irradiated U- or Th-based target, based on resonance ionization mass spectrometry (RIMS). This method 
is commonly used for the production of pure radioactive ion beams using a laser ion source followed by a mass 
separator33. In its working principle, RIMS can be applied to separate 225Ac  from an irradiated target as follows: 
The target is first irradiated, then loaded into an off-line mass separator as shown in Fig. 2a. the target container 
is heated to release the nuclear reaction products from the target as an atomic vapor. The vapor effuses to a hot 
cavity ion source that is illuminated by two or more spatially and temporally overlapped laser pulses. The fre-
quencies of the lasers are tuned to resonantly induce electronic transitions in atoms of the element of interest to a 
level above the ionization potential. Ions are thus formed either from interaction with the lasers, or through loss 
of an electron to the interior surface of the hot cavity. These ions are accelerated across an electrostatic potential 
difference between the ion source and an extraction electrode. The resulting ion beam is then shaped and focused 
by electro-optical components, passed through a magnetic-dipole mass separator and implanted on a collection 
foil. This process is performed until depletion of the isotope from the target container which occurs when the 
ion beam current drops significantly below a nominal level. The main advantage of this method is its ability to 
produce beams of high isotopic purity thanks to the high mass resolution of dipole magnets at beam energies of 
tens of keV, combined with the elemental selectivity of resonant laser ionization.

Previously, RIMS has been performed on-line for the separation of 225Ac  from irradiated UCx for pre-clinical 
studies34. When produced and separated on-line, the instantaneous yield rate in number of ions per second of 
225Ac  was measured35, however no collection efficiency could be calculated. Here, for the first time, the laser 
ionization efficiency and collection efficiency are measured for off-line RIMS of 225Ac  at CERN MEDICIS. Fur-
thermore, the temperature required for 225Ac  release from a rhenium surface and a ThO2  felt were determined.

Figure 1.   225Ac  decay scheme. Half-lives of the isotopes are indicated in the circles, and decay modes and 
branching ratios are indicated along the arrows.
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Methods
When RIMS is applied to separate an isotope from an irradiated target, the total collection efficiency, εT , can be 
split into contributions from the following sub-processes: diffusion of the atoms to the surface of target grains 
( εdiff  ), effusion through the porous volume of the target and from the target to the ion source ( εeff  ), ionization 
( εion ), separation through the mass separator ( εsep ) and beam transport ( εtrans ). This efficiency decomposition 
is given by Eq. (1).

In this work, the respective contributions of εionεsepεtrans and εeff εionεsepεtrans contributions to εT were 
deduced. This was done by performing RIMS on two 225Ac  sources, each prepared in a different chemical envi-
ronment. One chemical environment was a rhenium foil, and the other was a ThO2  felt. In the former case, the 
efficiency contribution εionεsepεtrans was probed. This is because upon heating, the deposited 225Ac  could effuse 
directly to the ion source. In the latter case, the deposited 225Ac  must also desorb and effuse through the ThO2  
pores before effusion to the ion source, thus incurring an extra efficiency term, εeff  . In this campaign, three 
sources of 225Ac  were collected over two separate campaigns, corresponding to when the 225Ac  was initially 
deposited on the rhenium and ThO2  respectively.

Experimental conditions.  Two separate samples of pure (>99.98%) 225Ac   were eluted from the Joint 
Research Centre Karlsruhe (JRC) 229 Th generator using ion exchange and separation chromatography36,37. The 
first sample was deposited by evaporation of Ac(NO3)3 at 80 ◦ C onto a rhenium foil that clad the interior of a 
thick open-ended tantalum cylinder. This shall henceforth be referred to as the 225Ac∗  source. The second sam-
ple was prepared by the same evaporation process, but onto onto a small (1 g) nugget of ThO2 . This nugget was 
then placed in an identical open-ended tantalum cylinder clad with a rhenium foil. This shall be referred to as 
the 225Ac∗(ThO2)  source. Prior to deposition, the activity of each Ac(NO3)3 solution was measured by gamma 
and alpha spectroscopy to be 30.0(1) MBq and 15.0(1) MBq for 225Ac∗  and 225Ac∗(ThO2)  respectively. The two 
sources were shipped to the MEDICIS facility, where they were stored before RIMS was performed.

