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This report explores activation and shielding studies supporting hybrid (fusion—fission) blan-
ket design. Gold foils irradiated in water and carbon moderators gave a thermal-flux ratio R =
q&iﬁater)/qﬁgﬁarbon) = 4.95+1.13, indicating higher inferred thermal flux in water for the tested geome-
try. Vanadium activation yielded a fitted half-life T} /»(°*V) = 190.2+1.5 s (3.1694:0.025 min), 15.3%
below the NuDat3 reference, with plausible systematics discussed. Detector full-energy-peak effi-
ciencies were modelled with LabSOCS and validated independently using a six-peak europium source
with decay correction from 01/10/2014 and the recommended T} o(**?Eu) = 13.517 y (~ 4937 d).
A bench S-attenuation test in aluminium supports a layered shield concept (low-Z / hydrogenous
/ borated / high-Z / concrete). Results inform moderator placement, TBR margins, shielding, and

maintenance windows in hybrids.

I. INTRODUCTION

The global demand for reliable, low-carbon energy is
more pressing than ever. While renewable sources such
as solar and wind have been developed to an incredible
standard, their intermittency demands secure and inde-
pendent energy supply. Nuclear fission has provided such
baseload energy but recent advances in plasma physics,
materials science, and engineering have pushed magnetic
and inertial confinement fusion closer to viability. Fu-
sion promises vast quantities of clean energy with mini-
mal long-lived waste.

This report examines concepts and design considera-
tions for fusion—fission hybrid reactors, which combine
a 14.1 MeV D-T fusion neutron source with a subcrit-
ical fission blanket. This paper reviews source-driven
multiplication and blanket missions; the role of mod-
erators versus multipliers in first-wall and blanket de-
sign; activation of material with emphasis on 52V half-
life implications for maintenance and waste; activation
foils (In, Au) and absolute detector efficiency with simu-
lation (LabSOCS) as well as shielding strategies for the
mixed neutron—gamma fields characteristic of hybrids.
The measured environmental background spectrum re-
ferred to throughout is shown in Fig. 1.

II. BASICS OF A FUSION-FISSION HYBRID
REACTOR

Fusion-fission hybrids couple a 14.1MeV D-T neu-
tron source to a subcritical blanket (k. < 1) to mul-
tiply source neutrons, breed fuel, and transmute ac-
tinides while retaining the safety margin of subcriticality.
The source-driven neutron multiplication can be approx-
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so neutron flux and blanket power scale roughly as S M,,,
where S is the external source strength. Designs of-
ten target keg < 0.95 for margin; some concepts pursue
deeper subcritical operation (e.g., ke < 0.7) for addi-
tional safety [3, 4]. With China announcing plans to
operate the world’s first hybrid fusion—fission plant by
2030 2], the hybrid reactor is timely and relevant, and
Velikhov—often called the “Godfather of ITER"—hailed
hybrids as “key to the nuclear renaissance” [1].

The blanket composition and the neutron spectrum
are chosen to optimise performance, sustainability, and
radiation controls. Energy production and U-Pu breed-
ing rely on sustained 238U (n,v) — 239Pu with subsequent
fission, while Th-U breeding proceeds via 232Th(n,y) —
233U, Spectrum tailoring seeks the desired capture paths
without sacrificing reactivity or power density; waste
transmutation targets both fission and capture in higher
actinides to reduce radiotoxicity and decay heat. Tri-
tium self-sufficiency requires TBR > 1, fast-spectrum
fission power must be delivered at acceptable damage
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rates to structures, and inventories of long-lived products
are limited by activation controls and impurity manage-
ment. In practice, liquid fluoride salts such as FLiBe
(LisBeF,) or FLiNaBe provide tritium via ®Li(n, )t and
furnish mild moderation; 6Li enrichment, redox control,
and salt temperature set breeding performance, corro-
sion behaviour, and tritium extraction efficiency. Neu-
tron multipliers are introduced to meet TBR and sus-
tain the fast tail: beryllium is especially effective because
9Be(n,2n) enhances the fast population and improves
neutron economy |[5, 6]; lead offers complementary prop-
erties—its (n,2n) is thresholded, but Pb provides ther-
mal inertia and aids shielding [7]. For plasma-facing com-
ponents, tungsten tiles remain favoured for erosion resis-
tance and high-temperature strength, while Be first walls
(as in ITER) add (n,2n) but require stricter handling
and dust-safety protocols [8, 9]. Overall, hybrids benefit
from a predominantly fast spectrum near the first wall
to sustain fission of higher actinides and to meet TBR,
with limited, well-placed moderation introduced deeper
in the blanket to steer capture paths without undermin-
ing fast-spectrum objectives. The activation measure-
ments reported later (Sections III and V) provide ground
truth for transport models that set keg margins, shield
thicknesses, and maintenance windows.

III. MODERATORS AND THE FIRST WALL
Introduction

Moderation is applied carefully so as not to compro-
mise subcriticality and fast-spectrum functions. For ac-
tinide burning and waste transmutation, a predominantly
fast spectrum means efficient fission of higher actinides
and decreases parasitic capture. In contrast, specific fea-
tures of the Th cycle and local power shaping needs may
benefit from spectrum softening. In practice, modera-
tion is introduced deeper within the blanket, whereas the
near-wall region prioritises multipliers and structural re-
silience.

Experiment / Methods

Energy calibration (Na-22). Prior to any measure-
ments a sealed ?2Na source was used to calibrate the
Nal(T1)+PMT energy scale at the same source—detector
geometry as used for the foil measurements. Spectra were
acquired and Gaussian peaks were fitted to the lines at
511keV and 1274.5keV. The calibration was applied in
ProSpect [33], which was the software used to acquire
and analyse the spectra in this section.

Background measurement. A background v spectrum
was acquired with a Nal(Tl) scintillation crystal cou-
pled to a PMT and positioned behind lead shielding (see
Appendix B for detector details in the course handout;
not reproduced here). The electronics were warmed up
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FIG. 2. Net NaI(Tl) spectrum for the water-moderated
198 Au foil; dashed lines indicate expected ~ energies from
NuDat3 markers (411.8, 675.9, 1087.7 keV) [27].

for ~15min to stabilise high-voltage gain, after which a
background spectrum was acquired for (4.229 + 0.001) x
103 s and saved (see Fig. 1).

Au-foil moderation comparison. A thin gold foil was
placed within the centre of a moderator block (water
and graphite) and irradiated with an (**! Am-“Be) neu-
tron source for two fixed durations: (691200 + 60)s and
(9849600 + 60) s, respectively. After irradiation, the foil
was transferred with a delay of about 60 + 15s to the
Nal(T1)+PMT detection setup, positioned within the
lead shielding at a fixed source—detector distance, and
a spectrum was acquired for the live times 436.67+0.01s
(water) and 381.66 & 0.01s (carbon). The sequence was
repeated with the alternative moderator. Acquisition set-
tings and geometry were held as constant as reasonably
possible. Gaussian curves were fitted over the peaks. No
per-peak ROI window counting was used here:
the background was taken from the separately
acquired spectrum and live-time scaled for sub-
traction.

