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Motivation

It is desirable to develop experimental 
benchmarks for DM and neutrino 
detection in minerals based on neutron-
induced nuclear recoils. 

• well-understood energy scale (including 
spectrum) and spatial distribution of 
nuclear recoils 

• known neutron fluence → known 
nuclear recoil population 

• experimental conditions: temperature 
before/during/after irradiation Heating profile

Synthetic 
samples

Neutrons

Mineral 
samples

WIMP 
ν

Material 
characterization +   Modeling  →    Interpretation
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We have been irradiating glasses/crystals at much higher neutron/gamma 
fluences to study optical materials for use in nuclear instrumentation

Furnace: in-situ irradiation 
and concurrent/post-heating

FS  
high-OH

FS  
low-OH

Sapphire

BK7G18

NBK7

B. W. Morgan, M. P. 
Van Zile, C. M. Petrie, 
P. Sabharwall, M. 
Burger, and I. 
Jovanovic, J. Nucl. 
Mat. 570, 153945 
(2022).
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Example of irradiating crystals with concurrent/post-heating: sapphire

Sapphire: 3.4x1016 n cm-2 Sapphire: 1.7x1017 n cm-2

• 300 nm F2 center 
• 355 nm F2+ center

• 450 nm F22+ center 
• 572 nm Al-OHC

• 205 nm F center 
• 260 nm F+ center

Fitting known 
absorption bands
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Low-energy DM nuclear recoil energy scale in LiF
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FIG. 9. 90% projected sensitivity to spin-independent scattering for WIMP dark matter. All shaded regions represent existing
constraints, except for the purple region, which corresponds to the neutrino fog computed for olivine using the NeutrinoFog
software [49]. Three solid lines represent di!erent resolution and target mass scenarios considered, while the dotted lines show
corresponding stopping power limits. Other constraints include LZ [50], DarkSide-50 [51], CRESST [52], Xenon-1T [53] and
XENON-nT [6].

B. Solar neutrinos and new light mediators

In Figure 10, we present the projected limits derived
from Asimov solar neutrino data in solid lines on the
couplings between neutrinos and new scalar, vector and
axial-vector mediators as a function of mediator mass.
As with the WIMP case, we assess the sensitivity of pa-
leo detectors under three readout scenarios: 10 nm with
100 g (LR-HE) in magenta, 1 nm with 10 mg (HR-LE)
in grey, and 1 nm with 100 g (HR-HE) in orange. We
also overlaid existing limits, including CEωNS constraints
from COHERENT [54, 55], CONUS [56, 57], CONNIE
[58, 59], and combined analysis using data from PandaX-
4T and XENONnT [60].

The shapes of the projected exclusion regions are sim-
ilar for all three mediators. For mX

<
→ 10→3 GeV, the

limits are insensitive to mediator mass, while at higher
masses, the sensitivity scales approximately as m→2

X or
m→4

X depending on the spin structure of the mediator.

The LR-HE scenario marginally improves sensitivity
beyond existing limits for scalar mediators, while HR-LE
extends the reach by an additional order of magnitude.
Since light mediators generally produce lower energy re-

coils, and thus shorter tracks, exposure is less of a lim-
iting factor than readout resolution in contrast to the
case with dark matter. A similar trend is observed for
axial-vector mediators (bottom left panel of Figure 10).
Paleodetection with olivine is only half an order of mag-
nitude more sensitive than existing limits. It is however
also worth noting that this result depends on the nuclear
spins of the target mineral. This means that with an ap-
propriate choice of mineral containing a high abundance
of isotopes with large nuclear spins, the sensitivity can be
further improved. For vector mediators, the sensitivity
is not a monotonic function of mass due to the negative
interference contributions in the modified cross section
as discussed in Sec. II C. Consequently, a narrow band
of allowed region appears within the exclusion bounds.
However, this region has already been ruled out by other
experiments such as COHERENT.

C. U(1)B→L

The bottom right panel of Figure 10 shows the B ↑ L
parameter space in the gauge coupling gB→L↑mZ→ plane.

