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THERMAL NEUTRON CAPTURE GAMMA-RAYS IN IRON

By
AaMa Hassan, HOMO Abu"zeid

and I. Hamouda

ABSTRACT

Thermal neutron capture gamma-radiation from natural iron asample
was investigated with the aid of the three-crystal scintillation pair

spectrometer in an external beam of thermal neutron from UA-RR-1,

Previously unreported lines in natural iron of energies 6.95,
6.75, 5.35 and 3.18 MeV have been observed.



1. INTRODUCTION

Earlier studies of the iron neutron capture gamma-ray spectra were
made by Hammermesh and Hummel /" 1/ and by Kinsey and Bartholomew / 2/.
Various techniques of gamma-ray spectroscopy have been employed [5-§79
Other studies from thermal neutron radiative capture has been done[§-1§7
by using the recently developed Ge(Li) detector. On the other hand,
Vasson and Drapper _/:1-417 and Block /I5/ have measured (n, ¥ ) spectra which

result from resomance neutron capture in iromn.

Moreover, the energy levels in Fé57 have been estaklished from
studies of the inelastic scattering of protons in iron as well as the
Fe56(d,p)Fe57 reaction /16/. Vervier and Bartholomew /17,18/ have made
angular correlation measurements on the iron neutron capture gamma-ray
cazcade and determined the spin of the 0.3862 MeV level to be 3/2. The
same workers investigating the circular polarization of the 7.639 MeV
gamma-ray have established that this line is actually a doublet with
0.49+0.19 of the intensity representing a ground-state transition and

the remainder & transition to the 14 MeV first excited state.

The energies of the first and second 2xcited states have been de-
termined by Bellicard and Moussa /19/.

The 0.136 and the 0.366 MeV levels have been excited and their
decay properties eatablished in Coulomb excitation studies é§g7. From
the spectrum following Co°' decay, it has been determined /6,21,22/

.he energies and branching ratioa of the second, third and fourth-exci-
ted states. The gamma-ray spectrum following the decay of Hn57 indica-
tes decays to the 0.136, 0.366 and 0.707 MeV levels /23/.

The pronerties of the grouﬂd state, and the energy levela in F&57

have been }eported [E@,2§7.



2, EXPERIMENTAL PROCEDURE

The essential feature of the pregent experiment have been described
in reference 1527, certain aspects of the performance of the apparatus,
however, which are characteristic of the experiment; affect the nature
of the results obtained and their interpretation.These will be treated
briefly here.

The capture gamma-rays produced in a target placed in an external
collimated beam of thermal neutrons from the ".A.R. 2 MW research reac-
tor are detected by a three cryatal NoI(T1l) pair spectrometer, The
center crystal (1.75"¢#x2"L) of the gpectrometer has a resolation 7.5%
for the 05137 line of 0.662 MeV, while the side crystals {each 3"@x3"L)
have resolution 10% and 2.5% for 00187 line of (.662 MeV,

The employment of the pair spectrometer in the measurements of high
energy gamma-rays has the evident advantage that only one peak is pre-
sent in the spectrum for each monoenergetic gamma-rays. In contrast if
a single crystal were used for this purpose; the photo peaks of succes-
sive gamma-ray:s would be super imposed upon the single and double escape

peaks and the Compton distribution of higher energy gamma-rays.

In the pair spectrometer spectrum the strong capture gamma-rays of
lead (7.38) MeV and aluminium (7.72) MeV appear as very weak background
peaks arising from the capture of acattered neutrons in the apparatus.
In addition the pair spectrum peaka are superimposed on a mmooth rising
continuum composed of the low-energy tails of the pair spectrometer
peaks /277, which extend as weak, continuous background to rather low
energies. The tail arises mainly from the oacap; of Bremsstrahlung and
electrons from the center crystal of the pair qucyrpmotoro Also gomme~
rays may suffer amail loases of energy through ncllemgl; cbnbton -
scattering l§§7, before being detected. Tﬁii luttor&off;ct bas vori‘
l!ight influence on the pair peak efficiency and form.

In order to obtain the relative gamma-ray intensity the methcd is
described in reference /29/. In (Teble 1) I, is expressed in Phoions/



100 neutron captures by normalizing the sum of the measured relativ.

intensities to the sum of the absolute intensities determined by

Adyasivich et al. /73/ and Groshev et al. /757 for che same energy
interval.

The absolute intensities calibration of this experiment was limi-~

ted to 15% accuracy, however, ¥ -ray energies were determined to with-
in +20 keV by using the results of other experiments. The energies of
the levels of Fe57 is quite well known from the investigations of the

(d,p) and (n,¥) reaction /25/.