Results

Background spectrum.  The background spectrum
(Fig. 1) was characteristic of lab radiation. A distinct
feature near ~1461 keV was observed and is consistent
with the °K line at 1460.8 keV.

Relative flux results (rounded).

(water)
— th
= (carbon)
th

=4.95+1.13.

Au moderation comparison. The water-moderated
configuration yielded a larger net 411.8 keV peak area
than the carbon-moderated configuration, implying a
higher inferred thermal flux in water (R > 1). Peak-to-
marker energy residuals were small (few keV), consistent
with NaI(Tl) resolution and minor gain drift. Table I
summarises the marker comparison with Fig. 2 showing
the spectrum (water-moderated).



TABLE I. Peak vs. marker for Au-foil runs (rounded to Nal resolution; energies in keV; rates in cps).

File Isotope Expected (keV) Found (keV) AEFE (keV) Peak (cps)
WaterModerated 1987 411.8 413.8 2.0 1.925
WaterModerated 1987 675.9 687.1 11.2 0.0216
WaterModerated 1987 1087.7 1094.6 6.9 0.0127
CarbonModerated 1987 411.8 408.2 -3.6 0.3617
CarbonModerated 1987 675.9 677.3 1.5 0.0164
CarbonModerated 1987 1087.7 1084.0 -3.7 0.0085
Interpretation V. V-52 HALF-LIFE: MAINTENANCE AND

Hydrogenous moderators (water) have a large average
logarithmic energy decrement per collision (£ = 1 for
hydrogen), therefore they thermalise fast neutrons effi-
ciently. Graphite (carbon), by contrast, moderates more
slowly (£20.16) [32] but has very low absorption com-
pared to water, preserving epithermal/fast tails (valu-
able in fast or breeder reactors). In compact moderators,
faster thermalisation in water means it is the better op-
tion at larger thicknesses, but absorption from hydrogen
can offset these benefits depending on the mission. Be-
cause the water and carbon runs shared the same geom-
etry and settings, many systematics cancel in the ratio
R. The 2.223 MeV H-capture line was negligible
here, but it is a consideration in hydrogenous designs.

IV. FIRST-WALL MATERIALS VERSUS
MODERATORS

Discussion

Choosing the plasma-facing materials depends mainly
on material durability under high heat flux, optimising
the tritium breeding ratio (TBR) as well as the neutron
spectrum that the blanket receives. Tungsten remains
the default choice because it tolerates extreme heat fluxes
and erosion while keeping microscopic stability under ir-
radiation [8, 9]. Beryllium, when used as plasma-facing
or near-wall material, adds neutron multiplication via
9Be(n, 2n) but brings handling, dust, and end-of-life is-
sues that must be designed in from the start [26]. Moder-
ators are deliberately kept away from the first wall. Plac-
ing graphite, water, or moderating polymers at depth
allows spectrum control under lower thermal and radia-
tion loads, and therefore avoids compromising the TBR
at the surface. In liquid blankets, the carrier (e.g. a flu-
oride or lithium-lead) already provides mild moderation
and tritium breeding. Be or Pb inserts are then tuned
to increase multiplication and regulate the TBR, while
maintaining thermal durability and strength [5-7].

WASTE
Introduction

Vanadium alloys (e.g.  V-4Cr-4Ti) are attractive
low-activation materials for first walls and blankets
due to their favourable activated products and high-
temperature endurance [10-12]. Under irradiation, nat-
ural 1V (99.75%) captures a neutron to form °2V, which
decays by A~ to °2Cr with t1/2 = 3.743 min [13, 14]:

5-

51 52
V(n,y)*V :
t1,2=3.743 min

P20 + 7. (2)

Theoretical formulation

Counts vs. time were modelled as

_ In2

y(t) = B+ Ae™™, k= _—,
T2

3)

with B fixed from an early baseline window and the decay
fit applied after detector transients subsided.

Experiment

A vanadium sample was irradiated near a 2*'!Am-Be
neutron source for a fixed time and transferred over a
short, timed interval to a NaI(T1) detector behind lead
at a fixed source—detector distance. Counts with a dwell
of 1.00 &+ 0.01 s were acquired over ~2050 s; a graph of
count rate against time was fitted to the model above
with B estimated from ¢t < 400 s and the fit applied for
t > 560 s.

Results

Using the model above, the fitted parameters are
B =14.705+ 0.2 cps,
A =1250.92 £ 28 cps,

k = (3.64522 + 0.000028) x 1073 s71,
Ty =1902+1.5s.
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FIG. 3. Decay fit for 2V with fixed background (top) and
residual analysis (bottom). Points show rates with Poisson
error bars; the line shows the best fit.
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FIG. 4. Nal(T1) energy spectrum (cps) for **V with level-
energy markers. Axes are labelled with units; markers show
data and counting uncertainty.

Goodness-of-fit: x?/ndf = 4.074. The fitted half-life is
3.169 min, which is 15.3% lower than the NuDat3 refer-
ence (3.743 min).

Energy Spectra

Energy spectra of 52V were recorded to check for im-
purities or secondary emitters. In addition to the prin-
cipal peak near 1490keV, a low-energy continuum was
observed on its left-hand side. This feature is consistent
with Compton scattering of v rays in the detector and
surrounding materials as well as bremsstrahlung gener-
ated in the lead shielding. These processes cause the
continuum below the full-energy peak and do not, by
themselves, imply the presence of additional nuclides.

Interpretation

Even with the underestimate, the steep decay demon-
strates rapid short-term dose reduction: A(t) =
Ag27%t/2 implies that after 15 min (~ 4.7 half-lives
by the fit), activity is (~ Ap/26); after 30 min, (~
Ap/7.1 x 10%); after one hour, (~ Ag/5 x 10°). Poten-
tial error sources include ROI selection, gain drift, and
the accuracy of the background estimate, any of which
can inflate x?/ndf. Waste classification and materi-
als control: because 2V decays rapidly, V-alloy com-
ponents tend to “decay out” with respect to other short-
lived sources. Measurement planning: post-shutdown
spectroscopy will feature 52V as a radiation indicator.
Count plans should include changing rates and decay
corrections. Detector placement, shielding choices, and
times are best chosen with simulated growth and decay
curves to maximise worker protection.

VI. INDIUM, DETECTOR EFFICIENCY, AND
SIMULATION

Introduction

Indium is a classic activation monitor: natural '5In
captures a neutron to form ''™In (t;, ~ 54.2 min),
emitting strong ~y-rays suitable for HPGe semiconductor
counting. Cadmium covers are commonly used to sep-
arate thermal from epithermal neutrons. Inelastic pro-
duction of *5™In (¢1 /5 &~ 4.5 h) may also appear [20, 28].