[0,5 keV]

6Li

7Li

19F

0 2 4 6 8 10

50
100

500
1000

5000

WIMP Mass (GeV/c2)

M
ax
im
um

R
ec
oi
lE
ne
rg
y
(e
V
)



I. Jovanovic6

Equivalent neutron recoil energy
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We are interested in accessing this energy scale for DM signal, 
but in a wider range of other energy scales for the background.
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Elastic scattering cross-sections in LiF

7Li 6Li 19F

highest ES cross-section7.5 a/o abundance in Li
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Overview of available neutron sources

Neutron generators

DD

DT

Nuclear reactors

Linacs

Radioisotopes

spontaneous fission 
(alpha,n)
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We estimate the nuclear recoil rates in LiF produced with practical sources

1 cm3 of LiF(nat) 
19F, 6Li (7.5 a/o of Li), 7Li (92.5 a/o of Li)

10 cm

Source
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Radioisotope sources at UM: 252Cf
In this section the various types of ionizing radiation will be

examined in order of increasing range, beginning with fission
fragments. All forms of ionizing radiation are discussed because
nuclear battery technologies can be large (like an RTG), but the
main focus of this paper will be on swift heavy ions and electrons
due to their relatively short ranges, which allows for their use in
small-scale nuclear battery configurations. Penetrating radiation
like gamma rays or neutrons could theoretically be used, but would
require large-scale nuclear battery configurations. These concepts
are briefly discussed for completeness.

2.2. Fission fragments

The shortest transport scale lengths are for ions, and the most
massive ions are the fragments produced by fission. Fission
commonly occurs through spontaneous decay of a heavy atom like
californium-252, which releases fast neutrons and fission frag-
ments; the neutron energy and fission yield spectra are shown in
Figs. 2 and 3, respectively. The products of a spontaneous fission
event are shown in Equation (1), where ffl is the light fission frag-
ment, ffh is the heavy fission fragment, n is the statistical average
number of prompt fission neutrons, nfast, released during fission
and are emitted with a typical fast neutron distribution (Smith
et al., 1957; Nicodemus and Staub, 1953). Fission can also be stim-
ulated by neutron capture, whereby a nucleus absorbs an incident
neutron, becomes unstable, and breaks apart. An example of fission
initiated through the interaction of thermal neutrons with a fissile
material, such as uranium-235, is shown in Equation (2), where nth
is a thermal neutron with energy on the order of 25 meV. Thermal
fission also releases fast neutrons and fission fragments; the
neutron energy distribution and bimodal fission yield distribution
of U-235 are shown in Figs. 4 and 5, respectively. The average en-
ergy produced by particles released in the fission of U-235,
including neutrons, gamma rays, beta particles and neutrinos, is
shown in Table 1.

Fig. 1. Energy conversion flow chart for radiation sources. Branch 1 uses radiation for heat production. Branch 2 uses the production of charged species in a solid to generate a
current flow. Branch 3 uses the production of charged species in a solid to produce laser photons. Branch 4 uses the production of charged species in a solid to produce photons
which are used to produce electricity from photovoltaic (PV) cells. Branch 5 uses the production of charged species in a gas to produce photons which then interaction with
photovoltaic (PV) cells to produce electricity. Branch 6 uses the production of charged species in a gas to produce laser photons. Branch 7 uses the production of charged species in a
gas or liquid to produce chemicals through radiolysis.

Fig. 2. Energy spectrum of neutrons produced by the spontaneous fission of Cf-252
(Smith et al., 1957).

M.A. Prelas et al. / Progress in Nuclear Energy 75 (2014) 117e148 119

Current neutron emission rate: 5.1 x 104 n/s  

- we can readily access another stronger source if 
needed: 1.75 x 106 n/s 
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Estimated nuclear recoil rates in LiF: 252Cf

~ 20–30 recoils / h in [0,5 keV] for “old” Cf-252 
~  700–1000 recoils / h in [0,5 keV] for “new” Cf-252
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Radioisotope sources at UM: PuBe

Current activity: 1.5–2 x 106 n/s  
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Fig. 16. Energy-Dependent Neutron Source Strength in PuBel3 Homogeneous 
Problem as Calculated by SOURCES 4C and Compared with Measured Data. 

A comparison of the data measured by the experimenters and the SOURCES 4C 

calculation is presented in Fig. 16. To construct this plot, the histogram output from 

SOURCES 4C was converted to a continuous distribution using the midpoint energy for 

each energy group. This conversion was repeated for all energy-dependent neutron 

source plots in this section. The total neutron source magnitude calculated by SOURCES 

4C was 2.69~10’ neutronsh-cm3, whereas the experimenters reported a total neutron 

source rate of 2 . 2 8 ~ 1 0 ~  neutronsk-cm3. This magnitude of agreement (+17%) is typical 

for a SOURCES 4C calculation. From Fig. 16, reasonable agreement between the 

SOURCES 4C spectrum calculation and measured values is found. The calculation 

neglected any source contaminants (esp., Am-241) as they were not specified in the 

published experiment. 