Several of the strong lines in the spectrum of the present experi-
ment have been identified with previous results [—27. Using this for
calibration together with the measured linearity of the electronic
system, it was found that the majority of the remaining lines have

energies which correspond to other known levels, exceptions are dis-
cussed individual.

3. EXPERIMENTAL RESULTS

The investigated apecimen contained 25.3 gm of natural iron (99.9%
purity) in form of a slab (4.5x1.5x0.2 cma). The sample was fixed with
its face making an angle ~~10? with thc beam of neutrons. The arrange-
ment of counters were as shown in (Fig. 1) with the iron sample center
a’ & distance 4 cm from the upper face of the central crystal. The

spectrum was measured over the energy range 2 to 11 MeV and is shown in
(Fig. 2).

Table 1 shows the gamma-ray enérgies measured in the present ex-
periment., It a{ao shovs for comparison the high energy gamma-rays
result of other authors £§,8’5’32’83,8é7o

The 1ntens1t1es relat1ve to that of the 9.30 MeV are also g1ven in
(Takle 1). These intensities are calculuted £rom peaks No. 1,4 5,22,26
and 88 of (Fig. 2) after being corrected for the ¥ -ray absorbers bet-
ween the sample and the central crystal /39/. The sum of the 36 gamma
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ray intengitice "w. ¢ bheeu nonralized to 94,65 photons per 1¢0 neutron
captures folloving /3,5], and sz per 100 neutron capture soc nlgo is

given in (Tebiv 1, ter o srlgon with earlier investigetere.

In order to detosrm ne the energy calibration of the presunt spec-
trometer, from Adye.cvi.i et el. /78] ¥-ray lines indicated by ¢losed
ericleu in table 1 wuie¢ vawd tor thiy purpose,

The remainiag gwme-ruy encergien, as devermined from the beast i:y
calibration line, agree within experimental error to eerlier values
(as shown in "able 1) and demonatrate the linearity of tho afntemu It
is noted that four of the gamma-rays which have No, (6,8,15 and 1) were
unreported in previous (n, ) measuroments with natural iron sample
vhile the identificatiun of the remaining trensitions agrees with that
of earlier investigators.

4. DISCUSSION

There are four stable igotopes of ironm, Feue

accounts for approxi-
mately 93% of all the thermal neutron capture reactions in natural iron.
The abundances / 5/, cross-sections / 5/ and contributions of these iso-
topes to the total cross-section are listed in (Table 2). The croms-
section for the capture of thermal neutrone by natural isctope mixture

[B1] is 6 = 2.62+0.0¢b,

———ay = -’——-‘

Table £
" Properties of Fe imotopes
Isotope | 1 Fb54 Fe56 F057 F058

I e 7 FUSGIPIIPIETN PO— - dnietvmssmnluitnadontiotin i J--r
Contents in natural mixture % . 5.84| 91.68} . 2.17! .  0.81
Thermal neutron croas-section (b) 2.30 2.75 2.501 . 0.98 .
Isotope contribution to (%) | . 8.00) 93.00} 2u00iu_-0.10
Neutron binding energy in product | 9800457 |764245% 1004046 |658646"
nucleus (keV) ! 920835" 1764354 110038110

~ o -

- Eef.'/527 and b Ref, 1—27.



The thermal neutron capture gamms-rays of samples enriched in F954

have been studied by Jkagami et alo£§g7 by the method of coincidences
belween a Lhree crystal pair specirometer and s single NaI(Tl) crystal
spectrometer, and by Loskutova et a104§£7 with the aid of a Compton
recoil gpectrometer. While Murzin et 3104527 investigated the/capture
gamma-ray spectra produced in & sample enriched in Fb57 and normal iron

by the help of a three crystal pair spectrometer,

The se measurements helped the assignment for most of the known
capture gamma-rays of natural iron to individual isotopes. The present

results will be compared with their reported measurements.

4.1 Contribution to the Gamma~§g¢ctrum from Fe55 8

The 9.30+0.02 MeV aud 8.88+0,02 MeV lines correspond to Fe55 trans-

itions the capturing to the ground and firat excited state[§939593298§7o
Their absolute intensities are 56 and 6 regpectively per 100 neutron

capture in F054o

The disapearance of the, 8.88 MeV gamms-ray in F@55 spectrum was
completely ungxpected, for the 8.8824+0.006 MeV gamma-ray found by
Groshev et al./ 5/had previously been assigned to F&°° because its energy
fits closely the difference between the neutron binding snergy
9.29840.005 MeV and the energy of the first excited state 0.414 MeV,

The gamma-ray lines with energies 6.8640.03, 6.27+40.08;, 5.7440.05
ancé. 5.835+0.02 MeV, coincides within the accuracy of measirsment with
“he corregponding capture gamma-ray lines from samples snriched in
Fessé§g7o Howvever bearing in mind the isotope contributions to the
capture cross-seciion their intensities are 2%, 3%, 2.5% and 1.3%
respectively per neutron capture in F054°

The Fe®> gamma-rays /387 of energies 7.27, 4.46, 8.79, 3.07, 2.63,

2.67 and 2.47 MeV cannot be isolated since these gamma lines are con-
cealed under the Fe®', 7.28+0.02, 4,48+40.03, 3.83.0.04, 3.04.0.03,
doublet 2.65+0,04 and 2.444+0.03 MeV gamma lines respectively.



