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The time dependent 2.5 MeV neutron emission from JT-60U plasmas is
routinely measured by fission chambers. The neutron yield measurements
have now been complemented by time-integrated neutron activation tech-
nique utilizing Si-, Al-, In-, Cu-, Zn—, and Ni-feoils,

Neutron transport calculations have been performed using Monte
Carlo trajectory sampling methods (MCNP code) in order to determine the
neutron flux and energy distribution at the irradiation position. 1In
the modeling of the geometry, the importance of the area around the
irradiation point has been investigated in detail.

The neutron activation system has just recently been installed at
JT-60U, During the high Bp experiments, 27-30 July -93, approximately
100 foils were irradiated. The preliminary results of the measurement
of the 2.5 MeV neutron yield shows a good agreement with the neutron
yield obtained from fission chambers. Among the foils, listed above,
indium was the most convenient material due to high sensitivity and
relatively low error of the measured neutron yield (vi5%).

The 14 MeV neutron yeild, obtained from fusion between tritium
(T) (created from the second branch of fusion between deuterium (DD-

reaction)) and deuterium, alsoc gives reasonable values. In this case,
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siticon and aluminium were the most convenient materials due to high
sensitivity, short half lives of the measured daughter nucleus and

relatively low errors (v15-20%).

Keywords: Magnetic Fusiom Plasmas, JT-60U, Neutron Yield, Plasma
Diagnostics, Neutrorm Activation Technique, MCNP Code,
Neutron Cross Sections, y-detector Efficiency, y-detector

Sum-coincidence Effects, Triton Burnup
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1. Introduction

The total neutron yield is a suitable parameter for the evaluation of the plasma
performance. In normal cases of DD burning plasma operation, the neutrons are
mainly generated from fusion between two deuterium ions. Therefore, the 2.5 MeV
neutron represents an occurred fusion reaction. The total time-resolved neutron yield
is routinely measured by calibrated fission chambers at JT-60U [1]. Another way of
measuring neutron yields is neutron activation of different materials with well known
neutron interaction cross-sections. Furthermore, by using threshold reactions, it is
possible to distinguish between DD-neutrons (2.5 MeV) and DT-neutrons (14 MeV).
The 14 MeV neutrons are created when the tritons, which comes from the second
branch ¢f the DD-reaction, slow down and undergo a DT fusion reaction.

The sample to be irradiated, is positioned very close to the plasma (~2.5m)
using a pneumatic rabbit system. After removal of the sample, the induced
radioactivity is measured using a high-resolution semiconductor diode (HP-Ge
crystal). If the efficiency of the y-detector is known then, from the area under the
measured y-peak, the neutron flux at the sample can be derived. In order to calculate
the total neutron yield from the plasma, the relation between the neutron flux at the
irradiation position and total neutron yield from the whole plasma region, has to be
known. This has been achieved by using Monte Carlo trajectory sampling methods,
the MCNP code [2].

Table 1. Neutron induced reactions used for the neutron activation at JT-60U. The
columns show the isotopic abundance for the isotope of interest and the halif-life in minutes [m],
hours [h], or days [d] for the radioactive daughter nuclide. Also shown is the energy of the ‘#line
with its vabundance. Finally, the threshold neutron energy and the energy ai the maximal cross-

section is given.

Reactlon isotoplcHalf-liteiGamma [GammaiThresh. {Energy at
Abund. EnergyiAbund.iEnergy |max X-section
[ % }] [MeV] {[ %] [MeV] [MeV]

115In(n,n'}115In :85.7 4.49 h 0.336 i{45.9 0.3 2.8

64Zn(n,p)64Cu 48.6 12.70 h 0.511 (37.8 1 11.2

58Ni({n,p)58Co 68.3 70.8 d, 0.811 199.4 0.00005 18.6

S7AIn.pIS7Mg . 1100.0 1946 m {0844 1730 1.8 10,1
63CU(n,2n)62Cu_ 169.2 973 m _ 10.511 1195.0 i11.1 >~ 18
585i(n.p)2BAI 92.2 554 m . (1.778 1100.0 14 10.4
57Al(n alpha)24Na 1100.0 11502 h [1.369 }100.0 i3.1 13,1
58Ni(n,2n)57Ni__168.3 360 b 11.378 i77.6 _i12.2 16.1
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Table 1 shows the neutron induced reactions which have been used so far,
From the neutron threshold energy and from the neutron energy at which the cross-
section is maximum, it is evident that the !5In(n,n")113mIn -, 64Zn(n,p)%4Cu - and
58Ni(n,p)58Co-reactions are suitable for measurements of the 2.5 MeV neutron yield.
The 27Al(n,p)?7Mg reaction has a threshold very close to 2.5 MeV while the
maximum cross section occurs at 10 MeV. In the case of indium, the activity
produced by the 1!5In(n,n")115mIn reaction are determined by counting the 336 keV -
line of the 115mIn decay. The maximum of the activation cross section occurs around
2.8 MeV so that the influence of scattered neutrons of degraded energies is reduced.
As stated before, the 2.5 MeV neutron yield measurements are conveniently measured
by the fission chambers. However, the yield measured by foil activation is to be used
as cross calibration for the fission chambers.