58 
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Estimated nuclear recoil rates in LiF: PuBe

~ 750–1000 recoils / h in [0,5 keV]
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Estimated nuclear recoil rates in LiF: AmBe

Similar to PuBe



I. Jovanovic15

Neutron generators at UM

DD: 106 n/s DT: 5.5 x 107 n/s
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M. K. Sharma, J. Nattress, and I. 
Jovanovic, NIMA 911, 37–44 (2018)
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DT generator angular distribution
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Figure 4: (a) Measured angular distribution of neutron flux, in which the anisotropy is apparent. (b) DT generator
tube; 0° is defined along the propagation direction of the deuteron beam.
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Figure 5: 3D view of the MCNP model of NSL. Mezzanine and the upstairs room is shown; ceiling is not shown for
better visualization. See Fig. 1(a) for comparison.

of materials were taken from Ref. [16, 26] and were used to construct the final model of the NSL,185

which is shown in Fig. 5.

To investigate the impact of anisotropy on the e↵ectiveness of radiation shielding, two independent
simulations were performed by assuming a 14.1-MeV neutron source in the northeast corner of
the experimental area. The first simulation assumed an isotropic emission with the emission rate
determined using the experimentally-obtained flux at 90° (see Fig. 4(a)). The north and east walls190

were assumed to be 2.7-ft thick and the source was assumed to be placed 50 cm away from the
walls. A mesh tally with 10 cm⇥10 cm⇥10 cm bins was overlaid on the source plane (XY plane at
z = 1.2 m) for better visualization. Dose rates in these bins were determined using the appropriate
fluence to dose conversion factors from Ref. [27] and the simulation was ran for 1 ⇥ 107 histories.
Fig. 6(a) shows the e↵ectiveness of shielding and variation of total dose rate around the source.195
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of materials were taken from Ref. [16, 26] and were used to construct the final model of the NSL,185

which is shown in Fig. 5.

To investigate the impact of anisotropy on the e↵ectiveness of radiation shielding, two independent
simulations were performed by assuming a 14.1-MeV neutron source in the northeast corner of
the experimental area. The first simulation assumed an isotropic emission with the emission rate
determined using the experimentally-obtained flux at 90° (see Fig. 4(a)). The north and east walls190

were assumed to be 2.7-ft thick and the source was assumed to be placed 50 cm away from the
walls. A mesh tally with 10 cm⇥10 cm⇥10 cm bins was overlaid on the source plane (XY plane at
z = 1.2 m) for better visualization. Dose rates in these bins were determined using the appropriate
fluence to dose conversion factors from Ref. [27] and the simulation was ran for 1 ⇥ 107 histories.
Fig. 6(a) shows the e↵ectiveness of shielding and variation of total dose rate around the source.195
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Estimated nuclear recoil rates in LiF: DD

~ 1000 recoils / h in [0,5 keV]
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Estimated nuclear recoil rates in LiF: DT

~ 30,000 recoils / h in [0,5 keV]
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Irradiations using nuclear reactor

Turkoglu, D., Burke, J., Lewandowski, and L. Cao.  
J. Radioanal Nucl Chem 291, 321–327 (2012). https://doi.org/10.1007/s10967-011-1289-2

~4 x 106 n cm-2 s 
30 mm beam 
Cd ratio: 160
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OSU nuclear reactor: thermal neutron beam generation
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Estimated nuclear recoil rates in LiF: reactor thermal beam

~ 500 8Li recoils / h in [0,1 keV]
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Fast neutron irradiation on OSU nuclear reactor

Reactor-spectrum neutron beam 
diameter of 1.25” (32 mm) 
~ 2x107 n cm-2 s-1 

36% thermal neutrons (En<0.5 eV, 
0.8 x 107 n cm-2 s-1) 
64% epi-cadmium neutrons 
(En>0.5 eV, 1.5 x 107 n cm-2 s-1) 
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2. RESULTS 
2.1 Neutron energy spectrum 

The energy spectrum of neutrons exiting the collimator defines one of the most important performance characteristics of 
a neutron beam. The neutron spectrum at the beam entrance and exit points in the collimator was calculated using MCNP 
simulation with a combined OSURR full-core model and neutron collimator model.  

 
Figure 5: Neutron energy spectra at the collimator entrance and exit points of the beamline calculated using MCNP.  

