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B Outline

Nuclear fusion based on magnetic confinement
* Fusion neutrons
° Their journey to the magnets

Shrinking the reactor size
* Solving/generating problems

Radiation damage

* Improved pinning by large defects
* Degradation of superconductivity due to small defects

Mitigation strategies

* Reliable prediction of the changes caused by neutron radiation
* Shielding/annealing

Conclusions
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B Nuclear Fusion

Deuterium

D+T— “He (3.5 MeV) +n (14.1 MeV)

\S @150 million °C

Fusion neutrons are needed for the fuel
JET record cycle but some of them harm reactor

69 MJ, 5.2 s components.

Q<1
& = [@F) + Qs

www.euro-fusion.org/media-library/fusion-experiments 4 }g;;f;
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Eisterer
Notiz
This superposition of "good" and "bad" neutrons should just emphasize in the following, whether an effect is desired or harmful.


B Conventional fusion reactor concepts

EU DEMO

Poloidal cross-section

I s Toroidal cross-section .
Use of Nb;Sn:
10}
K]
= Central Solenoid e ° LOW T (~1 8 K)
5} A C )
0 Vacuum vasssl [ — Acceptable heat load is small
e TF coil s — Keep distance to the plasma
™ 2
m | e « Low H,, (~25T)
-5 : R % — Limited achievable field
- First wall Piasma _ — Restricts the power density («< B*).
-10 ol 0 - — —
asma 0 - | 10 15 20

—_— 5 015 20 R. Kembleton et al. FED 178 (2022) 113080

R/m
Advantages: Disadvantages:
» Demonstrated technologies (ITER) * Very expensive (commercial viability?)
* Only few technological issues left — Difficult to find funding
* No radiation issues for the — Slow progress
superconductors (DEMO operation: second half of century)
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Notiz
R denotes the major radius of the torus (plasma).


B High temperature superconductors have become available

High temperature superconductors enable
higher operation fields (H.,~150 T) and temperatures (7.~90 K)!

 Fusion power density scales with fourth power of magnetic field, B*.

— Same power possible with smaller reactors
— Higher heat load

» Compact reactors

+ Affordable
— Private investments
— Dozens of start-ups worldwide
— Rapid development

— Many open issues

At 1 GW,:
1 GJ/17.6 MeV = 3.5-102° neutrons per second
il
Flux density through enclosing torus: = 2 ;2 m-2s-* https://www.psfc.mit.edu/sparc
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Size matters

Reactor cost increases exponentially with size, heat and radiation load decrease for fixed power.

R, major Fusion

plasma power
radius (m) (GW)

JET 3 0.015
ITER 6.2 0.5
DEMO 9 2

SPARC 1.85 0.1
ARC 3.3 0.5

Afilfira s mm

e LT

[T 7T
TRIEER

Sorbom et al.,
FED 100 (2015) 378

www.iter.org 7
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Notiz
Some Tokamak reactors shown on (nearly) the same scale. (ITER is a plotted a bit too small to fit on the slide. DEMO would not fit anymore.


A neutron’s journey to the magnet

Neutron flux density decreases with the
e utronisijolirney distance from the plasma.

 Geometric effect

» Absorption
» Neutrons are moderated.
I LS &9 M d lastic collisi
& g g £ Q5 — Mean energy decreases (elastic collisions)
\({;’ \<§ 9 (os 5\ S — Continuous energy distribution
L & £ L5 « Secondary particles are generated.
> S NS
N 9 o
S S &
5 O v
S S

Neutron flux density decreases from the first wall to the magnets
by many orders of magnitude, depending on the reactor design.
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B Blanket

» Heat production (steam turbine)
« Tritium breeding (blanket):
6Li+n—“*He + T +4.8 MeV

» Neutron multiplier:
« 9Be +n— 2%He +2n
« 208Pp +n — 297Ph + 2n

Most neutrons are absorbed in the blanket.

D + T — *He (3.5 MeV) + n (14.1 MeV)

e utrenistjeurney

Q@ o N
] Q N
I &S 88
e LS
& NS
S S )
s S &
Y m
S
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B Vacuum vessel/magnet casing/structural material

* Neutrons are moderated (energy becomes lower).