When deuterium ions fuse, the reactions D(D,n)3He and D(D,p)T have equal
probability. This means that tritons (T) are generated in the same rate as 2.5 MeV
neutrons. The generated 1 MeV triton in the second reaction is of interest due to its
similar kinematics to the 3.5 MeV a-particles which will be used for the heating of
the plasma in a future commercial fusion reactor. When the confined tritons are
slowing down and thermalized in the plasma, a T(D,n)x reaction is possible ("triton
burnup"), thereby generating a 14 MeV neutron which can be measured. The flux of
these 14 MeV neutrons depends on the slowing down of the tritons and how well the
tritons are confined. The confinement of the tritons should depend on the plasma
current and different particle loss mechanisms. The fractional losses of 1 MeV tritons
have been calculated using a Orbit Following Monte Carlo code (OFMC). In JT-60U
the loss of tritons is expected to be higher than in JET and in TFTR due to its large
toroidal field ripple (ripple losses) and due to the orientation of the neutral beam
injection (NBI) which is nearly perpendicular to the toroidal magnetic field. The
fractional loss of tritons in JT-60U have been calculated to ~45% for a plasma current
of 1.5 MA [3]. The final amount of tritons which are slowed down, confined and
reacting with deuterium is ~1%. Therefore, the fraction of 14 MeV neutrons to
2.5 MeV neutrons is expected to be in the range of 1%.

The slowing down time of the tritons and the yield of the 14 MeV neutrons
may be measured using a silicon surface barrier detector (SBD) [3,4]. However, due
to the intense 2.5 MeV neutron flux, this kind of detector soon has to be replaced due
to radiation degradation. Another way, for the measurement of the yield, is by
utilizing foil activation.

From table 1 it is realized that the reactions 63Cu(n,2n)62Cu, 28Si(n,p)28Al,
27A1(n,)?#Na and 38Ni(n,2n)37Ni have threshold reactions higher than 2.5 MeV and
are therefore suitable for the measurements of the 14 MeV neutrons. Silicon should
be very suitable for monitoring this weak emission. The daughter nuclide, 28Al, has a
half-life of 2.24 min. and is therefore suitable for studying discharges of up to 1
minute duration. The decay 7y-radiation has an energy of 1.779 MeV and is easily
measured by a HP-Ge detector. Due to the short half-life, the same sample can also be
recycled after a cooling time of only ~30 min.

i2_
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2. Basic Theory
Most species in nature becomes radioactive during neutron irradiation. The

activity can be measured by detecting the emitted particles such as B-particles or
photons.

If we assume an unperturbed neutron flux (thin sample), the reaction rate, R, is
given by:

R=0X,,V [s7] [1]

where @ [s7!-em™?] is the neutron flux averaged over the sample surface,
> act [cm™!] is the activation cross section averaged over the neutron

spectrum and
V [cm’] is the volume of the sample.

If we assume that R is constant and that "burn-up” of target nuclei is negligible, then
the number of radioactive nuclei, N, can be written as:

R - At
N(t)=—(1~e ) N=0att=0 (2]
A

where A is the decay constant of the created daughter nuclide.

The activity (disintegration rate), A, of the sample after irradiation time, ¢, is given
by:

Altg)=AN(tp) = RA—e M0y= 4y [57] 3]

After irradiation, the sample is transferred to a y-detector and the counts, C, under
the specific y-line is measured. If the measurement time is Af =ty —¢; then the

number of measured y-counts can be written as:

ty -
A € —AAL
C=a7£tjAOe dtzaYEAo—i—(l—e ) [4]
1
where @, is the y-abundance and

¢ is the efficiency of the y-detector.
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From egs. [3] and [4], the reaction rate, R, can now be calculated by:

Ao A-C -1
= 5
Mo g, ee M (1- e M) (1) L =

R= =
1-e

Equation [5] can be simplified by assuming that t5 <<1fA < 1y, i.e. the irradiation
time is much shorter than the half-life of the radioactive nucleus (typical irradiation
times are 1-5s.). Furthermore, if eq. [5] is multiplied with the irradiation time, fg,
then we get an expression for the total number of reactions from the irradiation:

C

N=R-ty=
0 -s-e—a“l(l——e'm)

(6]

Y

Figure 1 shows the activity of a sample during and after irradiation. Note that
1; is the time after the irradiation has stopped, i.e. the "cooling time" of the sample.

0.8 T T

1aliiay
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. :
%‘ 0.4 F Irradiation / e E
= o ]
[#] L - 3
< - / el T
0.2 E_ ?suremem - _E
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0 P U S O U L+t ¢y [N AR AR NS A [ IR (PP, . N
0 5 10 15 20 25 30 35 40

Time [au]

Fig.1. Irradiation and following decay for a neutron activated sample. The
activity after irradiation is Ag at time tg. After a certain cooling time, 1} (in the
figure the cooling time is actually ti-10), the y-measurement starts and
continues until 1.

For the measurement of the total neutron yield from the plasma, we have to
calculate the relation between the neutron flux at the irradiation position and the total
emitted neutron flux. The reaction rate with the sample can be written as (cf. eq. {1]):
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E,
R=nV [®(E)o(E)dE [s7'] [7]
¢

where n is the number of interesting nuclei per unit volume of the sample,
V is the volume of the sample,
@(E) is the flux at the irradiation point,
o(E) is the cross section for the neutron reaction and

E is the neutron energy.
If ®(E) is the neutron flux/source neutron at the irradiation position, we have:
O(E)=5,D (E) 8]
where S, is the total number of emitted source neutrons.