Each of the 225Ac  sources was separately loaded into the MEDICIS target container, a closed tantalum cav-
ity that is resistively heated to operating temperature by applying a large current (up to 1000 A, but typically 
∼ 600 A). The high temperature is required to vaporize the 225Ac. The tantalum target cavity is coupled to a 
rhenium ion source by means of a transfer line. The ion source is resistively heated by a current independent 
from that of the target (up to 400 A but typically ∼ 230 A) such that a plasma is created on the interior surface 
that generates a transversally-confining electric potential, while promoting guidance to the extraction field of the 
extraction electrode38. The ionization of 225Ac  was achieved through two different two-step ionization schemes 
that were first developed for laser spectroscopy39,40. They were employed simultaneously to drive transitions to 
auto-ionizing states shown in Fig. 2b. Since each of the schemes shared the same first step, only three lasers were 
required. The light in each case was generated with titanium-doped sapphire lasers (Ti:Sa) with intra-cavity 
second harmonic generation41. These were pumped with 532 nm light at a 10 kHz repetition rate from a com-
mercial Nd:YAG laser (InnoLas NANIO 532-18-Y). A Ti:Sa cavity with a tunable grating provided the first step 
438.575 nm light, while a Lyot filter and an etalon were used in the Ti:Sa cavities for selecting the 424.702 and 
456.148 nm wavelengths for the second step transitions42. The bandwidth of the laser light was several Gigahertz. 
Following ionization, the ions were accelerated across a potential difference of 60 kV between the ion source 
and the extraction electrode. The resulting ion beam was then shaped and focused by a doublet of X-Y electro-
static deflectors and an einzel lens respectively. The beam then passed through a dipole magnet mass separator 
of resolving power MRP = 500 at mass number A = 10043. The mass-separated beam was finally implanted in a 
zinc film with a thickness of 500(5) nm that was vapor-deposited on a gold substrate 15 mm wide and 25 mm 
high. A different sample foil was used for each collection. During each collection, the sample foil was connected 

(1)εT = εdiff εeff εionεsepεtrans,

Figure 2.   The experimental setup and ionization scheme used for 225Ac  collections at MEDICIS in this work.
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by means of electrical contact to a picoammeter from which data of the implanted beam current was recorded. 
Following implantation, the sample foils were recovered from the collection chamber and prepared for shipping 
to KU Leuven (Belgium) for analysis.

Target temperature calibration.  During the collections, there is no direct readout of temperature of the 
target container and ion source. Only the heating current supplied and the potential difference across each com-
ponent are recorded. Therefore, before the collections began, the target container and ion source temperatures 
were calibrated using an optical pyrometer as a function of applied current up to nominal values of 625 A and 
270 A respectively. However, during each collection of 225Ac, the target container was heated with currents that 
sometimes exceeded the maximum calibrated value, so an extrapolation was required. The temperature does 
not vary linearly with applied current in this high current regime, thus two extrapolation models were used, 
accounting for radiative and resistive power dissipation. The first model relates the calibrated temperature to 
supplied power, while the second relates it to supplied current. The two fitting functions are P = aT + bT4 and 
I = αT

T+τ
+

βT4

T+τ
 for the power and current models respectively. The reliability of these extrapolation functions 

was first tested on previous data sets for other target units with tantalum target containers coupled to rhenium 
ion sources. In these data sets, the current, power and temperature beyond nominal calibration values were 
measured. The reliability was tested by fitting only the data up to 600 A heating current, then measuring the 
residuals between model fit and data at higher currents. At currents up to 800 A, temperature differences of 
30  ◦ C between the model fits and measured data were typical, with larger deviations (up to 80  ◦ C) observed 
for currents above 700 A in one of the data sets fitted by the power model. The temperatures predicted by each 
model typically differed by 100  ◦ C above currents of 700 A. The reliability of each model was similar, therefore 
the temperatures quoted in this work are the mean values of those predicted by the two models, with 1 σ uncer-
tainties given by half the difference in temperature between each model.

