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Abstract

Recoil-ion sources of 239Pu and 240Pu, providing recoiling alpha-decay daughters 235 mU and 236U, were prepared by molecular 

plating. Comprehensive radiographic, microscopic and spectroscopic characterisation revealed thickness-dependent mor-

phology, homogeneity, and activity distributions. Since neither recoil ion can be readily detected, 239Pu sources spiked with 
228Th were also prepared to provide readily detectable 224Ra daughter ions. Geant4 simulations, validated against 224Ra sur-

rogate measurements, reproduce recoil escape efficiencies within ~ 3%. 239Pu and 240Pu recoil-ion sources with thicknesses 

of ~ 40–55 nm produce the highest recoil rate per unit area and highest layer quality across the 24–108 nm thickness range.

Keywords Recoil-ion sources · Molecular plating · Thin film characterisation · Recoil efficiency · Actinide thin films · 
235mU

Introduction

Alpha-decaying radioisotopes can serve as sources for 

their daughter nuclides, which may emerge from suffi-

ciently thin source layers. Such recoil-ion sources provide 

access to free atoms or ions of hard-to-obtain nuclides. 

One such example is 235mU, with a half-life of 26.2(4) min 

[1]. The isomeric state 235mU (Iπ = 1/2+) is the second-low-

est known nuclear isomer, following the 8.4 eV isomeric 

state in 229mTh [2], and is located at an excitation energy of 

76.74(2) eV [3]. 235mU de-excites to the 235U ground state 

(Iπ = 7/2−) via a highly converted E3 transition, dominated 

by internal conversion (IC) electron emission (IC coefficient 

α >  1010) [4]. It is available as the α-decay daughter of 239Pu 

 (t1/2 = 24 110(30) a) and is populated with a total branching 

ratio of approximately 99.8%, enabling the use of thin 239Pu 

layers as recoil-ion sources for the production of 235mU [4].
235mU and its hyperfine structure are of topical interest 

for collinear laser spectroscopy (CLS) at the University of 

Jyväskylä (JYU), Finland. Interest in these ultra-low-lying 

isomers, which bridge nuclear and atomic physics and are of 

relevance to the particle physics community, arises from the 

inclination to, e.g., develop nuclear clocks with the potential 

to outperform current atomic clocks by employing nuclear 

transitions rather than electron shell transitions [5]. Other 

studies have focused on the influence of the chemical envi-

ronment on the half-life of 235mU, with dependences on both 

its oxidation state and host material observed [6–9]. IC is 

energetically allowed only for electrons with binding ener-

gies below the isomer excitation energy, thereby restricting 

the process to outer-shell electrons. Consequently, the emit-

ted IC electrons have exceptionally low kinetic energies, on 

the order of a few tens of eV (< 65 eV) [7, 10, 11]. Since the 

IC process depends on the electron density at the nucleus 

and, in the case of 235mU, involves valence electrons, the 

half-life is not a fixed nuclear constant but varies with the 

chemical environment.

To enable such studies, 239Pu recoil-ion sources with 

activities ranging from 48 to 185 kBq were prepared using 

molecular plating (MP) at Johannes Gutenberg University 
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Mainz (JGU), Germany [12]. To provide 236U, which has no 

hyperfine structure and thus is an ideal reference isotope for 

hyperfine structure studies, recoil-ion sources of 240Pu, also 

an α-emitter  (t1/2 = 6561(7) a,  bα = 100%), were prepared by 

MP as well [13].

In the MP technique, the isotope of interest is dissolved 

in an organic solvent and electrodeposited onto a conduc-

tive cathode, forming a thin, uniform layer. It is an attractive 

method for the production of recoil-ion sources, providing a 

high rate of daughter isotopes [14]. High deposition yields 

of ≥ 90% can be achieved in a single deposition step; it is 

a reliable technique, and the deposited layer is generally 

well bonded to the backing. Since its development in the 

1960s, MP has been optimised with respect to parameters 

such as substrate roughness, plating solvent, current density, 

and electrolyte concentration to produce smooth, crack-free 

deposits [12, 14–17].

The rate at which recoil daughter nuclides are emitted 

from the source and become available for CLS studies is 

a key performance indicator of the recoil-ion sources. It is 

governed by recoil escape efficiency, which depends on both 

MP and post-deposition conditions (e.g., substrate material 

and roughness, plating solvent, post-deposition drying pro-

cedure, and anode shape) and resulting source characteristics 

(e.g. thickness, homogeneity). These factors reflect both MP 

and post-deposition performance, as well as substrate prop-

erties, and their coupled optimisation is therefore essential 

for the development of efficient recoil-ion sources.

Direct experimental determination of the 235mU recoil 

efficiency from 239Pu sources is challenging due to dif-

ficulties in quantifying 235mU de-excitation based on the 

low energy of the emitted IC electrons, and because of the 

long half-life of the 235U ground state  (t1/2 = 7.04(1) ×  108 

a,  bα = 100%) [18]. Therefore, an alternative approach was 

employed using 224Ra recoil ions emitted from 239Pu sources 

spiked with 228Th  (t1/2 = 1.913(1) a,  bα = 100%), produced by 

MP using identical parameters as for the pure 239Pu sources 

[19]. The recoil energy of 224Ra (96.6 keV) is comparable to 

that of 235mU (86.2 keV), and its decay  (t1/2 = 3.6319(23) d, 

 bα = 100%) enables quantification via α-spectrometry, justi-

fying its use as a surrogate in sources of similar thicknesses. 

[19–21].

Geant4 simulations were used to model recoil escape pro-

cesses and were validated against experimentally determined 
224Ra recoil collection efficiencies from 228Th-spiked 239Pu 

recoil-ion sources, allowing source recoil escape efficiency 

determination [22–24]. The validated simulations were sub-

sequently used to determine the 235mU recoil escape effi-

ciency for the 239Pu recoil-ion sources.

Experimental 224Ra recoil collection efficiency measure-

ments were performed using the recently upgraded Detec-

tion of Internal Conversion Electrons (DICE) setup at JGU 

and are reported elsewhere [25]. DICE allows the collection 

of recoil ions in thin foils, with the additional option of sub-

sequent low-energy IC electron counting following their 

emission from the collection foil during 235mU de-excitation 

to the 235U ground state, enabling accurate 235mU half-life 

measurements [1, 25]. Previous MP studies have primar-

ily focused on improving deposition yields, optimising 

deposition parameters, or characterising deposited layers 

using individual analytical techniques. Similarly, studies 

of recoil-ion sources have generally concentrated either on 

source preparation or on recoil collection measurements, 

while links between source morphology, activity distribu-

tion, and recoil escape efficiency have remained limited. A 

comprehensive framework that combines source preparation, 

multi-technique characterisation, and experimentally vali-

dated recoil ion transport modelling for actinide recoil-ion 

sources has, to our knowledge, not previously been reported. 

The proposed addition is intended solely to improve clarity 

by explicitly stating the gap in the existing literature and the 

scope of the present work. It does not modify the results, 

analysis, or conclusions of the manuscript. We would be 

grateful if this minor textual addition could be accommo-

dated during production.

In this work, the preparation and characterisation of 239Pu 

and 240Pu recoil-ion sources by MP from N, N-dimethyl-

formamide (DMF) are presented. Sources with varying 

dimensions, activities, and substrates, and at different drying 

conditions, were prepared. Characterisation was performed 

using radiographic imaging (RI), scanning electron micros-

copy (SEM), laser scanning microscopy (LSM), α- and 

γ-spectrometry, and Rutherford backscattering spectrometry 

(RBS). The influence of source thickness and morphology 

on recoil escape efficiency is evaluated, and optimised con-

ditions for high-performance recoil-ion sources are iden-

tified. Unlike previous investigations that have typically 

considered source preparation, source characterisation, or 

recoil performance independently, the present work com-

bines these approaches to establish relationships between 

source morphology, activity distribution, and recoil-source 

performance. Furthermore, experimentally measured 224Ra 

recoil collection efficiencies from 228Th-spiked surrogate 
239Pu sources are used to validate Geant4 recoil transport 

simulations, enabling reliable prediction of the otherwise 

difficult-to-determine 235mU recoil escape efficiency. This 

experimentally validated modelling methodology permits 

optimisation of recoil-ion source design and identifies recoil 

ion source thicknesses, areas, substrate and post-plating dry-

ing procedures that maximise recoil rate while maintaining 

high film quality. The proposed addition is intended solely 

to improve clarity by explicitly stating the gap in the exist-

ing literature and the scope of the present work. It does not 

modify the results, analysis, or conclusions of the manu-

script. We would be grateful if this minor textual addition 

could be accommodated during production.
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Experimental

Reagents and materials

Recoil-ion sources were prepared by MP [12]. All rea-

gents were of high-purity chemical-grade (Sigma-Aldrich). 

A platinum coiled-wire anode (Goodfellow, 99.99 + %, 

0.5 mm diameter) was positioned centrally above a 22 or 

16 mm diameter deposition aperture at the base of the plat-

ing cell (Fig. 1). The cell was constructed from Polychloro-

trifluoroethylene (PCTFE) to minimise plutonium adsorp-

tion [26, 27]. Ethylene-propylene-diene monomer (EPDM) 

gaskets, resistant to DMF, were used to ensure chemical 

compatibility.

The cell was mounted on either a Si cathode substrate 

(Siegert wafer GmbH, single-side-polished wafer, 25 diam-

eter, 525 µm thickness) or a Ti cathode substrate (Goodfel-

low, 99.9%, 25 diameter, 25 µm thickness). Prior to plating, 

all components were cleaned sequentially with isopropanol, 

acetone, and isopropanol. The anode and Ti substrates were 

etched in 6 M HCl for ~ 5 min, rinsed with deionised water, 

and then with isopropanol. Three blank platings were per-

formed before the deposition of radioactive material to 

verify cleanliness.

