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Abstract

Delayed gamma rays following neutron activation, induced by a 6 MeV linear electron
accelerator (linac) coupled to a deuterium oxide photo-neutron conversion target, are
simulated with MCNP6.1. The 1039 keV copper activation gamma peak is detected with a
33 % relative efficiency hyper pure germanium detector. Two copper distributions were
assessed for a 2-hour irradiation followed by a 2-hour counting configuration.
Homogeneously distributed copper in a planar scrap metal matrix shows %Cu detection
limits of 10.01 g. A solid copper sample, modeled at five distinct positions in the planar
scrap metal matrix, exhibits detection limits from 8.27 to 14.27 grams.
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Introduction

Neutron Activation Analysis (NAA) is a legacy technique developed since the end of
the 30s [1][2]. Following its discovery, the method was used in several applied fields such
as archelogy [3][4] and forensics [5]. More recently, the method is used for homeland
security applications due to the growing need of threat detection in the past years [6][7].
Several NAA techniques are also widely used in the framework of foundational research
subjects [8][9][10]. In regards to industrial applications NAA is still under development,
for instance, for the non-destructive elemental characterization of specific manufactured
pieces such as metals [11][12][13].

In the framework of its collaboration with ArcelorMittal R&D, LIST Institute from
Commissariat a [’Energie Atomique et aux energies alternatives (CEA) is currently
studying the applicability of a recent neutron activation technique that aims at estimating
the amount of copper in scrap metal [14][15]. Using the 6 MeV mode, the Linatron® M9
linac from Varex Imaging Corp. housed at the SAPHIR platform of CEA Paris-Saclay is
coupled to a deuterium oxide photo-neutron target. The latter is placed inside a High
Density Polyethylene (HDPE) neutron interrogation cell manufactured for neutron
irradiation purposes [16]. This technique presents several advantages in the scope of scrap
metal characterization, due to important neutron emission intensities higher than 10° n.s*
[17], and the possibility to use the same linac along with a X-ray radiography and photon

activation analysis [18][19].

This paper aims to explore the achievable performances of such a variant of NAA in the
field of copper characterization in scrap metal using the SAPHIR linac at 6 MeV. In this
scope, Monte Carlo simulations have been carried out with MCNP6.1 and the Activation
Control Card (ACT) [20] to compute the 1039 keV delayed gamma ray from ®°Cu. This
study focuses on a surface interrogation scenario by modeling a scrap metal planar sample
with two very different copper distribution assumptions. Either copper is described with a

homogeneous distribution, or with a solid disk placed at five positions in the metal matrix.
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This paper reports the neutron flux behavior in the measurement cell, the 1039 keV peak
contribution detected with a hyper pure germanium computed with MODAR Software

(MCNP Output Data Analysis with Root) [21], and corresponding detection limits.

1. Numerical Approach

With the aim of evaluating the performance of linac-based neutron activation technique, a
numerical model of the SAPHIR platform and the neutron irradiation cell formerly
developed in [16] have been adapted to MCNP6.1. This version of MCNP6 was used as it
implements the ACT card which allows the simulation of neutron-induced activation
gamma rays for which creation and temporal behavior were validated in [22][23]. Fig. 1
illustrates the SAPHIR platform with a Linatron® M9 linac and the HDPE cell developed
for neutron interrogation applications. This figure also reports a perspective representation
of the main building blocks of the simulation model for the case of the solid copper disk
with each element numbered from (1.) to (8.) with :

(1.) a 126.6 g copper disk-shaped sample of 3 cm radius and 0.5 cm thickness for the case
of the solid copper distribution model. This element is absent for the homogeneous
distribution study.

(2.) A planar shaped iron matrix of 40 x 40 x 0.5 cm3dimensions for which 125.9 g of ®Cu
are added to this element for the homogeneous distribution study.

(3.) The HDPE cell with 5 cm thick walls and a 70 x 90 x 92 cm? internal volume.

(4.) The (y, n) deuterium oxide (D2O) conversion target of around 16 kg described by the
parallelepiped of 54.4 x 13.6 x 19.6 cm® dimensions.