Theoretical formulation

Absolute photopeak efficiency at energy E enters the
activity relation

N, net

T HeB)1) )

Ac(E)

where A, is activity at count start, Ny the net peak
area, ty the live time, £(F) the full-energy-peak efficiency,
and I, the absolute emission probability. Activities are
corrected to removal via

B In2

Arm:AceAAtv A_ia
¢ T2

(5)

and, when inferring flux during irradiation of time ti,,,
the build-up factor

1

Birr = 1_67_/\)5)” (6)

is applied.



Experiment / Methods

Computational Monte Carlo (LabSOCS) modelling
was used to obtain an energy-dependent full-energy-peak
efficiency curve e(E) for the specific detector and geom-
etry, based on the manufacturer’s crystal characterisa-
tion and a 3D model including source—detector distance,
sample size, matrix composition/density, and Pb shield-
ing [21-24]. Self-attenuation and external attenuation
were included; coincidence summing and angular effects
were evaluated within LabSOCS.

To validate e(E), a certified Eu calibration source with
peaks at (122, 245, 344, 779, 964, 1408 keV) was mea-
sured in the identical geometry. The certificate activity
at the reference date to =01/10/2014 was A, = 0.0035;
decay to the measurement date ¢ used Tj,2(**?Eu) =
13.517 y (=~ 4937 days):

t—tg

Apu(t) = Aper 2 772,

Absolute efficiencies at the Eu lines were then obtained
from

Nnet,i

E) = —beti
) = A () L

Activation samples were irradiated for fixed ti.., trans-
ferred with delay At =60 + 15 s, and counted for live
time t;,. Net peak areas came from Gaussian fits with
linear sidebands.

Results

Eu comparison and fit. At the time of measurement,
the Eu activity was Ag, = 9.829 x 10* Bq, and the Eu
spectrum live time was t; = 506.32 + 0.01 s. Absolute
full-energy-peak efficiencies were fitted with a weighted
quadratic in log,, E [29-31]:

2
logige(E) = ag + a1 log o E + az(logy E)

{ag, a1, as} = {—2.926781, 0.117701, —0.214223}. @)
Figure 5 compares the LabSOCS points (and their fit)
with the Eu data (and the Eu-based fit). A goodness-
of-fit of x?/ndf = 3.07 for the Eu dataset was obtained.
Residuals versus energy with 1o error bars are shown in
Fig. 6.

Indium spectrum checks. Peak energies from the
H6mTy spectrum are consistent with NuDat3 markers
within the Nal(Tl) setup’s resolution. Centroids were
then compared to expectation; see Table II.

Per-peak activities and combined result. For the four
principal 16™In lines, activities at removal were cal-
culated using the validated e(F) and a decay back-
correction to the count start (Table III). The inverse-
variance—weighted average is

Agem (M19™In) = (1.280 £ 0.125) x 10* Baq.
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FIG. 5. Absolute efficiency validation: LabSOCS points and
fit; Eu data overlaid with the Eu-based fit.
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with respect to their fits (with 1o error bars).

Thermal flux from indium. Using the activation build-
up and decay model with the validated (E), the thermal
neutron flux inferred from the indium foil is

® = (1.978 4 0.218) x 10* ncm 257!,

Interpretation

Because the LabSOCS setup and the Eu/In measure-
ments were independent, this constitutes a validation of
the LabSOCS model rather than a circular calibration. A
distributed set of foils (In, Au, Ni) across the blanket pro-
vides spectral and flux constraints to validate transport,
improving confidence in k., TBR, and transmutation
rate predictions.



TABLE II. 1%In: expected vs. measured energies and peak
rates.

Expected (keV) Measured (keV) AFE (keV) Peak (cps)
416.0 417.027439 +1.027439 0.079990
818.0 818.626077 +0.626077 0.013454
1097.0 1097.406265 +0.406265 0.039046
1293.0 1293.810081 +0.810081 0.044891

VII. SHIELDING OF RADIATION
Introduction

Hybrid systems produce a mixed radiation field of
14.1 MeV fusion neutrons, a spectrum of neutrons pro-
duced by fission as well as capture  rays from structures,
coolant, and activated products. Radiation shields must
therefore address fast-neutron slowing, thermal-neutron
capture, photon attenuation, and streaming/skyshine
through penetrations while also remaining compact and
maintainable. A simple test with a /3 source in aluminium
provides an argument for the “low-Z first, high-Z later”
design logic used in full mixed-field shielding.

Theoretical formulation

Net count rate after subtracting background is

C B / B

Assuming exponential attenuation in areal density px,
Inr = m(px)+c, (9)
the half-thickness and a practical range are

In2
W Gl

Experiment

A sealed St source, an aluminium foil stack, and a
GM tube were used to characterise electron attenuation
in aluminium. For each total thickness x (mm), gross
counts C were recorded over ty, and background counts
B over t,. Figures 7-8 show the data and the fitted
exponential segment.

Results

The linear window contains 6 points with a reduced
X% = 4.93. From Eq. (10) we obtain

d1/y = (0.412 + 0.024) mm, (11)
Rp ~ (4.122 4 0.238) mm = (1.113 £ 0.064) gcm 2.
(12)
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To convert the aluminium range to an endpoint en-
ergy, two-point interpolation was used on the Al
CSDA range curve (ESTAR).[34] With ESTAR points
(Rl,El) = (1040 ng72, 2.00 MQV) and (R27E2) =
(1.230 gem ™2, 2.28 MeV),

By — B
Ry — Ry

B, E,
E(R) = E
(R) = B+ R — R,

(R—Rl), Oop =~ ‘ OR,

giving

F(ESTAR, 2-pt)

max

= (2.107 £ 0.095) MeV.

As a check, inverting the Katz—Penfold aluminium range
relation,

Rip [mgem™2] ~ 412 E1205 — 95 4, (13)
Rup + 95.4 1/1.265
E(Rkp) = (412) , o (14)

yields
p(Katz-Penfold) _ (9 347 4 (.098) MeV,

max
and hence the difference

A = Exp — EgsTAR, 2-pt = +0.234 MeV.



TABLE III. ''5™In peaks and derived activities at removal.