Figure 5 shows the simulation results that indicate four orders of magnitude decrease in neutron flux at the collimator exit 
compared to that at collimator entrance, i.e., a near-core location. The flux of 1.6 MeV fast neutrons, for example, at the 
collimator exit is ~5.4 × 107 n·cm-2·s-1. Results also indicate that, compared to the flux at the collimator entrance, the 
reduction of thermal neutron (25 meV) flux is higher than that in the fast neutron (1.6 MeV) flux at the collimator exit. 
This is attributed to the higher absorption cross section of polycrystalline Bi in the collimator for thermal neutrons (9.36 
barns @ 25 meV) than for fast neutrons (5.33 barns @ 1.6 MeV). The polycrystalline Bi also attenuated the gamma-ray 
flux from the reactor core, resulting in about two orders of magnitude decrease of it at the collimator exit. The energy 
distribution of gamma-rays transmitted through the 10.16-cm thick polycrystalline Bi was calculated using Beer-Lambert 
law and plotted in Figure 6. The transmission of gamma-rays of energies up to ~0.8 MeV is negligible, which is expected 
due to the high gamma interaction probability of Bi at lower energies, and the gamma-ray transmission increases with 
energy attaining the maximum value of 1.5 % at ~4 MeV. 

 
Figure 6: Gamma-ray transmission through 10.16-cm thick Bi calculated using MCNP. 
 
 

~ 107 recoils/h in [0,5 keV] based on 
scaling from 252Cf simulations
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In-core irradiation at the OSU nuclear reactor

~2 x 1013 n cm-2 s-1 

We will probably 
not be interested in 
this due to strong 
gamma flux.
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Example experiment with thermal neutron beam at OSU nuclear reactor

A.R.L. Kavner and I. Jovanovic, Phys. Rev. D 
110, 083043 (2024) 
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based experiment [29, 33]. The Brookhaven result is con-
sistent with the ionization yield predicted by the Lind-
hard model [22, 33] while the UChicago result is in ten-
sion [29].

To address this discrepancy, we have re-performed the
measurement in the same setting as the UChicago study.
We have improved the experimental setup and procedure
by utilizing modern digital electronics and saving the raw
detector waveforms. Additional systematic studies were
performed including a gamma tagging measurement, an
investigation into the e!ects of signal processing, and a
study of the e!ect of interaction location within the de-
tector volume. Our results corroborate the UChicago
study [29], in disagreement with the earlier Brookhaven
experiment [33].

II. MONOENERGETIC 254 EVNR NUCLEAR
RECOILS

A. Level Structure of 73mGe

Monoenergetic 254 eVnr nuclear recoils are produced
via the emission of 5.9 MeV gamma rays following ther-
mal neutron capture. Thermal neutron capture on
72Ge, comprising 27.4% of natural Ge, populates the
6785.2 keV excited state of 73mGe [33–35]. The decay
path of interest is depicted in Figure 1, where the major-
ity of nuclear excitation is radiated via the emissions of
5852.2 keV or 5868.8 keV gamma rays that feed into the
915.2 keV or the 931.5 keV level, respectively. Only the
915.2 keV and 931.5 keV levels feed into the subsequent
68.75 keV state, which then decays to the ground state
of 73Ge [33–37].

The de-excitation of 73mGe results in nuclear recoils by
conservation of momentum. Emission of the 5852.2 keV
and 5868.8 keV gamma rays produce 253.5 eVnr and
252.1 eVnr nuclear recoils, respectively. The other
gamma rays emitted contribute negligibly (↭1%) to the
total nuclear recoil energy. The prior study [33] cal-
culated the intensity-weighted average recoil energy of
254.1 eVnr with a spread of 1.5 eVnr

2.
All gamma rays released in de-excitation of 73mGe, ex-

cept the lowest energy 68.75 keV gamma, have a high
probability of escaping a small 2 cm3 HPGe crystal 3

without interaction; their attenuation lengths in Ge are
all longer than a centimeter. Attenuation lengths are cal-
culated from the XCOM (NIST) database [38] and are
listed in Table I.

Simulations in MCNPX [39] framework were used
to model a uniform gamma-ray source emitted from a

ray plus ionization produced by the nuclear recoil [29]. See Ta-

ble IV.
2
The calculation assumes rapid stopping of the

73
Ge nucleus com-

pared to the lifetimes of nuclear states.
3
1.6 cm diameter → 1 cm height is the crystal geometry of the

Ortec GLP-16195/10P4 detector used in our experiment.

