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action technique has been under development and recently tested at the Nuclear Science Laboratory at the
University of Notre Dame. This technique utilizes an “in-cathode” reaction method, where natural CaF, material
is packed into an ion source sample holder (cathode) and then irradiated and subsequently measured using

Accelerator Mass Spectrometry (AMS) without the need for chemical processing afterward. The setup for the
irradiation was performed using a *He beam to measure the reaction "3‘Ca(®He,x)*'Ca. Initial AMS results suggest
additional complexity due to ion source sputtering rates and geometry, which will need to be explored further.

1. Introduction

The presence of short-lived radionuclides in the Early Solar System
are key to understanding the production processes that went into its
formation some 4.6 billion years ago. Analysis of meteoritic material has
found an increased presence of the abundances of daughter nuclei of the
short-lived radionuclides 1°Be, 2°Al, 3°Cl, *'Ca, >*Mn, and ®Fe, among
others [1,2]. The wide variance of half-lives of these materials, which
range from hundreds of thousands of years to several million years, can
allow for a fine-tuning of the processes producing these isotopes.

Several sources of production for these radionuclides have been
proposed, mostly stemming from two distinct frameworks: stellar
nucleosynthesis processes from a massive star exploding as a supernova
from somewhere outside the Solar System, or local spallation from the
early protosun in the forms of ionized H and He atoms [1,3,4]. The latter
of these scenarios can be predicted with models which need input on the
specific target compositions and cross sections for the relevant pathways
of production [5]. Due to its relatively shorter half-life compared to the
other stellar radionuclides, Hca (t12 = 9.94 x 10* yrs [6]) can offer
strong constraints on model calculations, particularly with *He-induced
reactions, which have been shown to possibly contribute a considerable
fraction of the total production of *!Ca in the Early Solar System [4,5,7].
However, the cross sections for these types of reactions are rare and only
a handful of data points exist for the production of *!Ca through the
reaction of "Ca with ®He [5]. Therefore, in order to help constrain
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models, experimentally determined cross section measurements must be
made.

Previous measurements for the production of short-lived radionu-
clides have been performed using activations on either thin films with
gas activation chambers [8,9] or target stacks [5] and have used
chemical extraction or separation followed by Accelerator Mass Spec-
trometry (AMS) to measure the amount of rare isotope produced to
calculate a cross section. Aside from the rigorous setup for these various
irradiation procedures, the main drawbacks of these techniques are the
need for chemistry steps to isolate the element of choice and for the
addition of a carrier solution to get a reasonable amount of material to
be able to measure it through AMS methods.

Here, we present a unique “in-cathode” method for activation of ma-
terial for integrated cross section measurements using AMS. While the
concept for an “in-cathode” activation of material has been previously
attempted [10,11], the new cathode holder design and activation method,
combined with gamma spectrometry and AMS measurement, are a
completely different and novel approach. By using an MC-SNICS ion source
cathode packed with material as a target, this method has the advantage of
ease of use for target preparation, omitting any chemical sample prepa-
ration after the activation has taken place, thereby eliminating some un-
certainties that would otherwise need to be incorporated into a
measurement. The cathode was used as a target for irradiations, placed in a
gamma counting station to measure any quickly decaying radionuclides,
and then put into an ion source for measurement of isotopic ratios.
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We performed initial tests of this method using the reaction "'Ca(*He,
x)*1Ca on a cathode filled with CaF, powder and used AMS to measure the
ratio of *'Ca/™'Ca in the sample. This reaction was used not only due to
the accessibility of sample and standard Ca material, but also because
previous experiments, using a different technique, have shown good
agreement with theoretical cross section models [5]. Here, we will focus
on the development of the technique and provide some initial results.

2. Calculations

In order to estimate the required irradiation time to reach a desired
41ca/MtCy ratio, we need to consider that the number of *'Ca atoms
produced in the reactions "3'Ca(®He,x)*'Ca is given by:
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where pc,, is the measured density of the CaF» powder packed in the
sample, d is the depth the beam particle can travel in the material,
Na(=6.022 x 10* mol 1) is Avogadro’s constant, Mcar, (=78.07 g/mol)
is the molar mass of CaFy, Ly, is the current of incoming *He particles,
and t is the time of irradiation. The sum considers all stable Ca isotopes,
their abundance a,,, and the cross section ¢, of the respective reaction(s)
producing *!Ca. However, the cross section is not constant over the
entire energy range and therefore must be integrated instead. The yield
of *'Ca particles is therefore dependent on both the differential cross
section and the material stopping power (%")_

