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Production of neptunium and plutonium nuclides from uranium carbide using 1.4-GeV protons
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Accelerator-based techniques are one of the leading ways to produce radioactive nuclei. In this work, the
isotope separation on-line method was employed at the CERN-ISOLDE facility to produce neptunium and
plutonium from a uranium carbide target material using 1.4-GeV protons. Neptunium and plutonium were
laser-ionized and extracted as 30-keV ion beams. A multireflection time-of-flight mass spectrometer was used for
ion identification by means of time-of-flight measurements as well as for isobaric separation. Isotope shifts were
investigated for the 395.6-nm ground state transition in 232372 Np and the 413.4-nm ground state transition
in 236:239.240py Rates of 2>-2*!Np and 2*>*'Pu ions were measured and compared with predictions of in-target
production mechanisms simulated with GEANT4 and FLUKA to elucidate the processes by which these nuclei,
which contain more protons than the target nucleus, are formed. 2*'Pu is the heaviest nuclide produced and
identified at a proton-accelerator-driven facility to date. We report the availability of neptunium and plutonium
as two additional elements at CERN-ISOLDE and discuss the limit of accelerator-based isotope production at
high-energy proton accelerator facilities for nuclides in the actinide region.

DOI: 10.1103/PhysRevC.107.064604

I. INTRODUCTION

The actinide region of the nuclear chart is a focus of
research for topics including the r-process and astrophys-
ical isotopic abundances [1], nuclear fission [2,3], nuclear
medicine [4,5], environmental monitoring [6], and energy pro-
duction [7]. Experimental measurements of nuclear masses,
B decay, neutron capture, and fission properties are required
to benchmark theoretical nuclear structure models, but are
missing for many nuclei [8,9]. Laser spectroscopy has the ca-
pability to reveal both nuclear and atomic information through
techniques such as high-resolution resonance ionization and
collinear laser spectroscopy [10-12]. Resonance ionization
laser schemes have been developed for many actinide ele-
ments [13,14], facilitating the use of laser ionization as a
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spectroscopic technique, a tool for efficient and element-
selective production of radioactive ion beams, as well as for
trace element detection [15].

All actinide nuclides are radioactive. 2*Th and 2*>238U are
available naturally in macroscopic quantities, but the majority
of the other actinide isotopes must be artificially produced,
with production often being one of the most limiting fac-
tors in their study and use. Research reactors are the leading
method of production for the study of some actinide isotopes,
producing a selection of species [16]. Some specific isotopes
can also be obtained through generators made from decaying
parent nuclides, for example >’ Th (and >*’Ra) produced from
227 Ac [17]. Alternatively, actinides can be produced at accel-
erator facilities using a projectile on a thin target to induce
fusion-evaporation reactions or multinucleon transfer. The re-
action products can then be separated in flight as ion beams;
long-lived isotopes can be collected for off-line isolation and
use [18]. The isotope separation on-line (ISOL) method uses
an energetic driver beam that interacts with a thick target,
generating reaction products that diffuse through the target
material and effuse to the ion source where they are ionized
and extracted as an ion beam. The ISOLDE facility at CERN
uses 1.4-GeV protons from the CERN Proton Synchrotron
Booster to produce and deliver more than 1000 different

Published by the American Physical Society
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nuclide species [19,20]. Uranium carbide (UCy) from de-
pleted uranium is one of the most commonly used target
materials [21,22]. The ISOL method is typically able to pro-
vide isotopes lighter than the target nucleus through fission,
fragmentation, and spallation reactions. The production of
above-target elements (higher proton number Z than the target
nucleus) has barely been studied. In the case of the >*3U target
nucleus, above-target production pathways would reach into
the elusive transuranium region.

Beams of 2¥Np (2019) and ?*°Pu (2013) were produced
at TRIUMF, Canada from the ISOL method with 500-MeV
protons from two separate UCy targets using resonance laser
ionization in rhenium hot cavity surface ion sources, and
isotopic yields were reported [25,26]. The extraction behavior
of actinide beams from the UCy target matrix still remains
largely uncharacterized. Experimental data on availability,
intensity, and purity of Np and Pu ion beams will enable ex-
periments on these elements at ISOL facilities. Identifying the
high-Z limits of the accelerator-based production technique
at proton accelerator facilities gives essential information for
the field of actinide research. Theoretical estimates can be
provided by models describing the processes occurring in col-
lisions of 1.4-GeV protons with target nuclei like the Monte
Carlo code FLUKA [27,28], which is used to describe nuclide
production at ISOLDE [20].

II. METHODS

The depleted UC, target (UC,-C, with 0.25 wt% 85y,
82.95 wt% 238U, 16.8 wt% C, density 3.67 g/cm?®) used for
the experiment was irradiated using 5(10'%) protons over a
time of 313 h (=2 weeks) while actively used for isotope
production and extraction during an experiment ending on
12 November 2018. After a 929(1) d (=2.5 yr) cooling pe-
riod, first investigations were conducted using the remaining
long-lived inventory. At 934.0(5) d of cooling time, another
irradiation of 8.5(10'7) 1.4-GeV protons was performed on the
target unit. Subsequent measurements were taken both with
and without direct irradiation over an experimental period
ending at 942.4(5) d after the end of the initial irradiation. In
this study, measurements were taken under three conditions:

(i) “Before, off” Before any additional irradiation (after
the cooling period).
(i1) “After, off” After reirradiation, without the proton
beam actively hitting the target.
(iii) “After, off” After reirradiation, with the proton beam
actively hitting the target.