Collection conditions.  225Ac∗.  In November 2020, the 225Ac∗  source with an activity of 10.11(4) MBq 
was loaded into the MEDICIS target container. First, the transfer line was heated to 2170 ◦ C with a current of 
290 A. A current was then applied to heat the target container. This was increased step-wise until 569 A, cor-
responding to a target container temperature of 1797 (42) ◦ C. The three lasers illuminated the ion source cavity 
at powers of 85 mW, 1.0 W and 0.9 W for steps 1, 2a and 2b respectively. Each atomic transition was found to 
be saturated at these laser powers. At this target temperature, a mass scan was performed. A beam current of 
0.2 pA was measured on a Faraday cup at the magnetic field strength calibrated to mass A = 225. These condi-
tions were maintained for 1.75 h. Subsequently, the target current was increased to 602 A (1890 (40) ◦C), where 
the collection proceeded for a duration of 17.58 h. The current was finally increased to 622 A (1930(50) ◦ C) and 
642 A (1975(45) ◦ C) for a duration of 1.9 h and 0.75 h respectively. At certain intervals during the collection, 
tests to measure the laser ionization enhancement were performed which lead to momentary dips in the ion 
current, as seen in Fig. 6a. Furthermore, the Faraday cup downstream of the mass separator was occasionally 
actuated. During these instances the background ion current on the picoammeter connected to the sample was 
measured. It was found that the background current decreased over time such that negative values of ion cur-
rent were observed, even while 225Ac  was being implanted (Fig. 6a). This background was attributed to alpha 
emission from the implanted 225Ac  and its daughter nuclei leading to an effective negative ion current resulting 
from the nuclear recoil. During the collection, the activity of the implanted 225Ac  was monitored by measuring 
the count rate of the 440 keV 213 Bi gamma decay using a portable cadmium zinc telluride (CZT) detector, GR1, 
from Kromek© . This detector has been thoroughly characterized for use in the MEDICIS collection chamber44. 
The collection under these conditions was stopped when the count rate was observed to no longer increase. The 
end of collection activity of this 225Ac  sample was estimated by the Kromek GR1 and integrated ion current to 
be approximately 1 MBq. A graphical representation of target temperature as well as post-analysed integrated 
beam current in units of equivalent 225Ac  activity is shown in Fig. 3a. This collected sample shall be referred to 
as 225Ac†a.

A new clean foil was then placed in front of the beam. The collection proceeded with higher target cur-
rents of 660 A, 680 A and 720 A applied sequentially for 1.92, 19.42 and 4.67 h respectively. This was done to 
investigate whether more Ac could be extracted at higher target temperatures. It was estimated that this sample 
had an activity of 180 kBq of 225 Ac at the end of collection from Kromek GR1 measurements. This sample shall 
henceforth be referred to as 225Ac†

b
.