Energy (keV) Dny Gross counts Live time (s) Arem (Bq) O Avern (Ba)
416.86 0.272 533 1677.06 2.0669 x 10* 3.5512 x 10°
818.72 0.366 140 1677.06 8.2941 x 10° 1.5469 x 10°

1097.28 0.562 397 1677.06 2.1499 x 10* 3.7337 x 103
1293.56 0.848 489 1677.06 2.1382 x 10* 3.6842 x 10°
Interpretation nesses, while activation-foil checks and simple attenua-

Method consistency.  The (ESTAR) value is
closer to the ?°Y endpoint (~2.28 MeV), while the
Katz—Penfold inversion is higher. The offset is expected
as ESTAR CSDA ranges include detailed stopping-power
structure and density-effect corrections, whereas the
Katz—Penfold power law is a single-exponent approxima-
tion. Shielding implications. The result illustrates
that a thin, low-Z layer near a 3 source efficiently stops
electrons with minimal bremsstrahlung. In a hybrid-
reactor shield this logic generalises to a layered stack with
low-Z liner for 3 /electron control, a hydrogenous section
(water/PE) for fast-neutron slowing, a borated section
for thermal capture, a high-Z (steel/lead) for ~ atten-
uation, and heavy concrete for economical bulk shield-
ing and skyshine control. Penetrations are treated with
labyrinths/offsets and borated liners to suppress stream-
ing. Ultimately, transport (MCNP /Serpent) sets thick-

tion tests like this provide local validation during com-
missioning and maintenance.

VIII. CONCLUSIONS

Fusion-fission hybrids use strong, externally control-
lable sources to drive subcritical blankets for energy,
breeding, and waste management. Materials and spec-
tral tailoring near the first wall should prioritise multi-
pliers over moderators when actinide fission and TBR
are of most importance. Low-activation alloys like vana-
dium enable rapid dose reduction after shutdown, easing
maintenance and waste handling. Activation foils tied to
validated detector models form the backbone of hybrid
diagnostics. Finally, robust and layered shielding that
addresses both 14 MeV and fission-spectrum neutrons as
well as capture gammas is essential for regulatory com-
pliance and safe operations. Figures 1, 2, 4, 3 and Table I
summarise the key measurements used here.
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Appendix A: Methods and Error Analysis (Aligned with Report Workflow)
(Dated: October 15, 2025)

1. A.1 Notation and propagation (single source of truth)

Spectra. CSV: {Channel, Energy (keV), Counts}. Live times: sample tl(isv)e, background tl(il:,)e.

CvT series. Arrays z (s), y (cps). For weighting only, a small stabiliser 7 > 0 avoids zero-variance bins.
Propagation (master rule). For any derived quantity z = f(0) with parameter vector :

u?(z) = g7 cov(0)g, g=20f/00. (1)
All explicit formulas below are consistent with Eq. and follow international guidance (GUM, NIST) and the PDG
statistics review [7HIZ].
Variables and symbols (global).
Cy, Cy: gross counts in signal /background windows (dimensionless).
T, Tg: acquisition times for signal/background windows (s).
N': net counts after background subtraction (counts).
R: net rate = N/T (cps).
A.: activity at the start of counting (Bq).
Arem: activity at removal time (Bq).
e(F): full-energy-peak efficiency at energy F (dimensionless).
P,: absolute emission probability for a line (branching ratio).
A: decay constant (s71); Th /o = In2/A.

u(+): standard uncertainty; u,(-) = u(-)/(-) relative.

2. A.2 Background subtraction (used everywhere)

Counts in a signal window with a separate background window:

N =C, — aCh, a:Tl, UQ(N):CS—i—aQC’b, (2)
B

: — — ccualisat; e _c¥m) _ cE)
with net rate R = N/T and u(R) = w(N)/T. For spectra visualisation, use cps per bin: net(E) = o T ®

live live

Variables and symbols (this subsection).

a: live-time scaling factor between background and signal (dimensionless).

t(s) t(b) .

lives tive: dead-time—corrected live times for sample/background (s).

3. A.3 Carbon vs water moderation with '%®*Au (411.8 keV)

Using the 411.802keV line (NuDat3 [1]) and a sideband area (Eq. or Eq. (7)) below):

N)\Au
£(Ey) Py [1 — e Aautm]’

A = Ao = AgeMuAt. (3)



Thermal flux per configuration X € {water, carbon}:

Arcm X
Oy = : . 4
X7 Nay oer [1 — e autin] )

Report the ratio (as in the main text)

R= (Pwater/q)carbon' (5)

Uncertainty flow for R. Cancelling terms: because the same line, geometry, and analysis are used, (E,), Py,
Nay, and oeg largely cancel in R.
Dominant terms: counting in N (both configurations) and small timing terms. Thus

2 2 2
(%) ~ |:u(Arem,water)i| + [U(Arem,carbon):| . (6)

Arem,water Arem,carbon
Variables and symbols (this subsection,).
Aau: decay constant for %8 Au (s71).
E.: ~-ray energy used (411.8keV).
tm: live (or real) counting time for the Au spectrum (s).
At: delay from removal to count start (s); used to back-correct to removal time.
Nay: number of target nuclei in the foil (dimensionless).
oe: effective (spectrum-averaged) activation cross section (cm?).
tir: irradiation time (s).

Sideband option (if used).

N =C, - BC,, ﬂ:%j u?(N) = C, + B2Cy. (7)

Wsig, Wsh: total energy widths of signal and sideband windows (keV).

B: sideband scaling factor (dimensionless).

4. A.4 Counting-vs-time (CvT) for 5*V half-life (Sec. ?7?)

Model and fit (non-linear least squares; SciPy []):

y(t) =B+ Ae™™, o, =\/yi +n. Fit Aktoy— B. (8)
Half-life:
In2 In2
Ty = A u(Ty/2) = ﬁu(k)- (9)

Diagnostics: quote x?/v. If x?/v > 1, inflate parameter errors by \/x2/v (PDG prescription [12]).
Variables and symbols (this subsection,).

y(t): net count rate versus time (cps).

B: time-independent background level (cps).
A: amplitude at ¢t = 0 above background (cps).
k: decay constant fitted from CvT (s71).

m: small positive stabiliser added inside ¢; for numerical robustness (cps).

B: estimated background from an early time window (cps).



5. A.5 HPGe efficiency from Eu-152 (used for indium) and residual scatter

Eu decay to measurement time:

Ameas = Aref eiAEu(tmca57tref)a )\Eu = m (10)

Per-line efficiency point:

N; (u(e))Q (u(zv,-))2 WPy )\ 2 | [ u(Amens) ) 2
. s () = () ()’ ()’ "
AmeasTs p,w, i N; P, ;) Ameas ( )

Fit model (as in the report):

logyo € = ap + ay log,y E + az(logyy E)?%. (12)
Residual term (exactly as used): add an extra relative scatter of | 16.506% | in quadrature to account for fit

residuals:
u?(eas) + uZ(eat) + (0.16506)°. (13)

Scale terms for later indium use (as in report): adopt u,(Agu) = 5% and u,(Py (In)) = 2%.
Variables and symbols (this subsection).

Arer: Eu source activity at reference date (Bq).
Ameast Eu activity at measurement (Bq).

tref, tmeast Teference and measurement times (d or s).

7{)3": Bu-152 half-life (y).
N;: net counts in Eu line ¢ (counts).
T;: live time for Eu line i (s).