The FLUKA model of in-target production was used to
predict production of elements up to plutonium for a beam
of 1.4-GeV protons, Gaussian full-width at half-maximum
(FWHM) 6.35 mm, on a depleted UC; target [20]. Particle flu-
ence spectra caused by the 1.4-GeV proton beam are modeled
along with the inventory of radionuclides produced during
irradiation. The simulated fluence was additionally used as
input for the ActiWiz software [29] to calculate in-target in-
ventory of long-lived actinides after 734 d (=2 yr) of cooling
time [30]. A GEANT4 [31,32] package-based model developed
at TRIUMF [33] was adapted to the ISOLDE proton beam

energy and geometry to model reaction pathways. This was
used to model 10° 1.4-GeV primary protons irradiating a UC,
target (83.2 wt% U and 16.8 wt% C) of natural uranium, con-
sisting of 234U (0.005 %), *>U (0.72 %), and >*3U (99.275 %).
The difference caused by the 2>U content is expected to be
negligible. Excessive decay time was included in the GEANT4
model to evaluate the largest feasible effect of previous irradi-
ation and cooling time, i.e., all inventory has been allowed to
decay, considering a decay time extending to timescales rele-
vant to the scheduling of future experiments [9792 days (=27
yr) after primary impact]. The FLUKA and GEANT4 models
were used to compare modeled rates with experimental rates
achievable by using a previously irradiated target. Further
details of the models can be found in Appendix A.

The experimental setup is shown schematically in Fig. 1.
Ions were formed using the resonance ionization laser ion
source (RILIS) [23,34] and a rhenium hot cavity surface ion
source. Ions were extracted as 30-keV ion beams, which were
mass-separated using the general purpose separator (GPS)
dipole magnet. The two-step ionization schemes [14] shown
in Fig. 1 were chosen, using intracavity second harmonic
generation in titanium:sapphire (Ti:Sa) lasers [35,36] for the
first excitation step (FES) and second excitation step (SES)
of Np and Pu laser ionization schemes. A grating Ti:Sa laser
[37] was also used to perform scans of the FES wavelength,
with typical laser FWHM of 7 GHz. Simultaneous applica-
tion of a uranium laser ionization scheme [38] during beam
composition studies enabled the identification of potential
contaminants such as 23U from the target material. Further
details of the ion source are described in Appendix B.

The target and ion source are heated separately by resistive
(Joule) heating, such that the ion source could be at 2000°C
for surface ionization while keeping the target at temperatures
estimated to be 500(200)°C by conduction only. With the ion
source heated to facilitate surface ionization of the released
species, the target temperature was increased stepwise in 100—
300°C increments from 1000°C to a maximum of 2100°C
in the “before, off” condition. At nominal target temperature
(2000°C), additional heat deposition from the proton beam is
expected to contribute less than 10% to the total target heating
power. Further details regarding the target temperature are
described in Appendix B.

Mass scans with the laser ionization switched on/off were
conducted using the ISOLDE GPS separator magnet in the
“after, off” condition. Because of the potential increase in
surface ionization caused by additional heating from laser
power deposition, mass scans with lasers “off” were done
with the FES blocked or detuned from resonance, and the
SES on resonance. Isotope shifts are on the order of 1-2 GHz
per neutron number and were not corrected for during the
mass scans. In this work, “MagneToF detector” refers to the
detector immediately after the mass-separator magnet, un-
less “ISOLTRAP MagneToF detector” is explicitly indicated.
Rates on the MagneToF detector are reported as the Faraday
cup (FC) equivalent absolute ion intensity calculated from the
manufacturer-provided gain curve [24].

For analysis of the beam composition using mass spec-
trometry, the beam from the ISOLDE GPS was cooled and
bunched in the ISOLTRAP Radio-Frequency Quadrupole
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FIG. 1. Schematic of the experimental setup. Isotopes are generated in the UC, target by 1.4-GeV protons (up to 2 uA) from the CERN
Proton Synchrotron Booster. Reaction products diffuse and effuse into the hot cavity ion source where they can be resonantly ionized by lasers
from RILIS [23]. Ions are extracted as a beam via the 30-kV extraction electrode and separated by their mass-to-charge ratio in the separator
magnet. The mass-separated beam is either sent to a MagneToF detector [24] or through the central beamline to ISOLTRAP, where the ions
are cooled and bunched in the RFQ-cb and sent to the MR-ToF MS for isobaric mass separation.

Cooler-Buncher (RFQ-cb) [39] using helium buffer gas. Ion
bunches were then injected into the ISOLTRAP multireflec-
tion time-of-flight mass spectrometer (MR-ToF MS) [40] and
captured between the electrostatic mirror potentials using
the in-trap lift method [41]. Further details can be found in
Appendix C.

III. RESULTS

A. In-target production models

The production mechanisms extracted from the GEANT4
model predict that some species (*%240U, 236.238.241Np,
234-237py) are entirely or primarily generated by inelastic re-
actions. Others (372 Np, 23%23Puy) form primarily through
decay of a parent nucleus. The reaction pathways summarized
in Table I predict different possibilities for in-target inventory
of these species using pre-irradiated targets compared to the
situation during direct irradiation.

