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Abstract. High quality nuclear reaction data for radionuclides is lacking, which can be best rectified by per-
forming direct measurements of neutron-induced reactions on the target nuclei of interest. Two instruments at
the Los Alamos Neutron Science Center, the Low Energy (n,Z) (LENZ) instrument and the Device for Indirect
Capture Experiments on Radionuclides (DICER), can perform such measurements on radioactive targets. This
manuscript covers the target requirements for such experiments and provides examples of how defects in the
targets manifests in the measured data.

1 Introduction

Acquiring high fidelity nuclear reaction data is essen-
tial for improving the accuracy of neutron reaction net-
work models, which leads to more reliable stellar nu-
cleosynthesis models and validations in nuclear applica-
tions. High quality nuclear reaction data have been ob-
tained primarily for stable nuclei to date. Thus, nuclear
data for nearly all radionuclides rely entirely on theoretical
data and require experimental data [1]. Direct measure-
ments of neutron-induced reactions on solid targets pro-
vide the highest quality of nuclear data [2]. Some instru-
ments, such as the Low Energy (n,Z) (LENZ) instrument
and the Device for Indirect Capture Experiments on Ra-
dionuclides (DICER), at the Los Alamos Neutron Science
CEnter (LANSCE) can be utilized to perform such mea-
surements on radionuclides. Specifically, direct measure-
ments of neutron-induced charged particle reactions and
the overall neutron transmission have been performed for
experiments on 56,59Ni, 44Ti, and 40K with LENZ [3–5]
and 88Zr with DICER [6, 7], respectively. These targets
had specific requirements that needed to be met, which
included those necessary for any target used in neutron-
induced reaction studies [2, 8]. Specifically, they needed to
be high in purity while having good uniformity in density,
composition, and morphology. How important each re-
quirement is depends on the instrument and measurement
method being utilized. Understanding target requirements
for these experiments will increase the likelihood that high
quality radioactive targets can be fabricated for neutron-
induced reaction studies with LENZ and/or DICER.
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2 Device for Indirect Capture Experiments
on Radionuclides

2.1 Instrument overview

DICER was designed to address the challenging task of
measuring neutron capture (n,γ) cross-sections of short-
lived radionuclides. Instead of directly measuring the (n,γ)
cross-sections by detecting prompt γ-ray emissions, which
would be difficult to perform using short-lived radionu-
clides due to the high background contributions to the γ-
ray spectra, DICER measures the neutron transmission of
the target nuclide. From this data, nuclear information in-
cluding the nuclear level spacings, total resonance widths,
and neutron resonance widths for the target nuclide can be
directly determined, while the (n,γ) cross-sections can be
indirectly and accurately determined through Nuclear Sta-
tistical Model calculations [9]. Furthermore, the usage of a
binocular collimator and sample holder minimizes the re-
quired target sample mass and decreases the measurement
time, both of which are advantageous when performing di-
rect transmission measurements with short-lived radionu-
clides and are an improvement from typical transmission
measurement setups [10].

Early work with the DICER instrument utilized en-
riched solid pucks or disks as targets for benchmarking
the instrument [10, 11]. After those successful bench-
mark tests, radioactive targets were utilized to perform
neutron transmission measurements on 88Zr [6, 7] and
239Pu [12]. Both targets in these experiments were liq-
uid targets sealed in a 1.2 mm diameter capillary tube with
lead spheres pressed into the ends [7, 12, 13]. Although
these experiments were successful at obtaining transmis-
sion data on these radionuclides for the first time, the tar-
gets were larger than the minimum required for the instru-
ment. To realize the full potential of DICER, targets need
to be fabricated as small as a 0.1 mm diameter by 15 mm
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in length cylinder. These targets will need to have well-
defined lengths and be excellent in uniformity and purity.

