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1. General motivation

>
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» Key data for the development of the new generation of nuclear reactors and other applications/fields of physics.
» Useful tool for a better understanding of nuclear reaction mechanisms.
> In particular, the first transition in 48Ti (E,=983.5 keV) is investigated in order to estabilish a y-ray reference cross section for

neutron-induced reactions.

Quiality of the results

» Very good neutron energy resolution

» Very low total relative uncertainty
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2. Experimental setup

N
www.nd2016.eu
International Conference on Nuclear Data for Science and Technology

GELINA - Geel Electron LINear Accelerator GAINS - Gamma Array for Inelastic Neutron Scattering
» Linear electron accelerator (E, = 70 - 140 MeV, At < 1 ns) » 12 HPGe detectors @ 110°, 150° and 125°
» Neutrons produced in the U target by photon induced reactions > Relative efficiency: 100%
» Multiuser facility » FWHM = 2.8 keV for the 1332 keV of 6°C0O
» Flight paths from 8 m up to 400 m in length » Fission chamber to monitor the neutron flux
» The inelastic scattering experiment was done at FP3, 200 m » Digital acquisition
measurement station. (12 bit amplitude resolution, 440 MS/s)

» Time of flight technique:
» ntime of flight — E,
» pulse amplitude — E,

Talk C. Borcea — 1279 (Wednesday, 14:00, Fast Neutrons I)
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» GELINA running at 800 Hz;

» GAINS consisted of 10 HPGe detectors (4 x 110°, 4 x 150°, 2 x 125°);
» Reaction: "Ti(n, n'y)

» E, upto 20 MeV

» Sample characteristics:

» Natural sample with five stable isotopes;
» @ =8.000 cm;
» thickness: 0.45 cm.
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e 3/9




v
1. Experimental particularities
N
HHHH www.nd2016.eu "
International Conference on Nuclear Data for Science and Technology

» GELINA running at 800 Hz;

» GAINS consisted of 10 HPGe detectors (4 x 110°, 4 x 150°, 2 x 125°);
» Reaction: "Ti(n, n'y)

» E, up to 20 MeV

» Sample characteristics:

» Natural sample with five stable isotopes;

> @ = 8.000 cm; The most important particularity!!!
» thickness: 0.45 cm.

Isotopic composition (%) 8.25(3) 7.44(2) 73.72(3) 5.41(2) 5.18(2)

Corresponding areal density (g/cm?) 0.176(1) 0.159(1) 1.576(1) 0.115(1)  0.110(1)

41Ti(n, 2n)%Ti Ti(n, 2n)*7Ti $9Ti(n, 2n)*Ti S0Tj(n, 2n)*Ti

Q value (MeV) 9.0710(5) 11.8710(5) 8.3100(5) 11.1600(5)

4

E = 983.5 keV/ (*Ti)
~ 3/9




v
1. Experimental particularities
N
HHHH www.nd2016.eu "
International Conference on Nuclear Data for Science and Technology

» GELINA running at 800 Hz;

» GAINS consisted of 10 HPGe detectors (4 x 110°, 4 x 150°, 2 x 125°);
» Reaction: "Ti(n, n'y)

» E, up to 20 MeV

» Sample characteristics:

» Natural sample with five stable isotopes;

> @ = 8.000 cm; The most important particularity!!!
» thickness: 0.45 cm.

Isotopic composition (%) 8.25(3) 7.44(2) 73.72(3) 5.41(2) 5.18(2)

Corresponding areal density (g/cm?) 0.176(1) 0.159(1) 1.576(1) 0.115(1)  0.110(1)

41Ti(n, 2n)%Ti Ti(n, 2n)*7Ti $9Ti(n, 2n)*Ti S0Tj(n, 2n)*Ti

Q value (MeV) 9.0710(5) 11.8710(5) 8.3100(5) 11.1600(5)
Contributions‘

E = 983.5 keV/ (*Ti)
~ 3/9




v
1. Experimental particularities
N
HHHH www.nd2016.eu "
International Conference on Nuclear Data for Science and Technology

» GELINA running at 800 Hz;

» GAINS consisted of 10 HPGe detectors (4 x 110°, 4 x 150°, 2 x 125°);
» Reaction: "Ti(n, n'y)

» E, up to 20 MeV

» Sample characteristics:

» Natural sample with five stable isotopes;

> @ = 8.000 cm; The most important particularity!!!
» thickness: 0.45 cm.