The isotopes of Np, Pu, and Am observed with at least one
event in the GEANT4 model with 10° primary proton projec-
tiles are 22824 Np, 234244Ppy, and 2*>24*Am. Several of these
isotopes (228-229.242-244Npy  242-244py g 235-240.242-244
were predicted with event rates less than 100 per 10° pri-
maries and are therefore not included in Table I. The GEANT4
model suggests that the production of some isotopes features
a large contribution from decay. For example, the dominant
mechanism to form 2*Pu from the target material is 233U

undergoing neutron capture to 2°U, which decays with a
half-life of 23.45 min through >*Np (2.3 d) into >*Pu, with
98.2% of the 2*U produced from neutron capture reactions,
97.1% of the 2*°Np produced by 2*°U decay, and 99.7% of
the 2*°Pu events produced by 2> Np decay. This makes 2**Pu,
and other long-lived isotopes with significant decay feeding,
available in measurable quantities without continuous proton
irradiation. Other isotopes, such as 2%23"Pu, are predicted to
form primarily through reactions rather than decay, particu-
larly in the case of 2*’Pu since there is no contribution from
in-target decay of the long-lived 2>’ Np. With the exceptions of
24 Am (162 events, 97.5% from decay of >*'Pu), and 2*3Am,
(seven events, five from decay of 2**Pu), all Am isotopes
were predicted to come entirely from inelastic reactions with
protons and heavy ions. These isotopes produced dominantly
through direct reactions are thus not expected to be available
in off-line operation.

B. Rates from resonance laser-ionization

Pu ion beams were detectable at the lowest target temper-
atures among the studied actinide beams, with resonant laser
response visible on the MagneToF detector at a target tem-
perature of at least 1150°C in the “before, off” condition. Np
ion beams were identified only at target temperatures above
2100°C. The laser ionization schemes presented in Fig. 1 for
Np and Pu showed resonant enhancement on nominal mass
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TABLE I. Production mechanisms in % of total events for selected nuclides of interest calculated using GEANT4 QGSP_INCLXX+ABLA
with 10° 1.4-GeV proton primaries. “Inelastic” and “Decay” columns give the sums over inelastic and radioactive decay processes, respectively.
The larger contribution is indicated in bold. Various capture reactions are included in the model but not shown in the table. Some processes with
event fractions below 1 % (e.g., photonuclear reactions) are not shown and only the dominant parent nucleus and its corresponding percentage
fraction of total events are given. The number of total events is scaled from 10° protons to obtain the nuclides per pC equivalent.

isotope Inelastic: p n d t *He o ions Decay: parent nuclides/uC
By 36.4 28.4 7.2 0.4 - - - - 63.6 234py 59.4 6.7x10°
Beye 65.5 522 11.8 0.8 - - - - 343 236pg 343 1.3x10'
BTy 70.5 61.7 7.4 0.9 0.1 - - - 29.0 7Py 29.0 1.9x10'
Bys 1.9 - - 1.3 0.5 - 0.1 - - - - 2.2x10°
Hoy 100.0 - - - 85.7 - 11.9 2.4 - - - 2.1x10°
BINp 99.0 93.1 - 35 0.5 - - - 1.0 Blpy 1.0 1.3x10°
Z2Np 100.0 923 03 5.4 0.3 0.1 - - - - - 1.3x107
Z3Np 99.8 91.1 0.2 6.1 0.5 0.1 - - 0.2 23py 0.2 3.6x107
Z4Np 100.0 89.9 0.2 7.7 0.7 0.1 - - - - - 2.0x108
Z5Np 99.8 88.4 0.2 8.9 1.0 0.2 - - 0.2 5Py 0.2 3.8x108
ZNp 100.0 86.2 0.1 11.1 1.4 0.2 - - - - - 8.7x 108
ZNp 3.7 3.0 - 0.6 0.1 - - - 96.3 By 96.3 2.0x101°
Z8Np 100.0 61.0 - 27.4 8.8 1.1 0.4 - - - - 3.9x108
Z¥Np 3.0 - - 22 0.6 0.2 0.1 - 97.0 2y 97.0 2.2x10°
240Np 73.0 - - - 47.8 52 18.8 1.3 27.0 M0y 27.0 7.8x10°
2INp 100.0 - - - - - 96.3 3.7 - - - 6.8x10°
Z5py 99.2 62.5 - - - 18.8 10.9 - 0.8 25 Am 0.8 8.0x10°
26py 97.1 67.8 - - - 13.5 12.5 - 29 ZONp 1.9 1.3x10°
BTpy 99.5 39.7 - - - 15.5 39.7 0.3 0.5 - - 2.3x10°
Z8py 0.9 0.1 - - - 0.1 0.7 - 99.1 28¥Np 99.1 4.0x108
2Py 0.3 - - - - - 0.3 - 99.7 ZNp 99.7 2.2x10°
240py 24.0 - - - - 2.5 20.9 0.6 76.0 240Np 75.5 1.0x107
241py 53.9 - - - - - 51.7 2.2 46.1 2INp 46.1 1.4x10°

2236.297J are 0.2 % and 98.1 % produced by neutron capture reactions, respectively.