2.2 Target requirements

2.2.1 Length

It is difficult to make highly enriched targets of relatively
short-lived radionuclides. For measurements of these ra-
dionuclides to be feasible with DICER, the minimum tar-
get size was selected to be 0.1 mm in diameter by 15 mm
in length. It may appear that, as long as the target is homo-
geneous and uniform in density and composition, fabricat-
ing a 0.1 mm diameter by 15 mm long target or a slightly
larger target would be sufficient. However, imperfections
in the target geometry, particularly the length of the tar-
get over the beam spot, can lead to significant errors in the
measurement if corrections are not made [14]. As such,
these effects should be minimized by ensuring DICER tar-
gets are well-characterized in geometry.

2.2.2 Uniformity

In addition to well-characterized geometries, DICER tar-
gets need to have excellent uniformity in both composition
and density. A completely homogeneous target with no air
gaps or substantial pores of various sizes is preferred. The
inclusion of such void spaces leads to a target that is non-
homogeneous in density, which results in inaccurate mea-
surements of the dip depths (as demonstrated by Becker et
al. [15]).

2.2.3 Purity

Because transmission measurements are examining the to-
tal interaction of incident neutrons with the target material,
the observed spectrum reflects the total absorption or re-
flection of neutrons from all nuclides present in the target
material. Impurities that interact strongly with neutrons,
such as 1H, will increase the background in the measure-
ment and may increase the error in the measurement [16].
Although there are techniques that can be used to deter-
mine the isotopic composition of the target material, such
as neutron resonance analysis, these techniques are lim-
ited in the case of nuclei containing large resonances as
the transmission signal can saturate if the target contains
enough of these nuclei [17]. Reducing impurities, such as
1H, and using highly enriched material reduces the back-
ground and improves the accuracy of these transmission
measurements.

3 Low Energy (n,Z) (LENZ) instrument

3.1 Instrument overview

The LENZ instrument was designed to be an improvement
of the preceding NZ chamber [18] by allowing for bet-
ter charged particle detection and larger solid angle cov-
erages of neutron-induced charged particle emitting reac-
tions with small sample sizes [19]. If the target nuclide

is a relatively short-lived radionuclide, then a verision of
the LENZ instrument, called hotLENZ, can be used. The
hotLENZ configuration allows for remote precision align-
ment of a radioactive target and LENZ silicon detectors
to the neutron beam axis. Additionally, an advanced col-
limation system was developed to reduce beam induced
backgrounds while still maximizing the flux over a 6 mm
diameter spot comprising of the sample target material [3].

The hotLENZ configuration was used to provide the
first direct measurements of (n,p) reactions on 56Ni and
56Co and confirmed the successful implementation of the
advanced collimation system for optimizing the neutron
flux through the radioactive target [3]. More experiments
have been performed with the standard LENZ configura-
tion to study neutron-induced charged particle reactions,
with both stable and longer-lived radioactive samples (e.g.
40K, 44Ti, 59Ni)[4, 5, 20–25]. The results from these stud-
ies provide examples of how the target quality can impact
the measurement accuracy and precision.

3.2 Target requirements

3.2.1 Thickness

Ideal LENZ targets will have enough of the target nuclide
to obtain good measurement statistics while being as thin
as possible. Thicker targets result in worsened spectro-
scopic resolution due to energy loss and straggling ef-
fects. An example of this can be seen by comparing the
neutron-induced charged particle spectra obtained for mi-
crojet printed sodium chloride (NaCl) [24] and evaporated
silver chloride (AgCl) targets [20] (see Figure 1). Despite
both targets being exposed to nearly the same neutron flux,
having a similar number of Cl atoms, and being located
about the same distance from the DSSD, the thinner evap-
orated targets resulted in spectra with narrower kinematic
bands (better channel resolution) than those obtained with
the microjet printed targets, which allow for better back-
ground characterization and to reduce the measurement
uncertainty. The background from a thicker target back-
ing or inclusion of stable material can be subtracted, as
demonstrated by Kuvin et al. [22] with a 59Ni sample on
a 25 µm thick Pt backing. This 59Ni sample was highly
enriched and uniformly deposited as a thin film through
electrodeposition, resulting in good spectroscopic resolu-
tion to isolate the reaction channels of interest.