From egs. [7] and [8] we then get an expression for the total time integrated neutron
yield:
nV [ @ (E)o(E)dE nV | ® (E)o(E)dE
0 0

Here, N is given by eq. [6] while the integral ("flux integral™) is approximately given
by: '

j@"(E)o(E)dE ~ 3@ (E;)- 0(E;) [10)

The number of nuclei per unit volume, n, can be expressed as

m NA
n=o—-—2 11
5y Ty [11]
where a5 is the isotopic fraction of the nuclide,

m is the mass of the sample,
N4 is Avogadro's constant (6.023%1023) mole-! and

M is the molar mass of the nuclide,

Equations [6], [9], [10] and [11] then give us the final equation for the calculation of
the time integrated neutron yield:
cC-M :

S, = 12
", e (1-e Yy apg om Ny T O (E)O(E;) 2l

Y

_5_
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The energy distribution of the neutron flux/source neutron, @ (E;), has been
calculated by MCNP, assuming mono-energetic source neutrons. Figures 2 and 3
show the flux per source neutron and MeV as a function of neutron energy for
2.45 MeV and 14.1 MeV source neutron energies. Also shown, are the tabulated
cross sections [barn)]. The used cross sections have been measured by FNS [5] and will
be included in JENDL Activation File in Jan. -94. .

10° 105

Cross Section [barn]

[{-A9N {.(uonnau 92108)] XOE]

L

10°! 10°
Neutron Energy [MeV]

103

Fig.2, Neutron cross-sections for the "2.5 MeV" foils and the neutron flux from the
JT-60U Tokamak. The neutron flux is obtained from MCUNF calculations, assuming
mono-energetic 2.45 MeV source neutrons. The error bars of the neutron flux are the
statistical errors from the Monte Carlo calculations.

104

2
101 =
g 3
£ a
8 E:::: (4]
= E ; i ; =
3 27A)(n,alpha) =
3 -3 n,apha) i 5
2 10° & : g
3
I —

o

i

Neutron Energy [MeV]

Fig.3. Neutron cross-sections for the "14 MeV" foils and the neutron flux from the
JT-60U Tokamak. The neutron flux is obtained from MCNP calculations, assuming
mono-energetic 14.1 MeV source neutrons. The error bars of the neutron flux are the
statistical errors from the Monte Carlo calculations.

_6i
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When the 2.5 MeV neutron yield is measured using indium-, zinc-, nickel-, or
aluminium- foils, the weak emission from non scattered and scattered 14 MeV source
neutrons also contribute to the measured yield. This contribution can be roughly
estimated using the relation between the flux integrals. Furthermore, if we assume
that the "triton burnup” is 1%, we get the contribution from non scattered and

scattered 14 MeV neutrons by (cf. eq. [12]):

2.45

j@3 s (E)YO(E)E
5,141 _ G, (4.1) J ™ =1% [13]

$,(2.45)  Cr(2.45) [g: (E)o(E)E

where C, is the measured Y-counts from neutron reactions with non scattered and

scattered 2.5 and 14 MeV source neutrons The lower energy limit, 0.1 MeV, is the
cutoff neutron energy in the MCNP calculations.

Table 2 shows the calculated flux integrals for the reactions of interest. From
table 2 it is evident that the contribution to the measured y-counts, from the 14 MeV
neutron yield, is negligible for all foils except the aluminium foil and maybe the zinc
foil, This fact makes it difficult to use the 27Al(n,p) reaction for the measurement of
the 2.5 MeV neutron yield if the "triton burnup” is not known. In fact the 27Al(n,p)
reaction is more suitable for measurements of the 14 MeV neutron yields. On the
other hand, if the "triton burnup" has been measured by irradiation of e.g. silicon or
copper foils, the 2.5 MeV yield from the 27Al(n,p) reaction could be used as a cross
check of the triton burnup. The measured counts, C, shall then be corrected
according to:

[14]

C
Cras = TR
@1, (EYo(E)E
1+" Burnup"- 2k — :
0'[1 D, s (EYO(E)E

where the value of C,,s shall be used in eq. [12} for the measurement of the
2.5 MeV neutron yield.
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Table 2. Calculated flux integrals, eq. {10], for the "2.5 MeV foils". Also
shown, is the contribution [%] from scatiered and non scattered 14 MeV source
neutrons to the measured number of ¥counts, assuming a triton burnup of 1%.

Reaction Flux Inteqral (Flux Integral iFraction of
0.1-2.45 MeV 0.1-14.1 MeVi"14 MeV "g-counts”
[1E-24] [1E-241 at 1% triton burnup
[*%]
115In{n,n'}115mlni3.42E-07 1.34E-07 0.4
B84Zn(n,p}64Cu 1.96E-08 1.72E-07 8.8
58Ni(n,p)58Co 8.59E-08 3.45E-07 4.0
27Al(n,p)27Mg 1.867E-11 6.51E-08 3898.2

Finally, it is of interest to know how the sensitivity of the samples are related to
each other. If we assume that we want to measure the irradiated sample for
20 minutes, then we can calculate the necessary total emitted neutron yields using
eq. [12]. The results from these calculations are shown in figs. 4 and 5.