(5.) The n-type coaxial Hyper Pure Germanium (HPGe) detector crystal, defined by an air-
filled cylinder of 0.7335 cm radius and 4.285 cm length placed within a germanium
cylindrical body of 2.548 cm radius and 5.505 cm length.

(6.) The detector’s aluminum external envelope of 3.66 cm inner radius, 6.94 inner length,
and 1.5 mm thickness.

(7.) The air filling the HDPE cell cavity.

(8. a.) The Linatron® M9 tungsten collimator housing the (8. b.) primary (e, y) conversion

target described as pure tungsten bodies of 19.3 g.cm= density.
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Dimensions (in cm) related to this numerical model are reported in Fig. 2; three section
representations are shown including a view from the top, and two from the sides. Each
simulated component, its respective mass, volume, density and associated chemical
composition for the homogeneous and the solid copper descriptions are summarized in
Table 1.

The incident neutron energy distribution calculated in [17], presented in Fig. 3, corresponds
to the (e, y) conversion of the incident 6 MeV electron beam in tungsten followed by the
(y, n) reaction in the deuterium oxide canisters. The neutron source distribution is a 10 keV-
per-bin histogram from 0 to 3 MeV, emitting an average energy and neutron emission of
0.4 MeV and 2.03 x 10° n.s? in 4x sr. The related spatial definition corresponds to a
homogenous distribution in the volume of the D>O secondary target [17]. Liquid deuterium
oxide fills four separated equi-volume parallepiped-shaped adjacent canisters, justifying a

single body source description.

This case scenario models the copper sample with a pure ®°Cu abundance. This choice
comes from the fact that ®°Cu is the second most abundant isotope in natural copper, up to
an average 30.85 % [24] and the second most likely present in scrap metal. Also, this study
focuses only on the 1039 keV activation delayed gamma ray associated to radiative capture
5 Cu(nm, v)®Cu which is one of the most intense copper activation gamma ray [25]. In
more details, for this reaction resulting radioactive ®®Cu undergoes a B~ decay onto %°Zn
activation product with a 5.120(14) min half-life ; after which ®Zn (produced in one of its
excited states), emits the 1039 keVV gamma ray of 9.23 % intensity to reach the Ground
State (GS) [25].

With the aim of reaching %6Zn nucleus secular equilibrium, the irradiation time period Tirrad
has been fixed to two hours to reach a nucleus production rate higher than 99.99 %. In the
same way, the 1039 keV gamma ray acquisition time Tacquisition Was fixed to two hours to
count the signal of interest with a rate higher than 99.99 %. Irradiation and counting times
were rounded up to two hours rather than ten times the activation product half-life to
simulate more realistic acquisition times with respect to industrial applications. The

associated chronogram related to this study is presented in Fig. 4.
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Creation and transport of activation gamma rays such as the 1039 keV signal from copper
are simulated with the ACTivation (ACT) control card from MCNP6.1 in single-step
computations. For this study, only Delayed Gamma rays (DG) from non-fissionable
materials are of interest, thus, parameters related to the use of the ACT card are fixed to
NONFISSION=P and DG=L.ines. Although the ACT card allows single-step computations,
which reduces biases related to classical two-steps calculations such as reaction rate
simulation and its accurate description as a secondary source [26] [27], using ACT engages
an important computing power. In order to reduce computational time, activation
gamma rays were evaluated with a variance reduction point photon flux F5:P tally placed
in front of the HPGe detector model (see Fig. 2), and a cluster composed of around a
thousand of processors, owned by CEA List Institute, has been used. Each computation
was carried out using 10%° source-neutrons to obtain a statistical uncertainty below 4% for

the 1039 keV activation gamma ray of interest.