Certification indicated that the 53-year-old 239Pu stock 

solution consisted of plutonium oxide dissolved in dilute 

HCl, with an isotopic composition of > 94.84% 239Pu by 

activity. Based on certification, the solution at the time 

of preparation was calculated to contain 241Am and 240Pu 

activities corresponding to ~ 1.1 and 3.3%, respectively, of 

the 239Pu activity. The 228Th certification specified that the 

2-year-old stock solution consisted of thorium nitrate dis-

solved in dilute  HNO3, with an isotopic purity of > 99.99% 
228Th by activity. No characterisation data were available for 

the 240Pu mother solution, so its activity and isotopic com-

position were determined by α-spectrometry of the mother 

solution, which showed no evidence of contaminants above 

the α-spectrometric sensitivity limit (~ 0.1% relative to the 
240Pu activity).

Before plating, aliquots of the desired source activity 

were evaporated to dryness and re-dissolved in 10 µL of 

0.1 M  HNO3. The evaporation and redissolution steps were 

performed three times to prepare the final plating solutions. 

Final plating solutions were added to 10 mL DMF and thor-

oughly homogenised before transfer to the plating cell.

Source preparation

Plating solutions containing 50–210 kBq of 239Pu (and addi-

tionally 2–3 kBq 228Th for spiked sources) were combined 

in 10 mL DMF for preparation of the 239Pu (and 228Th-

spiked 239Pu) recoil-ion sources. For reference sources, 

220–400 kBq of 240Pu plating solution was used. The solu-

tions were homogenised and transferred into the plating 

cell. Electrodeposition onto the substrate was performed for 

75 min at room temperature and at a constant current den-

sity of 0.9 mA cm 2. Voltages did not exceed ~ 400 V. One 

minute before completion, 1 mL of concentrated  NH4OH 

was added to prevent redissolution of the deposited layer 

[28]. Sources were air-dried following plating, except for a 

subset of 239Pu sources, which were oven-dried by heating 

to 200 °C over 1 h, holding for 30 min, and cooling to room 

temperature. Aliquots of the plating solution were collected 

before and after deposition for subsequent α-spectrometry 

to determine indirect MP yields from the depletion of activ-

ity in the supernatant solution during MP. The decrease in 

solution activity was attributed to deposition of activity onto 

the cathode substrate. Direct MP yields were determined by 

α-spectrometry of the finished sources by comparing the 

measured source activity with the activity initially present in 

the plating solution. The unspiked and 228Th-spiked sources 

were prepared in Jun 2021 and Jan 2025, respectively.

The 239Pu and 240Pu sources were prepared with sys-

tematically varied parameters to investigate their influence 

on layer homogeneity and recoil escape efficiency, whilst 

considering the experimental requirements at JYU. The 

varied parameters included substrate material (Si or Ti), 

Fig. 1  Cross-sectional schematic of the molecular plating (MP) 

assembly, with the key components labelled, including the anode, 

cathode (substrate) and plating solution
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post-deposition drying procedure (air- or oven-dried), plat-

ing open area diameter (16 or 22 mm), and Pu source activity 

(and thus layer thickness). The 228Th-spiked 239Pu sources 

were prepared with parameters matching those of the bulk 
239Pu sources (i.e., Si substrate, air-dried, 22 mm diameter, 

comparable 239Pu activity range), enabling the application 

of the recoil escape efficiency determination methodology 

across all samples.

Each source was assigned a unique identifier consisting 

of a numerical ID and, where applicable, a suffix indicating 

preparation conditions where it differed from the bulk of the 

batch: “a” denotes Ti substrates, “b” oven-dried samples, 

and “c” 240Pu sources. Sources without suffixes correspond 

to Si-based air-dried 239Pu sources. This nomenclature is 

used throughout this work, and a full overview of all sources 

and preparation parameters is provided in Table 1.

Source characterisation

Sources were characterised by RI (FUJIFILM FLA 7000), 

SEM (Philips XL30, 20 kV), LSM (KEYENCE 3D Sur-

face Profiler, VK-X3000) and α-spectrometry (Si PIPS 

Table 1  Recoil-ion sources 

prepared by molecular plating 

(MP), including the main plated 

nuclide(s), substrate material, 

post-MP drying procedure, 

and deposition diameter. A 

range of plating parameters 

was systematically varied 

to assess their influence on 

recoil efficiency.  Source IDs 

correspond to the nomenclature 

described in the text

1 Source IDs with suffix “c” denote 240Pu
2 Source IDs with suffix “a” denote sources deposited on Ti substrates
3 Source IDs with suffix “b” denote oven-dried sources

Source ID Main Nuclide(s) Substrate Post-MP Drying 

Method

Diameter 

[mm]

1,3,7,12,13,15,18,19 239Pu Si Air 22

2a,17a 239Pu Ti2 Air 22

5b,9b,16b 239Pu Si Oven3 22

14a,b 239Pu Ti2 Oven3 22

10,11,20,21,22 239Pu Si Air 16

4c,8c 240Pu1 Si Air 22

6a,c 240Pu1 Ti2 Air 22

23,24,25,26,27,28,29 228Th-spiked 239Pu Si Air 22

Table 2  Alpha-particle energies and absolute intensities of the domi-

nant lines contributing to the spectral decomposition of the 228Th-

spiked 239Pu recoil-ion sources. Peak labels correspond to those 

shown in Fig. 2

Peak Assignment Energy [keV] Intensity [%] Ref

228Th1 5340.36(15) 26.0(10) [19]
241Am1 5388.25(13) 1.66(2) [31, 32]
228Th2 5423.15(22) 73.4(5) [19]
241Am2 5442.80(13) 13.1(3) [32]
224Ra 5448.6(12) 5.06(5) [20]
241Am3 5485.56(12) 84.8(5) [32]

Fig. 2  Decomposed triplet structure observed in α-spectra of 228Th-

spiked.239Pu recoil-ion sources, with increasing source thickness from 

(a)–(c). The measured spectra (thin solid histogram) and triplet fit 

(bold solid lines) are shown together with the individual peak com-

ponents (dashed black lines). As the source thickness increases, the 

triplet becomes broader, due to increased energy straggling. (d) are 

the expected α-line positions, colour-coded by isotope, and relative 

intensity of the dominant transitions contributing to the multiplet 

in the 5.3–5.5 MeV region. The line heights correspond to intrinsic 

α-branching ratios and are not scaled by isotope activity or detector 

response. All peak and line assignments correspond to Table 2
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detector, 450   mm2 active area, 21 keV resolution). The 

unspiked 239Pu and 240Pu sources were additionally ana-

lysed by γ-spectrometry (BEGe BE3825 with integrated 

pre-amplifier 2002CSL, 3800  mm2 active area, 26% rela-

tive efficiency) and RBS (1.6 MeV  He+, scattering angle 

160°). For α-spectrometry, a triple alpha source (239Pu, 
241Am and 244Cm; each isotope 370(20) Bq at reference 

date) and a 241Am source (5.0(15) kBq at reference date) 

were used for unspiked 239Pu and 240Pu sources activity cali-

bration. For 228Th-spiked source α-spectrometry, a 241Am 

source (290(10) Bq at reference date) was used for activity 

calibration.

A key challenge in the analysis of the 228Th-spiked 

sources was peak overlap in the 5.3–5.5 MeV region of the 

α-spectrum. The dominant α-lines contributing to this mul-

tiplet are listed in Table 2 and include two intense 228Th 

lines (26.0% and 73.4%), three 241Am lines (1.66%, 13.1%, 

84.8%), and one 224Ra line (5.06%). Due to the compara-

tively high 239Pu activity, increasing counting time or reduc-

ing the detector-source distance was not feasible, as this 

would risk contamination and saturation.

Typical spectra exhibited a partially resolved triplet struc-

ture corresponding, in ascending energy, to the 26.0 and 

73.4% 228Th lines, and the 84.8% 241Am line. The weaker 
224Ra (5.06%) and 241Am (13.1%) contributions lie between 

the latter two peaks, while the 1.66% 241Am line lies between 

the two 228Th peaks. Figure 2d shows the expected α-line 

positions and relative branching ratios of the dominant tran-

sitions listed in Table 2, illustrating the intrinsic structure of 

the multiplet independent of detector response and isotope 

activity.

Accurate determination of the 228Th activity is essential 

for subsequent recoil collection efficiency determination. To 

resolve the triplet, a dedicated α-spectrum analysis program 

was developed at JGU. The software performs background 

subtraction, energy calibration, and multi-peak fitting. An 

exponentially modified Gaussian (EMG) function was used 

to model peak shapes, and is given by Eq. (1):

where A is the peak area, � is the centroid, � is the Gaussian 

component standard deviation and � is the left-sided expo-

nential tailing parameter [29, 30]. Here, erfc(x) denotes the 

complementary error function,

The three dominant peaks were fitted simultaneously. Fig-

ure 2 shows representative spectra of the triplet and their 

decomposition, with increasing source thickness from 2a 

(1)

f (x;A,�, �, �) =
A

2�
exp

(

x − �

�
+

�
2

2�2

)

erfc

[

1
√

2

(

x − �

�
+

�

�

)

]

(2)erfc(x) =
2

√

�

∞

∫
x

e
- t

2

dt

to 2c. With increasing thickness, peak broadening becomes 

more pronounced, requiring more extensive decomposition. 

Minor peak contributions were estimated using the decom-

posed 84.8% 241Am line and the well-resolved 224Ra line at 

approximately 5685 keV (94.93%) and subtracted from the 

total 228Th activity. To account for residual uncertainties, a 

conservative 20% relative uncertainty was assigned to the 

overlap corrections. Geant4 simulations were performed 

to check if any substrate backscattering corrections were 

needed. For the detector geometry used, no significant cor-

rection was required.

