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Nuclear data experiments at ASP
• Experiments in 2011-2015 by CCFE at ASP accelerator, AWE,

Aldermaston

• Deuteron beam (up to 15 mA) onto a tritiated target producing
14 MeV DT neutrons at rate of up to 2.5× 1011 n s−1

• Variety of metal foils (< 1 g) irradiated in 300+ experiments

▶ irradiation times from 1 min. to 1 hour
▶ transfer to HPGe detector for γ-spectroscopy
▶ count times from 5 min. to 1 day
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Neutron spectrum

• Characterisation of neutron spectrum at irradiation position using MCNP
▶ Required for flux estimation using reference foils (see later)
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Typical results: foil stack of Mo+Fe+Al

• Peaks correspond to
γ-emissions of decaying
radionuclides

• background associated
with Compton scattering

• Time-sequence of γ-spec
recordings captures nuclide
decay

• can be used to calculate
t = 0 activity more
accurately compared to
single snapshot in time
(see later)
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Size of experimental database

• 330+ experiments in 8
campaigns

• ∼20000 individual
γ-spec

• samples foils covering
wide number of metals
of (fusion) interest, and
also some alloys

(campaign 1 likely unusable
due to absence of flux
measurement foils)

Experimental distribution - campaigns 2-5
Stainer et al., EPJ Web Conf. 247 (2021) 09010
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Development of automated processing
• Automated processing required to handle such a large amount of data with as little
user-input as possible

• Features:
▶ Handling of the complete set of γ-spectra from one experiment together

−→ takes advantage of the extra time-dependent data available from acquisitions
▶ User-defined set of emission peaks identified and counts traced in time

including background and Compton corrections and handling of overlapping peaks

▶ Least squares fitting of data to decay functions to obtain decay-corrected activities
(directly comparable with inventory simulations)

▶ Flux ϕ estimation from peak counts of well-characterised reactions
(56Fe(n,p)56Mn, 27Al(n,p)27Mg, and 27Al(n,α)24Na)

▶ Integral cross section σ calculation
▶ Automatic plotting of data and decay fit
▶ easily scriptable to process full experimental set (or subset) using identical inputs

First described in Gilbert et al., Nucl. Data Sheets 119 (2014) 401 (but continuing to evolve)
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Flux calculation

• ASP flux measurements typically performed using fission counters

• not reliable due to uncertainties in geometry correction for difference between foil
and counter locations – hence Fe+Al foils from campaign 2 onwards
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• Zr-Fe-Al foil stack; fit to 27Mg

C(t) = C0 exp

(
− ln 2

T1/2
[t + ttransfer]

)
C0 = 273.5,T1/2(

27Mg) = 567.5 s

• A0 = 16418.8 Bq, σ = 0.057 barn

• Flux estimated from:

A0 = NAσϕ

[
1 − exp

(
− ln 2

T1/2
tirr

)]
ϕest = 1.13× 109 n cm−2 s−1
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Flux calculation (2)

• Automated processing also accounts for overlapping peaks

 200

 300

 400

 500

 600

 700

 800

 0  100  200  300  400  500  600  700  800  900

C
ou

nt
s 

pe
r 

liv
e 

se
co

nd

real count time (s)

fit
experimental data

27Mg & 56Mn peaks at 843.7 and 846.8 keV

ttransfer = 10.9 s

tirr = 299 s

• Cr-Fe-Al foil stack - double decay fit to
27Mg & 56Mn

(
T1/2(

56Mn) = 9296.6 s
)

• Dead-time issues due to activity in Cr

• But can be excluded from fit in
processing tool

• from 27Mg: A0 = 10875.8 Bq,

ϕest = 7.32× 108 n cm−2 s−1

from 56Mn: A0 = 1452.7 Bq,

ϕest = 6.94× 108 n cm−2 s−1

C(t) = C 1
0 exp

(
− ln 2

T 1
1/2

[t + ttransfer]

)
+ C 2

0 exp

(
− ln 2

T 2
1/2

[t + ttransfer]
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Early integral σ measurements
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• After first campaigns the processing system was used
to calculate integral cross sections for several peaks for
comparison to TENDL-2011

