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Samarium thin-films doped with a 220 radiotracer were used to study the effects of annealing on the release
of fission fragments from electrodeposited films. An ammonium acetate molecular plating technique was utilized
to perform the depositions. The fission fragment yields were measured using a unique technique involving the
exposure of aluminum foils to the deposited material for a fixed time followed by gamma-ray spectroscopy to de-

termine the rate at which the fission fragments implanted into the foils. Annealing of the electrodeposited films
was found to have no effect on the release of fission fragments.

1. Introduction

Production of lanthanide (Ln) and actinide (An) thin-films has been a
growing area or research over the last several decades. These thin-films
have a number of direct applications including ion beam bombardment
within a particle accelerator [1-3], a-spectroscopy [4,5], and fission
fragment sources [6-9]. Of particular interest, are thin-films of 2>2Cf,
which are useful as fission fragment sources to produce exotic, neu-
tron-rich nuclei for nuclear physics research, such as, the Californium
Rare Isotope Breeder Upgrade (CARIBU) experiment at Argonne Na-
tional Laboratory’s (ANL) Argonne Tandem Linear Accelerator System
(ATLAS) facility. The CARIBU experiment harvests these rare, neu-
tron-rich isotopes from thin-films containing milligram quantities of
252Cf, which generate fission fragments that are collected, ionized, and
formed into an ion beam [10]. These neutron-rich ion beams are ac-
celerated to energies of a few MeV/nucleon and are used to study nu-
clear reaction mechanisms and exotic nuclear decay modes. The 252Cf
fission fragment sources are produced in specialized hot cell facilities
located in the Radiochemical Engineering Development Center (REDC)
at Oak Ridge National Laboratory (ORNL) [11]. The standard thin-film
production method in this case is to deposit the 2°2Cf onto a stainless
steel (SS) substrate using an ammonium acetate molecular plating tech-
nique [8,9,12,13]. This technique is attractive as it provides high yields,
is reproducible, and is amenable to remote operations in a hot cell.

Molecular plating is term that was first coined by Parker and
Falk [14] in the 1960’s, referring to the production of inorganic
thin-films by electrodeposition out of organic based media with ei-
ther con-
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stant current or constant voltage. Molecular plating is one of the most
widely utilized techniques for rapid thin-film production, as it is
well-known to have high yields, in many cases quantitative, with suit-
able film uniformity and substrate adheres [15,16]. Despite it being
widely adopted, molecular plating still suffers from several well docu-
mented issues including, excess thickness to deposited film [13] and fre-
quent cracking of the film [3].

Efforts to better understand and improve the 22Cf thin-film pro-
duction process by an ammonium acetate molecular plating approach
were recently undertaken at ORNL by the authors. The morphology and
composition of thin-films produced by the ammonium acetate molec-
ular plating technique were studied using Sm as a nonradioactive sur-
rogate for Cf [12,13]. The effects of annealing on the morphology and
composition of the thin-films were also investigated. It was found that
the Sm deposited as samarium acetate, which could be decomposed to
samarium oxide through annealing. Several different annealing proce-
dures were evaluated. The best results were obtained by heating at 10
°C/min under a constant airflow to 125 °C, hold there for 60 min, and
then ramped up to 700 °C and hold for another 60 min prior to letting
the annealing furnace cool naturally. The Sm thin-films annealed un-
der these conditions were found to have a significantly decreased car-
bon content. The films, which were deposited as small islands due to the
so-called “mud-caking” effect, were also found to have contracted sig-
nificantly in width and slightly in thickness. These changes are expected
to increase the fission fragment yield by decreasing the attenuation of
the fission fragments in excess material deposited during the electrode-
position process. It was therefore of interest to test the annealing pro-
cedure with thin-films containing 2°2Cf. In this work, thin-films of Sm
doped with a 252Cf radiotracer were produced to measure the magnitude
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of this effect. The reduced amount of 252Cf enabled the depositions to
be carried out in a glove box rather than a hot cell and conserved the
amount of valuable 2>2Cf required for experimentation. A unique foil ex-
posure technique was used to quantify the fission fragment yield of the
produced thin-films before and after annealing.

