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Preface

The report contains the details of the research work being
carried out under the IAEA.Coordinated Research Program under the
contract No. 3310/RB. Main.efforts were devoted to investigate the
atructure in the ﬁeutron enission cross-section of iromn on .
bombard;ent with 14,6 MeV neutrons. The present measurements are
confined to demonstration of the existence of structure in the
neutron time-of-flight spectra and have been written in a sﬁitable
form for publication in a Journal. The data on the pf;cise energy
measurements of gamma-rays has not been fully analysed. Only yields

of the gamma-rays relative to the yield of 847 keV gamma-rays have

been calculated. Further analysis of the data is in progress.



Scattering of 14.6 MeV ieutrons from Fe
(1) Investigation of structure in neutron emission spectra

K.Gul, M.Anwar, M.Ahmad, S.M.Saieem and Nacem A.Khan

Pakistan Instituta of Nuclear Science & Technology
P.0. Nilore Rawalpindi, Pakistan

Structure in the snectra of neutrons emitted from iron
on bombardment with 14.5 MeV neutrons has been investigatad and

56Fe. The energies

axplained in terms of excitation of levels in
of scattered neutrons have hean measured by the time-of-flight
technique hased on the associatad particle method. The observed
excitations have been corralatad with the reported levels in a
satisfactory manner. Evidence for new excitations at 8.8 £ 0.2,
9.8 £ 2.1, 10.2 + 0.1, 12.44 £ 0.03 and 12.52 + 0.03 MeV has
been obtained. The excitation of nossible componants of M1
-giant r2sonzinca in 56Fe is discussed.

~ -
JUCLEAR REACTIONS Fe(n,n'), E = 14.5 MeV,
measurad E_ (o = 307, 450, 500), 50pq

1j2rav Tavals, aatural target.

I. INTRODUCTION

In our previous measurements1 on Fe we observed structura
in the neutron emission cross sactions which was attributad to
56Fe. Although the
structure was clearly observed in the neutron z2mission cross

the excitation of diffarent energy levels in

sactions, it was not distinctly clear in the neutron time-of—f]ight
spectra. This was partly due to the low signal to background
ratio and partly due to thaz noor anergy resolution. The present
maasurements have boen carried out with better cnergy resolution
and improved signal to background ratio. The measurements have
baen aimed at pracise enargy rather than cross saction deter-
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mination. Energy levels upto 13 MeV have been excited and
identified with the reported levels in 56Fe. Evidence for the
excitation of 5 new levels has been observed. The states which
were excited through resonance scattering of electron
hremsstrahlung and were proposed to be the components of giant
- magnetic dipole resonance2 have also been seen in the present
measurements. While the present work was in the process of
publication, Takahashi et a1’ reported structure in the neutron
emission cross sections of Fe.

II. EXPERIMENTAL METHOD

The neutrons were generated through the reaction
ZH(3H,n)4He by bombarding an air-cooled tritium target with 120
keV deuterons. The energies of scattered neutrons were measured
by the time-of-flight technique using a 3.3 meters flight path.
A'NE213'1iquid scintillator of size 12.7 cm diameter and 12.7
cm thickness coupled to a XP1040 photo-multiplier tube was used
as a neutron detector. The gamma-rays background was suppressed
by using an Ortec neutron gamma-rays pulse shape discrimination
system. The scattering sample was 7.6 cm in thickness and 7.6
cm in height. In order to reduce general neutron background,
the neutron detector alongwith its shielding of borated wax and
lead was placed in a small room built within the experimental
hall. The room was built of concrete bricks having 1.2 meter
wall thickness. The scattered neutrons were well collimated
over a flight path of about 2.5 meters. As the neutron detector
was fixed the neutron gesnerator was rotated about the vertical
axis of the scattering sample for taking neutron time-of-flight
spectra at different angles. The scattered neutron time-of-flight
spectra at the 1laboratory angles of 300, 45o and 60° were
taken. The background spectra were taken at each angle for the
séme long counter counts and subtracted from the sample~-in
spectra. A typical background spectrum is shown in figure 1.
- The background subtracted neutron time-of-flight spectra at the
three angles are shown in figures 2-4. The spectra were acquired
on a 85 series Canherra Multichannel Analyzer and 3-point smoothing
was carried out for the spectra.
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III. ENERGY CALIBRATION AND ENERGY RESOLUTION