3.2.2 Uniformity

If targets are uniform in morphology, then the measure-
ment uncertainty can be minimized. The reasons for this
are similar to how imperfections in the length of a DICER
target affect the acquired data. If these local differences
in target thickness that consistently appear as some pat-
tern that can be well-characterized, then the effects these
differences have on the resulting spectrum can be mini-
mized with the application of the appropriate corrections.
However, if the variation in local target thickness is great
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Figure 1. Neutron-induced charged particle spectrum obtained
with a downstream DSSD and a 330(30) µg/cm2 microjet printed
NaCl target described in Essenmacher et al. [24] (a), and a spec-
trum obtained with an upstream DSSD and a 631(22) µg/cm2

thermally evaporated AgCl target (plot reprinted with permission
from Hanselman et al. [20]) (b).

enough and the neutron beam spot is smaller than the sam-
ple target area, then it is possible to obtain results for a dif-
ferent thickness than the average target thickness. Essen-
macher et al. [24] demonstrate this with microjet printed
NaCl and V2O5 targets. Meanwhile, Dede et al. [25]
demonstrate how such local differences in target thickness
can be masked to some extent if the beam spot is larger
than the sample target area. It is important to note that
such variations in thickness still increase the uncertainty in
the direct measurements because of the broadening of the
kinematic bands in the resulting neutron-induced charged
particle spectrum.

3.2.3 Purity

The LENZ instrument measures the outgoing angle, en-
ergy, and detection time of the outgoing charged parti-
cles produced from neutron-induced charged particle re-
actions on the sample target. Identifying the target nuclide

requires reconstructing the Q-value of the reaction from
the detected energy, angle and time-of-flight for the neu-
tron (derived relative to the timing of the LANSCE proton
beam) involved in the reaction. These values are character-
istic for (n,p) and (n,α) on a specific target nuclide. How-
ever, these values for target impurities or backing materi-
als can be very similar to those of the reactions of interest.
In these cases, such nuclides need to be removed or mini-
mized during the target manufacturing process.

Additional issues with target impurities can arise if the
impurities interact strongly with incident neutrons in the
energy range of interest or if the presence of such impu-
rities are difficult to replicate between sample targets. An
example of the latter case is shown in Figure 2, where a
foil backing of 1 µm thick Ti was used for molecular plat-
ing of an Al film onto the Ti surface. The foil had not been
light tight tested during the manufacturing process, which
meant the molecular plating solvent could seep through the
microscopic pores within the foil during the plating pro-
cess and interact with the copper electrode, causing the tar-
get to contain copper contamination. The small amount of
copper was not uniformly distributed over the target area
and, because the pores are not always present in each piece
of foil, were not always observed in Al molecular plated
target samples. Although, the Al layers in these samples
have good uniformity, the presence of copper in the foil
backing would cause complications when performing any
neutron-induced charged particle reaction measurements.
As such, the fabrication procedure was adjusted to elimi-
nate this copper impurity from the target samples. Simi-
lar adjustments that eliminate or minimize impurities dur-
ing the target development process are always preferred to
minimize the uncertainty in direct neutron reaction mea-
surements with the LENZ instrument.

Figure 2. A 2.5x magnification optical image of a molecular
plated Al target captured using a Keyence VK-X3100 laser mi-
croscope alongside elemental mapping images acquired using
an Orbis X-ray flourescence (XRF) analyzer with a 40 keV and
400 A X-ray source.

4 Conclusions

DICER and LENZ/hotLENZ are two instruments available
at LANSCE for performing measurements on neutron-
induced reactions with radioactive targets. To minimize
the uncertainty in these measurements, fabricated targets
need to meet certain requirements. For DICER, these re-
quirements are well-characterized in length or areal den-
sity, having good uniformity in density and composition,
eliminating or minimizing detrimental impurities, and be-
ing highly enriched in the target nuclide of interest. These
requirements for LENZ include minimizing the target
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thickness, having good uniformity in target morphology,
and eliminating or minimizing impurities that would in-
terfere with or obfuscate the measurement. By producing
high quality targets, the nuclear data on target nuclides can
be discerned from direct neutron-induced reaction mea-
surements at LANSCE with high fidelity; ultimately lead-
ing to more reliable modeling of stellar nucleosynthesis
and validations in nuclear applications.