2. Experimental
2.1. Materials

Nitric acid (Optima, HNO3) and ammonium acetate (98.8%, NH,Ac)
were purchased from Thermo Fisher Scientific Inc.; anhydrous samar-
ium chloride (99.9%, ultra-dry SmCl;) was purchased from Alfa Ae-
sar; ammonium hydroxide (ACS Grade, NH,OH) was purchased from
Sigma-Aldrich; hydrochloric acid (OmniTrace Ultra, HCl) was pur-
chased from EMD Chemicals Inc.; and BioRad AG 50 X 8 resin with a
mesh size of 200-400 in the proton form was purchased from Bio-Rad
Laboratories, Inc. Distilled deionized (ddi) H,O was obtained from a
Millipore Milli-Q Academic Ultrapure Water Purification System with a
Quantum® EX Ultrapure Organex Cartridge filter operated at 18.2 MQ
-cm at 25 °C.

The 252Cf source was taken from stock on hand at the REDC and
had isotopic compositions of 20.2%, 22.2%, 10.7%, and 46.8% for 24°Cf,
250¢f, 251Cf, and 252Cf, respectively. Caution! It should be noted that due
to the its high radioactivity, the Cf could not be handled in the open
and that all experiments were performed inside a shielded glove box to
reduce dose exposure and prevent contamination. The Cf was purified
by using a cation exchange column packed with AG 50 X 8 cation ex-
change resin with a bed volume (BV) of 1 mL and an internal diame-
ter (ID) of 0.5 cm. The resin was wetted in ddi H,O and packed in a
disposable BioRad Econo-Column glass chromatography column, with a
polymer frit at the bottom. The column was then conditioned with 3 BV
of 6 M HCI and washed with 3 BV of ddi HyO. Quartz wool was then
placed at the top of the resin bed to hold the resin in place and to pre-
vent disruption of the resin when the solution was added. Immediately
prior to use, the Cf was purified as follows. The column was conditioned
with 3 BV of 0.1 M HCI, and the Cf, which had been dissolved in 8 mL
of 0.1 M HCl, was loaded on the column. The vial was then washed with
four 1 mL serial washes of 0.1 M HCI and passed through the column to
ensure all the Cf was transferred to the column. Once the loading was
complete, the column was washed with an additional 5 BV of 0.1 M HCl,
followed by 2 BV of 2 M HCI. The Cf was then stripped from the column
in 3.5 BV of 6 M HCI. The column was finally rinsed with 4 BV of ddi Hy
O to reconstitute the resin. The 6 M HClI fraction, containing the Cf, was
taken to dryness by gentle heat with a heat lamp and brought back up in
1 mL 0.1 M HCL. The solution was taken to dryness a second time, as be-
fore, dissolved in 0.5 mL of 2 M HCIl, and then diluted to 1 mL with ddi
H50, resulting in 1 mL of 1 M HCL. The Cf samples were submitted to
the Radiochemical Analysis Group (RAG) in the Chemical Sciences Di-
vision at ORNL for neutron counting, gamma (y)-ray spectroscopy, and
inductively coupled plasma mass spectrometry (ICP-MS) analysis to de-
termine the elemental concentrations and isotopic ratios of the material.
A similar analysis was performed on the post-deposition electrolyte so-
lution to determine deposition yield.

2.2. Electrodeposition

The electrodeposition unit had a well-type configuration and has
been described in detail elsewhere [8,13]. A short description is pro-
vided here. The unit was composed of a copper cathode that housed
an embedded SS plate as the deposition substrate with a deposition
area of 5.6 cm?. The solution well was machined out of polyether ether
ketone (PEEK). A silicon gasket was used to complete the seal be-

Nuclear Inst. and Methods in Physics Research, A x0¢ (3XX) X0X-XxX

tween the well and the deposition surface. The anode was a platinum
plate with slits in it to prevent gas from accumulating between the elec-
trodes. The anode was suspended in the well such that a 1-cm distance
was maintained between the anode and the deposition surface (cath-
ode). The entire unit was designed and fabricated at ORNL. Electrode-
positions were carried out using an Agilent E3616A 0-25V, 0.0-1.7 A
DC Power Supply in a constant current mode, allowing the potential to
vary.