• Reasonably successful, but not taken further at the
time

C=“Calculated σ”

E=“Experimental σ”

118Sn(n,p)118mSn

natTi(n,X)46mSc

186W(n,2n)185mW

FNS – Japan; SNEG – St. Petersburg, Russia

Packer et al., Nucl. Data. Sheets 119 (2014) 173
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Mo analysis

Gilbert et al., Nucl. Fusion 60 (2020) 106022
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Interest in Mo

• Mo is a potential alternative to W in high
neutron flux and high thermal load regions

▶ the plasma facing components

• acceptable sputtering/erosion (Brooks et al. 2015)

• good thermal properties
▶ Thermal conductivity k ≈ 100 W m−1 K−1

(≈ 110 for W) at 1200K, tm = 2622◦C

• but has long-term activation issues that need
validation and confirmation

2 R.A. Pitts et al. / Nuclear Materials and Energy 000 (2017) 1–15

ARTICLE IN PRESS
JID: NME [m5G;March 17, 2017;20:2]

Fig. 1. CAD models of a single cassette of the 54 units in the ITER W divertor and exploded view of a portion of one of the PFUs bearing W monoblocks (note that this is

not a precise representation of the actual MB design).

54 stainless steel cassettes bearing vertical targets, themselves 

constituted of a series of plasma-facing units (PFU) made up of 

chains of W monoblocks (MB) bonded to a CuCrZr cooling tube. 

These MB are rated for a stationary power handling capacity of 

∼10 MW m 

−2, with excursions (referred to as “slow transients”) of 

twice this value (20 MW m 

−2) for shorter time durations (several

seconds) up to several hundred cycles. This capability was derived 

broadly from physics analysis (mostly based on SOLPS-4.3 plasma 

boundary code simulations, e.g. [3,4] ), but is also determined to 

some extent by the limits of available technology. It is built into

the engineering qualification imposed on the PFU suppliers, who 

must demonstrate integrity of the components for 50 0 0 heat load 

cycles of 10 s duration at 10 MW m 

−2, in addition to 300 cycles

of 10 s at 20 MW m 

−2 (performed using electron beam facilities) 

[5,6] . These criteria are intended to provide a component capable 

of survival from the start of ITER operations through to the end 

of the first DT phase when the primary mission goal of long pulse 

(several hundred seconds, burning plasma operation at Q DT = 10) 

will have been routinely achieved. 

After several years of refinement following the decision in 2011 

to discard the original strategy of a CFC/W target for non-active 

phase operations [2] , the remaining key element of the ITER full 

W divertor design requiring consolidation is the issue of MB 

front surface shaping. The use of all-metal plasma-facing armour, 

especially in high heat flux (HHF) areas, imposes a design in which

component melting is avoided if at all possible. Given the glancing 

angles at which magnetic field lines impact surfaces in tokamak 

divertors, this means avoiding leading edges (LE) which may occur 

due to tolerance build-up during manufacture and installation of 

components. 

“Global” shaping, in the form of tilting of the entire vertical 

targets ( ∼0.5 °), protects the unavoidable gross misalignments (few 

mm) appearing between individual cassettes (see Fig. 2 a), whilst

specific shaping of selected MBs at the toroidal extremities of 

outer vertical target baffle area provides some mitigation against 

the intense transient heat fluxes expected during downward

vertical displacement events [2,7,8] . On the vertical targets, en- 

gineering specifications require that the radial step, d between 

toroidally adjacent PFUs in the HHF areas not exceed a challenging 

d = 0.3 mm, for inter-PFU poloidal gaps of 0.5 mm ( Fig. 2 b). Ther-

mal simulations (see Section 3.4 ) show that such (poloidal gap) 

edges will melt for parallel power flux densities q || ∼ 250 MW m 

−2, 

corresponding to ∼15 MW m 

−2 on the top surface of an unshaped 

MB for the ∼3.5 ° field line angle of incidence in the baseline 

(I p = 15 MA, B ϕ = 5.3 T) ITER burning plasma equilibrium (taking

into account the global target tilt). Such power fluxes are easily

attainable on ITER in the event, for example, of uncontrolled 

divertor reattachment events. Melting of these MB LEs is also 

expected under transient heat fluxes due to ELMs or disruptions.