The authors would like to thank Khachatur Manukyan at the
University of Notre Dame for assistance in performing XRF
mapping of the Al molecular plated target.

This work was performed under the auspices of the Na-
tional Nuclear Security Administration (NNSA) of the U.S. De-
partment of Energy (DOE) at Los Alamos National Labora-
tory (LANL) under Contract No. 89233218CNA000001. This
material is also based upon work supported by the Laboratory
Directed Research and Development program of LANL under
Project No. 20230534ECR.

References

[1] J.A. Shusterman, N.D. Scielzo, K.J. Thomas,
E.B. Norman, S.E. Lapi, C.S. Loveless, N.J.
Peters, J.D. Robertson, D.A. Shaughnessy, A.P.
Tonchev, The surprisingly large neutron capture
cross-section of 88Zr, Nature 565, 328 (2019).
https://doi.org/10.1038/s41586-018-0838-z

[2] P. Schillebeeckx, A. Borella, J.C. Drohe, R. Eykens,
S. Kopecky, C. Massimi, L.C. Mihailescu, A. Moens,
M. Moxon, R. Wynants, Target requirements for
neutron-induced cross-section measurements in the
resonance region, Nucl. Instrum. Meth. A 613, 378
(2010). https://doi.org/10.1016/j.nima.2009.09.080

[3] B. DiGiovine, L. Zavorka, D.J. Ballard, C. Eiroa-
Lledo, A. Georgiadou, S.A. Kuvin, H.Y. Lee,
J.S. Marquis, M.J. Mocko, V. Mocko et al.,
A holistic approach to the optimization of neu-
tron beam transport at the LANSCE facility,
Nucl. Instrum. Meth. A 1013, 165631 (2021).
https://doi.org/10.1016/j.nima.2021.165631

[4] H. Jayatissa, S. Kuvin, H.Y. Lee, V. Mocko, C. Ver-
meulen, H.I. Kim, Neutron capture reactions on 44Ti
relevant for core-collapse supernovae, in APS Meet-
ing Abstracts (2023), p. L09.005

[5] P. Gastis, S. Kuvin, H.Y. Lee, K. Hanselman,
T. Kawano, N. Dimitrakopoulos, G. Perdikakis,
Study of neutron-induced charged particle reactions
relevant to the synthesis of 40K in massive stars, in
APS Meeting Abstracts (2023), p. E09.007

[6] A. Stamatopoulos, P.E. Koehler, B.J. DiGiovine,
V. Mocko, A. Matyskin, C.E. Vermeulen, A.J. Cou-
ture, A.L. Cooper, J.T. Morrell, E.M. O’Brien, Dis-
covery of the Origin of the Enormous 88Zr Neutron-
Capture Cross Section and Quantifying Its Impact on
Applications, Phys. Rev. Lett. 134, 112702 (2025).
https://doi.org/10.1103/PhysRevLett.134.112702

[7] A. Stamatopoulos, P.E. Koehler, B. DiGiovine,
V. Mocko, A. Matyskin, C. Vermeulen, A. Cou-

ture, A. Cooper, J. Morrell, E. O’Brien et al., First
study of 88Zr + n at DICER at LANSCE at en-
ergies up to 500 eV and relevance to explosive
environments, Phys. Rev. C 111, 034613 (2025).
https://doi.org/10.1103/PhysRevC.111.034613

[8] D. Schumann, R. Dressler, E.A. Maugeri, S. Heinitz,
Isotope production and target preparation for nuclear
astrophysics data, EPJ Web Conf. 146, 03005 (2017).
https://doi.org/10.1051/epjconf/201714603005

[9] P.E. Koehler, Tech. Rep. LA-UR-14-21466, Los
Alamos National Laboratory, Los Alamos, NM
(2014), https://doi.org/10.2172/1122905

[10] A. Stamatopoulos, P. Koehler, A. Couture,
B. DiGiovine, G. Rusev, J. Ullmann, New
capability for neutron transmission measure-
ments at LANSCE: The DICER instrument,
Nucl. Instrum. Meth. A 1025, 166166 (2022).
https://doi.org/10.1016/j.nima.2021.166166