The differential cross section can be estimated using TALYS 1.8 and
Fig. 1 shows the predicted cross sections for the reaction of each stable
Ca isotope. The stopping power was calculated using SRIM [12] which is
based on the semi-empirical Bethe-Bloch formula. With these values
constantly changing, Equation (1) must be written as an integral, which
then gives
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The SRIM stopping power function was fitted with a simple power
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Fig. 1. TALYS1.8-predicted cross sections for the production of “'Ca for the
various natural Ca isotopes. “°Ca and *®Ca are not included as their reaction
cross sections are zero within this energy range.
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function while the TALYS prediction for each Ca isotope was fitted with
a fifth order polynomial, which were chosen based on the reduced chi-
squared. This method was performed for each Ca isotope considering
the natural abundances. All irradiation times were calculated by aiming
for an isotopic ratio of around *'Ca/™¥Ca = 2.0 x 10! based on sta-
tistics and predetermined capabilities of the AMS system.

3. Experimental methods

Previous experimental setups encountered issues with the beam not
directly hitting the cathode material [10,11] due to it being such a small
target, so a unique cathode holder was designed and created to combat
this issue.

3.1. Materials

In order to hold the cathodes directly in the way of the beam, three
separate cathode holders were designed and machined to be attached to
a target ladder as shown in Fig. 2. The main parts of the holders were
made of polyester plastic for insulating purposes. A tantalum shield was
placed in front of each cathode holder with a 1 mm hole drilled in the
center. This hole was precision measured to be in line with the opening
of the cathode in order to maximize hitting beam on the cathode ma-
terial. An isolated thin, metal washer was placed after the tantalum
opening and before the cathode, with a small hole drilled in the side to
set a small screw onto the outside of the washer. A suppression voltage of
—300 V was then able to be applied to the washer via this lead to contain
any electrons that would escape from interactions of the beam with the
cathode material. The copper cathode with the CaFy powder sat at the
end of the holder, embedded within the plastic to isolate it from all other
pieces. A small hole was then drilled into either side of the insulating
piece to allow a screw to pin the cathode in place and pick off the charge
collected from the cathode when bombarded by the beam. Both the
suppression and cathode screws were attached by separate wire cables
and sent to individual BNC feed-throughs.

For the irradiations, a small scattering chamber was set up and
aligned to the existing beamline. The chamber had eight equidistant
openings around the outside, an opaque bottom plate, and a solid
aluminum lid on top. The cathode holders were attached to a target
ladder, along with a small Faraday cup for beam tuning purposes. This
target ladder was connected to a hand-driven linear motion device
which was then attached to the scattering chamber at an opening situ-
ated 90 degrees from the beam entrance point. A picture of the setup is
shown in Fig. 3. Two blank-off pieces with three BNC feed-through
connections each provided current outputs for all three cathodes, cur-
rent output readings of the Faraday cup and target ladder, and a sup-
pression voltage.

In order to ensure alignment of the beam and cathode, a 2" quartz
viewer was attached at the back end of the scattering chamber. A scope
on the beamline, originally used to set up the scattering chamber, was
then used to view the position of the cathode for each irradiation and
small adjustments could be made by hand with the linear motion device
for alignment with beam center.

3.2. Cathode packing

All cathodes used for this experiment were made from vacuum-
cleaned high-purity Cu and purchased from National Electrostatics
Corp. (NEC). Cathodes were weighed before being packed with CaFy
powder, purchased from Alfa Aesar (99% purity). All tools used to pack
the powder were cleaned beforehand with ethanol and deionized water
and baked in a vacuum oven at 120 °C for two hours to prevent any
contamination. After packing, cathodes were weighed again to deter-
mine the amount of CaF; powder and then sealed in the back with a
small piece of Cu wire. All cathodes were weighed a final time so that
they could later be compared to their weights after irradiation, as a
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Fig. 2. Schematic for the designed cathode holder, electrically isolated by plastic material. Beam is collimated by the tantalum shield and impinged upon the cathode
material. A small suppression voltage is applied to the washer for electron suppression.

Fig. 3. Picture of the scattering chamber setup for irradiations. Three cathode
holders and a small Faraday cup are attached to a target ladder which is moved
in and out by a hand-driven linear motion device.

check for any losses. It should be noted that there was no discernible
difference in mass from before and after the irradiations.