In fact, the avoidance of edge melting (and hence the provision

of a factor 2–3 against full surface melting) in the absence of 

misalignments (perfect MB alignment), is the origin of the spec- 

ification on the maximum Type I ELM energy loss, �W ELM, used 

to define the ITER ELM control requirements [2,9] . In this paper, 

LE disruption-induced heat loads will not be discussed further. 

With regard to fast transients, focus here will be on ELMs simply

because many more such events are expected. 

To protect inter-PFU MB radial misalignments, the baseline ITER 

divertor design solution is to include a simple toroidal bevel on 

the MB front surface ( Fig. 2 b). With bevel height of 0.5 mm over 

a toroidal extent of 28 mm (the standard dimension in the HHF 

area of the outer vertical target), the bevel angle of ∼1 ° adds to 

the global tilt and the field line incidence angle to define the total 

angle for projection of parallel power flux onto the top surface.

Considerable effort has been invested in a physics and thermal 

response study of this simple MB shaping option subject to steady 

state and transient (ELM) ion fluxes, employing 3D ion orbit 

calculations [10,11] , benchmarked against 2D particle-in-cell (PIC) 

modelling, the latter self-consistently including local electric fields 

[12]. The result is that although the solution does of course elim- 

inate the poloidal edge melting issue for steady state loading, the 

increased angle between the surface and the field lines increases 

the top surface power flux density and reduces the margins both

against ELM driven melting and the avoidance of surface tempera- 

tures (T surf) in excess of W recrystallization for steady state power

flux densities. In addition, toroidal bevelling does not eliminate

the appearance of local hot spots due to particle penetration down

gaps between MBs and ELM induced melting of toroidal gap edges

[10,11] . 

The general issue of W leading edge loading in a real tokamak 

environment at ITER relevant (controlled) ELM energy flux densi- 

ties was addressed by a dedicated experiment conducted on JET in 

2013 [13,14] . A single lamella in one of the bulk-W JET outer diver-

tor target tiles was deliberately misaligned to height of ∼1 mm and 

exposed to a series of high power H-mode discharges. The experi- 

ment hoped to observe transient (ELM-driven) melting for the first

Please cite this article as: R.A. Pitts et al., Physics conclusions in support of ITER W divertor monoblock shaping, Nuclear Materials and 

Energy (2017), http://dx.doi.org/10.1016/j.nme.2017.03.005 
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Figure 1. Cross-section of the ITER divertor illustrating the previous design (blue) and new shape (black) which emerged from the 2007
ITER design review. The materials choice for each of the PFCs is marked (reproduced from [4]).

duration H-mode plasmas and the ability to adequately control
plasma position during disturbances which would otherwise
lead to divertor component damage, particularly of the dome
(or septum). As a result, the divertor performance has been
reassessed, demonstrating that the new design satisfies the
power handling and helium exhaust requirements already
well established for the original pre-2007 design. Further
modifications have also been made to improve diagnostic
access, provide for greater ease of manufacture and to
introduce flexibility for testing plasma operation, albeit at
lower power levels, with tungsten divertor targets, all the
while leaving the original design materials mix unchanged
(notably carbon fibre composite (CFC) at the highest heat flux
areas). This paper briefly describes the final divertor design,
discussing the expected physics and technology performance
and rationale for the modifications that have been included as
a result of the design review.

2. Principal divertor design modifications

To achieve its primary goal, ITER must operate long pulses
at high plasma current (15 MA) and high fusion power
(∼ 500 MW). This combination places severe demands on
the poloidal field (PF) system which must provide sufficient
flux swing, ensure control of plasma shaping, wall gaps,
strike point positions and vertical position of the plasma
column. Throughout, adequate margin for disturbances must
be ensured since the high-power flux densities flowing in
the edge mean that only very short periods of contact with
surfaces other than the divertor targets can be tolerated. The
situation is exacerbated by the use of superconducting coils,

the large coil-plasma boundary separation and the presence of
the vacuum vessel, all of which make radial position control
in response to transients impossible on timescales of less than
a few seconds. Figure 1 illustrates the ITER divertor cross-
section, superposing the original configuration on that which
emerged from the assessment, summarized briefly below,
constituted by the design review process. A second view of
the final design can be found in figure 7 which accompanies
the discussion of section 4 on divertor construction.