237 (Fig. 2) and 239 (Fig. 3) beams, respectively, correspond-
ing to the isotopes 2*’Np and 23°Pu, which were predicted to
have the largest in-target inventory for the elements Np and
Pu (Table I). After irradiating the target with additional proton
beam and heating to 1990°C, a mass scan of the GPS separa-
tor magnet on the MagneToF detector showed a laser effect
for Pu on the masses 236, 239, and 240 (Fig. 4). The laser
wavelengths were optimized on 2*’Pu. Fitting the difference

between the mass spectra with lasers on and lasers off with
a sum model of seven Gaussian peaks fixed at the masses
of 23+240py (Fig. 4) gives peaks corresponding to the laser
response on each mass. For >*’Pu, only an upper limit can be
extracted.

For Np, a very small laser enhancement effect was visible
in a mass spectrum at a target temperature of 2110°C (Fig. 5).
23TNp, the longest-lived Np isotope, can be seen as a shoulder
on the large 23U peak. The difference was modeled with
Gaussian peaks fixed at the masses of 23> Np.
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FIG. 2. Np laser ionization resonance on mass 237 at a target
temperature of 2110°C and the “after, off”” condition. Rates from the
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GLM MagneToF detector. Left: FES scan using 25645 cm™! for the
SES. The Gaussian fit shown gives a peak width of 6.3 GHz. Right:
SES scan using 25277.8 cm™! for the FES. The Gaussian fit shown
gives a peak width of 27.57 GHz which is typical for autoionizing
states. Blue line: a shoulder at 25646.25 cm™' which could come
from another atomic or molecular ion with the same mass-to-charge
ratio.

FIG. 3. Pu laser ionization resonance on mass 239 at a target
temperature of 1990°C and the “after, off”” condition. Rates from
the MagneToF detector. Left: FES scan using 24690.4 cm™! for the
SES. Gaussian fit gives a peak width of 5.7 GHz. Right: SES scan
using 24188.4 cm™! for the FES. Gaussian fit gives a peak width of
33.8 GHz.
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Difference between the experimental data and the fit shown in (b).

C. Time-of-flight identification

Time of flight (ToF) spectra from the MR-ToF MS were
used for beam composition identification. Nonisobaric con-
tamination in an isobaric ToF spectrum can be matched with
the corresponding mass on a given number of revolutions by
using the ToF calibration (e.g., Fig. 6). In cases where a laser
scheme was available for the contaminant (e.g., 2*>23U from
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FIG. 5. (a) Signal on the MagneToF detector during a mass scan
of the ISOLDE GPS in the “after, off”” condition. The mass spectrum
taken with the laser scheme for resonant ionization of Np (Fig. 1) is
shown in red. The mass spectrum with the FES laser off resonance is
shown in black. (b) The difference between “lasers on” and “lasers
off”” mass scans in (a) fitted with a model of combined Gaussians. (c)
Difference between the experimental data and the fit shown in (b).
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FIG. 6. ToF spectrum of mass 236 separated by the GPS with the
Pu ionization scheme in the ion source. Trapping the ions for 1000
revs in the ISOLTRAP MR-ToF MS gives two visible ion ToF traces
in the ToF range of interest for 23°Pu (red). The Pu FES was blocked
around 1000 shots, which led to a significant reduction in intensity
of the trace around 37018.5 us.

the target material), the laser effect on the contaminant was
used for additional identification (see Fig. 7).

On nominal mass 236, 2°Pu was identified in the MR-ToF
MS after trapping for 1000 revolutions using laser response.
It was present in the ToF spectrum along with a nonisobaric
contaminant that showed no change in intensity with the Pu
FES. The contaminant arrived 3.7 us earlier than the 2**Pu.
This corresponds within 60 ns to the expected time-of-flight
of 233U'%0, on 940 revolutions (Fig. 6). Since the mass re-
solving power of the GPS would have prevented simultaneous
injection of Pu and UO, into the ISOLTRAP RFQ-cb, some
surface-ionized 2*U appears to have formed 2*>U'®0Q, in the
RFQ-cb. 2*°U is also known to be present in the target ma-
terial and is an expected contaminant that would not be fully
suppressed by the separator magnet.

On nominal mass 239, °Pu was identified with the
ISOLTRAP MR-ToF MS along with contaminants. At 1000
revolutions, the ToF centroid of the contaminant was earlier
than the >*Pu as shown in Fig. 7. The contaminant at 1000
revolutions responded to the Pu laser scheme and matched
the predicted time of flight for 2*Pu'®0 at a lower number
of revolutions. Laser-ionized >**Pu appears to have formed
29Pul®0 in the RFQ-cb. With trapping time corresponding
to 992 and 990 revolutions of Z°Pu, the 2**PuO was not
visible, confirming that it is nonisobaric. *®U from the target
material was identified as another contaminant. The ToF trace
matched the expected ToF of 23¥U and responded to the U
laser ionization scheme, but not the Pu laser scheme. On 800
revolutions another contaminant was identified, matching the
expected ToF of 233U'60.