While the Fe55 gomma-rays of energies 7.27, 5.50 and $.07 MeV are

concealed also under the Fe58[§i7, 7.26, 5.50 and 3.08 MeV gamma lines
respectively.

' The doublet 6.27+0.03 MeV was well resolved by Groshev et al./ 5/
into 6.2954+0.008 MeV (Ixf.\.» 2%) aad 6.269+0.008 MeV (Ix':.' 2%). It cen
be concluded that the sum of intensities of these two lines (I _~r 4%)
is equivalent within the accuracy of measurements to the correg;onding
intensity in red® (3% /337), and hence the gamma line 6.295+0.008 MeV
detected by Groshev et al./ 5/ can be assigned to Fe2°. The
6.295+0.008 MeV gamma line match the energy difference of the capturing
state /B5/ 0.2084+0.005 MeV and the level 2.987+0.008 MeV in Fe o

populated in (d,p) reaction in reference /16/.

Peak number (15) which correaspond to 5.85+0.02 MeV agrees well
with 5.837 MeV peak defined by Loskutova et al. Z5§7 from the reaction
Fe'“(n, x)Fe's’s. This represents a previously unobserved peak in

thermal neutron capture studies in natural iron.

The weak gamma-ray number (8) at 6.75+0.03 MeV cannot arise from
the capture of scattered neutron in the apparatus. This is born out
by the background spectrum which was taken with a sample of Pb substit-
uted for the iron [597. Neutron capture in the iodine of the sodium
iodide of the crystals should give rise to gamma-rays with energies of
6.45 and 6.71 MeV £§§7. Other known capture gamma-rays with energies
of l_é7 6.75 MeV have been ruled out by the nonappearance of accompany-
ing gamma-rays with other energies. Hence peak number (8) is also

55 because it has the proper energy to

expected to originate in Fe
. populate a ievel at 2.548+0.030 established from nuclear reaction
studies /16,86-38/. Lopkewicz et al. /39/ assigned gamma-rays of emergy
2.52+0.07 MeV from Fb55 in (pyn) reaction which probably represents

the ground-state transition from the 2.5444010 MeV level. This repre-
sents previously unobserved transgition in thermal neutron cnptnri

studies of Fbss.
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The Fe55

ally all to the levels for which the orbital momentum ln.l is estah-

gamma transitions from the capturing state are practic-

lished in the (d,p) reaction, i.e. they all correapond to El trangi-
tion. But in the capture of reasonance neutrons éig7 with the energy
of 0.052 MeV there have been established besides the transitions to
the levels with Inal transitions to 0,933 MeV and 1.413 MeV;, and for
the first of these it has been found that ln.ao Putting this obser-
vation into consideration Groshev et al. én§7 concluded that neutrons
with orbital momenta ln> 1 are captured,

The levels of’F@sshave been investigated in the Mn55(p,n)Fe55

reaction 1219437 F054(d9p)Fe55 reaction 4527 and in the decay of the
ground state 7/2°of 0055 to F055 é§d7o

4.2 Contribution to the Gammaaggectrmm from F057 8

The highest peak number (4) which corresponds to 7.63+0.02 MeV is
a doublet which has been well resolved by Groshev et al. / 5/ and re-
presents two transitions, to the ground state and to 14 keV in F957o
The inveatigation of circular polarization of }0643 MeV gamma-ray in
56 has shown that the intenasity
of the transition of the ground state amounts to 494+19% of the total
intensity of both transitions /I7/. This has been verified by
Groshev et al., é“§7 who found the intensities of the transitions to
the ground state and the first excited level to be equal accurately to
within 10%.

the capture of polarized neutrons by Fe

Peak number (5) corresponds to a gamma-ray with an energy of
7.2840.02 MeV. Coincidence spectrum with the 7.285 MeV gunmuaray de-
termined by Fiebiger et al. /67 vhich populates 0.366 MeV level
shoved peaks of 0.22 and 0.36 MeV which correspond to transition from
the 0.366 MeV level to the 0.136 and 0.014 MeV level respectively
vith relative intensities of 1843 and 82:3%., V

Peak number (9) of snergy 6.44+0.03 MeV corresponds to the -
6.379+0.007 MeV gamma-ray line determined by Groshev et al. 4°g7 which
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corresponds to a transition from the capturing state to 1.264 excited

state of spin and parity (8/27).