The new divertor design differs only slightly from the pre-
design review variant and retains the principal features of the
ITER divertor strategy: vertical high heat flux target areas,
reflector plates positioned at lower end of the vertical targets
and a dome in the private flux region. Vertical targets promote
efficient spreading of the incident plasma power flux density
using magnetic flux expansion and near glancing angles of
field lines at the target surface in the poloidal plane. The
reflector plates protect the divertor cassette body (CB) from
plasma radiation and transient movements of the strike points.
The dome acts to improve neutral confinement, assisting in
the achievement of higher divertor neutral pressures (which
improves pumping efficiency, reduces upstream helium con-
centration and assists in the achievement of partial detach-
ment). It also has a role to play in neutron screening
and facilitating the implementation of divertor diagnostics
(section 4).

A variety of experimental and simulation studies, per-
formed both during and immediately following the design
review, have examined the ITER operational space, in
particular for the ITER 15 MA reference H-mode burning
plasma scenario, including current ramp-up/down [5]. An
important conclusion was that the original PF system affords
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Fig. 1. (a) CAD model of the DEMO divertor cassette and (b) a target PFC mock-up with a schematic of the cross section [1].

this paper, recent results from the WPDIV activities are presented
focusing on the subproject ‘Cassette’ (Fig. 1 [1] ).

2. General technical information

In the European DEMO plant design, the divertor consists of 54
separable cassettes. For each set of three cassettes, a lower port
is assigned for remote maintenance operation. The DEMO divertor
has a reduced size compared to the ITER divertor [4].

In Fig. 2 the sectional geometry of the current cassette model
(revised in 2016) is illustrated together with the dimensions. The
cassette body has a poloidal extension of 3.02 m,  height of 1.97 m
and toroidal outer width of 1.04 m.  The nominal gap size between
two adjacent cassettes will be between 20 and 30 mm.  The main
body of cassette is made of Eurofer97, reduced activation ferritic
martensitic steel. It is divided into chambers separated by stiffening
ribs.

The in- and outboard vertical targets are protected by actively
cooled PFCs covering the surface. The PFCs and main cassette body
are cooled by separate cooling circuits to hold different coolant
temperature for each. The primary option for coolant is water for
the whole divertor whereas the feasibility of helium cooling is also
explored as a low-priority option. The baseline design option for
water-cooled PFCs is the ITER-type tungsten monoblock (with a
reduced size) with CuCrZr cooling tube [4,5]. In addition, novel PFC
design concepts are developed [2].

It is noted that the dome is still regarded as optional and its
necessity is currently under extensive assessment.

3. Neutronic analysis

Based on the DEMO plant CAD model of 2015 (with helium-
cooled pebble bed blanket), 3D neutronics analysis was carried out
using the MCNP5 code and JEFF 3.2 nuclear data [6]. The calcula-
tions were normalized to the gross fusion power of 2037 MW which
would correspond to a neutron production rate of 7.232 × 1020 n/s.

As the final decision is still open as to whether the dome shall be
deployed or not, it was assumed that the entire surface of the cas-
sette body to the plasma was covered with PFCs of the same kind
to shield the whole cassette from particles and radiation. It is noted
that this is a temporary option to avoid any unrealistic neutronic

assessment in the absence of a dome. A consolidated shielding con-
cept is currently devised which shall be employed in case dome is
not adopted.

For the neutronics modelling of PFCs, it was assumed that the
section of the PFC consisted of 3 homogenized layers where the
outermost layers were tungsten and the middle layer was  a mixture
of tungsten (W:  34 vol.%), water (33 vol.%), CuCrZr (18 vol.%) and
copper (Cu: 15 vol.%) representing the actual volume fraction of
constituent materials in the PFC.