Neutrons are absorbed.
Nuclear reactions

* Production of secondary particles (e.g. nickel)

* Neutrons

* Protons
 Electrons
 o-Particles

— Complex radiation field

Radiation tolerant materials (no problem for their properties)

e utreonisyjeurney

N

FET IS 68
‘_o\k'co‘bl\\lo
* F ¢ 5 5 S
L L F T3
IS Coch

s &S See

N > L
N Y
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Notiz
This refers to the mechanical properties, which are not expected to change significantly at the expected neutron fluence (behind the first wall and blanket). However the secondary radiation generated by nuclear reactions may be an issue. Also  the activation of the structure materials has to be considered to avoit nuclear waste.


B Insulators

« Ceramic insulators are robust against radiation.

» Organic materials

« Degradation of mechanical properties

e utronisijeurney

Bl 1410”m”
Bl 2410”m”
3 3 3 O X~ N s
§ &9 0L
DGEBF Ansaldo (90°) 286 MPa (gJ ‘g q? O\(D N bé’
S N A Q
DGEBA  aistom (90) 387 MPa ] \Q\Q S S(o T S
s £
20 % CE 110 (20) (90°) 265 MPa 3 O 9 &
L L 83
30 % CE  T8(30) (90°) 269 MPa D )
40 % CE T2 (40) (90°) 313 MPa Ultimate tensile strength (UTS)
100 % CE T (100) (90°) 250 MPa » Fast degradation of epoxy resins
« Good radiation hardness of
0 10 20 30 40 50 60 70 8 0 100 cyanate esters (CE)
o o TSI S ) - Sufficient radiation hardness of
Similar radiation tolerance as €oated conductors. epoxy — CE blends \

R. Prokopec et al., AIP Conf. Proc. 986 (2008) 182
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Notiz
The ultimate tensile strength is normalized to the value of the unirradiated (reference) sample.


Organic insulators

Gas production/swelling

0 MGy

e

3 MGy

10 MGy

Gas production: 3-12 mm?3/mg
Swelling (thickness): < 11%

¥
-
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B Insulators: absorbed dose

Tests at 77 K, irradiation at ~340 K (minor influence)

1.2 :
bie o jiaed’ o TRIGA Vienna
o &8 " at . .
E ssl o 2MeV electrons lonizing radiation breaks
2 041 o 60-Co y-rays chemical bonds.
02l 21-005 = |[PNS Argonne l
o Ly - ]
0 10° 107 108 10° .
L2 . /I it r ] Deposited energy (dose: J/kg)
o I g ¢l I ; ] changes chemistry.
2 038 * mMe ¢ 4 Bost R -
3 1° | > fos 4
® o6 c{: @0 06 5 o
2 =
0.4 0.4 - 4
02} 21-003 02l CTD-101 |
00—” 'Ic‘)“ ' '167 | 16” ' 1%)9 004’1 1(')6 u;c? 168 10°
Tolal absorbed dose (Gy)  Tolal absorbed dose (Gy) K. Humer et al., Cryogencis 35 (1995) 871

Scaling all data to the absorbed dose works well!
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Crystalline Materials

Lattice atoms have to be dlsplaced to damage the materlal
— scattering of charge carriers !
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B Cable/stabilizer

Any defect breaks translational symmetry of the crystal lattice
— scattering of charge carriers

* Decrease in mean free time t
* Increase in scattering rate 1
» Decrease in mean free path | = vgt

. TR mev
* Increase in normal state resistivity p,, = ——

ne?l

vg... Fermi velocity

m,... mass of charge carriers
n... density of charge carriers
e... elementary charge

Problem for magnet stability?

ipe utronisijourney
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B Cable/stabilizer

Resistivity (@4.2 K) change in copper after n-irradiation (@5 K)

50

Neutron Irradiation at 5K 0 Cu N(Ann) |G({ Ann) [HP{ANN) |
Irad.  ®=12x10%" n/m? (s 5K irrad.
After 300K ann, 7 o
w0 60 e utrem sfjourney

V*Pre irrad.

/10" am

|
N

=
S=
N
N I

Oggﬁggﬁgj'ég 6
§ .§ £ 3 § £ é s g Accumulated Fluence /110%' n /m?)
* Ap is nearly independent of initial resistivity. .
K. Nakata et al., JNM 135 (1985) 32 6 YA,
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Notiz
Most defects are not stable at room temperature, hence a thermal cycle partly recovers the resistivity, only a small fraction of the increase due to the radiation is retained.