3.3. Irradiations

The irradiations were performed at the Nuclear Science Laboratory
(NSL) at the University of Notre Dame in September 2020. A helium
duoplasmatron ion source was used to produce a *He” beam which was
then accelerated using the 10 MV FN Tandem accelerator and the 2+
charge state was selected by the analyzing magnet. Each irradiation was
performed under vacuum in the scattering chamber, which contained
the target ladder and three individual cathode holders, as described in
Section 3.1. The irradiation of each cathode was performed at a specific
beam energy, as determined by the terminal voltage (+/- 20 kV) and
NMR-calibrated magnetic field in the analyzing magnet. These values
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Table 1

Irradiation parameters for all activated samples with predicted isotopic ratios
calculated using TALYS-predicted cross sections and measured AMS isotopic
ratios.

Sample Beam Charge Irradiation Predicted Measured

Number Energy Collected Time [s] “ca/MtCa 41ca/mtCa
[MeV] [nC] [x 1019 x 101°]

1* 24.54 7256.5 1800

2 25.22 1213.3 480 2.05 3.3(5)

3 25.22 1218.3 480 2.06 2.9(5)

4 23.74 1153.7 780 2.05 1.7(4)

5t 22.25 1126.5 660 2.07

6 20.82 1160.7 300 2.15 2.1(4)

7 19.35 1128.6 240 2.07 3.9(5)

8 17.88 1173.9 420 2.06 3.8(5)

9 16.43 1282.9 360 2.07 2.9(4)

10 14.88 1499.9 1140 2.13 2.8(4)

11 13.46 1779.9 1200 2.06 3.5(5)

12 11.97 2460.4 960 2.12 3.1(4)

13 10.50 3660.1 1860 2.00 2.2(3)

14 9.00 7766.6 4680 2.00 2.6(4)

*Sample 1 was tested with an alpha beam for 30 min as proof of concept and to
test the setup.

-+Sample 5 had a systematic shift in the analyzing magnet causing unreliable
data.

are given in Table 1. The highest energy beam was selected and tuned
first and all other energies were found by scaling the terminal voltage of
the accelerator and magnets of the system to the appropriate energy.

For each energy, the beam was tuned to the Faraday cup attached to
the target ladder to maximize beam current on the cup and minimize
current on the target ladder, allowing for the narrowest possible beam.
The target ladder was then moved and adjusted via the scope and quartz
viewer so that the cathode was centered on the beamline. The cathode
was then irradiated for a predetermined amount of time based on the
incoming beam current and theoretical cross section models, as described
in Section 2. The total beam on target was monitored continuously, the
charge was integrated, and its output was digitized. The total charge
collected and predicted abundances are given in Table 1.

3.4. Gamma counting station

Irradiated cathodes were placed in an off-line counting station
immediately after irradiation to measure the activity of any decaying
isotopes produced during the activation. This also allows for corrections
in isotopic ratios from the beam impinging on the Cu cathode. The
cathodes were positioned on a specially designed holder and placed
inside a four-inch-thick lead castle lined with oxygen-free copper to
minimize background. Activity measurements were performed with a
large volume HPGe Canberra detector. The gamma spectra were
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calibrated for both energy and efficiency using ®°Co, *3Ba, 137Cs, and
152Ey sources with known activities.

Each cathode was placed in the lead castle for two, 15-minute runs as
soon as possible after the end of beam time, and again 48 h later. Any
dead-time losses were small and corrected using the live-time of the
detector and activity calculations were corrected for the time elapsed
from the end of the irradiation.

3.5. Accelerator mass spectrometry

As a proof of concept, the ratio of *'Ca/™Ca was measured using
AMS, with a similar setup and measurement procedure to previous AMS
measurements [8,9]. CaF was extracted from an MC-SNICS ion source
and accelerated using the FN Tandem accelerator set to a voltage of 8.685
MV. A combination of foil and gas stripping was used and a charge state of
9+ was chosen using the analyzing magnet, for a total beam energy of
84.1 MeV, with a charge state yield of around 6.1%. The beam was then
sent through a Wien filter for isotopic filtering and through a 90-degree
Browne-Buechner spectrograph magnet filled with 3.0 Torr of Ny for
isobaric separation, with a beamline transmission of around 24.6%. Ions
were identified using a parallel grid avalanche counter (PGAC) filled with
3.0 Torr of isobutane for position detection and an ionization chamber
(IC) filled with 12.0 Torr of isobutane for energy loss.