In order to simulate the signal detected by an HPGe detector, each point photon flux F5:P
output was processed with the MODAR software [21] developed by CEA IRESNE
Institute. MODAR allows smearing the ideal F5:P output tally with the energy response

function of a 33% relative efficiency HPGe detector following
S (E) = fE,FS:P(E’) X RFypgessn(E', E)AE" (1)

Where S(E), given in counts-per-source-neutron, refers to the MODAR processed signal
at energy E after smearing the MCNP F5:P output with the HPGe response function. F5:P
(E”) describes the point photon flux estimated at the entrance of the HPGe detector and
finally the pre-calculated response function RFnpcessw(E’,E) defines the probability that an
incident photon with energy E’ leads to an energy deposit E in the 33% relative efficiency
HPGe detector. RFupcessw(E’,E), written in an independent ROOT® [28] macro, was
formerly estimated in [21] by means of MCNP simulations where each E’ energy deposit
corresponds to a F8:P tally output computed in the germanium crystal volume for a given
incident mono-energetic photon at energy E. Mono-energetic source photons emitted
perpendicular to the front section of the crystal were defined by a disk-shaped surface of

2.725 cm radius parallel to the detectors front surface. Two thousand independent
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computations allowed covering the 0 to 100 MeV energy region, for incident photon

energies defined each 50 keV.

Both raw F5:P output data and MODAR processed spectrum for the computation related
to Fig. 2 are presented in Fig. 5. One can notice the presence of several activation
gamma rays from the main chemical components in this simulation. Activation gamma
rays with intensities above 1 % in the 100 to 1800 keV energy region are reported in
Table 2. Fig. 6 shows the Region of Interest (Rol) of the delayed gamma ray at 1039 keV
from ®Cu(n, y)®®Cu reaction which is clearly visible above the active background
continuum, allowing further investigations on the applicability of this method to copper

characterization in scrap metal.

Linatron-M9 linac Measurement cell

Fig. 1: a) View of the SAPHIR platform showing the Linatron® M9 linac; b) perspective
representation of the MCNP6 model of the measurement cell dedicated to neutron
irradiation applications; c) internal computed bodies as noted in the text.
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153  Fig. 2: Representation of the MCNP6 model (not to scale) from respectively: a) YZ view,

154  b) XY view and c) XZ view of the neutron measurement cell. Colors are associated to the

155 density of each model component.
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158  Fig. 3: Neutron energy spectrum from the 16 kg D.O secondary target for a 6 MeV initial
159 electron beam as simulated in [17].
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167 Fig. 6: Zoomed-in section in the 0.8 to 1.2 MeV region of interest for the study of the
168 1039 keV copper activation gamma ray.



169 Table 1: Description of the modeled components and associated chemical atomic and
170 weight fractions.
Chemical composition
Modeled parts
Solid distribution Homogeneous distribution
Body Volume (cm?®) Mass (9) Density (g.cm?®) Element W. fraction Element W. fraction
() 14.14 126.6 8.96 8Cu 1.
ke 0.05845
ke 0.05845
Fe 0.91720
(2.) 785.9 6.180x10° 7.87 Fe 0.91720
SFe 0.004250
SFe 0.02435
%Cu 0.02010
Element W. fraction
1
3) 234.9x10° | 223.2x10° 0.95 H 0.143682
H 0.000033
12c 0.856285
2H 0.20118
4. 14.45x10° 15.99x10° 1.107
o] 0.79882
°Ge 0.2120
2Ge 0.2760
(5.) 105.0 558.8 5.32 8Ge 0.0776
"“Ge 0.3594
®Ge 0.0750
(6.) 27.16 73.35 2.7 Al 1.
H 0.0011
(7)) 1.500x10° 1.830 1.22x10°3 “N 0.7925
o] 0.2064
180wy 0.0012
(8.a) 8.026x10° 154.9x10° 182\ 0.2630
19.3 183y 0.1428
@8b) 0.02260 0.4370 W 0.3070
186yy 0.2860
171
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Table 2: Main present activation gamma rays [25].

Activated Associated . Activation delayed . . .
) Half-life Associated intensities (%6)
Element reaction gamma rays (keV)
copper 85Cu(n, y)®¢Cu 2.241 min 1039 9.23
aluminum ZTAl(n, y)?Al 5.120 min 1779 100
1368 | 784.8 | 558.0 | 264.4 | 3.30 | 1.32 | 16.1 | 539
1193 | 781.3 | 461.4 | 2155 | 257 | 1.01 | 1.27 | 28.6
germanium | "Ge(n,y)"’Ge | 11.30hours | 1085 | 714.4 | 419.8 | 211.0 | 6.05 | 7.17 | 1.23 | 30.8
9289 | 6344 | 416.3 | 1948 | 1.05 | 2.08 | 288 | 1.77
810.4 | 631.8 | 367.4 227 | 6.95 | 140
160.5 5.12
182W(n, y)t8mw 5.20 sec 107.9 18.9
102.5 2.42
. 173.7 3.26
tungsten 1B4W(n,y)8™W | 1.670 min
131.6 4.33
772.9 551.5 4.12 5.08
186W(n, y)'¥'W | 23.72 hours 685.7 479.5 27.3 21.8
618.3 134.2 6.28 8.80