The timing calibration of multichannel analyser was done
by using standard Ortec and Canberra delays. A time dispersion
of 0.417 nano-second per channel was used. The incident energy
of the neutrons was obtained from the kinematics of the neutron
producing reaction and the neutron time-of-flight spectra of
IZC. The incident energy thus determined was 14.60 £ 0.03 MeV.
The timing resolution of our system was about 7 channals amounting
to 3.1 nano-seconds. Tha flight path being 3.3 meters, it amounts
to about 0.9 nano-second per meter. As the incident energy of
deuteron beam is 120 keV, the lTowest 1imit of the energydispersion
is + 60 keV for thick targets and it is less for thin targets.
The energy resolution AE(MeV) is related to the timing resolution
by the following expression:

E3/2 X at
36.2 d

where E is the energy of a neutron in MeV, At is the timing
resolution in nano-seconds and d is the flight path in meters.

AE

IV. DISCUSSION

A. detailed information on energy levels of 56Fe has
been reported by Aub1e4. More states at 6.927, 7.212, 8.131,
8.243, 8.538, 10.479 and 11.133 MeV have bezn reported by Kumagai
et a12 through resonance scattering of electron bremsstrahlung
and these states have been suggastad to be components of giant
M1(T< ) resonance resulting from excitation of the particle-hole
states of the form [1f;}51f%2]1+. Alford ot al® have reported
lavels at 5.3, 6.55, 8.150 and 9.240 MeV throuqh(3He,n) reaction
on 54Cr which are in agreemant with the energy levels reported
by Evers et a164 These states are two proton excitations from
the ground state of 56Fe. Ahmad et a]7 have measured energies
of several states through (p,y) and (p,n) reactions on 55Mn.
These states have isospin value T = 3 and are analoque of the

low lying states in 56Mn. The first T 3 state in 56Fe which
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is the analogue of the ground state of 56

Mn occurs at 11.509
MeV. In the region of high excitations, only selective states
are picked up through different types of reactions. It is well
established that 14.6 MeV neutron scattering takes place
predominantly through direct nuclear reaction mechanism. The
states which have wave functions similar to that of ground
state are opreferentially excited through direct inelastic
scattering reaction because the contribution of the overlap
integral to the DWBA cross section is significant. Therefore

the T = 3 states in 56
56

Fe which are anulogues of the Tow lying
states in Mn are expected to be preferentially excited. The
direct 2xcitation is also known to give an essential contribution
to the reaction mechanism in neutron scattering on low lying
collective states in the target nucleusg. Therefore the
4.51(3  )MeV one phonon octupole state and one phonon states
such as 3.12(4+)Mev state in 55Fe are expected to be se]ectively
excited. For the convenience of the discussion we divide the
eantire region of excitation into the following three energy
regions.

A. 0-8 MeV excitation region

This energy region contains a considerable number of
levels. The energy resolution being poor, it is difficult to
resolve energy levels completely. Moreover, due to rapid intensity
variations of the angular distributions, different levels dominate
at different angles. Therefore, an exact identification of Tavels
at different angles is rendered difficult. However, it is possible
to compare the present measurements with previously reported
measurements based on nucleon scattering of about the same
energy. Peterson9 reported measurements of 17.5 MeV protons
from iron at 650. Takahashi et a13
M2V neutrons from ironat 450. Peterson9 observed strong excitation
of the 4.51 MeV state which has a spin-parity value of 3~ and
is regarded as one phonon octupole vibration. Takahashi et a13
have reported an axcitation of 4.59 MeV which they have identified
with the 4.51 MeV state. We also see a strong excitation at 4.5