Prior to each deposition run the unit was subsequently washed with
1 M HNOg, ethanol and ddi H,O. It was then assembled and leak tested
with 0.35 M NH,Ac for a minimum of 12 h. Upon passing the leak test,
the unit was set up for the electrodeposition run. Each run consisted of
adding a 200 pL aliquot of 100 mM SmCl; 0.05 M HCI (~3.00 mg of Sm
3+ ) and 250 pL of the Cf stock solution (~385 uCi of 2°2Cf) to the de-
position unit, which contained 10.05 mL of 0.35 M NH,Ac, making the
final electrolyte volume 10.5 mL. The anode was then submersed in the
electrolyte solution; both electrodes were then connected to the power
source and energized. The current was increased slowly over the first
5 min until it reached the desired setting of 0.700 A, at which point the
current was held constant for the duration of the 4-h deposition. At the
end of the deposition, 1 mL of concentrated NH,OH was added prior to
de-energizing the power source to prevent the deposited material from
dissolving once the potential was removed.

Following the deposition, the SS substrates were analyzed by y-ray
spectroscopy using a Canberra N-type high-purity germanium detector
(HPGe) with 44% relative efficiency (endcap diameter = 2.5 in.) and a
Lynx 32k-channel MCA running Genie 2000 gamma spectroscopy soft-
ware. The detector has an energy resolution of approximately 2 keV
at 1332 keV. Relevant nuclear data were obtained from Browne and
Firestone [17]. The HPGe detector was calibrated using a multi-isotopic
standard. The amount of Cf deposited on the plate was determined using
the 333.5 keV and 388.3 keV y-rays from the decay of 2*°Cf (ti» = 350
.6 yr). The deposition yields were determined by comparing the amount
of Cf in the electrolyte solution before and after deposition, while the
analysis of the SS plates was used to determine if any Cf was lost during
firing.

2.3. Thin-film annealing

The depositions were heated using a Micropyretics Heaters Interna-
tional, Inc., Robust Radiator Modules (up to 1700 °C) operating from
100-1700 °C, controlled by a digital, multi-segment programmable con-
troller. A heating pattern of ambient to 125 °C at 10 °C/min, holding for
60 min, and continuing up to 700 °C at 10 °C/min, holding for 60 min,
was used under an air atmosphere with a gas sweep of roughly 1.5 psig
in a quartz tube. As mentioned earlier, the SS substrates were analyzed
by y-ray spectroscopy post-firing to verify that no Cf mass had been re-
moved from the plate during annealing.

2.4. Fission fragment analysis

The fission fragment production yields were analyzed by implanta-
tion into Al foil, followed by y-ray spectroscopy using an Ortec N-type
high-purity germanium detector (HPGe) with 40% relative efficiency
(endcap diameter = 3.25 in.) and a Canberra Multiport I MCA running
Genie 2000 gamma spectroscopy software. The detector has an energy
resolution of approximately 2 keV at 1332 keV. Relevant nuclear data
were obtained from Browne and Firestone [17]. The HPGe detector was
calibrated using a multi-isotopic standard. The *Mo was tracked by the
140.5 keV and 739.5 keV y-rays, 1Rh was tracked by the 306.3 keV
and 319.1 keV y-rays, 15Cd was tracked by the 336.2 keV, 492.3 keV,
and 527.9 keV y-rays, 132Te was tracked by the 228.2 keV y-ray, and
143Ce was tracked by the 293.3 keV, 664.6



K.G. Myhre et al.

Nuclear Inst. and Methods in Physics Research, A xxx (XXXX) XXX-XXX

Fig. 1. Schematic of the fission fragment collector foil assembly housing (left) and bottom view with the collection foil visible through the window (right).

keV, and 721.9 keV y-rays. Table 1 summarizes some key properties of
these fission fragments.

The implantation was performed by placing a single 76  pm thick Al
foil above the SS plate for a fixed time (about 20 h). The foil was housed
in an assembly suspended 3 mm from the surface of the thin-film. The
assembly is made up of two pieces, an open window base and a back-
ing (see Fig. 1). The two pieces are held together by a bolt at either end
of the assembly. The foil is held taut across the window with a small
tongue on the side of the base and a corresponding groove on the back-
ing. After exposure, the assemblies were dismantled and the foil was an-
alyzed using y-ray spectroscopy to determine the fission fragment cap-
ture yield.

3. Results and discussion

To determine if the fission fragment capture yield could be increased
simply by annealing the 252Cf containing deposition andthereby reduc-
ing the thickness of the thin-film, two thin-films were produced by
the ammonium acetate molecular plating technique. The deposition
yields were lower than results previously observed for pure Sm depo-
sitions [13], with a deposition yield of roughly 60% in both cases. The
deposition yield for each deposition was determined by following the
252Cf via neutron counting and the 24°Cf via y-ray spectroscopy in the de-
position solution before and after each electrodeposition run. Measure-
ments of the Cf depositions on the SS substrate using y-ray spectroscopy
of 249Cf were also performed for confirmation. It is unclear as to the rea-
son for the lower deposition yields in these studies compared to those
of pure Sm, but it may indicate fundamental difference in 4-f and 5-f
species (see Table 2).