For the cassette body, water as well as helium was  assumed
as coolant, for which 3 different cases of materials mixture were
considered as follows (volume percent):

1) H2O-cooled: Eurofer (54%), H2O (46%)
2) He-cooled: Eurofer (50%), He (50%)
3) He-cooled: Eurofer (30%), He (50%), B4C (20%)

In the case 3, B4C cladding was assumed for neutron shielding.
The chemical composition of Eurofer97 steel is given in Table 1.

Only the major alloying elements and the impurities of high radio-
logical impact are listed [7].

3.1. Neutron wall loading

The neutron wall load in the divertor exhibits high spatial vari-
ability due to the complex geometry. The maximum value amounts
to 0.53 MW/m2 at the upper surface of the cassette which is roughly
one half of the maximum neutron wall load at the outboard equa-
torial first wall (1.33 MW/m2).

3.2. Nuclear heating

Fig. 3 shows the spatial distributions of nuclear heating power
density in Eurofer for the water-cooled (left) and the helium-cooled
(right) cases, respectively. It shows that nuclear heating in Eurofer
was concentrated near the surface of the cassette and decreased
rapidly in the outward radial direction (nota bene: the color code
scale is logarithmic). The volumetric heating power density ranged
between 0.1 and 6 MW/m3 for the water-cooled cassette body
whereas it varied from 0.2 to 4 MW/m3 for the helium-cooled case
(0.1-3.5 MW/m3 with B4C shield).

Table 1
Chemical composition of Eurofer97 steel (wt.%) [7].

Fe Cr W Mn V Ta C Ni Mo  Ti Nb Al B Co

base 9 1.1 0.4 0.2 0.12 0.11 0.01 0.005 0.02 0.005 0.01 0.002 0.01

T.R. Barrett et al. / Fusion Engineering and Design 109–111 (2016) 917–924 919

Fig. 3. Divertor cassette assembly.

of all PFCs [4,7]. Features are also included for exhaust of neutral
gas impurities to the vacuum pumping system.

Because of the extreme challenge of handling tens of MW/m2

under a reactor environment and duty cycle, the divertor PFCs are
cooled using water at 150 ◦C, 5 MPa. Water cooling in this regime
gives excellent heat transfer performance, although a safe mar-
gin must be maintained to the critical heat flux (CHF). The coolant
temperature is too low for efficient power conversion, but it is antic-
ipated that the divertor power will be usefully transmitted to the
power cycle via a pre-heater stage.

2.2.2. FW concepts
The FW,  as on ITER, is a high heat flux component. The sur-

face heat flux has been taken in past studies to be in the region
of 0.5 MW/m2, with poloidal peaking ∼1.2 [9]. This may  prove
to be an appropriate level for a uniform, normal scenario load;
but peaked loads due to magnetic field ripple, plasma transients,
wall dimensional intolerance, etc., could be an order of magnitude
higher. Baseline FW concepts are based on helium and water cool-
ing of EUROFER channels [10–14], which are reported to have heat
flux limits of about 1 MW/m2 and 1.5 MW/m2, respectively. Impor-
tantly, these limits are based on engineering analyses however they
neither account for irradiated material properties nor the presence
of the tungsten armour. In reality the structure–armour bond could
dominate the stress field.

It seems highly likely that, as on ITER, the design of PFC will
necessarily need to vary with position around the wall. Indeed,
for many years there have been different concepts for the FW and
divertor. But further, as our understanding of the FW load distri-
bution is improving, and given the major challenge of meeting the
tritium breeding ratio (TBR) requirements [15], we must deploy
specific FW PFC solutions to meet the local load conditions and
other requirements. An example is at the top of the machine, where
particle loads are expected to be higher than nominal due to the
proximity of the secondary X-point. Specific top first wall (TFW)
PFCs may  need to be developed for this need.

As well as this heat load requirement, the DEMO FW (unlike
ITER) must be designed to minimise its impact on the overall TBR
and contribute heat to the reactor power cycle at reasonable effi-
ciency. Simple balance of plant studies suggest that reasonable
cycle efficiency implies a coolant outlet temperature of at least
∼300 ◦C.