On nominal mass 240, 2*°Pu was identified in the MR-
ToF MS with only one trace visible at 1000 revolutions.
On 990 revolutions, a contaminant was present 4.86 us
later than 2*°Pu, which matched with the expected ToF of
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2900 8 an odd neutron number, appears to exhibit a smaller isotope
S 6 shift than the extrapolation of the data points >*7-23*Np, which
§ 100! Pu i 4 both have even numbers of neutrons. For Pu, deviations from
L § 2 linearity are within the absolute uncertainty of the wave me-
0 SP“ . %J — a0 Ho ter (0.03 cm™!) and the uncertainty given by the linear best
ToF difference from expected counts in fit.
arrival time of 23°Pu (us) -5-2us

FIG. 7. ToF spectrum of mass 239 separated by the GPS, trapped
for 1000, 992, 990, and 800 revolutions in the ISOLTRAP MR-ToF
MS. Vertical axes show the summed counts and counts per ten cycles
(shots) for each number of revolutions. The color scale indicates the
number of counts in a 10 ns time bin. Horizontal axes show ToF
since bunch ejection from the RFQ-cb with respect to the predicted
ToF for >*Pu. Horizontal dotted lines indicate a change in the laser
configuration; laser scheme(s) applied (U, Pu) are indicated on the
left.

240py!%0, on 930 revolutions (Fig. 8). Both traces dropped
noticeably in count rate when the Pu FES was blocked.
No count rates above background were observed on this
mass with the U laser in the ion source and the Pu FES
blocked.

D. Isotope shifts

The 395.6-nm transition in Np and the 413.4-nm transi-
tion in Pu were scanned for three isotopes each (Figs. 9 and
10) using the grating Ti:Sa laser. The Gaussian fit gave a
FWHM of approximately 5 GHz. From the three isotopes,
the linear best fits found for the isotope shifts with respect
to nuclide mass were: ynp = 0.320(63)m — 76(15) cm™!
and yp, = —0.0514(7)m + 12.29(0.16) cm~'. For Np, devi-
ations from linearity are larger than experimental uncertainty,

1.0
@) o | () .|
o W /s 2
0.8 W **’m—+h++++H* +++w+{+ / 0.2 S
T =/ 0.0 =
IR (b) 237Np // a
"g 10 //‘ -0.2 §-
~ e [e)
2 -0.42
S — et S— +
S 40 - —0-6:
(c) 29\p | |e) 0.1 IE
L
wn
20| Ul Bt it L0
U ]H } i
-01¢
-1.5-1.0-0.5 0.0 0.5 1.0 1.5 2.0236 238
difference from 23’Np centroid nucleon number (A)
(cm™)

FIG. 9. Intensity on the MagneToF detector vs. the laser wave
number of the Np FES for mass-separated ion beams: (a) A = 236,
(b) A =237, (¢) A =239 from the GPS. Wave numbers are with
respect to the centroid of the FES resonance of 2*’Np, shown as
the dotted blue line in (b). (d) Plot of isotope shift with respect to
ZNp and linear best fit (black dashed line). The fit’s large 95%
confidence interval indicated in grey extends beyond the plot range.
(e) Residuals shown as the difference between the measured isotope
shift and the best fit shown in (d).
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FIG. 10. Intensity on the GLM MagneToF detector vs. the wave
number of doubled Ti:Sa light of the Pu FES for mass-separated ion
beams: (a) A = 236, (b) A = 239, (¢) A = 240 from the GPS. Wave
numbers in (a), (b), (c) are with respect to the centroid of the FES
resonance of 2**Pu, shown as the dotted blue line in (b). (d) Plot of
isotope shift with respect to 2**Pu and linear best fit (black dashed
line) with its 95% confidence interval indicated in grey. (e) residuals
shown as the difference between the measured isotope shift and the
best fit shown in (d).

E. Release properties

The time structure of isotope release from thick targets
exhibits an element-dependent behavior that limits extraction
of short-lived isotopes using the ISOL technique [21,42]. Iso-
topes with half-lives less than 10 ms can be extracted for
quickly released species such as alkali metals, while short-
lived isotopes of slowly released species will decay before
being released [20]. For 9Py, the release time was eval-
uated by recording the response to stopping direct proton
irradiation (Fig. 11) after irradiation with a proton intensity
of 1 uA with a constant ion current indicating steady-state
conditions of production and release. For Pu, steady-state
conditions were achieved after irradiation times on the or-
der of 600 s. The signal on an FC for >*Pu was recorded
immediately after stopping irradiation. An exponential of the
form A exp }’ + C was used to fit the data. Here, C represents
the constant background on the FC. The amplitude A of the
exponentially falling signal indicates the rate of isotopes gen-
erated by protons on target. The exponential decrease captures
the combined release following many individual pulses, and
therefore sets an upper limit for the time required to extract
a Pu isotope from the UCy target. At a target temperature of
1990(50) °C, this upper limit of the extraction time constant t
was evaluated to be 430(34) s. For the 24110-yr half-life of the
239Py used in this experiment, the contribution of radioactive
decay to the decrease of signal during the 500 s measure-
ment is 6.6 x 1070 of the initial amount and is therefore
negligible in the determination of the release time. For neptu-
nium, an upper limit of the release time was not successfully
extracted.

251

201

151

101

intensity (10712A)

0 100 200 300 400 500 600
time (s)

FIG. 11. Release response of 2*°Pu at 1990°C target temperature
after the target was irradiated with an integrated current of 1 pA of
protons. Data are shown in blue and the best fit using an exponential
decay is shown in orange. Time 0 indicates the stop of irradiation.
The grey vertical line indicates blocking the Pu FES from the ion
source and the resulting surface-ionized background.