The fission fragment yields of the two Sm thin-films doped with 2>2Cf
radiotracer were measured before and after annealing at 700 °C. The
total fission fragment yield was determined by collecting the emitted
fission fragments on a 76 pm thick Al foil, which was calculated to
be thick enough to stop even the most penetrating fission fragments.
The foil was then analyzed by y-ray spectroscopy to determine the

Table 1
Key properties of the collected fission fragments of interest.

Half- Average emission energy Stopping power of Al (MeV
Isotope life (h) (MeV) [18] cm?/mg) [19]
Mo 65.9 107 43.8
105Rh 35.4 107 43.8
115¢d 53.5 103 43.2
132Te 76.9 92 41.2
143Ce 33.0 80 41.1

Table 2
S2ct activity before and after annealing at 700 °C.

Sample ID 252Cf Activity (uCi)

Before annealing After annealing
Thin-film 1 92 +8 88 =5

88 +9 88 + 8
Thin-film 2 80 +7 736

81 6 77 £ 8

@ Calculated from y-spectroscopy analysis of the electrolyte solution before and after
deposition.

type and activity of the collected fragments. Five key fission fragments,
%Mo, 195Rh, 115Cd, 132Te, and '#3Ce, were selected for analysis based
on a number of criteria including: production yield per fission of 2>2Cf,
emission energy, half-life, y-ray emission, etc. The fission fragment cap-
ture yields were calculated before and after annealing by Eq. (1)

% X 100% = Fission Fragment Capture Yield 6))
T

where Cj is the 252Cf activity measured from the decay of the particular
fission fragment captured in the foil, Ct is the 2>2Cf activity determined
by y-ray spectroscopy of 24°Cf in the thin-film itself, and n represents the
fraction of fission fragments lost to the SS substrate, assumed to 0.5 in
this case, due to the isotropic decay process of 252Cf and half of the fis-
sion fragments being immediately lost to the SS substrate.

As shown in Table 3, prior to annealing, the average fission frag-
ment capture yields ranged between roughly 69%-74%, which indicate
the 252Cf doped samarium acetate thin-films is thicker than optimal and
there is a significant portion of fission fragments that cannot escape
from the thin-film.

At this point, it is unclear the exact nature of the decrease in yield,
but an explanation of two potential major factor are as follows. The de-
position has some thickness, so there will be some additional losses ei-
ther due the thickness of the deposition or the emission angle of the
fission fragment being too shallow. A comparison of the calculated and
observed fission fragment yields is therefore sensitive to the deposition
thickness and surface morphology. An ideal thin-film for emitting fis-
sion fragments would only comprise of a few molecular layers of the
parent fission fragments generating nuclei, 252Cf in this case. However,
our previous work has shown that Sm was deposited as Sm acetate
when produced by the ammonium acetate molecular plating technique.
The Sm acetate thin-film was then successfully converted to the oxide
by thermal decomposition, which decreased the dimensions of the Sm
thin-films. The working hypothesis was that such thermal decomposi-
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Fission fragment capture yields for a number of isotopes in a 76 pm thick Al foil before annealing.

Sample ID Fission fragment capture yield (%)?
%Mo 105Rh 115¢d 132Te 143Ce Average
Thin-film 1 58.2 £ 3.0 84.2 + 4.2 78.2 £ 4.0 76.0 = 3.8 75.2 £ 3.8 74.4 £ 1.6
56.2 + 2.8 84.2 * 4.2 76.0 + 3.8 72.4 * 3.6 68.4 + 3.4 71.4 * 1.6
Thin-film 2 55.6 + 2.8 80.2 * 4.0 72.4 * 3.6 69.2 * 3.4 68.6 + 3.4 69.2 * 1.6
55.6 + 2.8 80.8 + 4.0 742 £ 3.8 70.2 * 3.6 68.4 + 3.4 69.8 * 1.6

a Calculated from Eq. (1).

Table 4

Fission fragment collection yields for a number of isotopes in a 76 pm thick Al foil after annealing at 700 °C.