225Ac∗(ThO2).  In December 2020, the 225Ac∗(ThO2)  source was placed in the MEDICIS target container in 
the same configuration as the 225Ac∗  source. The 225Ac∗(ThO2)  activity was 9.30(7) MBq at the start of the col-
lection. The lasers were also calibrated and aligned to the ion source to replicate the previous conditions. Laser 
output powers of 85 mW, 0.9 W, and 1.1 W were attained for steps 1, 2a and 2b respectively. The target current 
was incrementally increased to 700 A (2090(39) ◦C). However, Kromek measurements of 213 Bi activity indicated 
that little 225Ac  was being implanted, as shown in Fig. 3b. After 24 h, a mass scan was performed, which showed 
a broad structure extending over masses 179 until mass 244. The peak of this structure was at mass 195. This 
structure lead to an ion beam of approximately 5 pA at mass 225 at this time during the collection. These ions 
were the cause of the increasing integrated ion current shown in Fig. 3b while no significant increase in the 213Bi  
activity was observed. After the mass scan, the current was then increased incrementally to 790 A (2264(39) ◦C), 
whereupon it was left for 18.4 h, during which 225Ac  was implanted. For the final 5.8 h, the current was further 
increased to 810 A (2288(50) ◦C), during which 225Ac  continued to be implanted. The collection was stopped 
after 52 h due to facility constraints, while the observed collected 225Ac  activity was still increasing, contrary 
to the previous collection from the 225Ac∗source. This 225Ac  sample shall be referred to as 225Ac†(ThO2 ). Once 
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the collection ended, another mass scan was immediately performed. At this temperature, a broad peak was 
observed centred on mass 217 which is consistent with Th+ from fragmentation of ThO+ in the field-free region 
between the extraction electrode and mass separator. The broad structure was still present, but with much lower 
beam intensity at the masses observed.

Characterisation of collected samples.  At KU Leuven, the activities of the three samples 225Ac†a , 225
Ac†

b
  and 225Ac†(ThO2)  were measured using alpha, gamma and gamma-gamma coincidence spectroscopy in 

order to determine the end of collection (EOC) activity. The alpha spectroscopy was performed in high vacuum 
( < 10−5 mbar) with a passivated implanted planar silicon (PIPS) detector. Dead-time, resolution broadening, 
and geometric efficiency for detecting alpha radiation from each daughter in the 225Ac   decay chain due to 
nuclear recoil were accounted for. For the gamma spectroscopy measurements, the samples were contained in a 
small glass vial to contain the recoiling daughter nuclei. The vials were each placed 25 cm above a co-axial high 
purity germanium (HPGe) detector on a hollow plastic mount. The sample and detector were shielded from 
background radiation with a lead castle. Spectra were recorded over measurement periods of approximately 6 h. 
From these data, the activities of 213Bi  and 221Fr  at these times were calculated from their prominent γ-emis-
sions at 218 keV and 440 keV respectively. The gamma-gamma spectroscopy was performed using two co-axial 
HPGe detectors at 90◦from each other. The coincidence count rate gated on 465 ± 5 keV and 1567 ± 5 keV 
energy peaks following the 209Tl  β− decay within a 200 ns coincidence window was measured. The count rates 
within the aforementioned energy windows in each detector were also recorded. The 209Tl  activity was then cal-
culated from the quotient of the product of the single count rates to the coincidence count rates up to branching 
intensity factors. This method is favourable as the calculated activity depends neither on the detector efficiency 
nor the geometric efficiency, which changes for each α-decay recoil daughter in the 225Ac  decay chain. Further 
details on all of the decay spectroscopy measurements are found in the supplementary material45.

After the decay spectroscopy campaign, the two most active samples, 225Ac†a  and 225Ac†(ThO2 ), were shipped 
to the Belgian Nuclear Research Centre SCK CEN. There, the 225Ac-implanted Zn layer was dissolved in 10 mL of 
1 M HNO3 acid at 30 ◦ C for 30 min. In these tests, >90% of 225Ac  was recovered in solution, and was therefore 
implanted in the 500 nm thick zinc layer. This fraction of 225Ac  is thus able to be used for further radio-labelling. 
Alpha-decay spectroscopy was later performed on the gold sample foils on which the dissolution tests had been 
performed. It was found that some 225Ac  was present on the gold foil. This could be due to ion channeling of 
the 225Ac  through the zinc film.