reported measurements of 14
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+ 0.1 MeV that could be identified with the discussed 4.51 MeV
state though contribution from the near by levels cannot be
ruled out. Between the two prominent neutron groups that correspond
to thé ground state and the 4.51 MeV state, we see a neutron
group that corresponds to 3.2 * 0.2 MeV which 1is in good
agreement with the 3.23 MeV neutron group reported by Takahashi
et a13. The 3.2 MeV excitation observed by us possibly corresponds
to the strongly excited 3.12 MeV state which has the spin
parity value of 4% and s reported by Petersong. At 30° where
the intensity of neutron group corresponding to the 4.51 MeV
state is Tow, we clearly see the presence.of a neutron group
that corresponds to an excitation of 5.3 £ 0.2 MeV which is in
good agreement with the energy of 5.29 MeV reported by Takahashi
et a13. This group of neutron may correspond to the unresolved
groups of protons resulting from the excitation of 5.15 and
5.26 MeV doublet seen by Petersong. The 6.1 MaV axcitation
observed by us is also in good agreement with the excitation of
6.09 MeV reported by Takahashi et a13. The 6.5 MeV excitation
reported by Takahashi et a13 is also in good agreement with the
6.5 MeV excitation observed in the present measurements and
possibly corresponds to the 6§.48 MeV state observed by Petersong.
We see neutron groups corresponding to excitations at 6.9 = 0.1
and 7.3 £ 0.1 MeV which are not completely resolved. Takahashi

3 aiso sea a neutron qgroup that corresponds to 6.9 MeV

et al
excitation. Kumagai et a12 have reported excited states at
6.927 and 7.212 MeV which could be identified with the 6.9 and

7.3 MeV excitations observed in the present measurements.

B. 8.0 - 11.509 MeV energy region

In the 8.0 - 11.509 MeV energy region, the number of
reported levels is small. We see a neutron group that corresponds
to an excitation of 8.3 + 0.2 MeV which could contain contributions
from the 85.131, 8.243 and 8.538 MaV statns reported by Kumagai
et a]z. The only other levels at 3.150 and 9.240 being formed
by two protons excitation from the ground state of 56Fe cannot
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be expected to contribute significantly. We see a neutron group
that corresponds to 9.1 MeV which probably corresponds to the
level at 9.14 MeV reported by smith and Segethlo. We also see
neutron groups that correspond to excitations at 10.5 and 11.13
MeV which could be identified with the only two levels at
10.478 and 11.133 MeV reported by Kumagai et a13. The excitation
of different suggested-components of giant M1(T. ) resonance in
the present measurements may be due to the prediction of Cecil
and Peterson11 for the enhancement of excitation of giant magnetic
dipole resonance (T.) through neutron scattering. In this energy
region we see neutron grouns which correspond to excitations at
8.8 + 0.2 and 9.80 * 0.1 and 10.2 =+ 0.1 MeV that have not been
reported so far.

C. The 11.509 - 12.8 MeV energy region

In this energy region several levels in 56Fe which are
the analogue of the low lying states in 56Mn have been reported
by Ahmad et a17 through (p,y) and (p,n) reactions. The energy
resolution improves considerably for the lower energy neutron
groups and we see clearly well resolved neutron groups. All the
reported states that could be resolved have been identified and
Tabelled with the energy values reported by Ahmad et a17. The
expected positions of reported levels have been indicated through
their energy values measured by Ahmad et a17. This has facilitated
the correlation of the three spectra and the identification of
observed levels with reported levels. Two new states in 56Fe'
not reported before have been very clearly seen: The Tevel
12.520 + 0.03 MeV has been seen at the three angles whereas the
1ege1 12.440 + 0.03 has been seen only at the angles 45° and
60

The Q-value for (n,2n) reaction on 56

Fe being 12.2 MeV,
one would expect interference from neutron groups corresponding
to different accessible excitations in 55Fe, with those resulting
from excitations above 12.2 MeV in 56Fe. The contributions of
neutron groups from the ground state and excited states at

0.411, 0.941, 1.317 and 1.408 MeV in 55Fe have been taken dinto
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account and the corresponding expectéd positions have been
indicated in the neutron time-of-flight spectra. There is some
contribution of the neutron group resulting from the excitation
of 1.317 MeV state in °°

corresponds to the unreported level at 12.52 MeV. There is also
56

Fe to the observed neutron group that
a visible contribution fram (n,2n) reaction on Fe leading to
the ground state of 55Fe, to the neutron group of 11.133 Mev

state in 56Fe at 300.

ACKNOWLEDGEMENT

The authors are grateful to the neutron generator group
for operating the machine. The present work has been carried
out under IAEA Coordinated Research Programme for which the
financial help of the IAEA is gratefully acknowledged. The
authors gratefully acknowledge the discussions with Professdr
R.J. Peterson of the University of Colorado, Boulder U.S.A.