P, ;: absolute emission probability for Eu line ¢ (dimensionless).

ag, a1, az: regression coeflicients of the log—quadratic model.

6. A.6 In-116m per-line activities and inverse-variance average

Activity at count start from line i:

N;
Arem i = A(‘ i GAAt- (14)

A(‘i =T N
” TE(El) P’Y,i ! 7

Per-line uncertainty (matches report budget).

Arem J ? Nz ?
(u()) = (u( )> + (0.05)% +(0.02)? + (0.16506)? + (small timing/live-time terms if applicable). (15)
Arem,i Ni N N N——
Agy scale P, (In) e fit scatter
counting

Inverse-variance weighted mean. Let o; be the (statistical) standard uncertainty of Ayem; ezxcluding the
common-mode scale terms (Eu 5%, P, 2%, and 16.506% scatter). Then

- Z Arem i/U'Q 2 oy 1
Arcm = £ , ‘ ) Arcm = . 1
> 1/a? st ) > 1/07 16)
Finally, attach the common-mode relative terms to the combined mean:
uls (Arem) = 2 oy (Arem) + |(0.05)° + (0.02)* + (0.16506)2} A (17)

Goodness-of-fit for the lines:

Aremi*Zrem 2
X2:Z( —s ) . v=n—1; inflate uga, by \/x2/v if x*/v > 1. (18)




Variables and symbols (this subsection,).
T: live time of the indium count (s).
E;: indium line energy for peak i (keV).
At: removal-to-count delay (s).
;¢ statistical standard uncertainty of Aem,; used for weighting (Bq).

Ajem: Inverse-variance combined activity at removal (Bq).

7. A.7 Thermal neutron flux from indium (as used in report)

With irradiation time t;,, and removal-to-count delay At:

Zrom ]'
d = . 1
N Ot 1 — e Minr (19)
Uncertainty. Common-mode terms carried from Sec. A.6 remain common in ®. Writing G = (1 — e~ i) ~1
)\’ Arew) ) e i ?
(@) = <U(A)> + u?(Nm) + v (0e) + 167—>\t- u(tyr)| + (small timing At if included). (20)
rem —€ r

Variables and symbols (this subsection,).
Nin: number of target '°In nuclei in the foil (dimensionless).
oe: effective activation cross section for the flux spectrum (cm?).

tiret irradiation time (s); G = (1 — e i)~ is the build-up factor.

8. A.8 Peak localisation and sidebands

Locate: around a marker Fj, (from NuDat3 [I]) search [Ex — A, Ej + A] for the maximum net bin; refine with a
3-point parabola

b
E*:fQ—fromy%aEQerEJrc, AE = E* — E},. (21)
a

Area: adjacent sidebands with equal total width to the signal window give Eq. @; include live-time scaling via
Eq. when using a separate background spectrum.
Variables and symbols (this subsection,).

Ey: tabulated marker energy (keV); A is the search half-width (keV).
a, b, c: local quadratic coefficients used for centroid refinement.

E*: refined centroid estimate (keV); AE = E* — Fy.

9. A.9 Aluminium j attenuation (shielding section)

Areal density for thickness ¢,,:
R = p(0.)tymm [gem ™3], w(R) = p(0.1)u(tmm)- (22)
Net rate rpey = 14 — rp, with Poisson errors; fit the initial exponential region:

In2 In2
Inrypet = Mtmm +¢, dijpg=———, u(dyp)= ey

m|
Map practical range to Epnayx using Katz—Penfold [6] or NIST ESTAR [5].

u(m). (23)



Uncertainty mapping to Fmax. Include interpolation/fit-model term tmodel:

OF 2
u2(Emax) ~ (872 u('R)) + u?nodel' (24)

Variables and symbols (this subsection,).
tmm: total Al thickness (mm); p is Al density (2.70 gcm™2).
R: areal density (gcm™2); defined to avoid confusion with flux ratio R.
rg,7p: gross and background rates (cps); Tney = g — Tb-
m, c: slope/intercept from the semilog fit; d; /o is the half-thickness (mm).

Epnax: inferred endpoint energy (MeV); umoqel covers ESTAR/KP model/interp. error.
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Appendix B: Detector Fundamentals for the
Instruments Used

Theory, manufacturer notes, operating conditions, and uncertainties

Geiger—Miiller (G—M) counter with thin mica window

Theory. A Geiger—Miiller tube consists of a central anode wire within a gas-filled cathode
cylinder. At the operating bias in the Geiger region, a single primary ion pair triggers a
Townsend avalanche that flows along the wire, producing a standardised pulse, whose height is
independent of the particle’s initial energy. Quench gas terminates the discharge, preventing
continuous conduction and afterpulses. Because pulse height is not energy-proportional, a G-M
counter measures presence and relative intensity only, not spectra. After each avalanche the
tube is insensitive for a dead time 75 and at high rates this leads to undercounting, described
approximately by the model m = n/(1 + n7y) or, when avalanches extend dead time, by the
model m = ne~"7d,

A schematic of a bench G-M counter is shown in Fig.

é@GB@Cation !

h Pulse
Radiation @@@?E'ectm" ' output |, -5,
) LT
()
Core wire ' A Meter
(+ pole) "‘ Galvanic (i.e. measuring
4 KN isolation devices)
, %
Window -
(Mica or Mica film) / Metal wall (-pole)
.||| —
Gas bl Bl | LI
(Argon + Ethyl alcohol)

Figure 1: Geiger—Miiller tube with thin mica window, central anode wire, quench gas, and
readout chain. Pulses correspond to saturated avalanches and are counted by a scaler. (One
open-source schematic example: Wikimedia Commons file “Geiger-Muller-counter-en.png” by
Svjo-2.)[11]

Use in this work. The G-M counter was used to demonstrate 5 attenuation in aluminium
(Sec. A.7).

Manufacturer note. The teaching set employs a thin mica end-window tube in a compact,
mains-powered scaler supplied with the lab kit (tube type comparable to the LND “pancake”
class). The window holds good sensitivity to low-energy 8 and to a at very close geometry,
while the steel body acts as an absorber for low-energy photons.

Operating conditions and uncertainties. Statistical uncertainty follows Poisson count-
ing, so u(R) = v/C/t for a net count C in live time t. Systematic effects are dominated by
geometry set-up (source distance and alignment), window self-absorption for low-energy 3, and
gain drift if the power supply is not allowed to stabilise and these were controlled through a
warm-up period of at least 15 min, and repetition of readings. References: Knoll [I], Leo [2].



Net Spectrum (cps): Na22Calibration.csv [Na-22 markers]
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Figure 2: Nal(Tl) two-point energy calibration with a ?2Na source: top, initial calibration; bot-
tom, repeat confirming stable gain and resolution over the session. The 511 keV and 1274.5 keV
photopeaks are visible in both spectra.