F. Comparison of measured and simulated rates

The modeled inventory generated by 1 uC of proton pri-
maries using GEANT4 and FLUKA is compared against the
measured values in Fig. 12. Resonance signal height on each

1010 .
E [ |
, 10 FLUKA
" u— L
S 106 < ActiWiz )
2 e e GEANT4 direct
2 g < L B GEANT4 decay
= 5 . 0-1850
102 * HEm 1851-2150
o + EEN 2151-2300
10 O before, off
= after, off
~ 108 W after, on
' O resonance
0 s [ | <1 mass scan
o 10 4 B > release
e . FC
2 < °
10 & e
A
© A

233 234 235 236 237 238 239 240 241
Mass (u)

FIG. 12. Combined rates of laser-ionized Np (top) and Pu (bot-
tom) beams from laser resonances (circles), mass scans (left arrows),
protons on/off measurements (right arrows), and FC measurements
(up arrows) shown with predicted total in-target production rates
from the FLUKA and GEANT4 models as bars. The rates from direct
reactions are shown in light blue and pink for FLUKA and GEANT4
respectively. The fractions from decay reactions are shown using
orange and purple bars for ActiWiz and GEANT4 respectively. Marker
colors indicate the target temperature in °C during the measurement
(blue: below nominal, black: nominal, red: above nominal) and the
marker fill indicates the irradiation state during the measurement
(empty: offline measurement before re-irradiation, half-filled: mea-
surement taken after re-irradiation with the proton beam “off”, filled:
online measurement during irradiation).
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TABLE II. Maximum rates reported for Np and Pu ions at tar-
get temperatures between 1850 and 2150°C. Measurements where
uncertainties are larger than the measured value are not included.

mass (u) Np (ions/s) Pu (ions/s)
235 2(1) x 10* 2.3(2) x 10°
236 1.76(14) x 10° 1.38(2) x 10°
237 1.56(51) x 10° <2.8 x 10*
238 1.3(1) x 109 8.5(2.6) x 10°
239 1.55(4) x 10* 6.82(9) x 10°
240 1.7(14) x 107 2.14(4) x 10*
241 7.1(4) x 10! 2.6(7) x 10*

mass and peak heights from the sum of the Gaussian fits gives
a rate of the laser-ionized species without considering the
surface-ionized species or surface-ionized contaminants. ToF
compositions indicate negligible contributions from surface
ionization of Pu compared to the laser-ionized Pu ions. From
evaluation of the isotope shifts and the laser linewidth of
approximately 5 GHz, the effect in intensity of the different
isotopes can be estimated (Figs. 9 and 10).

IV. DISCUSSION

Isotope shifts are connected to the changes in nuclear
charge radii and are therefore not necessarily expected to be
linear with neutron number [43], especially in the actinide
region of the nuclear chart [12]. The 236-23-240Py isotope shifts
agree with linearity, but the 23¢:237-23Np isotope shifts are not
well described by a linear fit. The offsets could suggest odd-
even staggering or the presence of a kink in the nuclear charge
radius. These preliminary measurements motivate future cam-
paigns to extract further information about the nuclear charge
radii of Np.

From laser resonances, laser on/off mass scans and pro-
ton on/off measurements, ion beam rates are reported for
235-241py (Fig. 12). These rates are achievable with the use of
pre-irradiated uranium carbide targets combined with produc-
tion of isotopes through inelastic reactions during irradiation
and can be achieved at nominal (1850-2150°C) UCy target
temperatures. In contrast, rates of Np isotopes are below
10% ions s~! even with protons on target and target temper-
atures above 2100°C, indicating poor release efficiency as
follows from a comparison with simulated production rates.
Maximum rates observed experimentally in this work are re-
ported in Table II. Further developments may be required to
enhance extraction from the target or improve the efficiency
of resonance ionization laser schemes.

Mass scans and ToF measurements of ion beams mass-
separated by the separator magnets show considerable rates
of surface-ionized 2*>2*U on the nearby masses of interest.
The mass-separated actinide beams from ISOLDE formed
molecules in the ISOLTRAP RFQ-cb, creating contaminants
several mass units away from the species of interest, par-
ticularly for U and Pu. These contaminants account for
non-isobaric contaminants in the ToF spectra. In many cases
the ToF could be matched with a laser effect and correspond-
ing number of revolutions to identify a likely contaminant

(Fig. 7). The rate of molecular formation increases with
storage time [44] and may result in fewer ions through the for-
mation of neutral species. The molecular formation decreased
the effective efficiency of the species of interest, therefore ion
rates from the MR-ToF MS measurements are not reported.

The GEANT4 model (Table I) predicts trends in production
mechanisms for these above-target isotopes. The light Np
isotopes 228-23Np are produced to more than 99% through
inelastic reactions, with direct irradiation contributing more
than 85% to the total production for all of these isotopes.
237.239.20Np show large production fractions through de-
cay, with 96.3%, 97.0%, and 27.0%, respectively. 24%2*Np
were mostly produced through inelastic reactions with 2*°Np
mainly from tritons (47.8%) and « particles (18.8%), and
24INp dominantly from « particles (96.3%) and heavier ions
(3.7%). Heavier isotopes 2**>**Np were modeled with less
than five events each, entirely from heavy ions. For Pu,
inelastic reactions with protons and o particles contributed
dominantly to the modeled production of the lighter isotopes
234-237py, while the heavier isotopes 23%2#Pu result largely
from the B decay of Np isotopes and, for isotopes above 2*°Pu,
also from heavy ion inelastic reactions. For 2*”2*Np and
238.239py, decay contributions are described in both models.
The FLUKA model and the direct reaction contribution from
the GEANT4 model agree well for Np but show slightly differ-
ent behavior in the case of Pu. Differences in the predictions
of decay contributions given by the ActiWiz model and the
GEANT4 model could be attributed to the difference in the
modeled cooling time.