Results
Collection efficiencies.  In order to determine the collection efficiency of 225Ac, the following equation was 
used,

(2)εT =
Af (tf )

At(ti)
,

Figure 3.   The target temperature and collected activity estimated during collection.
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where At(ti) is the 225Ac  activity in the source loaded into the target at the time the collection begins and Af (tf ) 
is the 225Ac  activity on the collection foil when the collection ends. In this work, At(ti) was calculated using the 
radioactive decay law with the reference activity and time given by the alpha and gamma spectroscopy performed 
at the JRC. The EOC activity, Af (tf ) , was determined using back extrapolation of the activities measured by decay 
spectroscopy at KU Leuven. The EOC activities for 225Ac†a , 225Ac†

b
  and 225Ac†(ThO2)  were 962(22), 62.3(23) and 

925(77) kBq respectively. The extrapolated decay curves are shown in Fig. 4. These activities are systematically 
lower than those recorded during the collections by the Kromek GR1 spectrometer, whose purpose was only 
indicative. This is due to the detection range of the Kromek GR1 detector which is positioned within the collec-
tion chamber. It is thus sensitive to decays of 225Ac  and daughters that are implanted elsewhere in the chamber, 
such as the collimator or neighboring foils. The collection efficiency of 225Ac∗ , given by εionεsepεtrans = εT(225
Ac†a ) +εT(225Ac†

b
 ) was determined to be 10.1(2)%.

In a similar manner, the collection efficiency was calculated for 225Ac∗(ThO2)  to be εT(225Ac†(ThO2 )) = 
9.9(8)%. This corresponds, however, to the case in which the cumulative implanted activity was still rising. 
Thus the collection efficiency would be higher had the collection continued until the 225Ac†(ThO2)  source was 
depleted, as was the case in the collection of 225Ac∗.

Ionization efficiency.  The ionization efficiency was determined from the collection efficiency of 225Ac∗
using Eq.  (1) with neither diffusion nor effusion contributions. The beam transport efficiency, εtrans was cal-
culated by taking the ratio of the current of the separated beam on the collection foil to that on a retractable 
Faraday cup positioned immediately after the mass separator. These measurements were taken at 4.28 and 6 h 
after the start of collection, when the separated ion beam current at mass 225 was sequentially measured on the 
Faraday cup and then on the collection foil. The transport efficiency was thus determined to be εtrans = 87(3)  %. 
Further losses due to practical separator operation were also taken into consideration, with a corresponding 
efficiency term, εop . During the collection of 225Ac∗ , laser optimization was being performed while the target 
was at 1810 ◦ C, for a duration of 2 h before the start of the collection. Furthermore, a mass scan was performed 
after heating the target to 1890 ◦ C. In these instances the beam was not implanted on the collection foil. The 
beam current over these times was estimated based on Monte-Carlo interpolation of recorded ion current at the 
same temperature, shown in Fig. 6a. The negative background current due to the accumulation of α-emitting 
nuclides on the collection foil was subtracted. The resulting background subtracted ion current was integrated 
and converted to equivalent EOC activities while accounting for decay loss. Activity losses of A(0)

loss(tf ) = 182(13) 
kBq and A(1)

loss(tf ) = 115(3) kBq were obtained for the mass scan and laser optimisation periods respectively.
εop was determined from Eq. (3) by taking the ratio of the total collected activity to the sum of the total col-

lected activity and that lost due to the reasons given above.

Assuming that the losses due to mass separator acceptance of the beam from the ion source were negligible 
( εsep = 100% ), the ionization efficiency which comprises both laser and surface ionization mechanisms was then 
deduced as εion =

εT
εtransεop

= 15.1(6)%.