3x3 ORTEC Nal(T1l) scintillation detector with PMT

Theory. In Nal(T1) scintillators, energy deposited by 7 rays produces scintillation photons
via activator levels, with a dominant decay constant of a few hundred nanoseconds. A bial-
kali photomultiplier tube converts the optical signal into an electrical pulse; the pulse height
is approximately proportional to deposited energy. The energy resolution is governed primar-
ily by photoelectron statistics and non-proportional light yield, with an approximate relation
(AE/E)rwam =~ 2.35/4/Npe. Spectra exhibit a Compton continuum, a sharp Compton edge,
and full-energy peaks where all energy is absorbed; escape features are uncommon in Nal(T1).

A typical Nal(T1)+PMT source-detector-shield configuration is sketched in Fig.

Use in this work. The Nal(Tl) system provided rapid spectra for background character-
isation, for moderation comparisons using '%®Au foils at 411.8keV, and for decay monitoring
where line separation was not limiting (see Fig. 2 in the main text). A two-point energy cali-
bration was performed with ?2Na using the 511 keV and 1274.5keV lines in the same geometry
as the activation foils. Background spectra were acquired with lead shielding and the same
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Figure 3: Scintillation detector with photomultiplier readout. The schematic highlights
dominant v interactions in Nal(Tl), scintillation and photoelectron production, and dynode

multiplication. [9, [10]

shaping and threshold settings as the sample runs. Net peak areas were obtained by Gaussian
fits with linear sidebands. A representative two-point 2?Na calibration is shown in Fig.

Manufacturer note. The scintillator/PMT assembly was supplied by ORTEC as a sealed
3x3 crystal coupled to a head-on PMT through an optical window, read out by standard
spectroscopy electronics. A Hamamatsu PMT handbook [4] provides the underpinning PMT
performance assumptions (quantum efficiency, gain, afterpulsing).

Operating conditions and uncertainties. Typical performance in this configuration is
AFE/E ~ 7-8% at 662keV, with broader peaks at lower energies due to non-proportionality.
Counting statistics in the region of interest dominate peak-area uncertainty for short live times;
background subtraction adds in quadrature via u?(N) = Cs + Cy, scaled by live-time ratios
where appropriate. Energy-scale uncertainty is mainly from short-term gain drift but this was
mitigated by a 15 min warm-up and periodic checks on the 1461 keV marker. For quantitative
comparisons across moderators, geometry and acquisition settings were held constant so that
efficiency and emission-probability systematics cancel in ratios. Residual systematics include
self-attenuation in the moderator blocks and small source-to-detector distance variations; these
were addressed by fixed measurements and repeated measurements. References: Knoll [I],
Leo [2], Gilmore [3], Hamamatsu [4].



Mirion/Canberra coaxial HPGe detector with Eu-based efficiency
(LabSOCS cross-check)

Theory. High-purity germanium detectors are reverse-biased, fully depleted diodes. Gamma
interactions create electron—hole pairs at ~ 2.96eV per pair at 77 K. Because fluctuations
are sub-Poissonian (Fano factor F' ~ 0.1), intrinsic resolution is excellent and the observed
FWHM combines Fano statistics with electronic noise and charge-collection terms, AEZy i ~
(2.35)2F<E + AE4 + AE%. Coaxial HPGe delivers keV-scale peak widths across the MeV
range, enabling unambiguous line identification and robust quantification.

A diode cross-section indicating p™ and nT contacts, depletion and neutral regions, and
aluminium electrodes is shown in Fig. [l Comparable schematics and explanations appear in
NRC training material and Mirion’s HPGe lab notes.[12}, [13]

ﬁ%gg, ettié:dp+"|"__ﬂil [IPGe digde under reverse bias

region
e” drift
pt nt
(Al contact) :“ (Al contact)
|::>
h* drift
n-type HPGe bulk
Bias: ptat 0V n* at +HV

Figure 4: Schematic p™n-nt HPGe diode with aluminium contacts under bias, indicating
depleted (insulating) and non-depleted (conducting) regions; arrows denote carrier drift. This
schematic is consistent with standard descriptions for coaxial HPGe contacts and depletion
behaviour (see, e.g., NRC training notes and Mirion’s HPGe laboratory experiment).[12] 13}, [14]

Use in this work. The HPGe system was used for absolute activity determination of
H6mIy . For the indium analysis, the full-energy-peak efficiency e(E) was obtained empirically
from a certified multi-y europium source counted in the identical geometry as the samples. The
source certificate activity At was decayed to the counting date using the stated half-life, and
per-line efficiencies were computed as

Nnet 7
Ei = | )
B = A I

then fitted with a simple log—quadratic in log;, £ and applied to the indium peaks. A LabSOCS
model of the same detector and scene was generated as an independent cross-check; its predicted
e(E) was compared to the Eu-based calibration for consistency.

Manufacturer note. The detector is a Mirion (formerly Canberra) coaxial HPGe coupled
to standard spectroscopy electronics and an MCA. A LabSOCS/ISOCS characterisation exists
for the instrument and geometry and was used only for an independent comparison of predicted
vs. measured efficiencies.

Operating conditions and uncertainties. The detector was operated on liquid-nitrogen.
Energy calibration employed at least two well-separated lines; residuals of < 0.3keV were taken



as acceptable. For activity from a peak at E,

Net
A — Bt
" te(E) L)’

with Nyet the background-subtracted area, t; the dead-time—corrected live time, £(FE) the Fu-
derived absolute efficiency, and I, the emission probability. Statistical uncertainty follows Pois-
son propagation through A.. Systematic components propagated for the indium results were
limited to those entering the Eu calibration (certificate activity and half-life of Eu, branch-
ing ratios I, and the regression dispersion of the Eu fit) plus geometry tolerances; LabSOCS
model uncertainties were not propagated into the indium activities, as LabSOCS served only as
a separate consistency check. References: Knoll [1], Gilmore [3], ISO 11929 [6], PDG statistics
review [7], Mirion application notes.

General counting, dead time, and detection limits

Theory and practice. For net counts C' acquired in live time ¢, the rate R = C/t has
standard uncertainty u(R) = +/C/t; when a separate background B is subtracted, variances
add as u?(Cuet) = Cs + Oy (scaled by live-time ratios for differing presets). Spectroscopy
systems report instrument dead time; when large, a correction n = m/(1 —mmy) is adequate for
most modern MCAs, but high-rate early-time points in decay curves should be scrutinised for
pile-up. References: Currie [5], ISO 11929 [6], PDG [7], ORTEC notes [8].
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Data, Calibration, and Reproducibility
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C.1 Conventions & Directory Layout

e Data root: Data/ (CSV UTF-8; decimal point; header row where applicable).

e Spectra CSVs: Channel, Energy (keV), Counts. For count—vs—time series, the “En-
ergy (keV)” column stores time (s).

e Timestamps: ISO 8601 (local). Live/real times recorded in CSV metadata lines where

present.

e Geometry units: mm (distances), gcm ™2 (densities).