2.45 MeV Neutron Yield

104

103
Gamma Counts / 20 min.

10! 102

Fig.4. Calculated necessary neutron yields (cf. eq. [12]) from the JT-60U Tokemak as a
function of measured “v-counts for the "2.5" MeV foils. The assumed data for the calculated

yields are shown in table 3.
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The normal total neutron yield from the JT-60U Tokamak during deuterium
beams on deuterium plasma is also indicated (1014 - 1017 neutrons) in figs. 4 and 5.
If we assume 1% triton burnup, this should correspond to 1012 - 1015 14 MeV
neutrons. Also indicated, is the wanted minimum number of Y-counts for a
measurement time of 20 min. (100 counts minimum). The necessary data for the

calculations are shown in table 3.
From fig. 4 it is evident that indium is the most sensitive foil for the 2.5 MeV

neutrons. The minimum total neutron yield is ~5x104 neutrons. However, the zinc
foil should also give sufficient statistics of the y-counts for higher neutron yields.
Utilizing nickel and aluminium foils, demands very high neutron yields (> 1017
neutrons). .

Figure 5 indicates that the coppér foil should be most suitable for the
measurement of the 14 MeV neutron yield. However, copper foils demands two
successive y-measurements (see section "Results") and therefore the silicon and
aluminium foils are more suitable due to its measurement simplicity. The nickel foil,
again, demands very high neutron yields to give any useful y-counts.

1017

1018

14.1 MeV Neutron Yield

1011

Gamma Counts / 20 min.

Fig.5. Calculated necessary neutron yields (cf. eq. [12]) from the JT-60U
Tokamak, as a function of measured y-counts for the "14" MeV foils. The

assumed data for the calculated yields are shown in table 3.
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Table 3.  Assumed data for the results shown in figs. 4 and 5. The masses of the
samples are typical for the neutron yield measurements done so far. The third column
shows the energy of the source neutrons used for the calculations of the flux integral, see
eq. [10]. The cooling time of the samples and the assumed measurement times are shown
in columns 4 and 5. The efficiency of the HP-Ge detector are based on the assumptions
described in section "Efficiency of the detector”. '

Reaction MassiEnergy/CooclingiMeas. Time{EfflciencyFlux integral
[g] {[MeV] i[h] [min.l (%] [1E-24]
115in{n,n"}y 10.3 245 5 20 7.20 3.42E-07
847Zn(n,p) 0.2 12.45 5 20 4.94 1.96E-08
58Ni{n,p) 0.7 i2.45 60 20 3.42 8.59E-08
27Al(n,p) 0.2 i2.45 10 20 3.32 1.67E-11
63Cu(n,2n) 10.7 i14.1 10 20 4.94 3 48E-07
27AInp) 102 {44 Jo 5% 3.32 6.51E-08
28Si(n,p) 0.04 {14.1 0 20 1.87 2.05E-07
27Al(n,alpha}) 0.2 14.1 0 20 2.26 9.68E-08
58Ni(n,2n) 0.7 i14.1 0 20 2.25 1.68E-08
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3. Efficiency of the <y-detector :
For the efficiency calibration of the HP-Ge detector, a set of calibration sources

have been used, see table 4. If the detector efficiency is £ and the branching ratio of
the y-line is Qy, then the measured counts, from time t; to tp, can be written as:

t —Ay
C= ooty [e M d = ety —— (1= ) [15]
4
where A, [Bql is given by the manufacturer of the calibration sources [6]1,

t, is the cooling time of the y-source and
At is the measurement time.

If the measurement time At = ¢, — ¢, is short compared to the half-life of the source,

the measured efficiency can be written as:

C

R - [16]
a,Age T1AL

Table 4 Calibration sources used for the efficiency
calibration of the HP-Ge detector. The half-lives are given in
days [d] and years [y].
Source |Gamma iAbundance Halt-lifeActivity AD

{keV) { %) 30-Jun-93

(kBq)

Am-241 59.54 35.90 432.7 vy 44.80
Co-57 122.06 B85.68; 271.77 d 42.08
Co-57 136.47 10.67F 271,77 d 42.08
Cr-51 1 320.08 g 85( 27703 di  21.75 |
Na-22 511.00 90.57 2.602 y 37.22
Sr-85 514.01 99.29 6485 d 36.74
Cs-137 661.66 84.70 30.16 vy 42 .72
Mn-54 834.84 89.98 312.2 d 52.43
Y-88 898.04 93.70f 108.62 d 42.77
Co-60 1173.24 89.89 5.271 vy 36.04
Na-22 1274.54 99.93 2,602 y 37.22
Co-60 1332.50 99.98 5271 y 36.04
Y-88 1836.06 99.37F 10662 d 42.77
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However, the measured efficiencies determined with a HP-Ge detector, can be
incorrect unless the source-detector distance is several times the detector radius. This
effect is a consequence of either summation of coincidental y-rays or complete or
partial energy loss in the detector. As an example of summation effect, fig. 6 shows
the decay scheme of 60Co.

\
2.505 MeV

1 .
+? 1.332 MeV

Ve

Co-60

v1:1.173 MeV  100%
¥2: 1332 MeV  100%

Fig.6. Decay scheme of 69Co. Two photons are
emitted in coincidence, with energies 1173 keV and
1332 keV. Apart from the two measured peaks at these
energies, a summation peak may also appear at
2505 keV.