The FW and BB have inherently different functions. As identified
by Federici [2], a critical decision in the FW design is whether to
make it hydraulically and mechanically “integrated” in the breed-
ing blanket box (as in the baseline design; see Fig. 4), or whether
instead to make the FW a distinct (“de-coupled”) component. The
advantages and disadvantages of these schemes are portrayed in
Table 1. The decision of which architecture to adopt must be led by
increasingly detailed engineering design and assessment studies.

A further decision surrounds the use of limiters. Discrete limiters
could perhaps be a strategy to withstand the highly peaked plasma
loads that would otherwise strike the FW,  while not excessively

Fig. 4. Helium cooled pebble-bed (HCPB) blanket variant exhibiting an “integrated”
FW (image courtesy of KIT).

impacting the reactor TBR. They might also be used during plasma
ramp-up and ramp-down, when a high wall load is expected (due to
a limiter plasma configuration). Limiters were considered for ITER,
but abandoned due to their complexity and difficulty handling the
highly focused heat load. Instead, ITER uses a shaped wall [4] which
acts both as a limiter for start-up and as the actively-cooled wall
for normal operation.

Note that, regarding the maintenance scheme, the reference
concept is that the FW will only be exchanged as part of the
remote handling of the whole blanket segment. The ITER FW pan-
els are designed to be individually exchanged by remote handling
in-vessel. However, even one month into a DEMO shutdown the
gamma  dose in-vessel is predicted to be 2 kGy/hr, making a FW in-
vessel replacement operation almost inconceivable [16]. Possible
exceptions could be limited regions such as the TFW; by making this
part of an upper port “plug” it might be exchanged while retaining
the inboard and outboard blanket segments in place.

2.3. PFC requirements

2.3.1. Divertor PFCs
The baseline divertor PFC for DEMO is a variant of the ITER

divertor, i.e., tungsten armour monoblocks surrounding a structural
copper alloy (CuCrZr) cooling pipe [17]. This is shown diagrammati-
cally in Fig. 5. CuCrZr is selected as it is unrivalled in its combination
of thermal conductivity and strength; however, under irradiation
it suffers embrittlement at ∼150–200 ◦C and softening and creep at
∼300–350 ◦C, and may  only be useful for doses up to around 5 dpa

Fig. 5. Baseline water-cooled divertor target PFC concept.

Pitts 2017 NME 12 60-74

Pitts 2009 Phys. Scr. T138 014001

You 2017 Fus. Eng. Des. 124 364-370

Barrett 2016 Fus. Eng. Des. 109-111 917-924

Brooks et al. 2015 Nucl. Fus. 55 043002

Plasma-facing erosion rate

DEMO FW

DEMO divertor

ITER divertor
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Examples of data deficiencies on Mo
• Not all reactions are well measured (particularly at 14 MeV)

• Initial question: do ASP data cover these?
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Mo experiments: peak identification

• 8 experiments included Mo (and necessary Fe+Al foils)

• all foils of stack in an experiment measured together
▶ not ideal, but necessary for these short irradiation, short measurement &

single detector experiments
• γ spectra contained several identifiable peaks
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Mo experiments: peak identification

• γ spectra contained several identifiable peaks
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Mo experiments: peak identification

• γ spectra contained several identifiable peaks

• 9 associated with well-known reactions in Fe & Al
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Mo experiments: peak identification

• γ spectra contained several identifiable peaks

• 9 associated with well-known reactions in Fe & Al

• & 8 peaks corresponding to γ-emissions from radionuclides
generated in Mo
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Peak count tracking

• (Compton) background subtracted from the peak
∆-counts in each time-step

• Remaining peak area provides counts per live second
(i.e. accounting for detector dead-time)

∼9000 total
background-corrected

counts during
15-minute acquisition

experiment 82
89mZr peak at 587.8 keV
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Peak count tracking + fitting

• Data fit to give C0 count rate at end of irradiation

• C (t) = C0 exp
(
− ln 2

T1/2
[t + ttransfer]