Measured α-activities were decay-corrected using certi-

fied stock solution age and isotopic composition information. 

Full decay-chain reconstruction was then performed to esti-

mate contributions from unresolved daughter nuclides (e.g. 

from 240and 241Pu), β-decaying intermediates and stable end 

products. This approach improved both the determination of 

source thickness and the accuracy of 239Pu activities, thereby 

refining the expected 235mU recoil rates. RI produced grey-

scale images, where pixel digital numbers were converted 

to per-pixel activity densities using the known total source 

activity. This enabled activity histograms, two-dimensional 

activity maps, and statistical inhomogeneity analysis. The 

histograms were normalised such that the total area under 

each distribution equalled unity, allowing comparison of 

activity-density distributions between sources independently 

of their total activity.

Absolute thicknesses of electrodeposited actinide thin 

layers can be difficult to determine due to limited capability 

for direct nanometre-scale film-thickness measurement, and 

incomplete knowledge of the deposited species and their 

densities during MP. Absolute thickness and deposited spe-

cies were needed for the present study, however, so that lay-

ers of comparable thickness and material could be simu-

lated in Geant4, since these factors influence the stopping 

power and thus recoil efficiency of the recoiling daughter 

ions in the layer. Supporting studies, including RBS, X-ray 

photoelectron spectroscopy and Raman spectroscopy of 

comparable thin films [17, 33, 34], indicate that the lay-

ers contain a mixture of oxides, hydroxides, carbonates and 

formates. The relative proportions of oxides and hydrox-

ides decrease as carbonate content increases, with formate 

formation serving as a precursor to carbonate production 

[17]. In addition, comparable MP studies have shown that 

low potentials and locally elevated pH occur at the cath-

ode, promoting the formation of carbonates and formates 

[17]. Grazing-incidence X-ray diffraction of comparable MP 

films further suggests that the deposited species exists in the 

amorphous formate phase [33]. Based on these observations, 

the deposited material in the present study was assumed to 

consist predominantly of plutonium formate (Pu(COOH)3). 

A density of 4.0 g cm 3 was adopted, based on compari-

son with americium formate (4.8 g cm 3), and its analogue, 
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samarium formate (3.7 g cm 3) [35, 36]. Since the precise 

deposited species remains uncertain and may include vary-

ing proportions of oxide, hydroxide, carbonate, and formate 

phases, the absolute layer thicknesses derived in the present 

work should be interpreted as effective thicknesses under 

the assumed plutonium formate density. Alternative depos-

ited compositions would primarily rescale the thickness axis 

through changes in density and stopping power.

For each source, RI-derived activity distributions were 

converted on a pixel-by-pixel basis into nuclide thickness 

using α-activity data, decay-chain modelling, and nuclide 

formate density. Total source thickness was then obtained 

by summing the contributions from all nuclides. Pixels 

with thicknesses below 0.35 nm (a conservative Pu formate 

monolayer estimate) were excluded as background. At this 

scale, the inferred thickness lies below both the minimum 

physically meaningful deposit thickness and the RI spatial 

resolution; such values are dominated by background and 

smearing rather than true deposition. The statistical spread 

of the thickness distribution was used to assign conservative 

uncertainties, and all uncertainties were fully propagated.

224Ra and 235mU recoil escape efficiency

The recoil escape efficiency of 224Ra from 228Th-spiked 
239Pu sources and of 235mU from 239Pu sources was deter-

mined using Geant4 simulations for a range of source thick-

nesses, fitted with models that were validated using experi-

mental 224Ra recoil total collection efficiencies that will be 

reported in [25].

For completeness, the experimentally inferred 224Ra 

escape efficiency was also calculated, using the idea that 

total collection efficiency is made up of the daughter 

recoil escape efficiency from the source, and subsequent 

recoil transmission (geometric) and retention efficien-

cies describing the probability that an escaped recoil 

ion reaches the foil and then successfully implants in it, 

respectively. As such, using the experimentally deter-

mined total 224Ra recoil collection efficiency with the 

simulated transmission and retention efficiencies for each 

source thickness, we could obtain experimentally inferred 
224Ra recoil escape efficiency for comparison with the 

model-predicted escape efficiency values at each source 

thickness. This would ideally validate the use of Geant4 

simulation and efficiency-curve modelling for use with 
235mU recoils to predict the 235mU escape efficiency for 

the unspiked sources. For both 224Ra and 235mU recoils, 

Fig. 3  Representative optical 

photographs of 239Pu and 240Pu 

recoil-ion sources produced by 

molecular plating, labelled by 

source ID as given in Table 1. 

Sources are generally arranged 

in order of increasing activity 

from left to right and top to 

bottom. Colour variations may 

reflect thickness-dependent 

optical interference effects. 

A reference colour scale for 

thin SiO  films on Si is given 

at the base of the figure and is 

adapted from [37], and serves 

as an example to show how the 

perceived colour of thin-layer 

changes with increasing thick-

ness on the Si substrate at the 

nm scale due to light reflectance
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using each source’s escape efficiency, area of activity 

and mother activity (228Th and 239Pu, respectively), the 

recoil rate and normalised recoil rate per area could also 

be given.

Results and discussion

The results and discussion section is split into three parts. 
239Pu and 240Pu recoil-ion source preparation and characteri-

sation section presents the preparation and characterisation 

of the unspiked 239Pu and 240Pu recoil-ion sources. 228Th-

spiked239Pu recoil-ion source preparation andcharacterisa-

tion section reports on the preparation and characterisation 

of the 228Th-spiked 239Pu recoil-ion sources. 224Ra and 
235mU recoil escape efficiency section presents the experi-

mentally validated recoil escape efficiency analysis and the 

resulting area-normalised recoil-rate trends for 224Ra, 235mU 

and 236U recoils as a function of source thickness.

239Pu and 240Pu recoil-ion source preparation 
and characterisation

Imaging results

Nineteen 239Pu and three 240Pu recoil-ion sources were pre-

pared by MP, giving rise to thin films with a striking vari-

ety of colours. As shown in the representative examples in 

Fig. 3, a trend of colour dependence on source thickness 

was observed. Average source thicknesses, calculated using 

the methodology in Source preparation, in the Experimetal 

section, ranged from 24 to 108 nm. At low thicknesses 

(~ 24–36 nm), sources predominantly appeared yellow to 

gold. With increasing thickness, the colour transitioned 

through purple and dark blue to light blue and white. At 

larger thicknesses, more complex colour variations were 

observed within individual sources. This behaviour is con-

sistent with thin-film interference effects, in which the opti-

cal appearance varies with layer thickness, as reported for 

thin oxide films on silicon [37, 38]. The 16 mm sources 

were observed to have more colour distribution per source. 

Representative activity density maps shown in Fig. 4 demon-

strate that spatial variations in activity density qualitatively 

correlate with observed colour variations, indicating that 

colour differences reflect variations in local thickness and, 

by extension, activity. Activity and thickness information 

per source are summarised in Table 3.

Representative histograms in Fig. 5, with their areal 

activity distribution centroid and full width at half maxi-

mum (FWHM) values in Table 3, and 2D thickness recon-

structions in Fig. S4 (Supplementary Information) dem-

onstrate a systematic evolution in spatial distribution with 

increasing thickness, dependent on the Pu isotope. The 

thinnest 239Pu sources show relatively uniform activity 

distributions, with narrow, symmetric histograms cen-

tred at ~ 300–400 Bq mm 2, consistent with homogene-

ous thin films. At intermediate thicknesses (~ 48–89 nm), 

these distributions begin to broaden and become increas-

ingly skewed. While coverage remains fairly uniform, 

some localised regions of activity accumulation begin 

to develop, suggesting the onset of non-uniform growth. 

For thicker sources (> 90 nm), activity maps show more 

pronounced spatial variation, particularly at the edges of 

the plated area, and the histograms become broader and 

more asymmetric, indicating greater variability in local 

thickness. They exhibit the largest spatial heterogeneity, 

Fig. 4  Radiographic activity 

density maps of representa-

tive 239Pu and.240Pu recoil-ion 

sources, labelled by source ID 

as given in Table 1
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with localised regions of elevated activity density. These 

features are consistent with material accumulation at the 

edges of the plated area, resembling a “coffee-ring” effect, 

likely arising during solvent evaporation, in which, during 

drying of thicker sources, particles migrate to the edges of 

the deposition due to the Marangoni effect [39]. The 240Pu 

sources, ranging from 28 to 50 nm in thickness, showed 

similar trends, and their distribution metrics were more 

consistent with those of end-intermediate-to-thicker-range 
239Pu sources, owing to their higher activity. 16 mm 239Pu 

Table 3  Thickness, active area, Pu and 241Am activity, and activity density histogram centroid and full width at half maximum (FWHM) values 

for 239Pu and 240Pu recoil-ion sources produced by molecular plating.  Source ID as given in Table 1

Source ID Thickness [nm] Area  [mm2] Pu Activity [kBq] 241Am Activity 

[kBq]

Centroid Activity 

[Bq  mm−2]

FWHM [Bq  mm−2]

1 24.0(16) 346(14) 48(3) 0.51(4) 290(30) 125(3)

2a 25.3(17) 350(14) 52(4) 0.55(4) 300(30) 110(3)

3 29.8(20) 320(13) 55(4) 0.59(4) 360(30) 261(3)

4c 28.2(17) 350(14) 213(13) – 610(40) 273.7(24)

5b 35.8(24) 336(13) 70(5) 0.74(5) 430(30) 265(3)

6a,c 48(3) 355(14) 367(21) – 1040(50) 407(4)

7 50(3) 339(14) 99(7) 1.07(7) 600(40) 310(3)