10
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2. Performance assessment

This section focuses on two copper distribution assumptions with the aim of evaluating the
performances for both described scenarios. The first scenario corresponds to a 125.9 g
homogenous distribution of %*Cu throughout a plate of scrap iron metal (report to Tab. 1
for the chemical and geometrical description). The second case investigates a solid 126.6 ¢
pure %°Cu disk at various positions within an iron metal plate. The solid copper disk is
described for five positions in the matrix; a do= 0 cm centered position, and for respective
distances at d1 =4.23 cm, d2 = 7.75 cm, d3 = 14.04 cm and ds = 24.04 cm from the center
along the diagonal of the metal piece (report to Fig. 7).

All computed signals S(E) were scaled in order to obtain the number of counts for each

energy bin C(E) written as

C(E)=S(E) XEy X Tiraa (2

Where En is the 2.03 x 10° n.s* neutron emission of the deuterium oxide secondary
conversion target, and Tirad the two hour-irradiation time. The spectra, in counts-per-bin,
considering the homogeneous distribution and each position of the solid Cu disk zoomed
in the 1039 keV Rol are reported Fig. 8. This figure shows a decreasing trend towards the
distance d from the middle of the planar matrix (in fine, from the HPGe crystal) explained
by a classical decrease in detection efficiencies. Indeed, the 1039 keVV number of counts
C(E) follow a quadratic law

C(E) = —2.9223d? — 73.08d + 13154.4 (3)

For the homogenous distribution, the signal is lower than d2 solid distribution and close to

ds. This signal behavior is explained as follows:

= (n, y) activation rates in the plate (reported in Tab. 3) for the six studied computations
are homogenous. Rates are 5340 + 38.98 for the lowest, up to 5346 + 5.881 act.s for
the highest.

11



202
203
204
205

206
207
208
209
210
211
212
213
214
215
216
217
218
219

220
221
222
223
224
225
226
227

228
229
230

Detection efficiencies reported in Tab. 3 decrease with respect to the disk distance from
(2.622 +0.01783) x10* for do position to (1.613 +0.01274) x10* for ds The
homogenous description result of (2.144 +0.01458) x10™*is close to that for d3 of
(2.294 + 0.01514) x10™.

All six rates were computed with a F4:N neutron flux tally evaluated in the entire volume
metal plate (i.e scrap metal and solid disk volumes for the positions study). This last was
convoluted with the neutron induced (n, y) activation reaction cross section using a FM4
tally multiplier coupled to the MT=102 parameter and SD option in order to scale this
factor with the plate’s and disk’s volume. The results of these computations were finally
scaled with the neutron emission and irradiation time. Homogenous rates for each studied
configuration are explained on the one hand by the fact that iron and copper neutron
activation cross-sections follow similar trends. For instance, accordingly to ENDF/B-VIII
recent data libraries, ®Cu and ®Fe (n, y) cross sections are 2.149 and 2.605 barns at
25.3 meV [29]. On the other hand, incident thermal neutron flux is homogenous across the
XZ section at the planar metallic sample within the HDPE cavity for the homogenous and
for do to ds solid sample position in the matrix as presented in Fig. 9. To illustrate this
result, thermal neutron flux cartographies where computed with a RMESH:N tally with
low and high-energy thresholds of 102 and 0.025 eV fixed with the ERGSH option.

Detection efficiencies calculations were done with the 1039 keV gamma ray energy deposit
for the full-energy peak, computed with a F8:P tally in the HPGe crystal volume. For the
solid disk description, sources were defined as a mono-energetic 1039 keVV gamma rays
isotropically emitted by cylinder shaped volumes of 3 cm radius and 0.5 cm thickness
placed at respective do, d1, d2, d3, and ds distances from the middle of the matrix along the
diagonal. For the homogeneous spread copper description, the photon source was defined
as mono-energetic 1039 keVV gamma rays isotropically emitted in the volume of plate

shaped matrix.