1.6 cm (diameter) → 1.0 cm (height) cylindrical Ge crys-
tal, the geometry used in our experiment. The escape
fraction, which we define as the fraction of gamma rays
for a given emission line that do not interact with the
crystal, either photoelectrically or by Compton scatter-
ing, is given in Table I. The combined probability that
none of the gamma rays preceding the 68.75 keV level
interact with the crystal is 30.35%, and the probability
of a 68.75 keV gamma ray being photoelectrically ab-
sorbed within the crystal volume is 84.82%. The com-
bined 68.75 keV gamma ray and nuclear recoil energy
deposition is detected with an e”ciency of 25.5%.

6785.2 keV

931.5 keV

915.2 keV

498.8 keV

353.4 keV

68.75 keV

0 keV

72Ge + n → 73mGe

5852.2 keV 5868.8 keV

432.7 keV

430.1 keV 284.6 keV

561.8 keV

68% 32%

FIG. 1: De-excitation path of 73mGe that feeds the
68.75 keV level. State energies are listed on the right
while gamma-ray energies are listed left of the red

arrows designating the de-excitation path.

B. Energy of the 68.75 keV Level

In our experiment, as in the prior UChicago and
Brookhaven experiments, the ionization produced by the
254 eVnr nuclear recoil is measured summed with the en-
ergy deposited by the final 68.75 keV gamma ray. The
ionization energy is calculated from the di!erence be-
tween this summed energy and the energy of the final
state. Accurate interpretation of the quenching factor
therefore requires precise knowledge of the 68.75 keV
gamma ray.

6

measured summed with the gamma-ray peak given the
long, (0.5 s) lifetime of the 66.75 keV state.

FIG. 5: Comparison of the null measurement (red) to
the thermal neutron data (black). The null data set is
scaled by a factor of 12 corresponding to the di!erence
in experimental lifetimes. Inset : step function fit to the

fast neutron inelastic scattering structure (data
un-scaled).

C. Fit Functional Form

The peak attributed to the combined energy deposition
of a 68.75 keV gamma ray and nuclear recoil is fit with
a Gaussian with a step to high energy:

f(x,ωε) =
A→
2εϑ

e→(x→µ)2/(2ω2) +
B

2
· erfc

[
µ↑ x→

2ϑ

]
+ C

(4)
Parameters A and B are the area of the Gaussian and
the amplitude of the step, respectively, while µ and ϑ
are the mean position and resolution; C is the baseline
o!set term. The step function is motivated by the higher
energy contribution of the neutron beam discussed above.
The step position and smearing of the rising edge are
fixed to the same centroid and resolution as the peak as
justified in [65, 68].

This functional form was fit to the entire data set as
depicted with the residual in Figure 6. The fit was per-
formed over 225 data points with an energy range of
67.75 to 70.0 keV. The ϖ2 value is 211.43 with a reduced
ϖ2/NDF value of 211.43/(225↑5) = 0.96, corresponding
to a ϖ2-distribution value of 0.46. Given the goodness of
the fit, additional terms were not added to the functional
form so as to not over-fit the data.

D. Ionization Energy and Uncertainty

The gamma plus nuclear recoil peak in each of the data
sets was fit with the functional form described in Eq. (4).
The fit centroids, fit uncertainties, and calibration uncer-
tainties are reported in Table II.

FIG. 6: Fit (top) and residual (bottom) to the peak
associated with the 68.75 keV gamma ray and nuclear
recoil signal for all data sets. The red line shows the

summed fit, Gaussian, baseline, and step while the blue
trend is of the baseline and step components.

The fit uncertainty, column 3, is the error on the fit
centroid (µ). The calibration uncertainty, column 4, is
comprised of the errors in the slope and intercept parame-
ters of the linear fit energy calibration. To conservatively
account for the correlation between the slope and inter-
cept terms, we sum the respective uncertainties. The
combined error, column 5, of fit centroid plus calibration
is calculated by summing the fit and calibration uncer-
tainties in quadrature.
The fit values were averaged using an inverse error-

squared weighted arithmetic mean yielding energy of
68.8158±0.0028 keV for the gamma ray plus ionization
from the nuclear recoil.

Run Eω + Enr Fit Unc. Calib. Unc. Comb. Unc.
[keV] [eV] [eV] [eV]

Run-1 68.8190 6.6 4.9 8.2
Run-2 68.8486 10.8 9.6 14.4
Run-3 68.8205 5.5 6.4 8.5
Run-4 68.8206 4.2 5.5 7.0
Run-5 68.8269 3.8 4.7 6.1
Run-6 68.7998 4.5 6.7 8.1
Run-7 68.8032 4.2 3.4 5.4

Comb. 68.8158 1.9 2.0 2.8

TABLE II: Mean parameter of the Gaussian fit to the
combined energy deposition from 68.75 keV gamma ray
and nuclear recoil with uncertainty and uncertainty

from the calibration evaluated at the centroid position.