Isotopic composition (%) 8.25(3) 7.44(2) 73.72(3) 5.41(2) 5.18(2)

Corresponding areal density (g/cm?) 0.176(1) 0.159(1) 1.576(1) 0.115(1)  0.110(1)

41Ti(n, 2n)%Ti Ti(n, 2n)*7Ti $9Ti(n, 2n)*Ti S0Tj(n, 2n)*Ti

Q value (MeV) 9.0710(5) 11.8710(5) 8.3100(5) 11.1600(5)
Contributions‘
— 48T A8 48
E = 983.5 keV (*Ti) 55Ti(n,n'y)55Ti

e 3/9




v
1. Experimental particularities
N
HHHH www.nd2016.eu "
International Conference on Nuclear Data for Science and Technology

» GELINA running at 800 Hz;

» GAINS consisted of 10 HPGe detectors (4 x 110°, 4 x 150°, 2 x 125°);
» Reaction: "Ti(n, n'y)

» E, up to 20 MeV

» Sample characteristics:

» Natural sample with five stable isotopes;

> @ = 8.000 cm; The most important particularity!!!
» thickness: 0.45 cm.

Isotopic composition (%) 8.25(3) 7.44(2) 73.72(3) 5.41(2) 5.18(2)

Corresponding areal density (g/cm?) 0.176(1) 0.159(1) 1.576(1) 0.115(1)  0.110(1)

41Ti(n, 2n)%Ti Ti(n, 2n)*7Ti $9Ti(n, 2n)*Ti S0Tj(n, 2n)*Ti

Q value (MeV) 9.0710(5) 11.8710(5) 8.3100(5) 11.1600(5)
Contributions‘
— 48T 48r: 48
Ey— 083.5 keV (*Ti) 55Ti(n, n’y)zle +

e 3/9




v
1. Experimental particularities
N
HHHH www.nd2016.eu "
International Conference on Nuclear Data for Science and Technology

» GELINA running at 800 Hz;

» GAINS consisted of 10 HPGe detectors (4 x 110°, 4 x 150°, 2 x 125°);
» Reaction: "Ti(n, n'y)

» E, up to 20 MeV

» Sample characteristics:

» Natural sample with five stable isotopes;

> @ = 8.000 cm; The most important particularity!!!
» thickness: 0.45 cm.

Isotopic composition (%) 8.25(3) 7.44(2) 73.72(3) 5.41(2) 5.18(2)

Corresponding areal density (g/cm?) 0.176(1) 0.159(1) 1.576(1) 0.115(1)  0.110(1)

41Ti(n, 2n)%Ti Ti(n, 2n)*7Ti $9Ti(n, 2n)*Ti S0Tj(n, 2n)*Ti

Q value (MeV) 9.0710(5) 11.8710(5) 8.3100(5) 11.1600(5)
Contributions‘

E,=983.5 keV (*Ti) BTitn,n'y)58Ti  + 353Ti(n, 2ny)55Ti




v
1. Experimental particularities
N
HHHH www.nd2016.eu "
International Conference on Nuclear Data for Science and Technology

» GELINA running at 800 Hz;

» GAINS consisted of 10 HPGe detectors (4 x 110°, 4 x 150°, 2 x 125°);
» Reaction: "Ti(n, n'y)

» E, up to 20 MeV

» Sample characteristics:

» Natural sample with five stable isotopes;

> @ = 8.000 cm; The most important particularity!!!
» thickness: 0.45 cm.

Isotopic composition (%) 8.25(3) 7.44(2) 73.72(3) 5.41(2) 5.18(2)

Corresponding areal density (g/cm?) 0.176(1) 0.159(1) 1.576(1) 0.115(1)  0.110(1)

41Ti(n, 2n)%Ti Ti(n, 2n)*7Ti $9Ti(n, 2n)*Ti S0Tj(n, 2n)*Ti

Q value (MeV) 9.0710(5) 11.8710(5) 8.3100(5) 11.1600(5)
ContributionsI
_ 48T . i . 49 S 48
E,= 983.5 keV (*8Ti) BTi(n,n'y)5sTi  + 353Ti(n,2ny)55Ti | e




Results

www.nd2016.eu

International Conference on Nuclear Data for Science and Technology 48Ti (n , n Iy) 48Ti +49Ti (n ’ 2 ny)48Ti

2+,
230725 TTooe T 33709
3
T 106310 23752 3358'86+ 33332
T :
4t e 32398
3+ 944.12 ’
020§ 2240.4] 02032 3224
o
o
+ =1
0 TS 60 p — 2997.2 g
o iz 5 S =
o i —~ 15 | = o S
EE I R E =3 S
S ElE B 5 ie
Al EF [ FF
+
2
o — YT 24211
Y
4t 2295, T evesssssmnie i
s 1312.1
= _
3 o)
o [& "
S 8
-8 &
S g
s
y Y y
CTEICE] 983.54
S
S
Ei
y )