¢ Recommended naming: Experiment_Sample Run YYYY-MM-DD.csv.

C.2 Dataset Index (by experiment)

Filename (relative to Data/) Instrument/Exp. Description

3/CarbonModerated.csv NaI(Tl), Au-198 Carbon moderator spectrum;
(Moderator) 411.8 keV ROL

3/WaterModerated.csv Nal(Tl), Au-198 Water moderator spectrum;
(Moderator) same geometry.

3/b/Indium.csv
3/b/Eu_peaks.csv
4/V-52EnergySpectra.csv
4/V52 2.csv
5/foil_reference.csv

5/measurements .CSV

HPGe, In-116m

HPGe, Eu-152 (cal)

Nal(Tl),  V-52
(Vanadium)
Nal(Tl),  V-52
(Vanadium)

GM / Sr-90 (meta-
data)

GM / Sr-90 (run
log)

Background\&Calibrations/Backgroun¥@d{Thratiofbackv

ground)

High-resolution HPGe spec-
trum.

Eu lines used for efficiency val-
idation.

Energy spectrum; line ID near
1490 keV.

Count—vs—time series (1 s
dwell).

Foil material, thickness, area;
for range calc.

Thickness steps, live/back-
ground, geometry.

Nal background used in cali-
bration.

continued on next page




Filename Instrument/Exp. Description

Background\&Calibrations/Background®®manium.(dsmck- HPGe background, calibration

ground) geometry.
Background\&Calibrations/Na22CalibiNat(bh). csfralibra- Na-22 calibration spectrum
tion) (primary).
Background\&Calibrations/Na22CalibiNat(bhR. calibra- Na-22 calibration spectrum
tion) (repeat).

C.3 Dataset Cards & Quick Previews

Dataset: 3/WaterModerated.csv Category: Au-198 (Moderator)
Instrument: Nal(T1)
Notes: Water moderator; 411.8 keV line for flux ratio.

Start Time, Tue Sep 23 14:24:16 GMT+0100 2025
Energy calibration, Offset: -28.945449829101563, Slope: 2.4586737155914307, Quadratic: O
Live Time (s), 436.67

Real Time (s), 436.74

Elapsed Computational, O

Spectrum

Channel, Energy (keV), Counts
-26.486776113510132, 0

-24.0281023979187, 0O

-21.56942868232727, 4

-19.11075496673584, 33

-16.65208125114441, 27
-14.193407535552979, 23
-11.734733819961548, 14
-9.276060104370117, 25

9, -6.8173863887786865, 24

. e

-

-

M

W ~NOoO O WN -

-

10, -4.358712673187256, 28
11, -1.9000389575958252, 9
12, 0.5586347579956055, 23

13, 3.017308473587036, 26
14, 5.475982189178467, 30
15, 7.9346559047698975, 21
16, 10.393329620361328, 30
17, 12.852003335952759, 30
18, 15.31067705154419, 30
19, 17.76935076713562, 34
20, 20.22802448272705, 36
21, 22.68669819831848, 50
22, 25.145371913909912, 35
23, 27.604045629501343, 40
24, 30.062719345092773, 37
25, 32.521393060684204, 31
26, 34.980066776275635, 31
27, 37.438740491867065, 38
28, 39.897414207458496, 47

Dataset: 3/CarbonModerated.csv Category: Au-198 (Moderator)
Instrument: Nal(T1)
Notes: Carbon moderator; ratio R = d)gater) / ¢Eflarbon).

Start Time, Tue Sep 23 16:29:35 GMT+0100 2025
Energy calibration, Offset: -28.945449829101563, Slope: 2.4586737155914307, Quadratic: O
Live Time (s), 381.66



Real Time (s), 381.81
Elapsed Computational, O
Spectrum

Channel, Energy (keV), Counts
-26.486776113510132, 0
-24.0281023979187, 0
-21.56942868232727, 2
-19.11075496673584, 53
-16.65208125114441, 62
-14.193407535552979, 79
-11.734733819961548, 67
, —9.276060104370117, 69
, —6.8173863887786865, 73

. e .

-

-

-

© 00N O WN

10, -4.358712673187256, 74
11, -1.9000389575958252, 68
12, 0.5586347579956055, 84

-
w

3.017308473587036, 85
5.475982189178467, 66
15, 7.9346559047698975, 59
10.393329620361328, 89
12.852003335952759, 83
15.31067705154419, 100
19, 17.76935076713562, 111
20.22802448272705, 92
21, 22.68669819831848, 109
22, 25.145371913909912, 109
23, 27.604045629501343, 100
24, 30.062719345092773, 104
25, 32.521393060684204, 79
26, 34.980066776275635, 85
27, 37.438740491867065, 90
28, 39.897414207458496, 106

= e =
w0 ~N o o

N
o

Dataset: 4/V-52EnergySpectra.csv Category: V-52 (Energy spectrum)
Instrument: Nal(T1)
Notes: Peak near 1490 keV; Compton continuum noted.

Start Time, Mon Jan 1 00:00:00 GMT+0000 1900
Energy calibration, O0Offset: -28.69147300720215, Slope: 2.433980941772461, Quadratic: O
Live Time (s), 570.205914
Real Time (s), 570.558879
Elapsed Computational, O
Spectrum

Channel, Energy (keV), Counts
-26.257492065429688, 0
-23.823511123657227, 0O
-21.389530181884766, 3
-18.955549240112305, 53
-16.521568298339844, 112
-14.087587356567383, 93
-11.653606414794922, 94

, —9.219625473022461, 95

9, -6.78564453125, 94

10, -4.351663589477539, 110
11, -1.9176826477050781, 106
12, 0.5162982940673828, 92
13, 2.9502792358398438, 110
14, 5.384260177612305, 119
15, 7.818241119384766, 118
16, 10.252222061157227, 134
17, 12.686203002929688, 124
18, 15.120183944702148, 138
19, 17.55416488647461, 123
20, 19.98814582824707, 137

[

M

-

-

W ~NO O WN -



21, 22.42212677001953, 118
22, 24.856107711791992, 153
23, 27.290088653564453, 150

Dataset: 4/V52 2.csv Category: V-52 (Count vs time)
Instrument: Nal(T1)
Notes: 1 s dwell; fit y(t) = B 4+ Ae™*; record fit window and dead time.

2.csv

Dataset: 3/b/Indium.csv Category: In-116m (Spectrum)
Instrument: HPGe
Notes: Main lines: 416.9, 818.7, 1097.3, 1293.6 keV.