The ;- and v¥»- lines in fig. 6, are used for the efficiency measurements. If,
however, both the coincidental vy, and vy, are registered by the detector, the true count
from either 7y; or 2 are lost, giving a too low measured efficiency. Table 5 shows the
contribution from summation for some measured y-sources. In the case of 137Cs it is
interesting to note that we also have summation between non-coincidental y-lines
(662 keV). This is probably due to the long half-life (2.5 min.) of the excited state of
the daughter nucleus. Anyway, it is clear that the loss of y-counts due to summation is
evident. However, when comparing the count-rates from the "true" y-peaks with the
summation peaks, it seems as summation is not important. However, it should be
emphasized that the count-rates, given in table 5, only describe those situations where
the complete summed y-energy is detected. The amount which is partially detected,
ends up in the background together with the Compton energy distribution and is
unknown.

Figure 7 shows the measured efficiency (dotted lines) as a function of channel
(~0.5 keV/channel) for the calibration sources. The 511 keV v-line from 22Na has
been omitted due to the unavoidable present background of 511 keV y-rays and the
difficulty in measuring annihilation radiation. It is clear, that for short distances

between calibration source and detector (surface, 1st and 27d pos.), the efficiency
drops due to summation effects. It seems, as this is especially apparent for 88Y,
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Table with the measured count-rates for some of the used calibration sources.

The type of source with it's y-energies and y-abundance's are shown in the first three

columns. Columns 4 and 5 contain the count-rates for the closest position (15} and the
furthest position (4t4) relative to the ydetector. The last three columns contain the measured

summation peaks with it's count-rates. A "?" indicates that the value is not measurable, due
1o the fixed amplification (~0.5 keVichannel, 4096 channels). '

Sourceig-peaks ig-abund.;Rate Rate Sum peaksiRate Rate
[keV] _i[%] [cps] icps]. ilkeV] [eps] ileps]
1st pos.idth pos. ist posidth pos.
Co-57 122 8§5.68i 4210.16; 259.23 258 6.36 0.00
136 10.67 515.34 32.31
Cs-137 662 84.70¢{ 1321.39 93.68 1322 1.42 0.00
Y-88 898 93,70f B63.60 68.75 2734 ? ? ?
1836 99,373 492.93 41.22
Co-60 1173 99.891 662.37 57.88 2505 7 ? ?
1332 99.98] 594.27 52.28
Na-22 511 90.57{ 1808,98] 187.57 1785 49.78 0.30
1275 99,93 £24.92 55.02

Most irradiated foils are measured at the 1st position. Therefore, it is necessary
to correct for the summation effects. We see from fig. 7 that the summation effects
decrease with an increased source-detector distance. This can also be realized
analytically.

In the case of two Y-lines in coincidence and assuming absence of summation
between the two y-lines, the full-energy peak counts, ¥, can be written as:

Nl = ElQSG.'Yl [17]
Ny = 5,Q8a,, [18]
wheré ¢ is the efficiency of the detector,
Q is the solid angle subtended by the detector surface,
S is the number of disintegration's and
«, is the yield of the y-ray per disintegration.
The number of summation counts can then be written as:
Nip =S g6, - 0ty 0y Q2 < Q7 [19]
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Due to that the number of summation counts is o< Q% we have, for the time being,
assumed that the shape of the efficiency curve for the furthest distance from the
detector surface (4th position) is the same for all distances. The offsets for the closer
positions, have been calculated from the measured efficiencies of 37Co (°7Co showed
very weak summation effects, see table 5). The corrected efficiencies, are also shown
in fig. 7 (full lines). These corrected values of the efficiencies have been used for the

calculation of the neutron yields in eq. [12].

101 I T [ S ary ST CPP e ¢ T F AP p! P ABoAp R S ¢

Efficiency [%]

Fig.7. Efficiency of the HP-Ge detector as a function of channel (~05 keVIChannel).
The non corrected (dotted lines) and corrected (full lines) efficiencies are shown for
different source-detector distances. The curves are cubic-spline interpolated. It is evident
that summation effects decreases with source-detector distance. The error of the efficiency
for the 1t position is assumed to be ~10%. This error is reduced for positions further

away from the detector.
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4. Results

During the high Bp-phase at JT-60U, 27-30 July -93, approximately 100
samples were irradiated. We could not obtain any useful y-counts from the nickel foil
or from the reaction 27Al(n,a)24Na (cf. table 1). The rest of the reactions, listed in
table 1, gave useful y-counts. The detection of the 2.5 MeV neutrons, from fusion of
deuterium, have been made using indium- and zine- foils while the 14 MeV neutrons,
from fusion between deuterium and tritium, have been measured by aluminium-
(27Al(n,p)2"Mg), copper- and silicon foils.

The indium foils gave good results and seem to be ideal for the measurement of
2.5 MeV neutrons. The cross section is large, giving good statistics for the
measurement of the 336 keV +y-line.