This section aims at investigating the performance of linac-based neutron activation
technique in terms of copper detection limits. In this scope, total counts from the 1039 keV

peak have been integrated over six bins from 1036 to 1041 keV. In order to calculate the

12
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useful net counts of the 1039 keV signal over the active background, the former were
evaluated with linear extrapolations of the Compton continuum with the (a ; b) couple of
parameters in the 1036 to 1041 keV region (report to Tab. 3). The standard deviation ¢ on
the 1039 keV gamma peak over the active background continuum is calculated following

a Poisson law

0= \/N + 2 X Bcompton 4

Where N defines the net peak area and Bcompton the Compton continuum active background.
The associated uncertainty on the total signal (described by T) corresponds to the MCNP6
statistical uncertainty (see Tab. 3) for the 1039 keV F5:P output.

Detection Limits in counts (DLcounts) Were calculated to cover a detection for o and
factors [30] (respectively describing a false-alarm and no-alarm probability for the signal
of interest) of 2.5%

DLcounts ~ 3.92 X Vi 2 X BCompton (5)

Uncertainty over detection limits u(DLcounts) divided by the detection limits in counts is

calculated as the ratio of the uncertainty on the active background Compton continuum

U(Bcompton), €Stimated as \/Bcompton, OVEr two times the Compton continuum

u(DLcounts) __ U(Bcompton) 6

DLcounts 2 X Bcompton

Detection limits in counts DL.,,n:s Were finally divided by the sensitivity coefficients Scy,
resulting into the detection limits in mass DL, ,ss- Scu IS calculated as the ratio of the signal
net counts divided by the 125.9 g and 126.6 g homogeneous and disk-shaped copper
distributions (see Tab. 3). Relative error u(DLmass) for detection limits in grams were

calculated expressed by

U(DLmass) — J(u(DLcounts) 2 4 (u(SCu))z (7)

DLmass DLcounts Scu

13
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Where the uncertainty u(Scu) corresponds to the standard deviation ¢ divided the copper
homogenous and disks-shaped masses. The total (T) and net counts (N) for the 1039 keV
peak of interest for this study, as well as the active background Compton continuum
(Bcompton) In the 1036 to 1041 keV Rol and associated detection limits, are reported in
Tab. 3.

In this study, the ®°Cu detection limits reported in Tab. 3 increase from 8.272 + 0.2085 g
to 14.27 £ 0.5293 g for solid planar-disks positioned from do to ds distances, in accordance
with the calculated detection efficiencies trend, which decrease from do to ds. This is
consistent with the notable homogeneity of activation rates for each position study. For a
solid mass positioned in a planar matrix, the technique’s performance is thus mainly
dependent on the copper mass distance towards the detector. For the homogeneous spread
copper in the metal plate, the detection limit is 10.01 + 0.2895 g. This exhibits that the
technique alone cannot discriminate homogenous copper spread on a scrap metal piece

from a piece with heterogeneities on it.

a) b) c) d) d, e) d,

d: )
" D | Pt

Fig. 7: XZ view from the numerical model of the metal matrix with a solid copper disk

placed at a) do; b) d1; ¢) d2; d) d3 and e) ds4 positions as noted in the text.