B Cable/stabilizer

Resistivity (@4.2 K) change in copper and aluminum after n-irradiation (@5 K)

50 — 70 150
Neutron Irradiation at 5K Cu N (Ann) [G(Ann) [HP{AnN | A2 (Ann) 2
Irred.  ®=12x10% n/m? _ H[As 5K irrad. /i
60 fter 300K ann ’, :
40+ /o
74&8 irrad. Cycle3 / !
/ /I
/o
. 100 I
E | /
o Cycle 1 Cycle 2
= [
o = L i
— - I:
~ Je) !
= ! /
Q ~ {’ : !
/ Q i1 /
— 7 B .,’ ] !
;j ! 4
/o /
50
10| ',%
7 7
v % f}/ 7 7
7
0 £ L /AN Z‘ ! :
< § - % § 2 z § ' 6 2 3 4 5 6
b = 2
= 5 § 5 3 2 § = 3 Accumulated Fluence /(10 n/m?) Accumulated Fluence /(10°' n/m”)
E & & & 5 =z = 3 b=

* Ap is much larger in aluminum.

K. Nakata et al., JNM 135 (1985) 32 17

IEEE CSC, ESAS and CSS] SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 58, Feb. 2025.
Presentation given at 1SS 2024, Kanazawa, Japan, Dec. 3-5, 2024.


Eisterer
Notiz
In contrast to copper, the resistivity of aluminum fully recovers upon warming to room temperature.


B Cable/stabilizer

1
© Al (Ann)
® Af (30%CW)
5| a G (Am)
A G (30%Cw)
E
=
)
'C_) 2 B
Q
<
1 —
|_
3605 /20K Ameals |
0 1 1 I

0 100 200
Annealing  Temperature (K}

300

1
am

AP(B) /10

20

Cu B=6.0T Cycle 3
| After 300K Anneal __,.ci)
S Cycle 2 T
Cycle 1 ==
y L—="<ZHp (amn)
1o+ 7
o D
//\ ‘ _-—"‘;{ ::: -
5[ // P ety S N (Ann)
’; ,.2:::’ ‘ G (Ann)
/ ;5’
Oof"" ] 1 1 1
20
15 G (Ann)
G(9%CW) Cycle 3
G(30%CW)
io I~ Cyclei Cycle 2
A
5 - ’.-—"" _‘—-__'__.—_-._"-'=*
. —._._:__:—_—_-_‘—‘—-"'-
P o
oo
O'-\"" ] 1 | 1 !
0 1 2 3 4 5

Accumulated Fluence /(102' n/mzl

See also a recent review: J.M. John et al., arXiv:2308.03794

Resistivity of aluminum
fully recovers after a
thermal cycle to room
temperature.

Thermal annealing of
radiation induced defects
starts below

50 K.

Retained Ap depends on
purity (top) and mechanical
treatment (bottom) of
copper.

K. Nakata et al., JNM 135 (1985) 32
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B Superconductor (REBa,Cu30,5)

2.00+

SP SCS09 s
- SPSC5105S
1.754 - SPSCS13S
SUNAM HCN S e utrenssyjeurney
1.504 - Theva TUW S
DNano Opt S
1.25
)2 1.00+# R N E—
E 0.75
0.50 | S
30K, 15T T
0.25- > | |
0 1 2 3 4 5

Fast neutron fluence (102 m-)

R. Unterrainer et al., SuST 37 (2024) 105008

« J. first increases (pinning) then decreases with neutron fluence.
- Degradation starts at a fast neuron fluence of about 3-1022 m-2!
(1.5-1022 m-2 for low temperature irradiation?)

19 iy
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Notiz
Jc is normalized to the value of the same sample prior to irradiation.

Eisterer
Notiz
In particular: coated conductors.