8c 50(3) 361(14) 392(23) – 1090(50) 449(5)

9b 51(3) 342(14) 101(7) 1.08(7) 610(40) 355(3)

10 61(4) 197(8) 70(5) 0.74(5) 730(50) 480(6)

11 64(4) 185(7) 69(5) 0.73(5) 770(60) 308(5)

12 64(4) 360(14) 134(9) 1.42(10) 770(40) 153.3(9)

13 65(4) 362(14) 137(9) 1.46(10) 780(40) 158.5(18)

14a,b 68(5) 360(14) 142(10) 1.51(10) 810(40) 189.8(19)

15 78(5) 340(14) 153(10) 1.63(11) 930(50) 568(7)

16b 83(6) 358(14) 172(12) 1.83(12) 990(50) 435.0(18)

17a 89(7) 358(14) 185(14) 1.97(15) 1060(50) 277(5)

18 97(7) 350(14) 197(14) 2.10(14) 1160(50) 605(9)

19 100(7) 356(14) 206(14) 2.19(15) 1190(50) 497(3)

20 105(7) 202(8) 123(9) 1.3(9) 1260(70) 671(3)

21 107(5) 196(8) 121(6) 1.3(7) 1280(70) 741(12)

22 108(7) 189(8) 119(8) 1.3(9) 1290(70) 404(6)

Fig. 5  Representative activity 

density histograms derived from 

radiographic imaging of 239Pu 

and.240Pu recoil-ion sources, 

with legend source ID as given 

in Table 1. Histograms were 

normalised such that the total 

area under each distribution 

equals unity. Homogeneous 

sources have sharper, more 

symmetric, and well-defined 

peaks. Centroid and full width 

at half maximum (FWHM) 

values are listed in Table 3
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sources showed the “coffee-ring” effect more prominently 

and showed, on average, the broadest activity distributions.

Overall, results show a clear transition from uniform 

thin films to increasingly heterogeneous layers as source 

thickness increases. No systematic dependence of the 

activity distribution on the substrate material or post-dep-

osition drying conditions was observed. Using the dis-

persion and distribution metrics, the sources were ranked 

from most to least homogeneous, and the most laterally 

uniform films were observed to be sources 1, 2a, 12, 

13, and 14a,b, with the least uniform being the thickest 

sources, especially sources 20 and 21. Figures showing all 

nineteen plutonium sources and their full analysis are pro-

vided in Figs. S1 – S4 of the Supplementary Information.

SEM imaging shows that sources with thicknesses below 

89 nm exhibit smooth, continuous, and largely crack-free 

surfaces. LSM is in good qualitative agreement with these 

observations and provides additional contrast for features 

Fig. 6  Scanning electron 

microscopy (SEM) secondary 

electron (left) and laser scan-

ning microscopy (LSM) (right, 

where available) images of 

representative 239Pu recoil-ion 

sources, labelled by source ID 

as given in Table 1, from thin-

nest (top row) to thickest (bot-

tom row). Scale bar: 20 µm
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not readily resolved by SEM secondary electron imaging. 

Representative paired images are shown in Fig. 6.

LSM reveals a complex, thickness-dependent morphol-

ogy consistent with classical thin-film growth behaviour 

[40]. Results reflect the combined influence of film for-

mation during deposition, post-deposition treatment, 

and long-term evolution (~ 5 y). No single mechanism 

fully explains the morphology; rather, it is the result of 

superimposed growth, restructuring, and defect evolution 

processes.

A clear morphological progression is observed as thick-

ness increases. For thin layers (~ 24–30 nm), surfaces are 

largely uniform and continuous, characterised by a fine, 

dense speckled texture with minimal large-scale features 

Fig. 7  Laser scanning micros-

copy (LSM) images in optical 

mode (coaxial illumination) of 

representative 239Pu and 240Pu 

recoil-ion sources taken ~ 5 y 

after preparation, labelled by 

source ID as seen in Table 1. 

Panels show selected regions 

illustrating thickness-dependent 

morphology and defect struc-

tures: (a) centre; (b, e–h) defect 

regions; (c–d) edge-to-centre. 

Scale bar: 40 µm. Additional 

images provided in Fig. S5, 

Supplementary Information
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(Fig. 7a). Oven-dried samples in the range ~ 36–51 nm retain 

a broadly similar morphology (Fig. 6c), however localised 

regions exhibit clustering and the emergence of circular and 

partially coalesced domains, forming ring-, sponge- and 

bubble-like structures (Fig. 7b). Localised film peeling and 

boundary-type features are also observed. These features are 

not present in non-oven-dried samples of comparable thick-

ness, indicating that thermal treatment promotes the growth 

and coalescence of local inhomogeneities. At intermedi-

ate thicknesses (~ 50–89 nm), the films exhibit the highest 

degree of lateral uniformity. Surfaces are characterised by 

densely packed fine grains with minimal large-scale inho-

mogeneity, particularly in central regions (Fig. 7c–d). At 

larger thicknesses (up to 108 nm), all available LSM sources 

were 16 mm in diameter. All 16 mm diameter sources con-

sistently exhibit poorer morphological quality than 22 mm 

sources and have thus far been excluded from the analysis. 

These smaller sources show more pronounced large-scale 

inhomogeneities and complex pattern formations. Complex 

pattern formation and inhomogeneities observed included 

evidence of bubbles and blisters (Fig. 7e–f), linear marks 

(Fig. 7g–h), branched and star-like structures (Fig. 7e, g), 

and circular domains (Fig. 7g).

A range of blister-like features was observed, including 

spherical bubbles, subsurface and surface blisters, ruptured 

(C- and O-shaped) features exposing the substrate, and coa-

lesced blister structures. The fine-speckled morphology of 

otherwise homogeneous films may also indicate gas-related 

processes. While the exact origin cannot be unambiguously 

determined, these features are consistent with  H2 blistering 

reported in thin films on Si and glass substrates exposed to 

hydrogen [40–44].  H+ is considered the most likely spe-

cies responsible, as electrodeposition conditions promote  H2 

evolution at the cathode [17]. The observed micron-scale 

features are consistent with  H2-induced blistering, whereas 

He generated by self-irradiation would be expected to pro-

duce primarily nanoscale features. The larger blister sizes 

following oven drying also align with  H2-induced effects 

reported in the literature [44–48].

Such blister formation is typically associated with gas 

accumulation at defect sites, such as inclusion–matrix inter-

faces, impurities, oxide particles, and pre-existing voids, and 

leads to delamination, surface bulging, and stress-driven 

cracking [45, 49, 50]. The absence of comparable blister-

ing in Ti-supported sources (Fig. 6f) is consistent with the 

literature, which states that substrate choice is particularly 

important [41].

Such high-quality optical photographs of electroplated 

plutonium thin films have not been published to date. The 

present data show a wide range of colours, patterns, and 

morphological features. Additional examples are provided 

in Fig. S5 of the Supplementary Information.

Alpha-spectrometry results

Alpha-particle spectrometry confirmed that the 239Pu and 
240Pu sources contained 48–123 kBq and 213–392 kBq, 

respectively. Activity and isotopic composition determined 

by α-spectrometry are summarised in Table S1 (Supplemen-

tary Information). The average direct MP yield, determined 

from measured source activities, was 94(3)%, while the 

Fig. 8  Alpha-particle spectra of representative 239Pu recoil-ion 

sources. Measured spectra (solid histogram), total peak fits (bold 

solid), and individual peak components (dashed) are shown. (b) is a 

magnified inset of (a) 241Am region. (c) shows the 235U region, dem-

onstrating the absence of detectable daughter activity

Fig. 9  Alpha-particle spectra of the 240Pu recoil-ion sources. Meas-

ured spectra (solid), total peak fits (bold solid), and individual peak 

components (dashed) are shown. (b) shows the 236U region, indicat-

ing the absence of detectable daughter activity
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average indirect yield, determined from depletion of activ-

ity in the plating solution, was 97(2)%. This consistently 

high deposition efficiency across all plated isotopes indi-

cated that MP was highly effective for producing 239Pu and 
240Pu recoil-ion sources. Representative α-spectra for 239Pu 

and 240Pu sources are shown in Figs. 8 and 9, respectively. 

All sources of a given isotope exhibited comparable spec-

tral quality, with peak fits yielding coefficients of  R2 ≥ 0.95. 

Overall, the measured peak energies, FWHM, and intensities 

provided in Table S1 (Supplementary Information) are con-

sistent with literature values within uncertainties, confirming 

the reliability of the peak decomposition and subsequent 

analysis.

For the 239Pu sources, the two dominant α-lines at 

5144 keV and 5157 keV could not be resolved due to intrin-

sic detector-resolution limitations, despite the large source-

to-detector distance used to avoid contamination and satu-

ration effects and to improve resolution [4]. Similarly, the 

three dominant 241Am α-lines at 5388 keV, 5443 keV, and 

5486 keV were not fully resolved and were therefore treated 

as a combined contribution in the fitting procedure [32]. 

The corresponding peak fit represented the combined sum of 

these unresolved components. The measured 241Am-to-239Pu 

activity ratio was 1.07(1)%, consistent across all sources. 

The total measured 241Am activity differed from the decay-

chain-reconstructed values by approximately 3%, indicating 

good agreement between independent activity determina-

tions. No additional α-lines attributable to impurities were 

observed in either source batch. No detectable activity was 

observed at the characteristic α-energies of recoil daughters 

(e.g. 235U at 4365 keV and 4396 keV and 236U at 4445 keV 

and 4494 keV), in accordance with their long half-lives and 

correspondingly low activities [18, 51]. This highlights the 

difficulty of direct recoil efficiency determination using 

α-spectrometry for such sources.