The *°Ca current was continuously measured on offset Faraday cups
on both the low and high-energy side while *'Ca was injected into the
accelerator and sent down the beamline to the detector system. This
process involved the jumping of the bias voltage on the injection mag-
net, the details of which can be found in [13]. Each irradiated cathode
was run for twelve consecutive, 15-minute runs for a total of three hours.
A blank cathode was run for an hour before and after each sample
cathode to account for background and a cathode with a known, stan-
dard isotopic ratio, obtained from Purdue’s PRIME Lab (*'Ca/"3Ca =
3.7 x 109, was run periodically to normalize measurements and
monitor any systematic changes.

4. Results & discussion
4.1. Gamma spectrometry

A representative gamma spectrum is shown in Fig. 4 with several
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Table 2
The measured activities and calculated beam current incident on the Cu cathode
for a subset of relevant gamma rays shown in Fig. 4.

Gamma Gamma Reported Calculated Calculated
Isotope Energy Half-Life [s] Activity [Bq] Current [pnA]
[keV]
Slcy 282.9 12020.4 710(121) 0.0275(60)
lcu 656.0 12020.4 687(120) 0.0267(59)
lcy 1185.2 12020.4 574(133) 0.0223(60)
%6Ga 833.5 34164.0 565(72) 0.0314(58)
%0Ga 1039.2 34164.0 543(47) 0.0301(48)

peaks labeled. It should be noted that the '*’Cs peak was from a
contaminated lead brick in the surrounding lead castle and was seen on
all calibration and sample spectra. While most of the signals are weak,
there are several isotopes that were produced from the He beam
impinging on the Cu cathode, including ®'Cu, 5%%6Ga, and ®3Zn. The
activity of these isotopes can be calculated using

— NV
AN = )T @

where N, is the number of events in the peak corrected for background,
€(E,) is the efficiency of the detector at the specific energy of the gamma
line, I, is the gamma ray intensity, and ¢; is the live-time of the data
acquisition. The original number of particles produced can then be
found by
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where t; ; is the half-life of the isotope and t; is the amount of time since
the end of irradiation. Using the measured half-lives from NNDC [14,15]
and the TALYS-predicted cross sections for each reaction, the total
amount of current hitting the Cu cathode can be calculated using a
similar method described in Section 2. Equation (2) can then be used to
calculate the amount of current incident on the Cu cathode by using the
density (pg, = 8.96 g/cmB) and molar mass (M¢, = 63.55 g/mol) for Cu
and summing over the two stable isotopes (®3Cu and °Cu). Just like
Section 2, the cross sections were calculated using TALYS 1.8 and the
stopping power of 3He in Cu was calculated using SRIM [12].
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Fig. 4. Representative gamma spectrum for an irradiated cathode (Sample 3 in this case). There are several isotopes produced from the irradiation of the Cu cathode

and a few Sc isotopes seen from the production of *He on "Ca.
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The results for the calculated amount of beam hitting the Cu cathode
using some of the more well-known peaks in the gamma spectrum can be
found in Table 2. For this particular cathode, the current on target was
around 1.5 pnA, so the current hitting the Cu cathode was around 1-2%
of the total beam. These results were consistent for all other irradiated
cathodes.

4.2. Initial accelerator mass spectrometry

The AMS measurement of the ratio of *'Ca/"¥Ca was plagued with
several issues during the run which led to larger than expected un-
certainties. One major issue was low counting statistics due to the
extremely low currents coming from the ion source. Each cathode would
only produce around 1.0-4.0 nA of beam current out of the source on the
low-energy side, over an order of magnitude less than originally seen
during previous 'Ca development. This could have been due to a worn-
out ionizer or some alignment issue with the ion source.

Another major issue throughout the run was the drifting of the
pressure in the gas-filled magnet (GFM) due to a leak somewhere in the
O-ring connection of the spectrograph. This caused shifts of the energy
loss and position signals and required the magnet to periodically be
pumped out and filled back to its original pressure of 3.0 Torr No. To
account for the shifting GFM pressure and its effect on the spectra, the
centroid of the 'K region was tracked for each run and any shift from
the original position was applied similarly to the *'Ca region and cuts.
This was done for all samples, blanks, and standards.

Finally, due to the jumping of magnet bias to inject *°Ca into the
offset Faraday cup [13], some 40Ca made it into the detector. While this
region was separated from *'Ca, it contributed to an increase in back-
ground levels, bringing the blank #!Ca/"'Ca ratio up to (9.2 4 0.4) x 10’
11 Representative spectra are shown in Fig. 5 to highlight this effect.