B Superconductor

REBCO
(transport measurements)

2.00 —+— SPSCS09 5
-%- SPSCS10S
1.751 &~ SPSCS13 S
SUNAM HCN S
1.501 -e ThevaTUWS
—+— DNano Opt S
1.25
0 1.00+ i
c " 3 ;
0.751
0.50 1 S
0.251 2
0 1 2 3 4

Fast neutron fluence (102 m-)

R. Unterrainer et al., SuST 37 (2024) 105008

Nb,Sn wires
(magnetization measurements)

2.0_ —e— SUNAM
1.8
]C 1.6 ] iR \'
° g==
1.4 / T
1.2]
42K, 6T
1.0 -
0 1 2 3 4 5 ﬂ

Fast neutron fluence (1022 m-2)

Baumgartner et al., Sci. Rep. 5 (2015) 10236
(M. Asiyaban, unpublished, 2024)

Significantly higher radiation tolerance of Nb,Sn
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Eisterer
Notiz
Operation at lower temperature is certainly favorable for a high radiation tolerance, however the coated conductors are intrinsically less robust against impurtiy scattering.

Eisterer
Notiz
Summary of our data of many different coated conductors. All behave similar.


B Neutron energy distribution

Most of the neutrons reaching the magnets have lost part of their energy (moderation).

_/\ epi-thermal
I, fast

thermal

RN

o
=
[«

e utreonisijeurney

RN

o
S
[9)]

RN

o
—
IS

A
— TRIGA reactor 5@§
large fusion reactor (3.5 GW) E

neutron flux density distribution (m2s™)

10" | - v & & qu? NS
small fusion reactor (0.5 GW) Q @ g 2 \(fy) ocb
& § ¥ O
ot - S8 ¢
o
1011 | 1 1 1 1 1 1
10® 10" 10® 10° 10* 10® 10 10 10° 10’
neutron energie (MeV) Lifetime (40 ys) fluence (>0.1 MeV): 2- 102! m™2
F. Ledda et al., IEEE TAS 34 (2024) 4206105 Baker et al., STARFIRE — A Commercial Tokamak Fusion
D. Torsello et al., WB5-4-INV, 11:15, Dec.5 Power Plant Study, ANL/FPP-80-1 (1980).
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Notiz
The neutron spectrum in our fission reactor (black curve) is a good proxy for a large reactor design (e.g. blue curve), in particular when the thermal neutrons (grey area) are shielded by cadmium.

Eisterer
Notiz
Defect production starts at about 100 eV.

Eisterer
Notiz
The neutron spectrum in an unshielded compact reactor design (red curve) is quite different from our reactor spectrum.
The spikes in the spectrum can be resolved in state-of-the-art calculations using much more energy groups than in former times.


B Introduced defects

« Fast neutrons (E,>0.1 MeV): collision cascades

D. Torsello et al., SuST 36 (2023) 014003
D. Gambino et al., WB5-4-INV, 10:45, Dec.5
« ~0.1keV <E, <0.1 MeV: single displaced atoms:

vacancies, interstitials, Frenkel pairs (mainly oxygen).

=
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Eisterer
Notiz
Large defects have a positive effect, since they are efficient pinning centres. However, all defects will contribute to scattering.

Eisterer
Notiz
These defects are much smaller than the collision cascades, hence not contributing much to pinning, but quite efficient to scattering.


Introduced defects

* Nuclear reactions: resonance energy, low energy (thermal) neutrons, e.g.

¢+ SPSCSso09U
avg. TJ/T?
SP SCS09 S

.............

. spscsi0s  =€Utron capture
= spscsizs by Gd-155

1 | »  SUNAM HCN S
i i + Theva TUW S

+ DNano Opt S {éékg\
e

=

0 1 2 3 a 5
@ (1022 m~2)

e Particular harmful defects

* Known Primary Knock-on Atom (PKA)
« Known momentum of the PKA

— |deal for Molecular Dynamic (MD) simulations

R. Unterrainer et al., SuST 37 (2024) 105008

excited state relaxation knocks
Gd-156* Gd out of lattice

@t

& kk <

k\\‘i‘

i, "
\ '?;;Z &
=

&
! i

%)
i
a\\x
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Notiz
This reaction not relevant for fusion, because it is only induced by low energy neutrons. However, it turned out to be very useful to understand the degrading effect of scattering.


Molecular dynamics simulation

® Primary knock-on atom (PKA)
® Gadolinium
® Barium
Copper
® Oxygen

R. Unterrainer et al.,
SuST 37 (2024) 105008

D. Gambino et al.,
WB5-3-INV, 10:45, Dec.5

Bo808030803080808

00000.0000000000
Q O O &6 © ©
00000000000000000

$o8ofosodfdydofot

00000009000 Q0000
QO O O © O~
'.000.0.

—— Cu-0O chains

{«— Cu-O planes
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Notiz
This animations show that, although Gd, Ba and Cu are initially removed from their lattice places, they bounce back and only defects in the oxygen sublattice remain for this particular momentum of the PKA.