1K.Gul, M.Anwar, M.Ahmad, S.M. Saleem and Naeem A. Khan,Internal
Report No. PINSTECH/NPD-101.

‘ZN.Kumagai, T.Ishimatu, E.Tanaka, K.Kageyama and G.Isoyama,Nucl.
Phys. A329, 205(1979).

3A.Takahashi, M.Fukazawa, Y.Yamagi and Yamamoto,O0ktavian Report

A-83-08, 1984,0saka University, Japan.

*R.L.Auble,Nuclear Data Sheets 20, 253(1977).

SW.P.Al1ford, R.A.Lindgren, D.Elmore, and R.N.Boyd,Nucl. Phys.

A243, 269((1975).

6D.Evers, W.Assmann, K.Rudolph, S.J.Skorka and P.Sperr,Nucl.

Phys. A230, 109(1974).



-8-
’N.Ahmad, M.A.Rahman, M.A.Awal, M.Rahman, S.Katun, and H.M.Sen
Gupta,J. Phys. Soc., Japan, 35, 348(1973).

8D.Strei1, D.Schmidt and D.Seeliger,proceedings of the Europhysics
Topical Conference edited by P.Oblozinsky (Smolenice, 1982).

9R.J.Peterson,Ann Phys. 53, 40(1960).

10ph . B.Smith and W.Segeth,Nucl. Phys. A398, 397(1983).

1lg E.Cecil and R.J.Peterson,Phys. Rev. Lett. 47, 1566(1981)



COUNTS / CHANNEL

BACKGROUND @ = 4§

650

5004+~
LUD: S e T e e e, cc - -.‘ -~ .m'. - - '- -
300 L . ! . B . ] :
250 300 400 500 600
e CHANNEL NUMBER
Figure 1. Neutron time-of-flight background spectrumat angle

45 .



-10~

o
~\n
w
o
. ~|<
YA W *x
[=]
57 €8 == e
9 |
5’9
69
€L
€8 1a
n
88
L6
86
ot o
~H40O
‘ wn
501
EEL 11
(0)odg.
. i
605" 11 . -9
[L69 1’ 09°11] (7 ol odeg
[rze-wfioe- ] — =—
0961t
051" 21
=——— (1760} 33, 1s
. ,’60Z°21 & S
662°Z1' 652" 2!
0zs el = e
(L1E1) 2dge
. ’ . 4 AIIA . - .
[679 21" €09 21} : 807°1) 34 .
[sze 2t oL zi) . =
€9L° 2t
‘o
™
o Z0°€1 48
w o ]
' o
L | 3 1 { . H
Q [=] [=] Q Q =)
Q = o =] o o
e = @ ~ w n

<+——— T3ANNVHI / SLNNOD ——

CHANNEL NUMBER ~——

time-of-flight

neutron

subtracted

Background

Figure 2.

o

spectrum at angle 30



-11=

~|w

(0 ) a3

*S9S

(11y°0) o4
3sg

TNW:NGQ;_

= 45

Fe
2]

096" !
0st- T

[

(t176°0) @d

60272 *85
662° 21 652" 2

—— * -]
(L1e"1) mmm

[679° 21" €09- 2] (807°1) 93

[szL 21 oL i)
€9L" 2

»3

S -

400 450 500 S50 600 650
CHANNEL NUMBER ——

350

300

1000

800 -

800}
700}
600}
500}

“——— 13INNVHI / SLNNOD

250

time-of-flight

Background subtracted neutron

Figure 3.

(]

spectrum at angle 45



~12-

400 450 500 550 600 650
CHANNEL NUMBER ——»

350

300

— ~jm
7't Amu *
-——
§ )
'y
59
(a1} oumm
60511 : ]
0 e et .
[c69 9t 2 (H7°0) 2 gg
178 1 j=—=
ﬁomm;*.qmm;*
0S4 Z1— : ~——(176°0) 24 ]
[esz-21" 60z 21] *
662°21
097 21
02521
w S (LEtneg,
[c09-zt “ 699°2(] = (80711 o 7
) 255
[ozc a1 eoc 2
‘o
w
[}
L
w @ -
n_v 1 i 1 i L
Q Q o o o Q
= S 8 8 8 2 &

= 13INNVHI / SINAQY —

2580

neutron

suybtracted

Background

Figure 4.