4/9




www.nd2016.eu

International Conference on Nuclear Data for Science and Technology

Results

BTi(n, n'y)*Ti +4°Ti(n, 2ny)*Ti

3333.2

32398

>+
: 230725 Toee T 33709
T 106310 23752 3358'86+
10376
3+ 4+\;4412
020§ 2240.4] 02032 3224
o
o
+ S
0 PIMER:T) - =3 2997.2 _ g
NS & B =
= 2|l [E B s g
EE I R E = =
S = PO I = -
+ Al I 5 5
2
14375 2420.9 24211
Y
47 ———————————————— 3 O T--++--Versvs e Mo e
— — 2295.7
g
-4 _
S o
o [& "
S 8
= = )
= g
b
S+ Y y / y
—_ Y L )7 Rm—
S H
5
S v ¥

_/—-’—'_'_'_I_

5.5
S 5F
=
D 45 ™
4
a)
1.2 F
o 08 F
©
0.4
0

EY:983'5 keVv

TA
49

48Ti(n,n')“’gTi+49

This work

Dashdorj (2007)

LYS default
Ti(n,2n)ng|
Ti(n,2n)""Ti

1

E, [MeV]

4/9



www.nd2016.eu
International Conference on Nuclear Data for Science and Technology

Results

BTi(n, n'y)*Ti +4°Ti(n, 2ny)*Ti

3333.2

— 3239 8

2+
: 230725 Toee T 33709
T 106310 73752 3358.8
67—
10376
¥
3+ 5a2.12
020§ 2240.4] 02032 3224
o
o
+ =1
0 PIMER:T) - =3 2997.2 _ g
NS & — S g
w g . = = S
ERE N P S =] S
o [2]= |» |5 © -
y sE " =
+ / ~
2
14375 24200 24211
Y
a4+
— — 2295.7
s H
= _
3 [
o [& "
S 8
= = o
= g
s
S+ Y y Y y
— LT -7 —
S H
=
S v v
ot /Y 00

_/—-’—'_'_'_I_

5.5
S 5F
=
D 45 ™
4
a)
1.2 F
a 0.8
©
0.4
0

49
48Ti(n,n')“’gTi+49

This jork —

Ti(n,2n)
Ti(n,2n)

Dashdorj (2407)
TALYS default

8.
Ti
8Ti

EY:983'5 keVv

E, [Me

V]

16

4/9



www.nd2016.eu

International Conference on Nuclear Data for Science and Technology

Results

BTi(n, n'y)*Ti +4°Ti(n, 2ny)*Ti

3333.2

3239.8

>+
: 230725 Toee T 33709
T 106310 73752 3358'86+
10376
at
3+ 944.12
020§ 2240.4] 02032 3224
o
o
+ S
0 PIMER:T) - =3 2997.2 _ g
NS & B =
© i - |z |5 = = 2
I 2 S
S = PO I = -
+ Al I 5 5
2
14375 2420.9 24211
Y
47 ———————————————— 3 O T--++--Versvs e Mo e
— — 2295.7
g
-4 _
S o
o [& "
S 8
-8 &
~ b
b
S+ Y y / y
— LT -7 —
S
S
S

55
S 5F
8 _/'_I_‘_I_
D 45 B
4
a) E,=983.5 keV
1.2 F
This jork —
a 0.8 Dashdorj (2407)
o T@LYS de 8uIt
Ti(n,2n)[ . Ti
0.4 4BTi(n,m)*8Ti+*9Ti(n 2n)FeTi
y 1 |
0
0 4 8 12 16
En [Me}]

Q value 49Ti(n, 2n)48Ti reaction + Ethreshold (983.5 keV level) ~9 MeV

4/9



www.nd2016.eu

International Conference on Nuclear Data for Science and Technology

Results

7
. . . . .
BTi(n, n'y)*Ti +4°Ti(n, 2ny)*Ti
=1312.1 keV
This work — 06 | b) ET
Dashdorj (2007)
TALYS summation — 0.4}
TALYS default
02
03k c) E_r:l43?.5 keV 0.0(E)S | d) E.r=2013.7 keV
0.2 F 0.04 }
01} N 0.02 } ;
[ S TN L 0 | Nt L
0.08 - e) E~22404keV| 0.04 | E,~928.3 keV

>+
LV Tooe T 33709
3
T 106310 VETEN] 3358,86+
3+,
8020 1220040 92832 3224
o
o
+ =
0 2013.66 — = 2997.2
(W~ <
] o - - E
ALl E N =]
s k2 F N &
+ v v E F S
2 —
T P 24211
A
a4t
= 132.1 2295.7
=)
=3 | —
= o
o Iz =
S = o
1 N & g
"~ <
w
2% YVW' VY
983.53 9B 3,54 rorrersersrnssis
s
2
=
o* Yy Y

o [b]