4 Introduced

Defects created in

430 MD simulation runs

R. Unterrainer et al.,
SuST 37 (2024) 105008

D. Gambino et al.,
WB5-3-INV, 10:45, Dec.5

defects

Total Vacancies
1000 500
800 400
600/ E 300
400 200 E
200 100
{}. X O N C/
V‘Q & K O 0 O,L\O 0
1000 Interstitials 20 Antisites
pwm Ex=30eV
P E.=35eV
800 s F=40eV 15
600 E
10
400
= g
200

N N 0 2 O O 2 N

S
-
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Notiz
Mainly interstitials and vacancies. Very few antisites. (Purple bars are the most relevant)

Eisterer
Notiz
Mainly oxygen (O1 and O4) vacancies.

Eisterer
Notiz
Mainly oxygen interstitials close to copper positions.

Eisterer
Notiz
Variety of antisite defects (but small amount).


B Enhanced scattering (conventional sc)

« Superconducting coherence length decreases: ¢ = 5050
1+22
* |sotropic conventional superconductors |
- Condensation energy: E. = 16“2‘2? pEr i const.
— Magnetic penetration depth increases: 1 = HO’:SBZ AL \/m
<> Superfluid density ng « /1—12 is reduced.
« Pair breaking current density, /4 = # decreases.

26
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B Pair breaking

« Scattering is pair breaking in cuprates.

« T. degrades with increasing resistivity.

0 25 50 75 100
po(nQem) < 771 o 1/1
R. J. Radtke et al., PRB 48 (1993) 653

¢ SP SCS09 U
avg. TJ/T?
~ v SPSCS09S

a4 SPSCS10S

s  SPSCS13S
! ! SUNAM HCN S

i | + Theva TUW S

0.90 =R T * DNanoOptS

0 i 2 3 4 5
d>f(1022m‘2)

R. Unterrainer et al., SuST 37 (2024) 105008

Fluence is an unsuitable parameter.

T. degrades ~13-15 x faster due to low energy
neutrons.

Disorder parameter, D: decrease of T,

(D — Tco - TC)
D « T_l ,;’»Q“
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B Enhanced scattering (cuprates)

« BCS coherence length: &, = % =0.15 khv;f (d-wave) increases.
Bic
« Change (increase?) of coherence length: & = 5"5 :
1422
l

* Magnetic penetration depth increases: 1 = Te _ — AL /1 + f—l"

N\ . . 1 .
< Superfluid density ng « 1S reduced.

$o
WS decreases.

) Pair breaking current density, /4 =

$o

Decrease of depairing current density with D (T,): Jq(D) =

3V3uomAZ &y (D) [1+

$o(D)
(D)
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B By product: Homes’ Law (dirty limit)

1 — Hoks Tc
A2-2%  0.18h py

LB — 9,14 - 105 QM K-!
.18h

1 . .
%ﬁ(dlrtyhmlt) .

=

: ¢ P ey A
N . E pnictides . A E

100l Theoretical (BCS) : __ pl* wees Experimental s
N ' N © . Ba, KBO, o
(\'IE . ] £ 107+ ves, ]
3 ] ° F = CeColn, ¥’ 3
8 10? _ : i ~ 10° ;_ Sr,RuO, . _;
~ i 1 ~ £ v TIPb, Te ., ° ]
§ :_ : : 10 ?){ Iizﬁzlz “.. é
A g[}/f = 1 1 10° ;m organics p o ]

10°F . 4
i . 10° L ° (6] .
1 1 1 1 1 1 1
10° 10° 10 10° 10’ i3
T /,0 (KQ‘1cm'1) 10 10 10 10 10 10 10 10
¢/ T./pn (KQTcm™)
C pl’l
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Eisterer
Notiz
This is a by-product resulting from the relations given on previous slides.
It reduces to Homes' Law in the dirty limit (red relation). It was originally thought to be a manifestiation of unconventional supercondcutivity. However, it was derived from BCS theory later, proving no unconventional behavior. Note that the general form (not only valid in the dirty limit) is given here as well.