Gamma-spectrometry results

Gamma-ray spectrometry was performed on representative 
239Pu and 240Pu recoil-ion sources to verify isotopic compo-

sition and to check for impurities. Representative spectra are 

shown in Figs. 10 and 11. Peak assignments, energies, and 

FWHM values for all identified γ-transitions are provided in 

Fig. 10  Gamma-ray spectrum 

of the representative 239Pu 

recoil-ion source 18. Identified 

transitions are labelled; cor-

responding energies and widths 

are provided in Table S2, Sup-

plementary Information
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Tables S2 and S3 of the Supplementary Information. FWHM 

values consistently fell in the range 0.4–1.0 keV.

The 239Pu source spectra exhibit dense line structures 

associated with decay to 235mU, with the dominant lines 

at 52 keV, 34 keV and 129 keV. In contrast, 240Pu sources 

exhibit a much simpler γ-spectrum, dominated by 236U tran-

sitions at 45 keV, 104 keV and 160 keV [4, 13]. γ-transitions 

with emission probabilities below ~  10–5% were difficult to 

observe across all sources, indicating an effective detec-

tion limit. The majority of expected X-ray and γ-lines 

were assigned, with unassigned lines due to overlap with 

a dominant transition and the inability to deconvolve. No 

transitions associated with the decay of recoil daughters 

(e.g. 235U at 186 keV and 236U at 49 keV) were detected 

[18, 51]. 239Pu spectra confirmed the presence of 241Am, 

showing four characteristic γ-lines, with an 241Am-to-239Pu 

activity ratio of 1.2(1)% in excellent agreement with the 

α-derived and activity the decay-chain reconstructed activi-

ties. The two most intense lines of 240Pu were detected, giv-

ing a 240Pu-to-239Pu activity ratio of 3.0(2)%, in agreement 

with the decay-corrected sample certification 240Pu-to-239Pu 

ratio of 3.3(1)%. 240Pu spectra revealed the presence of 

α-decaying trace impurities below the limit of detection in 

α-spectrometry. 241Am was observed via its characteristic 

59.54 keV γ-line, with a 241Am-to-240Pu activity ratio of 

1.6(7) ×  10–3%, and trace 249Cf was detected via its two most 

intense γ-lines at 333 keV and 388 keV and a Kα1 X-ray 

emission at 109 keV, with a 249Cf-to-240Pu activity ratio of 

1.8(1) ×  10–3% [52]. The presence of 241Am in sources is 

attributed to 241Pu β-decay ingrowth, common in plutonium 

stock solutions. 249Cf contaminant origin is unknown. It 

is not likely caused by any prior significant neutron irra-

diation of the material, since long-lived Cm isotopes would 

be observed (and 242Pu, but its γ-lines overlap with 240Pu 

γ-lines, hindering detection) [53].

Overall, the γ-ray spectrometry results were consist-

ent among sources of the same isotope and supported the 

α-derived isotope composition. γ-ray energies show excel-

lent agreement with evaluated nuclear data. The stability of 

the activity ratios across all sources and the close agreement 

Fig. 11  Gamma-ray spectrum 

of the representative 240Pu 

recoil-ion source 8c. Identified 

transitions are labelled; cor-

responding energies and widths 

are provided in Table S3, Sup-

plementary Information

Table 4  239Pu, 240Pu, 241Am, 

and 249Cf activities determined 

from γ-spectrometry for 

representative recoil-ion 

sources, derived from fitted 

γ-lines

Source ID 239Pu Activity [kBq] 240Pu Activity [kBq] 241Am Activity [kBq] 249Cf Activity [Bq]

1 48.7(4) 1.18(8) 0.490(10) –

13 138.0(10) 3.0(3) 1.760(10) –

16b 173.0(10) 5.6(5) 2.140(10) –

18 197.0(10) 6.23(21) 2.230(10) –

21 121.0(10) 3.85(23) 1.430(10) –

4c – 201.0(10) 0.00449(13) 3.51(15)

8c – 393.0(20) 0.00356(12) 7.23(18)
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between measured and decay-chain reconstructed activi-

ties indicate that isotopes are plated identically during MP 

[54]. Table 4 summarises source activity and composi-

tion determined by γ-spectrometry. Comparison of α- and 

γ-spectrometry activities shows strong consistency across all 

sources, with relative differences of 1–2% and all measure-

ments agreeing within 1 σ.

Rutherford backscattering spectrometry results

RBS was performed at JYU on a subset of recoil-ion 

sources to determine elemental composition. Measure-

ments were conducted using a 1.6 MeV He  beam, with 

one source additionally analysed at 2.4  MeV  He2  to 

improve mass resolution and depth sensitivity for heav-

ier elements. Spectra were acquired at a scattering angle 

of 160° by a ring of 14 Si PIPS detectors and evaluated 

using the JaBS simulation and fitting code [55]. Simu-

lated spectra were fitted to experimental data by manually 

adjusting elemental concentrations, while layer thickness 

and roughness were fitted by the code. Due to normal 

incidence on Si substrates, channelling effects were pre-

sent and accounted for; the substrate signal was not used 

in fluence normalisation and did not affect the reported 

results. Fluence was normalised using backscattering from 

a beam chopper and reference samples. The uncertainty in 

absolute Pu areal density is estimated to be less than 2%, 

including contributions from counting statistics, fitting, 

and systematic effects (e.g. beam energy and geometry). 

Uncertainties for other elements are significantly larger 

and more difficult to quantify.

All analysed sources exhibited thickness variation 

within the beam spot, with the largest deviations observed 

for thicker and more heterogeneous sources (e.g. source 

21), consistent with RI results. For this source, the signal 

indicated that Pu was not at the surface, possibly due to 

residual solvent or post-deposition surface modification. 

Measurements at the source edges consistently showed 

higher Pu areal densities (≈ 10%) compared to central 

regions. This behaviour is consistent with the inhomoge-

neities observed by RI and supports the occurrence of edge 

accumulation effects during drying.

Elemental composition analysis was limited by mass 

resolution and the previously mentioned thickness vari-

ation. Contributions from 239Pu and 241Am could not be 

separated and are therefore treated as a combined sig-

nal. Similarly, other trace impurities identified by α- and 

γ-spectrometry (e.g. 249Cf) are below the detection sensi-

tivity of RBS. Additional trace elements were detected, 

including S, Ca, Fe (including unresolved Ni/Cr contribu-

tions), and Zn. The 240Pu source 8c exhibited an additional 

weak signal tentatively assigned to La based on best-fit 

criteria; however, this assignment remains uncertain due to 

mass overlap. No La could be detected by γ-spectrometry 

of the same source. All samples contained C and O. Quan-

tification of O was complicated by overlap with the sub-

strate signal, but an approximate O-to-Pu ratio of 6–7 was 

obtained. The C quantification is less reliable due to RBS’s 

limited sensitivity to C; however, the fit suggests a C-to-Pu 

ratio of ~ 4. Figure 12 shows experimental and simulated 

RBS histograms for a 240Pu recoil-ion source, demonstrat-

ing good agreement between the measurement and the fit.

228Th-spiked 239Pu recoil-ion source preparation 
and characterisation

Imaging results

Seven 228Th-spiked 239Pu recoil-ion sources were prepared 

on Si substrates by MP (Fig. 13), with thicknesses ranging 

Fig. 12  Experimental (red) and 

simulated (black) RBS histo-

grams of 240Pu recoil-ion source 

8c on Si substrate. Experimen-

tal data was measured with a 

2.4 MeV  He2+ beam
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from 6 to 149 nm (Table 5). The observed colour variations 

across the sources were found to correlate with thickness 

and activity distributions and are consistent with thin-film 

interference effects. Compared to the unspiked 239Pu sources 

(Imaging results,239Pu  and240Pu recoil-ion source prepara-

tion and characterisation section), the spiked sources extend 

to lower thicknesses, where a transition from blue to yel-

low/gold is observed. At higher thicknesses, a transition 

from green to red is observed, and colour variation within 

individual sources increases, reflecting the growing spatial 

inhomogeneity in RI activity density maps (Fig. 14).

RI activity density and 3D thickness maps (Fig. S6, 

Supplementary Information) demonstrate a clear evolution 

in layer morphology with increasing thickness. For the 

thinnest sources, activity distributions remain relatively 

uniform across the active area, and the corresponding 

Fig. 13  Optical photographs 

of 228Th-spiked.239Pu recoil-

ion sources on Si substrates 

produced by molecular plating, 

labelled by source ID as given 

in Table 1

Table 5  Thickness, active area, 239Pu, 241Am and 228Th activity, and activity density histogram centroid and full width at half maximum 

(FWHM) values for 228Th-spiked 239Pu recoil-ion sources produced by molecular plating.  Source ID as given in Table 1

Source ID Thickness [nm] Area  [mm2] 239Pu Activity 

[kBq]

241Am Activity 

[kBq]

228Th Activity 

[kBq]

Centroid 

Activity 

[Bq  mm−2]

FWHM [Bq  mm−2]

23 6.4(9) 8.2(3) 0.34(5) 0.0037(5) 1.10(12) 920(50) 99(8)

24 15.2(12) 269(11) 27.7(23) 0.297(24) 1.27(14) 211(13) 130.0(10)

25 24.7(23) 261(10) 45(4) 0.48(5) 0.83(9) 314(23) 205(3)

26 45(4) 267(11) 82(7) 0.87(8) 1.05(16) 560(40) 264(4)

27 100(10) 294(12) 192(20) 2.05(22) 1.45(12) 1210(100) 331(7)

28 115(9) 242(10) 196(15) 2.10(16) 1.5(8) 1410(90) 1350(9)

29 149(13) 256(10) 266(24) 2.9(3) 2.0(4) 1800(500) 1506(7)