Each sample cathode was measured for twelve, 15-minute runs, the
isotopic ratio for each run was calculated and then plotted vs time, as
shown in Fig. 6. For the higher energy activated samples, the ratio was
fairly steady above background while the lower energy activated sam-
ples produced ratios that started out high and then diminished as more
material was sputtered. If we consider a more convoluted depth-profile
of the material (one that is dependent on the cross section and energy
loss, smeared out by any geometric sputtering effects and energy
straggling), we would expect to see the isotopic ratio start off high and
remain somewhat consistent as the material is first sputtered and then
start to taper off as we go further into the material. Eventually, there will
be a point where none of the material being sputtered was activated and
the ratio should decrease to the level of a blank, as is most evident in the
case of Sample 14 shown in Fig. 6. However, statistics and measurement
times were not enough to observe the full effect of this behavior in most
other cathodes.

While a traditional AMS isotopic ratio is calculated by averaging the
ratio over several runs, we are not able to do that here since it is not
constant throughout the material. Therefore, final isotopic ratios were
calculated by integrating the total “'Ca events for the 12 runs, divided by
the total number of “°Ca events (corrected for the “Oca abundance) and
total measured time. The average background level, seen in the blank
cathodes before and after each sample, was then subtracted and a
normalization factor of 4.1 +/- 0.3, calculated from the standard, was
applied. The measured ratios of *'Ca/"3Ca are shown in the last column
of Table 1. It should be noted that due to an unexpected shift in the
analyzing magnet, measurements of Sample 5 became inconsistent and
have therefore been omitted.

Due to the differences in depth of activated material, the isotopic
ratios for the higher energy activated samples tend to be inflated above
the predicted values since it is fairly clear that the whole depth of the
activated material was not measured within the three hours. However,
there remains a large uncertainty about any geometrical sputtering ef-
fects from the ion source. If sputtering craters tend to grow conically (or
possibly even more irregular), it could be possible to start sputtering

54

Nuclear Inst. and Methods in Physics Research, B 533 (2022) 50-55

2000 —
1800 E
1600/ —
1400]—

1200

Energy (Channel)

\1‘!

1000

[T

800

PO B (D BT L1
1000 1200 1400 1600

Position (Channel)

fial
800

600

A
B
=

2000

1800

1600

1400

1200

Energy (Channel)

1000

©
o
o

o

3 [TTr [P o [ I [rrrrrrrrrs

A PP ISR B
1000 1200 1400 1600

Position (Channel)

P I
600 800

B

Fig. 5. Representative detector spectra of energy loss in Anode 2 vs position for
a one-hour measurement on a blank (top) and standard (bottom) cathode.
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Fig. 6. Raw *'Ca/™Ca isotopic ratios of two samples with each data point
calculated from a 15-minute run. The blank level was found from the average of
an hour-long run before and after each sample cathode.

inactivated material in the center of the cathode while still sputtering
activated depths more around the outside; an effect that could lead to
both under-and over-estimations of results. Therefore, a more unfocused
Cs beam may be more beneficial for these types of measurements. While
it is currently unknown how these sputtering effects will affect the
overall isotopic ratios, it should be noted that within the course of the
three-hour measurements, only Sample 14 (with an activated depth of
around 50 um) seemed to go down to a background level. Given that the
activated depth of the samples range from only 50-300 pm, it could be
that geometric effects are minimal, but future studies should be con-
ducted to try to quantify any effects the geometry would have on the
overall isotopic ratios.
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5. Conclusions and future work

This “in-cathode” technique demonstrates the unique ability to
combine a thick target activation with an AMS measurement without the
need for any chemistry steps on the material after the activation. Gamma
spectrometry can be used to correct for the *He current impinging on the
Cu sample holder instead of the sample material. Future AMS mea-
surements with this technique need to be performed in such a way that
the entire activated sample is measured while also considering any
geometric effects from the sputtering of the cathode material. However,
for a first attempt, the process seems to work well and can be more
successful after some fine-tuning and obtaining a more accurate AMS
measurement. Furthermore, this technique is by no means limited to the
production of *'Ca and can be useful for measurements of other short-
lived radionuclides.

The AMS group at Notre Dame has performed a new round of similar
activations and an AMS measurement using the lessons learned from this
first attempt. Further developments of *!Ca capabilities have also
improved the sensitivity of the system and the issue with low beam
output has been resolved with a source realignment and a new ionizer.
Analysis of the results from this improved run are underway with plans
to present the details and results in a future journal article.
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