(3)εop =
A(225Ac†a )(t

a
f )+ A(225Ac†

b
)(tbf )

A(225Ac†a )(t
a
f )+ A(225Ac†

b
)(tbf )+ A

(0)
loss(t

a
f )+ A

(1)
loss(t

a
f )

= 77.5(9)%

Figure 4.   The activities of the three 225Ac  sources measured by decay spectroscopy.
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Discussion
Ion source performance.  The ionization efficiency of 15.1(6)% calculated for the 225Ac∗  source is com-
pared in Table 1 to that of RIMS of other actinides and lanthanides in similar experimental conditions. In these 
previous works the ionization efficiencies were calculated using the same experimental technique as in this work. 
It is notable that the post-separation ion current for the collection of 225Ac  in this work is approximately three 
orders of magnitude lower than that of the actinides in Table 1 while still having a lower ionization efficiency. 
Furthermore, post-separator ion currents above the nanoampere range were observed at MEDICIS for highly 
efficient resonant ionization of 167 Tm using an identical ion source. This suggests that the ionization efficiency 
in this work is not limited by high-throughput effects that lead to ion-electron recombination on the hot cavity 
surface or repression of the potential from the extraction electrode with increasing ion current density38,46,47.

In this work and that performed at ORNL and RISIKO in Table 1, the species of interest were prepared in 
samples of high isotopic purity, rather than being extracted from irradiated targets, so the ion current density in 
the ion source from other isotopes was low. This further indicates that the lower ionization efficiency of 225Ac  at 
MEDICIS may be attributable to the oscillator strength of the stimulated electronic transitions used for photo-
ionization, shown in Fig. 2, rather than ion source limitations. This is in contrast to the case of 155 Tb extraction 
at MEDICIS, where the ionization efficiency is typically only 1-6% for extraction from an irradiated target due 
to ionization of the more volatile Gd and Dy isotopes released from the target that saturate the ion source. For 
comparison, this is an order of magnitude lower than that reported at RISIKO for a pure 159 Tb source where the 
ion source efficiency was not limited by high throughput effects. An increase of the 225Ac  ionization efficiency 
could then be sought by performing a survey of second step transitions to Rydberg or auto-ionizing states with 
greater intensity. However, this would require further confirmation as the ion source performance also depends 
on other factors that affect the plasma sheath potential. For example, atoms of the target, target unit and ion 
source themselves may be vaporized and ionized. Such effects would become more important at the high target 
and ion source temperatures needed for 225Ac  extraction, which is more than is typically used for other isotopes, 
including those in Table 1.

Moreover, in future collections of 225Ac  from irradiated targets, the 15.1(6)% ionization efficiency may not 
be achieved for equivalent target and ion source temperature and laser parameters. This is due to the increased 
ion current in the ion source as atoms from the irradiated target effuse into the ion source cavity, as previously 
described for the Tb case. If the ionization efficiency of 225Ac  is found to be reduced by such high throughput 
effects, an alternative approach for 225Ac  separation from an irradiated target could be employed. First, radio-
chemical separation could be performed, which is known to have high 225Ac  radiochemical yield28–30. the 
recovered 225Ac  fraction (containing 227Ac  and 225Ac ) could then be dried and evaporated on a rhenium foil. 
the RIMS method could then be performed on this sample. Such an approach would reduce the overall ion load. 
This is because far fewer potential contaminant species would be present in the target container and a lower 
target temperature would be required for 225Ac  release, thus the vaporization rate of contaminant species would 
also be reduced. It is also possible that a new design of hot cavity laser ion source optimized for high throughput 
beams could overcome such potential limitations. This would mean that RIMS could be performed on irradi-
ated targets directly without suffering ionization efficiency reduction due to ion load issues. Further systematic 
studies of the ionization efficiency of Ac as a function of ion source temperature and total ion current are thus 
critical to investigate these effects.

Optimal target temperature for 225Ac  extraction from ThO
2
.  In future experiments at MEDICIS, 

225Ac  will be extracted from irradiated ThO2  targets. It is therefore important to determine the target tempera-
ture at which 225Ac  is vaporized sufficiently to form an ion beam intense enough to collect a large fraction of the 
available 225Ac. Data obtained from the Kromek GR1 detector shown in Fig. 3b indicated that a minimum target 
temperature, Ttar of 2264(39) ◦ C was required for significant 225Ac  extraction from the 225Ac∗(ThO2)  source. 
This is much higher than the 1890(40) ◦ C required to extract 225Ac  from the 225Ac∗  source.

