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Introduction
The future of nuclear medicine would appear to be the paradigm of personalized medicine — targeted radionuclide therapy to spare healthy tissue, and theranostic medicine, which pairs an imaging isotope with a therapeutic isotope to provide simultaneous, real-time dose delivery and verification, leading to drastic reductions in prescribed patient dose. 

Candidate isotopes to meet these needs have been identified based on their chemical and radioactive decay properties. The Bay Area Nuclear Data (BAND) Group is currently leading a series of campaigns to perform targeted, high-priority measurements of thin-target cross sections and thick-target integral yields, as part of a larger campaign to address deficiencies in cross-cutting nuclear data needs. These studies will serve to facilitate the production of pre-clinical quantities of radioactivity for emerging and novel medical radionuclides. This talk will focus on the BAND Group's recent efforts to measure production cross sections for emerging medical radionuclides and develop new methods for the monitoring of charged-particle beams.

Material and Methods

Development of a new, high energy proton dosimetry standard based on natNb(p,x)90Mo at LANSCE-IPF
Intermediate-energy proton beams are used to produce a wide range of radionuclides for use in medical treatments and research. However, reaction modeling in this energy range remains largely untested, and there is a paucity of monitor reactions in this energy range needed to establish beam characteristics for quantitative cross section measurements.  The development of new monitor reaction standards and the improved evaluation of existing standards is one of the areas of greatest cross-cutting need for nuclear data [1]. 

To address this need, a stack of thin Nb, Cu, and Al monitor foils was irradiated for approximately 200 nAh with the 100 MeV proton beam at Los Alamos National Laboratory's Isotope Production Facility, to investigate the 93Nb(p,x)90Mo  nuclear reaction as a  monitor for intermediate-energy proton experiments and to benchmark state-of-the-art reaction model codes. Niobium is naturally mono-isotopic, readily available commercially in high purity, is fairly chemically inert, and can easily be rolled down to foils as thin as 1 µm. 90Mo also has a sufficiently long lifetime (ε = 100%, t1/2 = 5.56 ± 0.09 h [2]) and seven strong, distinct gamma lines (notably its 122.370 keV [Iγ= 64 ± 3%] and 257.34 keV [Iγ= 78 ± 4%] lines) which can be used to uniquely and easily quantify 90Mo production. The natCu(p,x)56Co, natCu(p,x)62Zn, and natCu(p,x)65Zn reactions were used to determine proton fluence, and all activities were quantified using HPGe spectrometry. Variance minimization techniques were employed to reduce systematic uncertainties in proton energy and fluence, improving the reliability of these measurements.
Measurements of the natFe(p,x)51,52g,52mMn cross sections at the LBNL 88-Inch cyclotron

It has been reported that there is significant interest in producing the emerging radionuclides 51Mn for clinical use in metabolic PET studies, as well as 52gMn for preclinical imaging of neuron and immune processes via PET [3]. Our group decided to take on this task by performing a stacked target experiment using natural iron foils with Ti and Cu monitor foils. While these efforts have been targeted towards the production cross section of the 51,52g,52mMn PET isotopes (as well as other emerging medical radionuclides), these measurements offer insight into the spin distribution of excited nuclear states, in the 5–55 MeV range.

Measurements of the 139La(p,xn) cross sections using a record high energy proton beam at the LBNL 88-Inch cyclotron
Alpha-emitting radionuclides proposed for clinical radiotherapeutic treatment are currently the subject of intense interest. For this application, alpha-emitters are chemically coupled to biological targeting vectors to selectively deliver the radioactive payload to the disease, sparing nearby healthy tissue. However, developing new drugs to target these alpha-emitters to physiological systems of interest is challenging. Exploratory research is heavily focused on a small number of candidates, primarily 225Ac (t1/2 = 9.92 d, 5.7 MeV α) and 227Th (t1/2 = 18.72 d, 5.8 MeV α). While PET imaging is used as the unquestioned standard for pharmacokinetic assay, neither 225Ac nor 227Th emit positrons to produce a signal that can be detected by PET.
The closest chemical alternative to Ac and Th may be an in vivo generator using 134Ce, whose short-lived daughter 134La is a positron emitter. The BAND group has fielded a measurement of the 139La(p,6n)134Ce (t½ = 3.16±0.04 days) cross section up to 60 MeV (which is typically listed as the boundary point between low- and intermediate energy) using the LBNL 88-Inch cyclotron. This has set a new “high water” mark for the cyclotron, which had never produced proton beams in excess of 55 MeV.
Results

Development of a new, high energy proton dosimetry standard based on natNb(p,x)90Mo at LANSCE-IPF
A set of 38 measured cross sections for natNb(p,x) and natCu(p,x) reactions between 40–90 MeV, as well as 5 independent measurements of isomer branching ratios, are reported. These are useful in medical and basic science radionuclide productions at intermediate energies.
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 Figure 1. Measured 93Nb(p,x)90Mo cross section, with the 93Nb(p,4n)90Mo reaction channel visibly peaking at approximately 50 MeV [4].