The 64Zn(n,p)%4Cu reaction was very weak due to the low neutron cross section
at 2.5 MeV, ¢f. figs. 2 and 4. Furthermore, the 64Cu-nucleus decays by B, giving
rise to 511 keV annihilation photons. As long as all 8% annihilates in the sample, the
v-measurement should be reliable. However, in the case of thin samples, a substantial
amount of B* may escape the foil, leading to annihilation in the surrounding
material, giving too many measured y-counts. Also important, is the value of the
endpoint-energy of the % energy spectrum. High endpoint-energies (or average
energies) implies that a large amount of B may escape the sample. As a "rule of
thumb”, 1500 keV is considered to be a maximum critical value of the endpoint
energy. The endpoint energy of B* from 64Cu is ~650 keV which is far below the
critical energy but, unfortunately, are the foils very thin (quadratic shaped: ~1 cm
side length and < 0.2 mm thickness).

There are also 511 keV annihilation photons from the background. This
background has been measured twice, under a period of 2-3 days. The background
was 0.007+/-0.001 cps and has been subtracted in the measurements.

Further complicating factors are the following competing reactions:

647Zn(n,Y)65Zn,  tp =244.1days (511 keV)
and
647Zn(n,2n)63Zn  typ = 38.1 min. (511 keV)

These reactions also contribute to the measured 511 keV photons. The contribution
from the short-lived 63Zn can be avoided by starting the y-measurement ~5 hr's after
the irradiation. However, the contribution from the long-lived 65Zn must be corrected
for. This can be achieved by making two measurements. The first measurement
register the decays from both #4Cu and 65Zn. The second measurement should be done
when the short-lived (12.7 hours) contribution from 64Cu can be assumed to be
negligible, i.e. only the contribution from 85Zn is measured. The measured "true”
counts can be calculated as follows:
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In the first measurement from t; to t; (Aty;), the measured 511 keV y-counts from
64Cu (C;7) and 65Zn (C,2) can be written as (cf. eq. [4]):

L
i Gz

| i - 153
‘ Ci=ay¢ JAge Mt + ansjAfne—Az‘dt B Aty (20]
\ :

. 2

where B is the background count rate (0.007 cps).

In the second measurement from t; to t4 (Atys), the contribution from 64Cu (Cz1) and
657n (Cpp) is: ’

f4 14
C, =, efApe ™ dt + a, e[ Age ™ di+ B Aty
3 )

™ v

Cyy =0 Cy
. 21 22 [21]
)
~ o, €[Ape " dt+ B By
i3
Cy
. In2 . .
Cyy=0if 3 -1 ZIO-T (~5 days for the zinc foil).
1
From eq. [21] we get:
a’)’z &4'02 - C2 —B- At43 [22]
As e (1 g h2blany
From eq. [20] we get:
Ci1=(C—B-Ary)-Cp
(94
=(C, - B-Aty))- ﬂe—lﬂl (1- e~ Mty
Ay (23]
[ S —
Eq.[22]
—A, At
) R 1 - 283421
= (C1 —B'AIZI)_(CZ "B'At43)'€ 2831 m

where At,,is the time between the starts of the two measurements, Aty =13 —1;.
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The corrected number of counts, Cy;, is then used in eq. [12] for the calculation of
the total 2.5 MeV neutron yield.

The reason for using zinc, in the first place, is the potential to obtain a
measurement of an average neutron energy. If an indium and a zinc foil are
irradiated simultaneously, then an average neutron emergy may, in principle, be
determined by the measurement of the fraction of y-counts between indium and zinc.
_This fraction should be proportional to the difference in cross sections, cf. fig. 2.
This measurement has not yet been done.

Figure 8 shows the measured 2.5 MeV neutron yield compared to the total
neutron yield obtained from fission chambers. Generally, the obtained neutron yield
from activation of indium is 10-20% higher. The neutron yields from zinc are even
higher, probably due to the sensitivity of 14 MeV neutrons {cf. table 2). The error
of the neutron yield measured by the fission chamber is ~10%. The error bars of the
neutron yield from the indium foils are ~10-15% while the errors of the zinc
measurements are ~20-25%.

50% of the fusion between deuterium atoms (D) gives tritons (T):

D+ D — T(1,011 MeV) + p(3.022 MeV)

For typical operating conditions at JT-60U, a small amount of the tritons will be
confined, slowed down and thermalized. Whilst slowing down, there is a probability
of about 1% that the triton may undergo a D-T fusion reaction ("triton burnup”)
thereby generating a 14 MeV neutron. The 14 MeV neutrons have been measured by
activating 28Si, 27Al and 63Cu. The activation of silicon and aluminium foils gave
reasonable y-counting statistics. The irradiation of copper give 511 keV photons and
furthermore has the following competing reactions which must be corrected for:

SCumPHCu  tp=127hr's (511 keV)

and
65Cu(n,2n)64Cu  typ = 12.7 hr's (511 keV)
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Fig.8. Comparison between time-integrated neutron-yield from fission chamber
and foil activation of indium and zinc. The obtained neutron yields from foil
activation are generally 10-20% higher than those obtained from the fission
chamber. The errors from the four zinc measurements are ~20-25% while the
errors from the indium measurements are ~10-15%. The reason for the large

deviation of one of the zinc measurements is unknown.

As mentioned before, the endpoint energy of the 87 decay from 64Cu is ~650 keV.
This means that B8* annihilation in surrounding materials should be negligible,
especially as the copper samples are thick (circular shaped with 1 cm diameter and
0.5-1.0 mm thickness). However, the endpoint energy of the 87 radiation from the

interesting reaction, 63Cu(n,2n)62Cu, is considerably higher, ~2.9 MeV, introducing

large errors of the number of y-counts.