[11] A. Stamatopoulos, A. Couture, B. DiGiovine,
P. Koehler, G. Rusev, A Large Area Pi-
cosecond Photodetector for Neutron Trans-
mission Measurements at DICER at LAN-
SCE, IEEE Trans. Nucl. Sci. 70, 1416 (2023).
https://doi.org/10.1109/TNS.2023.3285068

[12] A. Stamatopoulos, P.E. Koehler, E.M. Bond, A.M.
Marenco, G.Y. Rusev, Tech. Rep. LA-UR-24-25319,
Los Alamos National Laboratory, Los Alamos, NM
(2024)

[13] A.V. Matyskin, A. Stamatopoulos, E.M. O’Brien,
B.J. DiGiovine, V. Mocko, M.E. Fassbender, C.E.
Vermeulen, P.E. Koehler, Production of zirconium-
88 via proton irradiation of metallic yttrium and
preparation of target for neutron transmission mea-
surements at DICER, Sci. Rep. 13, 1736 (2023).
https://doi.org/10.1038/s41598-023-27993-7

[14] P. Schillebeeckx, B. Becker, Y. Danon, K. Guber,
H. Harada, J. Heyse, A.R. Junghans, S. Kopecky,
C. Massimi, M.C. Moxon et al., Determina-
tion of resonance parameters and their covari-
ances from neutron induced reaction cross sec-
tion data, Nucl. Data Sheets 113, 3054 (2012).
https://doi.org/10.1016/j.nds.2012.11.005

[15] B. Becker, S. Kopecky, H. Harada, P. Schillebeeckx,
Measurement of the direct particle transport through
stochastic media using neutron resonance transmis-
sion analysis, Eur. Phys. J. Plus 129, 58 (2014).
https://doi.org/10.1140/epjp/i2014-14058-6

[16] A. Stamatopoulos, A. Matyskin, P. Koehler, A. Cou-
ture, B. DiGiovine, V. Mocko, G. Rusev, J. Ullmann,
C. Vermeulen, DICER: a new instrument for nuclear
data for nuclear security, J. Radioanal. Nucl. Chem.
331, 4857 (2022). https://doi.org/10.1007/s10967-
022-08474-z

[17] S.T. Hsue, T.W. Crane, W.L. Talbert Jr., J.C. Lee,
Tech. Rep. LA-06923, Los Alamos National Labo-
ratory, Los Alamos, NM (1978), https://doi.org/10.
2172/5153553

[18] R.C. Haight, Hydrogen and helium production
in structural materials by neutrons, Interna-

4

EPJ Web of Conferences 327, 01006 (2025)                                                                                        https://doi.org/10.1051/epjconf/202532701006
INTDS2024

https://doi.org/https://doi.org/10.1038/s41586-018-0838-z
https://doi.org/https://doi.org/10.1016/j.nima.2009.09.080
https://doi.org/https://doi.org/10.1016/j.nima.2021.165631
https://doi.org/https://doi.org/10.1103/PhysRevLett.134.112702
https://doi.org/https://doi.org/10.1103/PhysRevC.111.034613
https://doi.org/https://doi.org/10.1051/epjconf/201714603005
https://doi.org/10.2172/1122905
https://doi.org/https://doi.org/10.1016/j.nima.2021.166166
https://doi.org/https://doi.org/10.1109/TNS.2023.3285068
https://doi.org/https://doi.org/10.1038/s41598-023-27993-7
https://doi.org/https://doi.org/10.1016/j.nds.2012.11.005
https://doi.org/https://doi.org/10.1140/epjp/i2014-14058-6
https://doi.org/https://doi.org/10.1007/s10967-022-08474-z
https://doi.org/https://doi.org/10.1007/s10967-022-08474-z
https://doi.org/10.2172/5153553
https://doi.org/10.2172/5153553


tional Conference on Nuclear Data for Sci-
ence and Technology pp. 1077–1080 (2007).
https://doi.org/10.1051/ndata:07518