Fig. 14  Radiographic activity 

density maps of 228Th-spiked 
239Pu recoil-ion sources, 

labelled by source ID as given 

in Table 1
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Fig. 15  Activity density his-

tograms derived from radio-

graphic imaging of 228Th-spiked 
239Pu recoil-ion sources, with 

legend source ID as given in 

Table 1. Histograms were nor-

malised such that the total area 

under each distribution equals 

unity. Homogeneous sources 

have sharper, more symmetric, 

and well-defined peaks

Fig. 16  Scanning electron 

microscopy (SEM) secondary 

electron (left) and laser scan-

ning microscopy (LSM) (right) 

images of representative 228Th-

spiked 239Pu recoil-ion sources, 

labelled by their source ID as 

given in Table 1, from thinnest 

(top row) to thickest (bottom 

row). (f) is SEM backscattered 

electron (BSE). Scale bar: 

20 µm
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histograms are narrow and symmetric, consistent with 

homogeneous films. Histograms are shown in Fig. 15, with 

areal activity centroids and FWHM values summarised 

in Table 5. As thickness increases, spatial inhomogeneity 

becomes more apparent, the activity maps reveal visible 

gradients and localised regions of elevated activity, and 

the histograms broaden and develop increasing asymme-

try, indicating greater variance in local thickness. Quanti-

tative metrics, including coverage, dispersion, skewness, 

and kurtosis, support this trend. Source 23 shows limited 

areal coverage and a strongly right-skewed distribution 

with high kurtosis, consistent with incomplete film forma-

tion. In contrast, sources 24–26 exhibit improved cover-

age and more continuous films, although dispersion values 

suggest the onset of localised thickening in sources 25 and 

26. Source 27 has the highest coverage and lowest disper-

sion and is therefore the most uniform film in the series. 

At greater thicknesses (sources 28–29), spatial variability 

increases, with broader, flatter distributions indicating the 

development of macroscopic thickness gradients. Based on 

combined coverage and distribution metrics, the sources, 

in order of decreasing homogeneity, were 27, 24, 25, 26, 

29, and 28, with source 23 excluded due to incomplete 

coverage.

Surface morphology was investigated using SEM and 

LSM. Both techniques are in good qualitative agreement, 

with LSM providing additional contrast for surface fea-

tures not readily resolved by SEM imaging (Fig. 16). A 

clear thickness-dependent evolution in morphology is 

observed, consistent with and extending the trends identi-

fied for the unspiked 239Pu and 240Pu sources (Imaging 

results,239Pu  and240Pu recoil-ion source preparation and 

characterisation section).

LSM shows that for thinner layers (≤ 45 nm; sources 

23–26), films initially form via island-like growth with 

localised clustering, resulting in regions of varying den-

sity (Figs. 16b and 17a). With increasing thickness, these 

features coalesce into microscale sheet-like structures and 

evolve into largely continuous films (Fig. 17b–f). This 

behaviour is consistent with the early-stage coalescence 

of a thin-layer formation following initial nucleation [40]. 

At larger thicknesses (≥ 100 nm; sources 27–29), pro-

nounced surface inhomogeneities developed. LSM showed 

the formation of extended cracking, spatially correlated 

with thicker regions of the layer, consistent with observa-

tions from literature and with the increased heterogene-

ity observed in RI analysis [56, 57]. In thinner regions 

of these sources, isolated or sinuous cracks are observed, 

whereas in thicker regions they evolve into interconnected 

crack networks (Fig. 17g–j). Two characteristic crack types 

are identified: large openings exposing the substrate and 

finer hairline cracks, which often connect larger fracture 

regions. In heavily affected areas, delamination and local-

ised peeling of the layer occurred. (Fig. 17j).

Crack initiation was frequently associated with circular 

void-like regions from which fracture networks appear to 

propagate. Within these void-like regions, a darker, diffuse 

structure was usually observed. The structures appear to be 

located at or near the substrate interface and often appear 

to have ruptured through the layer. Similar structures are 

observed along crack boundary paths. In some cases, fine-

scale features appear to be locally concentrated around 

these sites, consistent with clustering behaviour observed 

during earlier stages of film formation. The origin of the 

observed cracking and void-associated features cannot 

be uniquely determined from the present data; however, 

several mechanisms may contribute. These include that 

another layer was starting to grow underneath the con-

tinuous layer, perhaps due to some trapped MP solvent, 

which would take longer to dry at deeper depths, causing 

larger cluster growth; well-known stress-induced cracking 

and delamination caused by solvent evaporation or phase 

separation during drying after MP; and  H2 accumulation at 

defect or interface sites, causing rupture [56–59]. For the 

latter, H has been found to accumulate preferentially at the 

Si-to-metal layer interface, with H atoms able to diffuse 

through the layer [44]. The increased extent of cracking 

relative to unspiked 239Pu and 240Pu sources may indicate 

that the incorporation of 228Th or its decay products influ-

ences film stability; however, this cannot be conclusively 

established here. Additional examples are provided in 

Fig. S7 of the Supplementary Information.

Alpha-spectrometry results

Alpha-particle spectrometry showed that the 228Th-spiked 
239Pu recoil-ion sources contained 0.8–2.0 kBq of 228Th and 

0.34–266 kBq of 239Pu, corresponding to reconstructed layer 

thicknesses of 6 to 149 nm. The measured 241Am-to-239Pu 

activity ratio was 1.07(4)%, consistent across all sources. 

The average indirect MP yield, determined from depletion 

of activity in the plating solution for the 228Th-spiked 239Pu 

and 228Th sources was 88(1)%, comprising 86(1)% for 239Pu 

and 89(1)% for 228Th. In contrast, the corresponding direct 

yields, determined from measured source activities, were 

significantly lower, averaging 63(3)% and comprising of 

61(3)%  for 239Pu and 65(5)% for 228Th. This corresponds to 

an overall reduction of 27(3)% between indirect and direct 

yields, with reductions of 25(3)% and 28(5)% for 239Pu and 
228Th, respectively. The close agreement between 239Pu 

and 228Th within indirect and direct yield determinations 

indicates proportional co-deposition during MP. However, 

unlike the unspiked 239Pu and 240Pu sources (Alpha-spec-

trometry results,239Pu  and240Pu recoil-ion source prepara-

tion and characterisation section), where direct and indirect 
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Fig. 17  Laser scanning micros-

copy (LSM) images in optical 

mode (coaxial illumination) 

of representative 228Th-spiked 
239Pu recoil-ion sources 

taken ~ 3 months after prepara-

tion, labelled by source ID as 

given in Table 1. Panels show 

selected source regions showing 

thickness-dependent morphol-

ogy and defect structures: 

(a–e) layer formation; (f) centre; 

(g–j) edge-to-centre. Scale bar: 

40 µm. Additional images pro-

vided in Fig. S7, Supplementary 

Information
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yields agreed, the spiked sources show a systematic reduc-

tion in 239Pu and 228Th direct yields relative to indirect 

yields. Similar behaviour has been observed at the JGU for 

independently plated Th sources across a range of isotope 

compositions and plating parameters. In contrast, U, Am, 

and Pu typically exhibit high and well-matched yields, even 

when co-deposited. This suggests that Th exhibits distinct 

MP behaviour compared to neighbouring actinides and 

may influence both deposition and retention of co-plated 

nuclides. Possible explanations include Th-influenced 

enhanced adsorption of isotopes on cell surfaces, leading 

to overestimation of indirect yields, and/or Th-influenced 

reduced layer stability on the substrate, resulting in partial 

loss of material during post-plating handling after the post-

plating aliquot is taken for indirect yield measurements (i.e. 

during removal of the plating solution from the cell during 

disassembly). For all subsequent activity calculations, the 

activity inferred from direct measurements was used.

The representative α-particle spectrum shown in Fig. 18 

shows clear identification of 239Pu, 228Th, 241Am, 224Ra, 

Fig. 18  Alpha-particle spectrum 

of the representative 228Th-

spiked 239Pu recoil-ion source 

24. Measured spectra (red 

solid histogram), total peak fits 

(bold blue solid), and indi-

vidual peak components (black 

dashed) are shown. Panels (a) 

and (b) show the 239Pu doublet 

and 228Th/241Am triplet, with 

decomposition. Panel (c) shows 
241Am and the 228Th-spike 

with its decay chain daughters, 

much less intense than the 239Pu 

signal. 239Pu, 241Am, 228Th 

and its subsequent decay-chain 

daughter peaks are identified 

and labelled

Table 6  Experimentally inferred (exp. inf.) and predicted (pred.) 
224Ra recoil escape efficiencies (eff.), as well as corresponding 224Ra 

area-normalised recoil rates for the 228Th-spiked 239Pu recoil-ion 

sources. Recoil rates are derived from corresponding escape efficien-

cies, the source area (from radiographic imaging analysis), and the 

measured 228Th mother-spike activity, which is nearly constant. Pre-

dictions were obtained from the model used to fit Geant4-simulated 

escape efficiency data as a function of source thickness. Full details 

of the simulation, fitting models and experimental measurements for 

escape efficiencies are given in [25]

Source ID Thickness [nm] 228Th Activity 

[kBq]

Exp. Inf. 224Ra 

Escape Eff. [%]

Pred. 224Ra 

Escape Eff. [%]

Exp. Inf. 224Ra Recoil 

Rate  [s−1  cm−2]

Pred. 224Ra Recoil 

Rate  [s−1  cm−2]

23 6.4(9) 1.10(12) 61(8) 65(8) 8000(1000) 9000(1000)

24 15.2(12) 1.27(14) 33(4) 48(4) 155(25) 230(32)

25 24.7(23) 0.83(9) 40(9) 34(9) 130(32) 110(31)

26 45(4) 1.05(16) 18.2(20) 19.6(20) 72(14) 77(15)