Events of 235240242244 Ay were modeled to be between 1
and 100 events per 10° primary protons. 162 events of >*! Am
were modeled dominantly from ?*'Pu decay. Two of the Am
isotopes seen in the model, 242.244 Am . have short half-lives
(16 h and 10 h, respectively) and B decay into 2**2*Cm.
Neither ?*?Cm nor ***Cm decay into the next element, Bk,
marking the Z limit of elements available for experiments
at high-energy proton-accelerator-based thick target facilities.
To reach usable rates of nuclides with higher proton numbers,
these facilities could employ heavier target nuclei, improve
extraction efficiency by several orders of magnitude, or im-
prove experimental sensitivity and increase duration. There
are limited practical options for targets of bulk material with
nuclei heavier than 2*®U, where decreasing half-lives and
available quantities of actinide targets come with increased
costs and radioactivity handling considerations. These results
demonstrate the availability of two new transuranium beams
from UCy targets at the ISOLDE facility with rates typically
required for current experimental sensitivity. Additionally,
comparisons of production pathways with measured rates sug-
gest the potential availability of a select few Am isotopes for
experiments with state-of-the art sensitivity.

V. CONCLUSIONS

From 1.4-GeV proton irradiations of a UC; target,
above-target nuclides of neptunium and plutonium have
been produced, released from the hot target, resonantly
laser-ionized and identified as ion beams at the ISOLDE fa-
cility. Production mechanisms modeled by GEANT4 predict
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production-pathway-specific yields. On the neutron-deficient
side of stability, Np and Pu isotopes are formed through
inelastic reactions, mostly induced by protons. Decay con-
tributions from B-decaying U precursors are significant for
237.239.240Np and 238-244Pu, with the 8 decay of Np contribut-
ing to the Pu inventory. The use of previously irradiated
targets with long cooling times thus contributes to the in-target
inventory especially of Pu isotopes, while neutron-deficient
isotopes are produced dominantly from direct irradiation.

Two-step ionization schemes using intra-cavity doubled
Ti:Sa lasers were applied to resonantly ionize both Np and
Pu. Isotope shifts were investigated for the 395.6-nm ground
state transition in 23¢:237-2Np and the 413.4-nm ground state
transition in 236-239-240py  To our knowledge, there are no data
available in literature for the charge radius of Np nuclei. With
two odd-odd nuclei and odd-even >**Np, Np isotope shifts did
not follow a linear trend. Further measurements are required
to extract information about the nuclear charge radii. In the
case of Pu, isotope shifts are linear with nucleon number in
the investigated range and can be extrapolated for use over a
wider range of isotopes.

Ion production rates were measured for 2*>-24°Np and
234-240py (Fig. 12). ToF MS spectra show surface-ionized
contamination on the masses of interest, originating from the
uranium carbide target material. Oxide formation is observed
in a gas-filled RFQ-cb. Comparing the observed rates with
predicted in-target inventory gives an estimation for the ex-
traction efficiency of Np on the order of 0.001% and Pu on
the order of 0.1%. Target temperatures required for observable
rates of Np were above 2100°C, while target temperatures
required for Pu were above 1150°C. Pu is released within
400-500 s at nominal target temperatures. The difference in
extraction efficiency and observed temperature may be at-
tributed to the more refractory properties of Np; it exhibits
a higher enthalpy of formation of the gaseous monatomic
element and also a higher adsorption enthalpy on tantalum,
the target container material [45].

The demonstrated availability of Np and Pu beams at
ISOLDE brings two new actinide elements into reach for ex-
periments at ISOL facilities with useful intensities of specific
isotopes as functions of different experimental parameters
such as decay time. Information on laser ionization schemes,
magnitudes of isotope shifts, and release temperatures informs
future experiments requesting beams of these elements.

24Py is the heaviest nuclide identified at a proton-
accelerator-driven ISOL facility to date. While extremely
sensitive experiments may be capable of extending studies one
element higher to specific isotopes of Am discussed here, the
investigation of production mechanisms suggests that pluto-
nium is the high-Z limit of heavy nuclide production from
1.4-GeV protons on a *8U target with typical rates required
for current experimental sensitivity.
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APPENDIX A: IN-TARGET PRODUCTION MODELS

The FLUKA Monte Carlo model of in-target production
is a standard tool available for users of the CERN-ISOLDE
facility, with a database of modeled values [20]. This model
uses the ABLA description of nuclear de-excitation through
particle evaporation and fission for the decay pathways of
nuclear systems [46]. The FLUKA model incorporates no cool-
ing time for radioactive decay. Instead, the FLUKA model of
particle fluence spectra in the target was used as input to
the ActiWiz Creator software version 3.4 [29]. ActiWiz is
based on 100 CPU years of FLUKA calculations modeling
interactions of protons, charged pions, photons, and neutrons
above 20 MeV with the evaluated libraries JEFF 3.3, ENDF
VIII.O, and EAF2010 for neutrons below 20 MeV. The Acti-
Wiz model was used to extend the FLUKA model to include the
inventory of radionuclides produced during the cooling period
and is detailed in Ref. [30].