[19] H.Y. Lee, S.A. Kuvin, S.M. Mosby, C.J. Prokop,
A.M. Long, D. Votaw, A. Georgiadou, J. Görres,
E. Stech, M. Wiescher, Low Energy Neutron-
induced Charged-particle (Z) (LENZ) instrument
development with a focus on pulse shape dis-
crimination for low-energy charged particles,
Nucl. Instrum. Meth. A 1069, 169941 (2024).
https://doi.org/10.1016/j.nima.2024.169941

[20] K. Hanselman, S.A. Kuvin, H.Y. Lee, T. Kawano,
S. Essenmacher, P. Gastis, H. Jayatissa, S.N. Paneru,
H.I. Kim, A.T. Cisneros et al., Improved modeling
of neutron-induced reactions on chlorine isotopes
aided through new (n, p) and (n, α) measurements
at LANSCE, Phys. Rev. C 110, 024609 (2024).
https://doi.org/10.1103/PhysRevC.110.024609

[21] H.Y. Lee, S.A. Kuvin, L. Zavorka, S. Mosby,
B. DiGiovine, G. Hale, M. Paris, D. Votaw,
M. White, Differential cross sections of the
16O(n, α) reaction at neutron energies from 3.8
to 15 MeV, Phys. Rev. C 109, 014601 (2024).
https://doi.org/10.1103/PhysRevC.109.014601

[22] S.A. Kuvin, H.Y. Lee, B. DiGiovine, C. Eiroa-
Lledo, A. Georgiadou, M. Herman, T. Kawano,

V. Mocko, S. Mosby, C. Vermeulen et al.,
Direct measurement of 59Ni(n, p)59Co and
59Ni(n, α)56Fe at fast-neutron energies from 500 keV
to 10 MeV, Phys. Rev. C 105, 044608 (2022).
https://doi.org/10.1103/PhysRevC.105.044608

[23] S.A. Kuvin, H.Y. Lee, T. Kawano, B. DiGiovine,
A. Georgiadou, C. Vermeulen, M. White,
L. Zavorka, H.I. Kim, Nonstatistical fluc-
tuations in the 35Cl(n, p)35S reaction cross
section at fast-neutron energies from 0.6 to
6 MeV, Phys. Rev. C 102, 024623 (2020).
https://doi.org/10.1103/PhysRevC.102.024623

[24] S.D. Essenmacher, H.Y. Lee, C.E. Vermeulen,
P. Gastis, C.R. Kleinfeldt, S.A. Kuvin, V. Mocko,
G.W. Severin, A. Stamatopoulos, Microjet
printing of metal salt or oxide targets for
nuclear reaction studies on radionuclides,
Nucl. Instrum. Meth. A 1069, 169883 (2024).
https://doi.org/10.1016/j.nima.2024.169883

[25] S. Dede, S. Essenmacher, P. Gastis, K. Manukyan,
S. Kuvin, H. Lee, J. Roach, P. Burns, A. Aprahamian,
Electrospraying deposition and characterization of
potassium chloride targets for nuclear science mea-
surements, Nucl. Instrum. Meth. A 1055, 168472
(2023). https://doi.org/10.1016/j.nima.2023.168472

5

EPJ Web of Conferences 327, 01006 (2025)                                                                                        https://doi.org/10.1051/epjconf/202532701006
INTDS2024

https://doi.org/https://doi.org/10.1051/ndata:07518
https://doi.org/https://doi.org/10.1016/j.nima.2024.169941
https://doi.org/https://doi.org/10.1103/PhysRevC.110.024609
https://doi.org/https://doi.org/10.1103/PhysRevC.109.014601
https://doi.org/https://doi.org/10.1103/PhysRevC.105.044608
https://doi.org/https://doi.org/10.1103/PhysRevC.102.024623
https://doi.org/https://doi.org/10.1016/j.nima.2024.169883
https://doi.org/https://doi.org/10.1016/j.nima.2023.168472

	Introduction
	Device for Indirect Capture Experiments on Radionuclides
	Instrument overview
	Target requirements
	Length
	Uniformity
	Purity


	Low Energy (n,Z) (LENZ) instrument
	Instrument overview
	Target requirements
	Thickness
	Uniformity
	Purity


	Conclusions