Start Time, Tue Sep 30 12:26:03 GMT+0100 2025

Energy calibration, O0Offset: -0.13534560799598694, Slope: 0.24128232896327972, Quadratic: O
Live Time (s), 1677.06

Real Time (s), 1683.06

Elapsed Computational, O

Spectrum

Channel, Energy (keV), Counts

1, 0.10593672096729279, 3

2, 0.3472190499305725, 13
3, 0.5885013788938522, 2108
4, 0.829783707857132, 3993
5, 1.0710660368204117, 163
6, 1.3123483657836914, 64
7, 1.5536306947469711, 24
8, 1.7949130237102509, 44
9, 2.0361953526735306, 39
10, 2.2774776816368103, 59
11, 2.51876001060009, 90
12, 2.7600423395633698, 79
13, 3.0013246685266495, 109
14, 3.242606997489929, 102
15, 3.483889326453209, 101
16, 3.7251716554164886, 75
17, 3.9664539843797684, 77
18, 4.207736313343048, 77
19, 4.449018642306328, 59
20, 4.6903009712696075, 71
21, 4.931583300232887, 46
22, 5.172865629196167, 38
23, 5.414147958159447, 45
Dataset: 3/b/Eu_peaks.csv Category: Eu-152 (Lines)

Instrument: HPGe
Notes: Eu peaks used to validate efficiency curve.

Start Time, Wed Oct 8 10:41:01 GMT+0100 2025

Energy calibration, Offset: -0.15331940352916718, Slope: 0.24095268547534943, Quadratic: O
Live Time (s), 506.32

Real Time (s), 507.07

Elapsed Computational, O

Spectrum

Channel, Energy (keV), Counts

1, 0.08763328194618225, 0

2, 0.3285859674215317, O



3, 0.5695386528968811, 50

4, 0.8104913383722305, 76

5, 1.05144402384758, 31

6, 1.2923967093229294, 25

7, 1.5333493947982788, 24

8, 1.7743020802736282, 17

9, 2.0152547657489777, 58

10, 2.256207451224327, 36

11, 2.4971601366996765, 46
12, 2.738112822175026, 36

13, 2.9790655076503754, 41
14, 3.220018193125725, 38

15, 3.460970878601074, 34

16, 3.7019235640764236, 34
17, 3.942876249551773, 43

18, 4.1838289350271225, 46

Dataset: Background\&Calibrations/BackgroundCalibration.csv Category: Nal(TI)

background
Instrument: Nal(T1)
Notes: Background spectrum used during Nal calibration.

File not found at Data/Background\&Calibrations/BackgroundCalibration.csv. Place
the CSV there to show a preview.

Dataset: Background\&Calibrations/BackgroundGermanium.csv Category: HPGe

background
Instrument: HPGe
Notes: HPGe background in calibration geometry.

File not found at Data/Background\&Calibrations/BackgroundGermanium.csv. Place
the CSV there to show a preview.

Dataset: Background\&Calibrations/Na22Calibration.csv Category: Nal(Tl)

calibration
Instrument: Nal(T1)
Notes: Na-22 calibration spectrum (primary).

File not found at Data/Background\&Calibrations/Na22Calibration.csv. Place the
CSV there to show a preview.

Dataset: Background\&Calibrations/Na22Calibration2.csv Category: Nal(T1)

calibration
Instrument: Nal(T1)
Notes: Na-22 calibration spectrum (repeat).

File not found at Data/Background\&Calibrations/Na22Calibration2.csv. Place the
CSV there to show a preview.

Dataset: 5/measurements.csv Category: Sr-90 run log
Instrument: GM
Notes: Thickness steps, live times, background runs, geometry, HV.



measurement_id,foils,gross_counts,live_time_s
1,,258,1

2,1,100,1

4,7,162,10

39

9,"7,5",114,10
10,"5,6",24,10
11,"11,1",221,10
12,"7,1",158,10
13,"2,3,4,8,6",84,60
14,"6,11",20,10
15,"6,2",18,10
16,"6,5,1",25,10
18,7,165,10
20,"7,1,5",72,10
21,"9,11",194,10
22,"10,11",93,10
23,"9,10",184,10
24,"6,1",26,10

Dataset: 5/foil_reference.csv Category: Sr-90 foil reference
Instrument: GM
Notes: Foil material, mass, thickness, area; used to compute areal density.

0il_id,thickness_mm,sigma_thickness_mm,note
.28,0.01,

.46,0.01,
.46,0.01,
.46,0.01,
.27,0.01,

foi
1,0
2,2
3,2
4,2
5,0
6,3.41,0.01,
7,1.54,0.01,
8,4.41,0.01,
9,0.96,0.01,
1

1

B
B

>

0,1.2,0.01,
1,1.17,0.01,

C.4 Calibration & Energy Scale

C.4.1 Nal(Tl) energy calibration with **Na

The two dominant photopeaks (511 and 1274.5 keV) from Background\&Calibrations/Na22Calibration.csv
(and the repeat run) define a linear scale E ~ a + bChannel. If peak locations are already
extracted, record them here:

Expected (keV) Channel Measured (keV) Residual (keV) Peak counts

511.00 220 511.963 +0.963 376,586
1274.50 530 1274.152 -0.348 47,688

Fitted linear calibration (example values):

|E [keV] = a+bChannel,  a=—289454 keV, b= 2.45867 keV /ch |




C.4.2 Background spectra used during calibration

Backgrounds used with the calibration geometry are included above for reproducibility.

C.5 LabSOCS Geometry & Materials (summary)

Detector model/serial /

Characterisation file (LabSOCS ver.
)

Sample container/matrix (density
gem™?)

Source-detector distance — mm (tolerance + mm)

Endcap/window (dead layer
jm)

Pb shielding _ mm (grade )

C.6 Sr-90 Attenuation Setup (from metadata)

Files: 5/foil_reference.csv and 5/measurements.csv.
The Sr-90 g8 attenuation analysis uses:

e Foil parameters (material, density, thickness, area) from 5/foil_reference.csv.

e Run ladder (thickness steps, live/background times, geometry) from 5/measurements.csv.
Derived quantities (to be computed in analysis):
In2
Inr=mmR+c, d1/2=ﬁ7 Rg ~10dy/5, R = pt,
m

with p from the foil reference and ¢ from the thickness ladder in the run log.

To record after fitting: m=_____ mm™! (or convert to (gem2)"" via R),

diyjp=— mm, Rg=___ mm, X2/ =

C.7 Processing Provenance

Scripts / notebooks: analysis.ipynb, process_indium.py (commit: )

, LabSOCS

Software: Prospect , Python , NumPy/SciPy

Geometry files:

Random seeds (if any):

C.8 QA/QC Checks

e Nal background stability: K-40 at 1461 keV drift < keV during session

e V-52 CvT: early dead-time fraction < % (trim earliest bins if higher)

Geometry repeatability: £ mm; Eu/Indium matched geometry

e Au-198: confirm 675.9 and 1087.7 keV peaks consistent with 411.8 keV

Sr-90: confirm semilog linear window selection; report x?/v and residuals
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