4

time-of-flight

]

spectrum at angle 60

<



-13=

MEASUREMENT OF YIELD OF GAMMA-RAYS EMITTED FROM -
IRON ON BOMBARDMENT WITH 14,7 MeV NEUTRONS

K.Gul, M.Ahmad, S.M. Saleem, M.Anwar and Naeem A, Khan

Introduction

The knowledge of production of gamma~rays from Fe on bombardment
with 14,7 MeV neutrons is desirable boéh from auclear physicé and applied
point of view. Iron is to be used as a structure material in Fusion
reactors which involve interaction of 14.6 MeV neutr$ns. Moreover the
precise knowledge of gamma-rays and their yields also helps in knowing
the energy levels and their dec;& scheme. The present work.describes the
measurements of energies of gamma-rays and their yiélds from Fe relative
to the yield of 847 keV gamma-rays emitted from the deexcitation of

847 keV (2%) level in 56Fe.

Experimental Details and Results

AN

The energies of gamma-rays were measured by a 100 cc Ge(Li) detector.
The detector was placed in an apartment of 1.2 met?rs thick wall constructed
of concrete bricks. All Gamma-rays in the energy range 400 keV to 10 MeV
were recorded on a 85 series Canberra multichannel analyser. Gamma-rays
background was taken by reé;;an-the sample and subtracted from the sample-=in
spectrum. A part of the apectrum is shown in figure 1. The yield of gamma-ray
alongwith the energies is shown in Table 1, The efficiency of the Ge(Li)
detector was measured1) in a seperate experiment on the 5 Mega-Watt research

1‘+N(n,Y)1BN and

reactor at Pinstech using the reaction 35Cl(n,Y)BGCl. and
(p,?’)reaction on Cr, The yield of the gamma-rays have been corrected for the

attenuation of emitted gamma-rays in the iron sample. For comparison the
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2)

reported measurements of Lachkar et al~’ are also given in the table 1. The
agreement between the present measurements and the reported measurements

is quite satisfactory. Further analysis of the data is in progress.

References
1. M.Ahmad, M.Anwar, S.M.Saleem, K.Gul and Naeem A.Khan
PINSTECH/NPD-110(FNPG), 198k,

2e J.Lachkar, J.Sigaud, Y.Patin and G.Haout
Nucl. Sci. Eng. 55(1974) 168
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Yield of gamma-rays relative to 847 keV gamma-ray
from Fe on bombardment with 14.7 MeV neutrons and
their comparison with reported values',

9

(N

w Reported

Energy (keV) T Present
| measurement measurement
438 1.6 + 0.4
475 1.9 + 005
567 1.0 + 0.4
698 9.4 + 0.6
847 100.0 + 0,8 100
931 10.7 + 0.6
1010 1.3 + Ok
1038 10.4% + 0.9 10.5 ¥ 1.6
1175 1.7 + O.b
1238 50.1 + 2.5 49.3 T 12.1
1310 16.5 + 0.5 .
1360 1.2 + 0.3
1408 3.1 « 0.3
1581 - 0.5 + 0.3
1670 3.8 + 0.3
1728 Q.4 + 0.3
1775 1.3 + 0.2
1811 9.3 + 0.7 7.6 £ 1.2
1861 Ot + 0.3
2035 2.4 + 1,2
2173 1.7 + 0.3
2217 2.5 + 0.3
2273 1.2 + 0.3
2374 0.5 + 0.3
2425 0.8 + 0.3
2469 0.6 + 0.2
2526 2.4 + 0.3 ,
2599 4,6 + 0.6 L6t 0.9
2759 1.5 + 0.4
2956 0.9 + 0.3
2985 0.8 + 0.2
3063 0.8 + 0.2
3203 1.0 + O.4
3254 1.5 + 04
3450 1.2 + 0.3
3554 Ok + 0,3
3612 1.6 + 0.3
3663 1.0 + Ok
3835 1.0 + 0.5
5095 0.9 + O b
6747 0.9 + O.k
7091 0.7 + Ouk4
8800 0.6 + 0.3
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