GEANT4 (version GEANT4-11) was used with physics list
QGSP_INCLXX_HP_ABLA, an experimental physics list
using the Liege intranuclear cascade model for nucleon-
nucleus interactions below 3 GeV, with neutronHP (high
precision neutron package) for neutron cross sections below
20 MeV and de-excitation modeled using ABLA with data
sets for neutron, proton, and pion cross sections for elastic,
inelastic, capture, and fission reactions as described in [32].

Predictions from the INCLXX and ABLA models show
good agreement for a selection of lighter isotopic chains mea-
sured at ISOLDE [47].

APPENDIX B: TARGET AND RESONANCE IONIZATION
LASER ION SOURCE

The measured temperature was calibrated against the target
and ion source heating current and required power using an
optical pyrometer up to 2000°C. The calibration data were
extrapolated to estimate the target and ion source temperatures
during the experiment with an uncertainty estimated to be
100°C. The calibration was performed before the loading of
the target material and the first irradiation of the target.

Three diode pumped solid-state (DPSS) Nd:YAG lasers
were used to pump a total of four titanium:sapphire (Ti:Sa)
lasers based on wavelength selection by grating tuning [35] or
a combination of a Lyot filter and Fabry-Perot etalon [36] with
a repetition rate of 10 kHz. One intracavity second-harmonic
generation (IC-doubled) grating Ti:Sa laser [37] was used to
provide the first excitation step (FES) for either Pu or Np,
with typical output power up to 400 mW. The other three
IC-doubled Ti:Sa lasers were used to provide the second ex-
citation step (SES) of Pu, the identical wavelength of the FES
and SES of U, and the SES of Np, each with up to 2.5 W
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of output power. The Pu resonance ionization scheme was
developed by Kneip efal. [14] and uses a FES from the ground
state to the 5£°6d%7s J =1 state followed by a SES to an
autoionizing state located above the ionization potential. The
U scheme was developed by Savina et al. [38] and features a
two-step, single wavelength ionization from the ground state
to an autoionizing state. Several schemes were investigated for
Np using a FES of 25277.6 cm™! from the ground state to a
J =9/2 state.

To switch between ionizing Pu or Np, the grating Ti:Sa
was changed between the Pu FES and the Np FES. Wave-
length scans of the FES were done by changing the diffraction
grating angle. Small-range wavelength scans of the second
step were done manually by changing the etalon angle. The
frequency of the Ti:Sa lasers was measured using a High
Finesse WS7 wave meter (uncertainty 20% of the laser
linewidth) to sample the fundamental, non-frequency-doubled
mode. Atomic transitions in the ion source are expected to be
Doppler-broadened, with the FWHM given by Avp, where

SkBT In2

. (B1)

Avp =1
where T is the absolute temperature, kp is the Boltzmann
constant, m is the mass of the atom, vy is the nominal laser
frequency, and ¢ is the speed of light in vacuum. For the
employed transitions around 400 nm, the Doppler broadening
at 2000°C thus corresponds to Gaussian peak shapes with
FWHM above 1.6 GHz for a mass of 238 u. Laser linewidth
and power-broadening may increase the experimentally ob-
served peak widths further [23].

APPENDIX C: ION BEAM ANALYSIS

The ion beams mass-separated by the GPS separator mag-
net were injected into the ISOLTRAP RFQ-cb, where they
were collisionally cooled with the He buffer gas at pressures
up to 107 mbar measured within 1 m of the injection. The
amount of injected beam was controlled using a collection
time, such that longer collection times were used for beams
with lower intensity. Storage time in the RFQ-cb was thus

larger for beams of lower intensity and ranged between 1 ms
and 2 s in this experiment. After ejection from the RFQ-cb,
the ion bunch energy was reduced to 3.2 keV using a pulsed
drift tube. Ion bunches were then injected into the ISOLTRAP
MR-ToF MS [40] and trapped between the electrostatic mirror
potentials using the in-trap lift method [41] for typically 1000
revolutions before release and detection of the ions’ ToF. The
difference in ToF allows components with different mass-
over-charge ratios m/q to be separated in time ¢ with a mass
resolving power R given by

R cl
Am 2At° b
where ¢ is the absolute time of flight and At is the FWHM of
the ToF distribution. After trapping times of up to 40 ms, the
ions were ejected onto the ISOLTRAP MagneToF detector.
Ion arrival times were measured from the time of ejection
from the RFQ-cb and recorded with 100 ps resolution. Mass
resolving powers R in excess of 10° were achieved for the
investigated mass range.

Additionally, nonisobaric beam components formed in the
trapping and cooling process from the mass-separated beam
can be identified. These components can appear in the same
ToF spectrum when traveling through the in-trap lift cavity
of the MR-ToF MS with the isobaric beam component on a
different number of revolutions during bunch ejection. Non-
isobaric components were identified by varying the trapping
time of the isobaric beam bunch in the MR-ToF MS. This
leads to different absolute ejection times, which increases the
chance that the non-isobaric component is separated from
the isobaric beam bunch. The ISOLTRAP MR-ToF MS was
calibrated using 3%3’Rb and '*3Cs from the ISOLTRAP offline
ion source and using *8U from the ISOLDE GPS target and
ion source. The reference measurements were used to create a
calibration to relate known masses to an expected ToF in the
form

Tcalibration (1) = a/ m/q + b, (C2)

where a and b are the calibrated parameters.
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