We estimate additional uncertainty contributions from
the pulse selection cuts, choice of calibration peaks, and
spread in values among the seven data sets.
The uncertainty from the pulse selection cuts is esti-

mated by re-fitting the data without any cuts applied.
The peak mean was found to be 68.8139 keV, a di!er-
ence between this and our nominal value, 1.9 eV is taken
as the uncertainty of the cuts. Similarly, a new calibra-
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7Li(p,n)7Be for keV neutron production

protons 1–6 MeV 
up to 50 µA

Li-nat

~2 MeV

LiF

90º

0º

adjust 
angle to 
change 
neutron 
energy
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7Li(p,n)7Be for keV neutron production

(thick targets)

C. L. Lee & X.-L. Zhou, NIM B 152, 1-11 (1999)
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109 
neutrons/
sr/mC

1 cm3 LiF at 10 cm: ~0.001 sr 
106 neutrons/mC 

MIBL protons up to 50 µA 

~108 neutrons/h in [0,25 keV] 

~7x106 nuclear recoils / h in 
[0,5 keV]
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Summary of approximate recoil rates in [0,5 keV]

Source Spectrum Rate / h Recoil density in
1 day (cm-3)

252Cf Watt 20–30 / 700–1000 500–700 / 1.7–2.4 x 104

PuBe continuous 750–1000 1.8–2.4 x 104

DD 2.45 MeV 1000 2.4 x 104

DT 14.1 MeV 3 x 104 7.2 x 105

MIBL 7Li(p,n) 10-30 keV 7 x 106 1.7 x 108

OSU-NRL thermal 500 1.2 x 104

OSU-NRL fast 107 2.4 x 108

in 1 cm3 of LiF at 10 cm distance 
including 6Li, 7Li, and 19F
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CRAB: Calibration by Recoils for Accurate Bolometry

Thermal neutrons

Tagging detector

capture gammas

• Detector efficiency obtained by simulation and validated using calibration sources 
• Use single or multiple isolated gammas to determine the number of captures/recoils
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CRAB in LiF
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Likely easiest to capture-tag: 
decent cross-section, abundance, 

and emission probabilities
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CRAB in LiF: initial simulations

Deposited energy in LaBr3
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CRAB in LiF: initial simulations

Applying 
spectral 
resolution

Hypothetical OSU reactor experiment 
107 n/s in 32 mm diameter beam 
106 n/s incident onto 1 cm3 LiF

~3 counts/s in 2 MeV peak in LaBr3
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CRAB with fast neutron source moderated by HDPE

Fil
lin

g 
Sp

ac
e

HDPE

8 cm



I. Jovanovic33

Moderated neutron source

Efficiency is much worse in the presence of a moderator due to increased 
background: 2.2 MeV gamma from hydrogen, 4.4 MeV gamma from carbon. 

Need a better shielding configuration.
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Coincidence tagging may reduce the background
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Filtering neutron spectrum

Fe 24 keV filter
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252Cf spectrum through 5 cm of Fe

Can be suppressed by moderation
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Measuring neutron spectra

Bonner spheres

Inverse 
problem

4He 
Arktis S670

O. Searfus, P. Marleau, and I. 
Jovanovic, NIM A 1066, 
169608 (2024)

DD
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Measuring neutron flux: nuclear recoil, activation, and self-activation

Fast Reactions Q (MeV) Cross Section (b) Half-life

79Br(n,2n)78Br -10.6 0.9 6.5 min

81Br(n,2n)80Br -10.1 1.02 17.7 min

81Br(n,p)81Se -0.8 0.02 18.5 min

139La(n,p)139Ba -1.5 0.003 83.0 min
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Summary

• Preparation of surrogate samples is an important step for understanding DM and neutrino signals 
and backgrounds in mineral detection 

• Nuclear recoils induced by fast neutrons and radiative neutron capture provide useful energy and 
efficiency scales, and are the closest analogue to bulk interactions of DM and neutrinos 

• We can provide well-characterized neutron irradiations with a wide range of sources to 
collaborators (PALEOCCENE and others), anchored to detailed simulations 

• Irradiation with concurrent heating may yield better understanding of real-world conditions for real 
mineral samples
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