14
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279  distribution; respective solid copper mass placed at b) do in the middle of the scrap metal
280 sample; and c) d1; d) d2 ; e) ds ; f) ds distances from the middle of the metal piece.
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282 Table 3: Detection limits considering the homogeneous distribution assumption and the
283 solid copper mass at positions do to da.
) Homogeneous ) . ] . ]
Dist. Solid for do Solid for d; Solid for d Solid for d3 Solid for d4
spread
Act. Rate (s) | 5346+0.5883 | 5341+3.247 | 5341+3248 | 53413247 | 5341+3248 5341 +3.247
Det. Eff. 2.144 2.622 2.576 2.325 2.294 1.613
(x10) +0.01458 +0.01783 +0.01597 +0.01534 +0.01514 +0.01274
F5:P
1.540 2.170 2.230 2.360 2.680 3.680
Stat. Unc. (%)
T (counts) 5452 +83.96 | 6314+137.0 | 6221 +138.7 | 5981+141.2 | 5433+1456 | 4491 +165.3
(ash)
(-2.427; 2885) | (-2.889;3378) | (-2.849;3339) | (-2.759;3242) | (-2.728;3201) | (-2.569;3033)
param.
BCompton
2189+ 47.79 | 2271+47.66 | 2284+47.79 | 2262 +47.56 | 2206+46.97 | 2190 +46.80
(counts)
N (counts) 3263+87.41 | 4043+9266 | 3937+92.22 | 3719+90.79 | 3227+87.40 | 2301+81.74
D.L. (counts) | 259.4+2832 | 26422772 | 264.9+2.771 | 263.7+2.772 | 260.4+2.772 | 259.4+ 2772
S (@) 25.92 31.94 31.10 29.37 25.49 18.18
9 +0.6943 +0.7319 +0.7284 +0.7171 +0.6904 +0.6457
D.L @ 10.01 8.272 8.518 8.979 10.22 14.27
il +0.2895 +0.2085 +0.2185 +0.2387 +0.2974 +0.5293

16




284

285
286
287
288

289
290
291
292
293
294
295
296
297
298
299
300
301

302
303
304
305
306
307
308
309
310
311
312

3. Discussion

The detection limits for ®Cu of several grams are encouraging results. It proves the
detectability of the signal of interest above the Compton continuum with no interference
with other gamma rays. It also shows the applicability of the method for a primary rough

copper mass estimation.

Additional experimental measurements of the platform’s active background should be
studied to justify that the 1039 keV gammaray can be detected above the Compton
continuum. Additional contributions from activation gamma rays produced in the metal
matrix, modeled as a pure iron plate, but also the walls of the facility or other bodies
surrounding the neutron cell, could decrease the reported performances. Also, a copper
chemical description integrating ®3Cu present with a 69.15 % abundance in natural copper
could influence these results. The high energy activation gamma ray at 1345 keV is emitted
following ®3Cu(n,y)®Cu activation with a 12.7 hours half-life. Even though the branching
ratio of this ray stands at 0.48 % [25], its contribution to the active background continuum
could decrease the net signal of the 1039 keV peak. Furthermore, self-absorption and
attenuation effects could alter this signal in presence of %3Cu. In addition, second order
effects associated to the numerical model geometrical approximations might influence the

present results.

The following axis of investigation can enhance the reported performances. Detection
limits can be optimized by operating the linac at 9 MeV with the same DO secondary
target for which neutron emission was evaluated at 7.99 x 10° n.s [17]. Almost four times
higher than the 2.03 x 10° n.s* emission for the 6 MeV mode. A heavier mass of deuterium
oxide could be used to achieve higher neutron emissions. The neutron measurement cell
can be optimized by widening the irradiation cavity and using complementary graphite
blocks to enhance neutron flux thermalisation similar to [31][32][33]. Additional lead
bricks surrounding the outer walls of the neutron cell could limit the contribution of the
active background produced outside the neutron cell, such as tungsten gamma rays reported
in Tab. 2. A detector of higher relative efficiency such as the 104 % n-type coaxial HPGe
used in [26][34] for similar Delayed Gamma Neutron Activation Analysis (DGNAA)

17



313
314
315
316
317
318
319
320
321
322

323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339

340
341
342

applications could be deployed. Also several HPGe detectors instead of a single detector
would enhance the signal. In addition, such as 764 keV and 1114 keV inelastic scattering
copper (n, n’y) gamma rays [35] emitted during neutron irradiation can be detected. Also
prompt activation gamma rays such as high-energy gamma rays at 7640 and 7910 keV
[36], just after the end of each linac pulse could be detected complementarily to the
1039 keV gamma ray. In addition, the 1039 keV delayed gamma ray can be detected in
inter-pulse mode rather than post-irradiation only, such as delayed gamma rays measured
in [37] in the field of SNM (Special Nuclear Material) detection. For instance, the
Linatron® M9 linac can be used in inter-pulse mode with 2.5 ps long pulses and a frequency
ranging from 40 to 400 Hz at 6 MeV and 40 to 385 Hz at 9 MeV.