Table 1.   Ionization efficiencies and maximum post-magnetic-separation ion currents for some previously 
studied actinides and lanthanides.

Facility Isotope Ion source dimensions ∅ × L (mm) Typical ion current (nA) Ionization efficiency (%)

ORNL48 232Th 3× 30 50 38.6

ORNL49 242Pu 3× 30 10 51.1

RISIKO (Mainz)50 177Lu 2.5× 35 40 52

RISIKO (Mainz)51 159Tb 2.5× 35 6 53

RISIKO (Mainz)52 165Ho 2.2× 30 50 32

RISIKO (Mainz)53 164Dy – 1 25

IRIS54 natYb 1.5× 50 – 35

MEDICIS55 153Sm 3× 34 – 12.7

MEDICIS56 167Tm 3× 34 50 55

MEDICIS57 155Tb 3× 34 10–15 1–6

MEDICIS 225Ac 3× 34 0.01 15.1
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As a first investigation of this effect, thermo-mechanical simulations were performed to obtain steady-state 
temperature distributions of the target-ion source unit using ANSYS 2019 R358. The simulations were performed 
for cases where the tantalum container was placed at different positions within the target container, and cases 
where ThO2  nuggets of varying sizes were present inside it, including those corresponding to the 225Ac∗  and 225
Ac∗(ThO2)  sources. The results show that the relative temperature difference of the Tantalum cylinder changes 
by less than 3% for positions about the centre of the target container. Furthermore, the simulation results show 
that the ThO2  temperature does not significantly differ from that of the tantalum cylinder. This suggests that the 
increase in target temperature required for 225Ac  release from ThO2  was not due to a different temperature of 
the 225Ac  source itself when the ThO2  was present in the container, but that the physical temperature required 
for 225Ac  release from ThO2  was higher59.

An explanation for the observed temperature required for 225Ac  release from ThO2  was then sought by simu-
lating the equilibrium concentrations of 225Ac  phases and species both with and without a large excess of ThO2  
at different temperatures. The program HSC chemistry was used60, which generates equilibrium concentrations 
of species by performing Gibbs free energy minimization. This calculation was only qualitative, however, as data 

Figure 5.   The relative equilibrium concentration of Ac species in a ThO2  environment and in a pure 
environment. Most Ac is locked up in Ac2O3 , while the equilibrium gas phase concentration Ac(g) increases 
exponentially with temperature, but at different rates. The simulations also account for the liquid and solid 
phases, labeled (l) and (s) respectively.

Figure 6.   The ion current during collection of the 225Ac†a  sample.
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on formation enthalpies of some Ac-containing compounds that could be formed are unknown and therefore not 
considered in the simulation. Still, the results show that when there is a large excess of ThO2  at Ttar > 1800 ◦ C, 
the refractory molecule Ac2O3 forms and accounts for more than 95% of Ac in the system. Furthermore, its rela-
tive equilibrium concentration grew with increasing Ttar . The relative gas-phase concentration of Ac also rapidly 
increased with Ttar , but at a slower rate than when no ThO2  was present, as shown in Fig. 5. These results give 
a physical grounding to our observation of the high-temperature threshold ( ≈ 2260(40) ◦ C) for 225Ac  extrac-
tion from ThO2 . A higher temperature is required to increase the Ac(g) concentration to a level that leads to an 
appreciable extracted ion current.