27 100(10) 1.45(12) 8.0(10) 9.0(10) 40(9) 42(9)

28 115(9) 1.5(8) 7(4) 7(4) 40(31) 40(32)

29 149(13) 2.0(4) 8.0(10) 5.0(20) 58(15) 41(14)
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and subsequent decay chain daughters. As layer thickness 

increases, the spectra show progressive peak broaden-

ing and reduced peak separation, particularly within the 
228Th–241Am multiplet region (see Fig. 2 in Source char-

acterisation, Experimental section). This behaviour reflects 

increased self-absorption and energy straggling in thicker 

layers. Peak fitting, however, remained stable across all 

sources, with  R2 ≥ 0.95. The fitted peak energies and FWHM 

values (Table S4, Supplementary Information) agree with 

reference data within the stated uncertainties. Overall, 

α-particle spectrometry confirms the expected isotopic 

composition and that MP was performed well. Consistent 

Table 7  Experimentally validated 235mU recoil escape efficiency (eff.) 

predictions and corresponding area-normalised 235mU recoil rate for 

the 239Pu and 228Th-spiked 239Pu recoil-ion sources. The dashed black 

line after source ID 22 denotes the start of the 228Th-spiked 239Pu 

recoil-ion source set. Recoil rates are derived using escape efficiency, 

source area (from radiographic imaging analysis) and measured 239Pu 

mother activity. Predictions were obtained from the validated model 

used to fit Geant4-simulated escape efficiency data as a function 

of source thickness, full details of which are given in [25]. Statisti-

cal, σstat, and systematic, σsyst, uncertainty contributions to the 235mU 

recoil-rate total uncertainty are also reported

Source 

ID

Thickness 

[nm]

239Pu Activity 

[kBq]

235mU Escape 

Eff. [%]

235mU Recoil 

Rate [s-1 cm-2]

σstat 

[s-1 cm-2]

σsyst 

[s-1 cm-2]

1 24.0(16) 48(3) 32.6(22) 4500(400) 208 422

2a 25.3(17) 52(4) 31.1(20)1 4600(400) 210 417

3 29.8(20) 55(4) 27.0(17) 4700(400) 207 420

5b 35.8(24) 70(5) 22.8(15) 4700(500) 203 448

7 50(3) 99(7) 16.4(12) 4800(500) 202 476

9b 51(3) 101(7) 16.1(12) 4800(500) 199 484

10 61(4) 70(5) 13.4(10) 4700(500) 189 479

11 64(4) 69(5) 12.7(10) 4700(500) 211 481

12 64(4) 134(9) 12.7(11) 4700(500) 199 502

13 65(4) 137(9) 12.4(10) 4700(500) 196 500

14a,b 68(5) 142(10) 11.9(10)1 4700(500) 198 500

15 78(5) 153(10) 10.3(9) 4600(500) 198 512

16b 83(6) 172(12) 9.6(9) 4600(500) 197 514

17a 89(7) 185(14) 8.9(9)1 4600(600) 200 568

18 97(7) 197(14) 8.0(8) 4500(500) 198 529

19 100(7) 206(14) 7.8(8) 4500(500) 194 526

20 105(7) 123(9) 7.3(7) 4500(600) 191 543

21 107(5) 121(6) 7.2(6) 4400(500) 210 440

22 108(7) 119(8) 7.1(7) 4400(600) 204 535

23 6.4(9) 0.34(5) 65(5) 2700(400) 408 147

24 15.2(12) 27.7(23) 47(3) 4800(500) 446 343

25 24.7(23) 45(4) 32(3) 5400(700) 500 526

26 45(4) 82(7) 18.4(16) 5600(700) 487 567

27 100(10) 192(20) 7.8(10) 5100(900) 554 703

28 115(9) 196(15) 6.6(7) 5400(700) 404 650

29 149(13) 266(24) 4.9(7) 5100(900) 447 772

1 Sources deposited on Ti substrate; Si-based simulations used (negligible substrate effect at these thicknesses)
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differences between direct and indirect yields were observed 

and are attributed to the addition of 228Th, which may influ-

ence source formation and warrants further investigation.

224Ra and 235mU recoil escape efficiency

For the experimentally inferred 224Ra recoil escape effi-

ciency, five of the seven measurements fall within ± 1 σ 

of the model prediction, and six fall within ± 1.5 σ. Both 

experimentally inferred and model-predicted 224Ra recoil 

escape efficiency values are summarised in Table 6 and 

plotted with the model fit in Fig. S8 of the Supplementary 

Information. A single outlier occurring at T ≈ 15 nm (source 

24) has a standardised residual of − 4.3 σ and dominates the 

total squared deviation. With the outlier excluded, the RMS 

deviation is 3.28(95)%, the reduced 2 is 0.54, and the mean 

residual is 0.46%, supporting good agreement between the 

model and experiment. Importantly, the majority of unspiked 
239Pu sources fall within the T ≳ 25 nm regime, where the 

model reproduces values at the 1.29(46)% level, supporting 

its use to determine 235mU recoil escape efficiencies. Simu-

lations also found that substrate composition has a negligi-

ble influence on recoil escape efficiency in this thickness 

range [25], justifying the use of simulations performed for 

Si substrates when evaluating Ti-backed sources. The model 

predicted a mean stopping distance of 14.0(2) nm for 224Ra 

recoils in a 239Pu layer.

Using the experimentally inferred 224Ra recoil escape 

efficiency and model-predicted escape efficiency, the cor-

responding 224Ra recoil rates for each source thickness were 

calculated, summarised in Table 6, and plotted in Fig. S9 

of the Supplementary Information. The mean normalised 

deviation was 0.55 σ, with a maximum deviation of 1.87 σ 

between experimentally inferred and model-predicted recoil 

rates. In general, the 224Ra recoil rate decreases with increas-

ing source thickness. This behaviour arises because the 
228Th mother is introduced as a spike and remains nearly 

constant across all sources, while the 239Pu layer thickness 

varies. Consequently, as the layer thickness increases, the 

same 228Th activity is distributed over a larger volume. 

Following each 228Th decay, an increasing fraction of 224Ra 

recoils are therefore born at depths exceeding their escape 

range, reducing the recoil rate. A sharp drop in recoil rate, 

followed by a transition to a “tailing” regime dominated 

by geometric dilution, is observed in the thickness range 

of ~ 30–60 nm. Across all Geant4 simulations, the average 

maximum birth depth for recoils that escape was determined 

to be 40.0(6) nm, in good agreement with the experimentally 

observed transition to the tailing regime in the ~ 30–60 nm 

thickness range.

Using the validated escape efficiency model with the 

simulated 235mU recoil escape efficiency, experimental pre-

dictions of 235mU recoil escape efficiency for both the 228Th-

spiked 239Pu source and the unspiked 239Pu source thick-

nesses, summarised in Table 7 and plotted with the model 

fit in Fig. S10 of the Supplementary Information, could be 

determined. The 236U recoil escape efficiency experimental 

predictions for the 240Pu sources, given in Table 8, were 

based on 235mU recoil escape simulations, used for com-

putational efficiency, as the 236U recoil energy differs by 

only ~ 0.3 keV from the 235mU recoil energy. Given this, 236U 

recoil transport in 240Pu layers is expected to closely approx-

imate 235mU recoil behaviour in 239Pu layers of equivalent 

thickness. The simulated and fitted 235mU escape efficiency 

as a function of 239Pu layer thickness showed the same thick-

ness-dependent behaviour as the simulated and fitted 224Ra 

escape efficiency as a function of 239Pu layer thickness. The 

model predicts a mean stopping distance of 13.2(3) nm for 
235mU recoils in 239Pu layers. For thicknesses T ≳ 25 nm, 

escape efficiencies enter a “tailing” regime dominated by 

geometric dilution, where an increasing fraction of recoils 

is generated at depths beyond their escape range. A detailed 

account of the simulation and fitting models for escape effi-

ciency, including an explanation of trends and substrate-

dependent behaviour, is given in [25].

The area-normalised 235mU recoil rates obtained using 

the 235mU recoil escape efficiency predictions are given in 

Table 7 and plotted in Fig. 19a and c for the unspiked 239Pu 

and the 228Th-spiked 239Pu recoil-ion sources, respectively. 

The area-normalised 236U recoil rates are summarised 

Table 8  Experimentally validated 236U recoil escape efficiency (eff.) 

predictions for 240Pu recoil-ion sources. Corresponding area-normal-

ised recoil rate is calculated using the source area (from radiographic 

imaging analysis) and the measured 240Pu mother activity. Full details 

of the simulation used to obtain escape efficiency results are given in 

[25]. Statistical, σstat, and systematic, σsyst, uncertainty contributions 

to the 236U recoil-rate total uncertainty are also reported

1 Sources deposited on Ti substrate; Si-based simulations used (negligible substrate effect at these thicknesses)
2 Escape efficiencies used from 239Pu simulations for 235mU recoils due to similar recoil energy (~ 0.3 keV difference)

Source ID Thickness [nm] 240Pu Activity 

[kBq]

236U Escape Eff. [%] 236U Recoil Rate 

 [s−1  cm−2]

σstat  [s
−1  cm−2] σsyst  [s

−1  cm−2]