In terms of experimental applications, linac based NAA present an advantage with respect
to classical techniques. For instance, the use of high-energy 14 MeV neutron sources such
as a D-T generator can deteriorate the resolution of the HPGe detector [38]. This study
shows that for linac based NAA, 93.5 % of the interrogating source are thermal neutrons
and 6.14 % are epi-thermal. The remaining 0.36 % proportion of fast neutrons entering the
HPGe range at 8.04 x 10° n.cm? number-of-neutronsper-surface-unit for the 2-h
irradiation time, thus below the 10° n.cm threshold recommended by ORTEC constructor
[39]. With the present irradiation parameters, the latter would nevertheless be reached after
124 characterizations. This estimation was computed with a F4:N tally at the entrance of
the HPGe crystal volume, segmented for the respective 0 to 25.3 meV; 25.3 meV to
0.9 MeV; and 0.9 to 10 MeV regions for thermal, epithermal and fast neutrons. In the same
way, the experimental application of the present method should pay a particular attention
on electronics dead-time, similar to [37]. Indeed, this study shows acquisitions during and
between each irradiation pulse suffer an important data loss up to 57.9 %. A particular
attention should focus on the copper (n, n’y) and prompt activation gamma rays signal
reconstruction. Also, experiments with more realistic industrial scrap metal matrixes

shape’s and distributions should be carried as it will influence the reported performances.

In terms of complementarity with other nondestructive methods, reported signals for the
homogeneous copper distribution and the five solid positions in the iron plate show the
need to deploy this method with additional discrimination techniques. For instance, a
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primary collimated photon activation analysis using the linac at 9 MeV and the same
detector could allow the detection of a copper hot spot. Indeed, (y, a) reaction thresholds
range respectively at 6.79 and 7.61 MeV for ®°Cu and °Fe [40]. The presence of photon-
induced copper activation gamma rays following ®*Cu(y, a)®Co reaction in the spectrum
for a particular scrap metal scanned position could provide additional information of a solid
copper presence in the matrix. Moreover, a primary X-ray radiography performed using
the same photon source, as already studied at the SAPHIR platform in the field of nuclear
waste packages characterization [18][19], could be used to complete this study.
Nevertheless, in the scope of scrap metal characterization this method will be limited due
to the close densities of copper (dcu=8.96 g.cm?) and scrap metal,

for which the matrix is mainly composed of iron (dre=7.87 g.cm?).

Conclusion

This study aimed to explore the potential of copper characterization in a scrap metal piece
by means of linac-based delayed gamma neutron activation technique. This study focused
on the use of a 6 MeV linac coupled to a 16 kg deuterium oxide secondary target emitting
2.03 x 10° n.st in 4m sr within a HDPE neutron measurement cell. The analysis of the
1039 keV delayed gamma ray from ®Cu, and its detection with a 33 % relative efficiency
HPGe was evaluated in the post-irradiation mode. Two assumptions regarding the
distribution of copper in the scrap metal piece were compared: 125.9 g homogeneously
spread and 126.6 g located in a disk-shaped solid mass. The solid mass was studied for five
distinct positions in the matrix at increasing distances from the middle of the planar sample
along the diagonal. Pure ®*Cu was modeled with MCNP6.1 and the signal of interest was
simulated with the ACT card coupled to the MODAR software. All signals show the
detectability of the 1039 keV delayed gamma ray above the active Compton Continuum
background with no other activation gamma ray interferences. Mass detection limits of
copper were evaluated from 8.272 £0.2085 g to 14.27 £ 0.5293 g for the solid disk
positioned in the middle of the matrix, and positioned 33.94 cm far from the middle,
following the diagonal of the plate. For the homogeneous spread copper in the metal

matrix, detection limit are 10.01 + 0.2895 g, which are encouraging performances in view
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of further investigations conducted with an optimized measurement protocol. Furthermore,
performances obtained with the two case scenarios and for each studied solid copper
position show the interest and the technical potential of the linac-based neutron activation
technique with respect to classical NAA.
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