225Ac   extraction rate.  Finally, the temperature-dependent time scale of 225Ac   extraction comprising 
vaporization and desorption from the rhenium foil and effusion to the ion source was estimated during the col-
lection of 225Ac†a . Firstly, the background-free ion current was calculated while the target temperature was stable 
at Ttar =1890 ◦ C. The ion current on the sample foil recorded by the picoammeter while the Faraday cup was 
blocking the beam upstream was measured. The background was defined by interpolation of these beam current 
data using a sigmoid function. This was then subtracted from the recorded ion beam current while no Faraday 
cup was actuated upstream of the sample foil. Fitting of the background-subtracted ion current was performed 
with a series of exponential functions based on the general solution to the diffusion equation, describing the 
transport of radioisotopes from solid materials61. Here, it is implicitly assumed that the 225Ac  beam current is 
proportional to the release rate of atomic 225Ac  up to a constant ionization efficiency term. It was observed that 
the time behaviour of the beam current in this case was sufficiently modelled by a single exponential function 
with a constant background. Attempts to fit with further exponential terms resulted in equal rate parameters in 
the argument of each exponential term, rendering them redundant.

A general equation for the ion flux along the longitudinal z axis of the ion source can be given by Eq. (4), 
which is proportional to a general solution to the diffusion equation. Explicit dependencies on target and ion 
source temperatures, Ttar and Tion are indicated.

The fit performed in Fig. 6b only takes the first exponential term into account. The parameter �1 that broadly 
represents the release rate of 225Ac  in the specific conditions of the target and ion source at this time was deduced. 
A value of �1 = 0.34 h−1 corresponding to a time constant of t1/2 = 2.03 h was obtained. The fit in Fig. 6b also 
includes a constant term. This may account for a component of the 225Ac  ion current formed from Ac that is 
vaporized and thus released at a much slower rate, for example, from a target cold-spot. While this effective 
release time is only valid for target temperature Ttar =1890 ◦ C, the release would be faster with increasing tem-
perature, due to faster effusion62, as well as increase in 225Ac  vapor pressure. Thus, at higher target temperatures, 
225Ac  collections could be performed until source depletion faster than in this experiment. On the other hand, 
the higher ion loads under such conditions could also lead to reduction in ion source efficiency. The target tem-
perature should therefore be selected to sufficiently release 225Ac  while not overloading the ion source. It was 
also observed in in collection of 225Ac†(ThO2)  that the presence of ThO2  significantly reduced 225Ac  release 
at a given temperature. A negligible amount of 225Ac  was collected at the temperature Ttar =2090 ◦ C, which is 
more than what was necessary for collection of 225Ac†a . This was shown in the previous discussion to be due to 
reduced 225Ac  vapor pressure for a given target temperature. Therefore, the presence of other species that affect 
the chemical environment in the target unit also have a large impact on the rate of 225Ac  release.

Conclusion
A collection efficiency of 10.1(2)% for laser ionized and mass separated 225Ac  with an associated ionization 
efficiency of 15.1(6)% has been achieved at MEDICIS using two simultaneous two-step resonant laser ionization 
schemes. It has been demonstrated that a similar collection efficiency is achievable even when the 225Ac  is evapo-
rated onto a ThO2  target matrix, but at a higher target temperature of 2260(40) ◦ C compared to 1890(40) ◦ C. 
The collection efficiency of pure 225Ac  is of a similar order to the ratio of pure 225Ac  produced by second pass 
chemical separation, to that directly produced in target at TRIUMF30. This result suggests that laser ionization 
and mass separation is a promising method for producing pure 225Ac, that could complement radio-chemical 
methods, depending on the infrastructure of potential 225Ac  production facilities. Investigations into 225Ac  
collection efficiency from an irradiated ThO2  target to establish the overall collection efficiency are ongoing. 
The collection efficiency is expected to decrease due to intra-grain diffusion losses as well as a lower ionization 
efficiency due to increased ion load from the many contaminants co-produced in-target. Furthermore, a study 
of the 227Ac  contamination in samples following RIMS of 225Ac  from an irradiated ThO2  target is ongoing 
to experimentally determine the isotopic purity of 225Ac  collected by this method. These efficiency and purity 
determinations will provide further insight into the suitability of RIMS for 225Ac  extraction for medical use.

Data availability
The datasets analysed during the current study are available at https://​zenodo.​org/​record/​72965​58.
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