The procedure for the correction, are similar to the zinc measurements where
two measurements are done. In the first measurement, from t; to tp, the measured
511 keV 7y-counts from 62Cu (Cy;), $4Cu; (Ci2) and $4Cu; (C13) can be written as:

f
—Aqt
C,=ay,e[Age Vdt +(ay, Ay + 0y Ap)E

4

~ -t .

]

Cll

Cra+Gys

1) 2
fe "?dt + B- Aty
51
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In the second measurement from ts to ty, the contribution from $2Cu (Cyy), 64Cu;
(Cap) and $4Cu; (Caa) is:

I tq
_ — Ayt — At
Cz—o:herjAme ‘dt+(ahA02+a?,3Aﬂ3)etje Zdt+ B Aty
3 3
C1=0 Coy+Cs

~ 2

[25]

tg
= (0, Apy + Oy, A03)eje"‘12’dt + B- Aty
I3

-

Cypp+Cps

Coy=0if t5 -1, 210- 1—22 (~2 hours for the copper foil).

1

It can then be shown that we get the same expression for the number of corrected Y-
counts as eq. [23].

The measurement of the 14 MeV neutron yield utilizing aluminium and silicon
foils are straightforward with only one measurement.

Figure 9 shows the results of the ratio [%] between 14 and 2.5 MeV neutrons
("T/D-fraction") plotted versus the plasma current. The error bars of the copper-,
aluminium- and silicon-foils are ~20-60%, ~15-20% and ~10-15%, respectively (see
section "Error Analysis"). The errors of the plasma current comes from the fact that
during the time of the neutron burst, the plasma current is ramped up. The
measurement of the neutron yield is time integrated and therefore an average value of
the plasma current has been given in the figure.

It is not possible to draw any conclusions from fig. 9 due to the few data.
However, one can expect that the confinement of the tritons should increase with
increased plasma current and this tendency (with a few exceptions) can be seen in the

figure.
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Fig.9. Ratio between 14 and 2.5 MeV neutrons. The fractions are generally
centered around 0 5% and tends to increase with increased plasma current,

indicating a better confinement of the tritons.

5. Error Analysis

The dominant errors for the calculation of the neutron yield, ¢f. eq. [12], are
the values of the measured y-counts, C, the efficiency of the y-detector, €, and the
value of the flux integral, F. Using the error propagation formula, we get the
following expression for the error of the neutron yield, oy :

as
e e+

_c2| /%2, G2, OF 2
—Sn[(c)+(8)+(F)}

aSn )2 O.g +(aSn )2 O.IZ:

2
O-Su = (
Je oF [26]

where

F=);c1>‘(E,-)-a(E,-)sgq>’;‘-o,.. (27]
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indicating a better confinement of the tritons.

5. Error Analysis
The dominant errors for the calculation of the neutron yield, cf. eq. [12], are

the values of the measured y-counts, C, the efficiency of the y-detector, g, and the

value of the flux integral, F. Using the error propagation formula, we get the
following expression for the error of the neutron yield, oy :

Gg,n 95,, )2 o2 +( ) + ( A )2 2
=57 [(E)2 +(Zey2 +(ﬁ)2} (26]
| Vo - -
where
FZZ(D'(Ei)-G(Ef)E§¢:.G£. 7]
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The error of the number of y-counts, O, varies between the samples,
depending on the "neutron sensitivity"” of the foil (cf. figs. 4 and 3), but also within
the same type of samples, depending on the total emitted neutron yield. Table 6
shows some measurements, where the number of y-counts and their corresponding
error is indicated. The indicated counts are corrected for background under the peak
(e.g. the Compton distribution background). However, the 511 keV background
(0.007 +/- 0.001 cps), important for the zinc and copper foils, are not indicated.
Instead of a calculated error for each measurement, we have, for the time being,
chosen to assume a constant percentile error, €c, of the counts, common for all

measurements. This error is shown in the last column of table 6.

Table 6. Net area (corrected for background) with the error for a few
measurements. Columns 4 and 5, shows the net area and error for those foils
where two measurements are necessary. In-115 (1-3) is the same indium foil,
measured three times but at different cooling times; (1), immediately after
irradiation and (3), after a cooling time of ~Shr's. The last column shows the
assumed error of the y-counts, common for all measurements. The large assumed
errors for copper and zinc, are motivated by the difficulty of the measurement of
" the 511 keV photons.

Foil Net Area ErroriNet Area (2)iErroriAssumed Errol
[Counts][%] [[Counts] 1% ]

in-115 142; 14.1

In-115 4569 1.9

In-115 (1) 988! 23.1

fn-115  (2) 8392 4.2

in-115  (3) 5745 1.9 < 5%

Zn-64 155 9.7 81 23.5

Zn-64 779 5.3 552: 11.2

Zn-64 1717 2.7 1411 8.3

Zn-64 5468 1.8 938 g.2 < 20%

Al-27 (n,p} 106§ 22.6%

Al-27 (n,p) 291 12.7

Al-27 (n,p) 731 7.4 < 15%

Cu-63 3960 2.1 3462 1.8

Cu-63 5542 1.8 169949 0.3

Cu-63 98331 1L 43685, 0.5

Cu-63 10483 1.2 B944 1.2 < 10%

Si-28 118 9.3

5i-28 150 9.3

Si-28 170 8.2

Si-28 228 7.0 < 10%
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When two measurements of the y-counts are necessary (511 keV from zinc and

copper foils), then the error of the number of y-counts (including the error of the
background, ¢5) O in eq. [26], are modified according to (see eq. [23]):

aC aC dCi1\2 2
ot = 0%, = (8(,}11) 0'c1+( 11)2 C +(—aﬁ) Op
A.A:
2 Topy 1€ 2 g
=0¢, +(-e" m) T+ (28]