4c 28.2(16) 213(13) 28.3(16)2 17,000 (1000) 744 1360

6a,c 48(3) 367(21) 17.2(11)1,2 18,000(2000) 735 1563

8c 50(3) 392(23) 16.3(11)2 18,000(2000) 752 1590
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in Table 8 and plotted in Fig. 19b for the 240Pu recoil-ion 

sources. Raw 235mU recoil rate data for 239Pu and 228Th-

spiked 239Pu recoil-ion sources, as well as raw 224Ra recoil 

rate data for 228Th-spiked 239Pu recoil-ion sources, are given 

in Table S5 of the Supplementary Information. Raw 236U 

recoil rate data for 240Pu recoil-ion sources are given in 

Table S6 of the Supplementary Information. Both statisti-

cal and systematic uncertainty contributions to the 235mU and 
236U recoil rate are reported for all sources. The systematic 

uncertainty for the unspiked 239Pu and 240Pu sources was 

dominated by the 241Am activity calibration uncertainty 

(30%), determined from the calibration certificate, leading 

to an overestimation of the total uncertainty. As such, all 

recoil rate plots in Fig. 19 are plotted using their statisti-

cal uncertainty. The 235mU recoil rate exhibits a different 

thickness dependence than the 224Ra recoil rate trend, since 

the recoil mother activity is not a spike but increases with 

source thickness. For 239Pu recoil-ion sources, the raw recoil 

rate  (s−1) is lower for 16 mm diameter sources compared 

to 22 mm sources of similar thicknesses, reflecting their 

smaller active area and correspondingly lower 239Pu activ-

ity. When both unspiked 239Pu and the 228Th-spiked 239Pu 

recoil-ion source 235mU recoil rates are normalised for source 

area, a clear thickness-dependent trend emerges. From thin 

thicknesses, the recoil rate increases with increasing layer 

thickness. This reflects the increasing 239Pu areal activity, 

and thus the number of 235mU recoils, of which a large frac-

tion is still born within the escape depth and can leave the 

layer. At intermediate thicknesses (~ 40–55 nm), the recoil 

rate reaches a maximum. This corresponds to the maximum 

recoil escape depth, where all recoils are born at a depth 

from which escape remains possible. For larger thicknesses, 

the recoil rate decreases despite the continued increase in 
239Pu activity. Here, an increasing fraction of recoils is 

produced at depths exceeding the escape range, leading to 

geometric dilution of the escaping fraction, similar to the 

“tailing” region observed for escape efficiency. Across all 

simulations, 235mU recoils that escaped had a maximum 

birth depth of 63.6 nm, with an average maximum depth of 

44.2(42) nm, consistent with the observed peak in recoil rate 

at ~ 40–55 nm source thickness. The 236U recoil rates appear 

to peak in the same thickness range and are much higher at 

comparable thicknesses due to the shorter mother half-life 

and higher mother activity used. A small systematic offset 

can be observed between the unspiked 239Pu and the 228Th-

spiked 239Pu recoil-ion source 235mU recoil-rate datasets, and 

this is attributed to different α-activity measurement systems 

and calibration standards used for each source type measure-

ment. For the optimisation of recoil-ion sources, the highest 

possible recoil rate must be achieved so that the number of 

recoils escaping is sufficient for, e.g., CLS studies. Based on 

the present work, we can say that 239Pu and 240Pu recoil-ion 

sources with ~ 40–55 nm layer thicknesses yield the highest 
235mU and 236U recoil ion rates per unit area, respectively. 

Peak 236U recoil ion rates per unit area occurred at a layer 

thickness similar to that of peak 235mU rates and were ~ 3.7 t 

larger due to the mother’s shorter half-life and higher activ-

ity at similar thicknesses.

Conclusions

This work systematically investigated the preparation and 

characterisation of 239Pu, 240Pu and 228Th-spiked 239Pu 

recoil-ion sources produced via MP, with the primary objec-

tives of investigating, quantifying, and optimising the recoil 

escape efficiency from recoil-ion sources - particularly for 
235mU recoil ions to enable the study of this isomer.

The results demonstrate that MP using DMF is a highly 

reliable and reproducible method for producing actinide 

thin films, achieving consistently high deposition yields 

(~ 94–97%) and identical plating across different isotopes. 

Comprehensive multi-technique characterisation (RI, SEM, 

LSM, α- and γ-spectrometry, and RBS) provided insight into 

thin-film formation and morphology that affect layer quality 

and thus govern recoil source performance.

A clear thickness-dependent evolution was identified 

across all datasets. Thin layers (~ 24–84 nm) exhibited the 

Fig. 19  Area-normalised 235mU 

(a, c) and 236U (b) recoil rates 

as a function of source thickness 

for (a) 239Pu, (b) 240Pu and (c) 
228Th-spiked 239Pu recoil-ion 

sources. Rates are derived using 

experimentally validated escape 

efficiencies, source areas (from 

radiographic imaging analysis) 

and measured Pu mother activi-

ties. 236U recoil rates in (b) are 

much higher than (a) and (c) 

due to the shorter half-life of the 

mother, 240Pu
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highest homogeneity, smoothest morphology, and minimal 

defect density. In contrast, thicker films (> 90 nm) showed 

increased inhomogeneity, edge activity, and thickness accu-

mulation (“coffee-ring” effects), cracking, and visible defect 

formation. These structural changes likely arise from a com-

bination of deposition dynamics, solvent drying processes, 

and possible gas-induced effects (e.g.  H2-related blistering). 

Substrate material and drying conditions had comparatively 

minor influence on large-scale activity distributions but 

could affect local morphology: layers on Ti showed less 

cracking and fewer defects than comparable films on Si sub-

strates, and oven-drying appeared to increase the size and 

frequency of defects in occasional localised areas. A wide 

variety of colours were observed and shown to correlate with 

thickness, indicating that colour and colour variation in thin 

films can provide insights into their homogeneity by eye 

alone.

RI combined with decay-chain-informed thickness 

reconstruction proved to be a powerful and non-destructive 

method for resolving thickness distributions, enabling quan-

titative assessment of homogeneity and its evolution with 

thickness. RBS and LMS agreed with these homogeneity 

findings.

A key outcome of this work is the validated methodology 

for determining recoil escape efficiencies. By using 224Ra 

recoil collection efficiency data from the 228Th-spiked 239Pu 

sources as a surrogate system, we could produce experimen-

tally inferred 224Ra recoil collection efficiencies, and when 

compared to simulations, were shown to reproduce experi-

mentally inferred 224Ra escape efficiencies at the ~ 3% level. 

This validation enabled reliable determination of 235mU 

recoil escape efficiencies across the full thickness range of 
239Pu sources.

The recoil escape behaviour follows a well-defined thick-

ness dependence a rapid decline with increasing thickness 

is observed as bulk stopping within the layer dominates. 

For thicknesses T ≳ 25 nm, escape enters a geometric “tail-

ing” regime, where an increasing fraction of recoils are born 

beyond their escape range.

This behaviour directly governs the recoil ion emission 

rates. For the 228Th-spiked 239Pu sources, where the 228Th 

mother activity is approximately constant, the 224Ra recoil 

rate drops sharply with increasing thickness, before transi-

tioning to a “tailing” regime due to geometric dilution. In 

contrast, for 239Pu and 240Pu sources, the increasing mother 

activity with thickness leads to a competing effect: the recoil 

rate per unit area initially rises, reaches a maximum when 

the layer thickness becomes comparable to the maximum 

recoil escape depth, and subsequently decreases as escape 

losses dominate. As a result, an optimal 239Pu and 240Pu 

thickness range of ~ 40–55 nm is identified, correspond-

ing to the maximum recoil rate per unit area for both 235mU 

and 236U. At this thickness, the balance between increasing 

mother activity and decreasing escape probability is opti-

mised. The higher recoil rates observed for 236U (by a fac-

tor of ~ 3.7) are attributed to the shorter half-life and cor-

respondingly higher activity of the 240Pu mother.

The ~ 40–55 nm thickness at which the optimum recoil 

rate per unit area occurs for both 239Pu and 240Pu recoil-ion 

sources fits nicely inside the ~ 24–84 nm range where layers 

were observed to be the most homogeneous. Sources with 

larger deposition areas were found not only to increase the 

total recoil rate but also to be consistently more homogene-

ous than sources of smaller deposition areas at comparable 

thicknesses. The effect of substrate on recoil rate is negligi-

ble in the ~ 40–55 nm range; however, overall, fewer defects 

were observed for sources on Ti compared to Si substrates 

of comparable thicknesses. This may result from hydrogen 

evolution on Si substrates and/or increased Ti roughness, 

which may improve layer adherence.

Therefore, this work has shown that the optimum 239Pu 

and 240Pu recoil-ion sources produced by MP with DMF in 

this study have thicknesses of ~ 40–55 nm, are on Ti sub-

strates, have larger deposition areas and are air-dried after 

plating. This combination of parameters yields the high-

est recoil rates of 235mU and 236U per unit area, as well as 

the best layer homogeneity and morphology across the full 

thickness range.

The work also highlights limitations in co-deposition sys-

tems involving Th, where significantly reduced direct yields 

of both isotopes in the system, Th and Pu, indicate altered 

plating behaviour, and sources to show extensive cracking 

and delamination, uncharacteristic of comparable unspiked 
239Pu layers, suggesting that MP systems using Th require 

further investigation.

Overall, this work confirms that MP using DMF is a 

robust technique for plating Pu and Am, provides experi-

mentally validated predictions of recoil efficiencies, deter-

mines recoil rates for 235mU and 236U, and identifies optimal 

source design parameters that link film thickness and mor-

phology, substrate, and recoil output. These results provide 

a solid foundation for future precision spectroscopy experi-

ments on 235mU using recoil-ion sources and related systems.

 Beyond the optimisation of Pu recoil-ion sources, this 

work establishes a general methodology for recoil-ion source 

development. By integrating complementary radiographic 

imaging, microscopy, spectroscopy and experimentally 

validated recoil transport simulations, the approach pro-

vides a transferable framework for linking thin-film proper-

ties to recoil-ion source performance. This methodology is 

expected to be applicable to the development of high-perfor-

mance recoil-ion sources based on other α-emitting nuclides

Supplementary Information The online version contains supplemen-

tary material available at https:// doi. org/ 10. 1007/ s10967- 026- 11025-5.
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