This work is the most well-characterized measurement of the natNb(p,x)90Mo reaction below 100 MeV to date, with cross sections measured at the 4–6% uncertainty level. This is important, as it presents the first step towards characterizing this reaction for use as a proton monitor reaction standard below 100 MeV. natNb(p,x)90Mo  can only be populated through the (p,4n) reaction channel, so no corrections for (n,x) contamination channels or decay down the A=90 isobar are needed. 90Mo possesses seven strong, distinct gamma lines which can easily be used for its identification and quantification. Finally, the production of 90Mo in the 40–90 MeV region is quite strong, with a peak cross section of approximately 120 mb. Combining the reaction yield and gamma abundance, the use of approximately 23 mg/cm2 Nb targets easily provided sufficient counting statistics for activity quantification in the 40–90 MeV region. This result presents the first step towards the use of 90Mo as a clean and precise charged particle monitor reaction standard in irradiations up to approximately 24 hours in duration.

Measurements of the natFe(p,x)51,52g,52mMn cross sections at the LBNL 88-Inch cyclotron

In addition to the interest in the production of 51,52Mn for PET research, this experiment offered an opportunity to study the distribution of angular momentum in compound nuclear and direct pre-equilibrium reactions via observation of the 52gMn (t½ =5.591±0.003 d; Jπ =6+) to 52mMn (t½ =21.1±0.2 m; Jπ =2+) ratio [5]. A set of measured cross sections for the various natFe(p,x), natTi(p,x), and natCu(p,x) reactions between 5–55 MeV, as well as independent measurements of isomer branching ratios, are reported.
Figure 3 shows the 52mMn(2+)/52gMn(6+) isomer-to-ground state branching ratio for the naFe(p,αn) reaction, calculated using TALYS-v1.8 over the 20 - 55 MeV range spanned by the foil stack. It is possible to use this measurement to infer the spin cut-off σ2, the width of the angular momentum distribution of the level density [6], [7]. The isomer-to-ground state ratio lends insight into equilibrium / pre-equilibrium nature of reactions in this energy region, useful when attempting to minimize dose from an unwanted isomer/ground state of a medical radionuclide.

[image: image2.png]- - - -
n S [} e}

-
o

Cross Section (mb)

natFe (p,x) 51 Mn

Talys

@ V.N. Levkovski (1991)

154 This Work (25 MeV Stack)
HH This Work (55 MeV Stack)

10 20 30 40
Proton Energy (MeV)

50

60



 Figure 2. Preliminary measured natFe(p,x)51Mn cross section.
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 Figure 3. Preliminary measured isomer-to-ground state ratio for the natFe(p,x)52m,52gMn reaction.
Measurements of the 139La(p,xn) cross sections using a record high energy proton beam at the LBNL 88-Inch cyclotron
Initial results indicate significant production of 134Ce together with the contaminants 135Ce (17.7±0.3 hours) and 139Ce (137.641±0.02 days). In addition to performing the isotope production cross section measurements, this data can be used to strengthen a “weak link” in nuclear reaction modeling, namely the distribution of excited nuclear states as a function of angular momentum, through the observation of the 139La(p,3n) 137mCe (Jπ =11/2- , t½ =34.4±0.3 hours) and the 139La(p,3n)137gCe (Jπ =3/2+ , t½ =9.0±0.3 hours) products.
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 Figure 4. Preliminary measured 139La(p,6n)134Ce cross section.
One cross-cutting outcome from this work has an increased appreciation for the role played by the silicone adhesive on the Kapton tape used to contain the individual stacked targets in these measurements. While this might seem obvious, the contributions to the slowing of the beam due to the adhesive has often been neglected in much work performed to date. While plays a limited role at high beam energies, it becomes increasingly important for proton energies below 25 MeV. 
This work also presents an explanation for evidence of natSi(p,x)22,24Na contamination, arising from silicone adhesive in the Kapton tape used to encapsulate monitor foils. This contamination is frequently seen in stacked-target activation experiments and has the potential to systematically dampen the magnitude of reported cross sections by as much as 50%. This is discussed as a cautionary note to future stacked-target cross section measurements.
Conclusion
These measurements provide a range of cross section data invaluable to not only the medical isotope production community, but also as new measurements to improve the reliability of the range of modern reaction modeling codes. In addition, these experiments provide valuable insight into the challenges and unexpected nuances involved in precision cross section data measurements. 
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