0.03

0.06
0.03 - ~ .
: r ] 0.01

0 |amest == 0
015 L a) E,~944.1 keV 0.15

0.1 0.1

0.05 0.05

0
0.09
0.12
0.06

0.06

4/9



0
Results
0D
NS
www.nd2016.eu
International Conference on Nuclear Data for Science and Technology - 1 - 7 M
BTi(n, n'y)*Ti +4°Ti(n, 2ny)*Ti
] b =1312.1 keV
This work — 0.6 ) ET
Dashdorj (2007)
TALYS summation — 0.4
o+ TALYS default
- VEYVI] TTooe T 33709 0.2
- 3358.8
T 106310 73752 oF — 33332 0
3H — sa2 T 32398 03 }° EF1437.5keV[ 06
EO!Q 2240.4| 928.32
o I 0.2 0.04
ot T ~ 2997.2 n s
) = = =l = g 0.1 0.02
+ A E |2 s —_ )
2 TERAS * m— 24211 = 0.08 0.04
Y =}
4t - —— . 2295.7 Attt 0.06 0.03
g s | N 0.02
S g § 0.03 0.01
Y y vy VY y & o
+
2 — 983,54 wrrsserrs e 015 L 0.15
& 0.1 0.1
0.05 0.05
0 0
0.09
0.12
0.06
0.06 0.03
0

4/9




International Conference on Nuclear Data for Science and Technology

a

www.nd2016.eu

>+
230725 TSTooe T 33709
3
B0 106310 2375.2 3358'86_'_
10376
+ 4t
3 944.12
8020 f22404] 02037 3224
o
o
+ S
0 2013.00 py = 2997.2 R s
(DS R _ = s
R LE =) 2 -
s 2| © o ~
™ E 2 S in
+
2
SEV] e 24211
Y
a+
- —— 2295.7
g
° _
=] ful
o [& "
g (e 8
] &
~ b
b
vy vy VY y
— 98354
S
S
S
ot yy

Branching ratio of E,=928.3 keV:
= Our result: 36.2(9)%;
= ENSDF: 33.46(24)%.

3333.2

f— 3239 8

Results

BTi(n, n'y)*Ti +4°Ti(n, 2ny)*Ti

N7
. b =1312.1 keV
This work — 0.6 F ) ET
Dashdorj (2007)
TALYS summation — 0.4
TALYS default
0.2
— 0
03k c) E_r—l437.5 keV 0.06
0.2 0.04
0.1 0.02
0
= 0.09 0.04
o

0.06 0.03
0.02
0.03 0.01
0.15

0.15

0.1

0.05

0.12

0.06

0.1

0.05

0
0.09

0.06

4/9



1
oo
www.nd2016.eu
International Conference on Nuclear Data for Science and Technology
2+
0+ i'

889.3

Results - minor isotopes

4Ti(n, n'y)*Ti +47Ti(n, 2ny)*eTi

>
L

_75Fb
S,
o 6
c
-
45 F
a) E,=889.3 keV
1.2 F
2 08 F This work
© TA{E\{LYS deffﬁult —
Ti(n,2n) Ti —
0.4 4Ti(n,n)*eTi+* Ti(n,2n)*6Ti —
0
0 4 8 12 16

5/9




1
oo
www.nd2016.eu
International Conference on Nuclear Data for Science and Technology
512 1762.0
(5/2),
1622.6
3/2°
1585.9
11/2
1542.5
o
o o 2
o (=]
— —
3/2
S 1381.7
—
o
o
—
7/2° Y

>

Results - minor isotopes

®Ti(n, n'y)®Ti +°Ti(n, 2ny)*Ti

1762.0

1622.9

1585.9
1542.2

1381.8

0.0

L

0.15 |

o [b]

0.05

This work
TALYS default
coTi(n,2n) o Ti

Ti(n,2n) " Ti

9Ti(n,n)19Ti+°°

E,=1381.8 keV

8 12
E, [MeV]

6/9




www.nd2016.eu

International Conference on Nuclear Data for Science and Technology

2+

O+

1553.8

Results - minor isotopes

0Ti(n, n'y)%0Ti

>

=

(\®]
L]
(=)

~—

1553.8

o
T

unc [%]

N9
T

=
a
T

o [b]
|_l

05

EY=1553'8 keV

This work —
TALYS default —

719




www.nd2016.eu
International Conference on Nuclear Data for Science and Technology
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» The aim of this experiment was to provide high precision cross section data for the stable isotopes of natural titanium and it
was accomplished by reporting data with an uncertainty around 5% for the strongest transitions.

> The results of the y-production cross section for the first transition in “Ti were sent to be evaluated by the group in charge
with the estabilishing of the standard y-ray cross section.

» A full publication is in preparation.
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