Sample ID Fission fragment capture yield (%)?
%Mo 105Rh 15¢q 132Te 143Ce Average
Thin-film 1 62.0 = 3.2 80.8 = 4.0 75.2 = 3.8 71.2 + 3.6 68.8 + 3.4 71.6 =+ 1.6
55.2 + 2.8 82.0 = 4.0 74.4 = 3.8 70.6 = 3.6 73.0 £ 3.6 71.0 £ 1.6
Thin-film 2 51.4 + 2.6 73.4 + 3.6 67.0 + 3.4 62.8 + 3.2 62.6 + 3.2 63.4 = 1.4
53.2 £ 2.6 76.8 = 3.8 68.8 + 3.4 66.6 + 3.4 66.2 + 3.4 66.4 = 1.4

a Calculated from Eq. (1).

tion could be carried out with 2°2Cf containing thin-films to increase
the fission fragment emission yield, with minimal to no loss of the 252Cf
within the film during annealing.

The thin-films were then annealed at 700 °C for 1 h, stopping at 125
°C for 1 h to drive off any bound H5O, all while maintaining a contin-
uous airflow to provide the need Oy for complete combustion of any
organic species present. The SS substrate was reevaluated by y-ray spec-
troscopy for 24°Cf after the annealing process to ensure all of the heavy
metals (Sm and Cf) were retained within the thin-film. It was observed
that near quantitative retention, 98.7 = 0.9%, of the 24°Cf after an-
nealing was achieved in both thin-films. It can therefore be assumed
that none of the deposited metal (Sm and Cf) was lost during anneal-
ing. Given the previous nonradioactive Sm studies, it was expected that
light species containing H, C, N, or O would decompose and be dri-
ven off. This should increase the relative percentage of fissioning atoms
(i.e., 2°2Cf) and therefore the specific activity of the thin-film. This in-
crease in specific activity would then be expected to increase the fis-
sion fragment emission from the thin-film and therefore increase the fis-
sion fragment capture yield. However, as shown in Table 4, the fission
fragment capture yield from the thin-films after annealing remained un-
changed, compared to the capture yield prior to annealing, with the av-
erage ranging between 66%-72%. It may be that the electrodeposited
material shrinks in the planes parallel to the surface of the SS substrate,
thereby increasing the effective density of the depositions. Assuming the
pre-annealed thin-film is primarily comprised of hydrated Sm(CoH30,)5,
the material density would be roughly 1.94 g cm~3, while if the post-an-
nealed thin-film is primarily Sm,0s, the density would increase 4.3-fold
to 8.34 g cm~3. This explanation is consistent with both this study with
no observable change in fission fragment capture yield, as well as, the
authors’ previous work, in which shrinkage in Sm deposition was ob-
served [13].

4. Conclusions

Two %52Cf doped Sm thin-films were produced using an ammonium
acetate molecular plating technique to evaluate the effects of anneal-
ing on the fission fragment capture yield of the thin-film. A unique foil
exposure technique was used to quantify the fission fragment capture
yield of the thin-film. The described technique exposes aluminum foils
to the thin-film at a controlled geometry for a known amount of time,
allowing fission fragments to embed in the foil and thereby be cap-

tured. Analysis of the foils using y-spectroscopy then enabled the quan-
tification of the fission fragment capture yields. Five different fission
fragments (°°Mo, 1°Rh, 11°Cd, 32Te, and '%3Ce) with reasonable
half-lives and characteristic y-emissions were used. The measured fission
fragments capture yields were found to be significantly lower than ex-
pected. This observation was attributed to the relative thickness of the
electrodeposited layer, resulting in self-absorption of the emitted fission
fragments. The deposited films were annealed in an effort to decrease
the thickness, but no statistically significant change in the fission frag-
ment capture yield was measured after annealing.

The results of this work demonstrate the need for further improve-
ment of actinide thin-film production methods. Future efforts should
include characterization of actual actinide thin-films and not just sur-
rogates. Continued work in this area should focus on understanding
the deposition mechanisms involved in the molecular plating technique.
The significance of solvent and substrate properties on the produced
thin-films has recently been demonstrated in the literature [2,20-22].
These reports suggest that significant improvements could be achieved
through careful selection of the solvent and substrate. It is the view of
the authors that future applications of actinide thin-films will require
improved properties (e.g., thinner layers with high specific activity) that
cannot currently be achieved based on today’s understanding of molec-
ular plating methods.
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