1_‘6—12A121 2 5

A-zﬂl':ﬂ
— Yo
1= e~ P20t )"0

Oc, =€, "G
where oc, = €c, "(, [29a<]

Ec, =Ec, =&

and where &, is obtained from table 6. B is the 511 keV background count
rate.

For the measurements done so far, the errors of the number of y-counts have been
15-60% (not shown in table 6) and ~20% for copper and zinc, respectively.

The error of the efficiency of the y-detector, o, is not known. The error due
to the limited number of measured counts from the calibration sources can easily be
calculated, but the error due to the unknown effect from summation effects is
probably much larger. However, we have assumed that the error is better than 10% at
the 1st measurement position. For measurement positions further away from the y-
detector, this error is considerably reduced due to the reduced effects from
summation.

The error of the flux integral depends on the errors of both the cross sections
and the calculated flux from MCNP. The errors of the flux, o,., can be obtained

from MCNP, However, these errors are statistical errors from the Monte Carlo
calculations and are probably negligible compared to the "real” errors. If we assume
a constant percentage value, &, of the error of both the flux, Opr = s . tD , and the

cross section, O, = £, - 0;, then we can express the error of the ﬂux mtegral as:
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5 oOF 2 , OF % ,
Or =2 (%) O +(7—) Og
Foow;” "% “do;” @
G; &;

=3[(0:0,: ) + (@], )? | (30]

=(e2. +£5)-L(0;®;)
i

Oy have been estimated to ~10%, which is the same value as the error of the

obtained neutron yield from the fission chambers. The errors of the cross sections,
0, which have been obtained from FNS [5], are ~5% per energy group. When the

errors are calculated according to eq. [30], generally, the errors of the flux integrals
are less than 10%.

The conclusions from the error analysis and the measurements done so far, are
that for the measurement of the 2.5 MeV neutron yield, indium should give the best
overall error (10-15%). Using zinc gives a larger error mainly because of the
uncertainty in the measurement of the number of y-counts. The overall error of the
neutron yield obtained using zinc is ~20-25%.

For the measurement of the 14 MeV neutron yield, the silicon sample should
give the lowest error (10-15%) of the neutron yield while the aluminium sample
gives ~15-20% error. Using copper may give very large errors and should be done

with caution.
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6. Summary

The neutron yield measurements at JT-60U have now been complemented by
foil-activation technique. A sample is exposed to a flux of neutrons for a period of
time, and then removed by a rabbit system, to a y-detector where the induced
radioactivity is measured.

The main advantage of foil activation is that the samples can be positioned very
close to the plasma without any regards of radiation damages to detectors or
electronics. Furthermore, the necessary equipment is simple and reliable. The main
disadvantage is that every measurement have to be done manually and an automatic
procedure is not trivial,

The neutron activation system has recently been installed and good agreement
of the measurements of the 2.5 MeV neutron yield from foil activation and fission

chambers has been shown. Furthermore, the fractions between 14 MeV and 2.5 MeV
neutrons have been measured for a few pulses and seem to yield reasonable values.

The dominant errors for the calculation of the neutron yield, are the values of
the measured 7y-counts, the efficiency of the y-detector and the value of the flux
integral. If it is assumed that the errors of the efficiency of the detector and the
Monte Carlo calculated neutron flux are ~10%, then the errors of the measured
2.5 MeV neutron yield, utilizing indium and zinc, are ~10-15% and ~20-25%,
respectively. For the measurement of the 14 MeV neutron yield, the estimated errors
for silicon, aluminium (27Al{n,p)2’Mg) and copper are ~10-15%, ~15-20% and ~20-
60% respectively. The large errors utilizing zinc and copper foils, are mainly due to
the difficulty in the measurement of the annihilation radiation.

The experience has shown that for the measurements of the 2.5 MeV neutron
yields, 115In(n,n")!15m[n is the most suitable reaction. For the measurement of
14 MeV neutrons, utilizing 28Si(n,p)28Al and 27Al(n,p)?"Mg, give best results
(relatively small errors).

Future work includes a number of actions:

. Optimization of cooling times of the activated foils,

. Improvement of the efficiency calculations for the HP-Ge detector. In
almost all cases, the activated foil is measured at the first position (cf.
fig. 7). An improved efficiency calculation will probably deviate to a
large extent from the present "guessed” efficiency curve,

. Estimation of neutron "screening” effects by the measurement of several
identical foils and Monte Carlo calculations (MCNP),

. Estimation of an average neutron energy using indium and zinc foils
simultaneously,

. Compare measured T/D-fractions with results from SBD detector,

. Measurements of more than one "14 MeV foil" simultaneously to obtain
the T/D-fraction uncertainty between different foils,

. Estimation of triton losses using results from foil activation and Monte

Carlo simulation of triton losses using the OFMC code.
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