B Universal degradation

¢ SPSCS095S
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- 1.0+ N
3 —
0.51
30K, 15T
0.0 2.5 5.0 1.5 10.0 12.5 15.0 17.5

D (K)

o _ _ M. Eisterer et al., arXiv:2409.01376v1
Very similar degradation behavior:

+ Same tape (SP SCSO09) different irradiation techniques
» Fast and thermal neutrons (U) Cl
» Fast neutrons (S)
* 1.2 MeV protons (P)

» Different tapes (S): SP SCS09, SuN HCN, SP SCS13 (artificial pinning centers)
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Eisterer
Notiz
A set of samples referring to either different irradiation techniques using the same tape or different tapes using only fast neutron irradiation is compared. Plotting the data as a function of D (instead of fluence), results in comparable curves.


B Universal degradation
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pinning landscape.
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o _ _ M. Eisterer et al., arXiv:2409.01376v1
Very similar degradation behavior:
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Eisterer
Notiz
The degradation is universal and can be predicted from the considerations above.

Eisterer
Notiz
The change in pinning is obviously dependent on the irradiation technique and the particular tape.


B Change of critical current

Je = Ja(D)

SP SCS509 5
SP SCS09 U
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SPSCS513 5
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omr 4 «

Resulting from
scattering (small
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Mainly caused by 0.5

large defects 30K, 15T
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Separation of contributions from enhanced pinning and scattering: J. «

Ic npm ]d Acreep Mpin
0 79 49 o I'p (D)
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Fp...degradation function

M. Eisterer et al., arXiv:2409.01376v1
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Eisterer
Notiz
This separation enables a distinction of the favorable pinning enhancement and the harmful impurtiy scattering.

Eisterer
Notiz
Since the experiment is carried out with a fixed electric field criterion (1 µV/cm), changes in flux creep have to be taken into account. This leads to another correction. For details see the given reference.


B Degradation function - pinning contribution
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Strong increase near D = 0.
Saturation at large D.
M. Eisterer et al., arXiv:2409.01376v1
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Eisterer
Notiz
Fixed to our best guess. Significant variation between different coated conductors would be indicated by a different transition temperature.

Eisterer
Notiz
The n-value is the only parameter which is assumed to be sample dependent. Since the experimental uncertainties are large, we made a linear fit with n_0 (pristine tape) and  Delta n (slope with D) as parameters. Note that the different values (given in the legend of the upermost graph) do not lead to a significant change in F_D.

Eisterer
Notiz
With the known degradation behavior, the change in pinning efficiency can be obtained.


B Mitigation strategies: shielding
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Shielding is an obvious solution, however,
it makes the reactor larger and more
expensive.
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F. Ledda et al., IEEE TAS 34 (2024) 4206105
D. Torsello et al., WB5-4-INV, 11:15, Dec.5
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B Mitigation strategies: annealing

Normalized transition temperature
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R. Unterrainer et al.,

Annealing starts at cryogenic temperatures (protons).
Partial recovery during maintenance breaks.
Linear behavior up to high annealing temperatures.

Loss of oxygen has to be avoided!

SuST 35 (2022) 04LTO1
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B Mitigation strategies: annealing

Normalized critical current ™~ L ot
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* Recovery is non-monotonous, although with a linear trend.
« Degraded samples was recovered above its initial value.

* Optimum annealing protocol to be derived.
R. Unterrainer et al., SuST 35 (2022) 04LTO1
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Eisterer
Notiz
SQUID measurements at comparatively low magnetic fields. Sample were close to the point where critical current becomes the initial value again (3e22 n/m2).

Eisterer
Notiz
Transport measurements at high fields: The behavior from the SQUID measurements is confirmed, also for a degraded sample whose Ic could be recovered above its value in the pristine tape. Heat treatments were made at the sweet spots and at the unfavorable temperatures found in the SQUID data.


B Conclusions

» Radiation is an issue for compact fusion reactors.
* Degradation of insulator, stabilizer, and superconductor.
» Pair breaking by scattering decreases T_ of cuprate superconductors
linearly with neutron fluence (defect density).
* T.is an efficient disorder parameter.
* Indicating a decrease in superfluid density.
» Decrease of J, at high defect density is driven by the decrease of
superfluid density.
* Successful modelling.
» Efficient scattering centers (defects) have to be identified and their

production rate as a function of the neutron energy for a reliable
prediction of the maximum lifetime fluence of the magnet.
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