)
• t is real time, C is counts per second

• ttransfer is transfer time between end of irradiation and start
of acquisition (typically ∼ 10 s via pneumatic rabbit tube)

C0 = 47 s−1

experiment 82
89mZr peak at 587.8 keV
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Experiment vs. simulation

A0

t

A
ct

iv
ity

tirr

irradiation

tdelay measurement

• Experimental activity at end of irradiation:

A0 =
C0

Deff(Eγ
p )Ip

Deff – calibrated HPGe detector efficiency

Eγ
p – γ energy of peak

Ip – peak intensity based on decay branching ratios

• total flux ϕ averaged from
27Mg, 56Mn, and 24Na peaks

• Calculated A0 activity for
91mMo, 98mNb, 97mNb, 89mZr, 97Nb

▶ obtained from FISPACT-II simulations using
TENDL-2019 nuclear cross sections and averaged ϕ value

• ratio between calculated and experimental activities (“C/E”) –
measure of simulation quality

A0 = Nσϕ(1− exp−tirrλ)

N – number of parent atoms (e.g. 56Fe)

λ – radionuclide decay constant

tirr – irradiation time
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C/E results
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C
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All data provided in paper:
Gilbert et al., Nucl. Fusion 60 (2020) 106022

• Experiments were not optimised
for these measurements and there
are high uncertainties due to high
background (leading to poor statistics in
some cases)

• But C/E values are reasonable

• calculated values generally within a factor
of 2 of experiment (good for γ-spec)
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C/E results
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• Some experiments appear to be better
than others

▶ Experiment 134 bad due to interference
from Ti foils

Experiment number
All data provided in paper:
Gilbert et al., Nucl. Fusion 60 (2020) 106022
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C/E results
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• Predictions for some radionuclides better
than others
(but not much in it)

• Open questions:
▶ Statistics too poor for xs measurement?
▶ But good enough for scoping benchmark?

Experiment number
All data provided in paper:
Gilbert et al., Nucl. Fusion 60 (2020) 106022
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coverage limitations

T1/2 Pathways
97mNb 53.0 s 97Mo(n,p)97mNb
91mMo 1.08 m 92Mo(n,2n)91mMo
89mZr 4.13 m 92Mo(n,α)89mZr
98mNb 51.30 m 98Mo(n,p)98mNb
97Nb 1.23 h 97Mo(n,p)97Nb
91Mo 15.49 m 92Mo(n,2n)91Mo
99Mo 2.7 d 100Mo(n,2n)99Mo
95Nb 35 d 95Mo(n,p)95Nb
91mNb 61 d 92Mo(n,np)91mNb
91Nb 680 years 92Mo(n,np)91Nb

92Mo(n,2n)91Mo(β+)91Nb
93Mo 3500 years 92Mo(n,γ)93Mo

94Mo(n,2n)93Mo
94Nb 20000 years 94Mo(n,p)94Nb

95Mo(n,np)94Nb
99Tc 210000 years 98Mo(n,γ)99Mo(β−)99Tc

100Mo(n,2n)99Mo(β−)99Tc

• Short irradiation, short measurement,
small sample experiments

▶ but showed that simulations with modern
data do well at predicting short-lived
activity and decay-heat on Mo

▶ important for post-operation maintenance
and remote handling in a fusion reactor

• no data on the production of important
long-lived nuclides

• Nuclides explored

ASP

FNS, Japan

fusion reactor

Gilbert et al., Nucl. Fusion 60 (2020) 106022
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Summary, status and future

• Over several years, a large database of γ-spectroscopy measurements were taken for a
variety of metal foils irradiated for short periods in the 14 MeV ASP accelerator at AWE

• some limitations, which might prevent and individual experiment being used for
high-accuracy cross section measurements

• but as a whole, the data, if treated in a consistent way, could be utilised as a scoping
benchmark data-set to test inventory simulations and nuclear libraries for several key
elements

• will only test production of short half-life radionuclides

Future

• repeat Mo analysis for other elements to mature those data subsets into usable
benchmarks (some work already begun for the 20+ experiments on W)

• eventual release of processed data with inventory simulation input parameters as a
benchmark suite
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Thank you
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