The next incompletely resoived doublet of peaks corresponds to
gamma-ray energies of 6.04+0.02 MeV and 35.83+0.02 MeV. These are
identified with the reported 6.018:0.005 MeV and 5.92040.005 MeV gamma
rays of normal irogil-§7. The gamma-ray lines with energies, )
4.96+0.02, 4.81+0.02, 4.68+0.02, 4.48+0.02, 4.40+0.02 doublet
4.20+0.03, 4.00+0.02, doublet 3.83+0.04, 3.68+0.04, 3.514+0.03 doublet
3.42+0.02, group of peaks 3.22+40.08, 3.13+0.03 doublet 2.844+0.04,
doublet 2.7240.08, 2.65+0.03, 2.52+0.02, 2.44+0.03 and 2.1840.04 MeV
coincide within the accuracy of measurement with the corresponding
capture gamma-ray energies given by Groshev et al. é-§7o Also their
intensities per 100 neutron capture show good agreement with Groshev's
values to within the allowable error. The gamma-ray transition scheme
is well defined inm 1—27. Qur present gamma-ray energies agree satis-
factory with the values represented in the previously mentioned gamma

transition scheme.

Since El transition predominate in the de-excitation from the
capturing state produced in a thermal neutron capture, levels with
1;-1 arq,maipiy in evidence in the process of de-excitation. Direct
‘transition from the capture state in F057 excite levels with charac-
teristics (1/2 ,,(8/2 Y. In these decay to low levels 1/2") (8/2-)
and (5/27) M, ‘and E traﬁlit1ons muat be oo.ervod For onorgioa of

'to 3 eV H tran.itionl are by tho Voin-k0pf onti-nto EOYe probahlo
than’ E by tvo ordor- ‘of nogn1tudo.

0 .0
Vevertholon. in F057 all low levels have negative parity and .

sn-ular momenta 1/2, 8/2, 5/2 and 7/2 (ln.l and 3). Positive parity
levoln (ln.O and’ 2) lie at bo-piritiwelv high excltationn.

‘. - Tl ""-Il. s Y AR

Poak nun?or (18) of ene¥gy; 5.18+0.02 MeV.may:correspord to a
RN

tr.nlition 1n FssT, for thia it must populate.n level-est .2.463+0.020.
HQV IhICh corrolpond to the ensrgy of peak numter (85) of energy

2.44+0.03 MeV, and may be the level of 2.456+0.008 MeV established in
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the (d,p) reaction and other nuclear reaction /16,43,44/. However,
the absolute intensity of this 5.18 MeV gamma-rays is very amall

nearly 0.1% per neutron capture,

4.8 Contribution to the Gammg:égectrum from F058 8

The very weak 10.0384+0.008 MeV line which corresponds to the F058

neutron binding energy defiaed by Groshev et al. ém§7 and also refe-
rences 45,337 is not statistically identified in the present work.

Peak number (8) of energy 8.34+0.03 MeV coincides within the -
accuracy of measurement with the transition to the gecond excited

state (2¥) from the capture state in Fe%,

No “ransition from thz capturing to the fir st excited state (2V)
with 0.8 MeV is observed iu the present work and also in é§é7o More-
over in the apectrum there are the well resolved gamma lines of energy
6.95+0.02 and 5.50+0.02 MeV which correspond to transitions from the

capture state to 3.08 and 4.54 MeV states defined in nuclear reactions
[16,44,43/

However the F‘SB gamna rays of snergieas /8?/ 7T 26. 83 86, 3.54.
3.08 und 2 42 MeV can not ke iszolated since thise gamma linss are con-

5

sealed under P055 and Fs 7 gaome lines of energies 7 28+0.02, 8.8340.04,

$.5140.03, 3.04+0.03 and 2.44+0.03 MeV.

The intensity of peak (14) of enorgy 5.50+0.02 MeV has heen defined
by reference [517 to be equslly distributed between the radiating iso-
X0
topes of F055 end Fe“" present in the natural sample. Also reference

/34] canceled the 5.787 MeV pesk to belong to the radiative isotope
58
Fe .

The peak number (68) of energy 6.95:0.02 MeV waas observed for the
first time in the cepiure gemma-rays spectrum from netural iron. Never-
theleas it is well defined in Fos"(n,‘&)hsslsgb It is possible that
this line representa a doublet of ensrgiss vyery close to each other[§17u
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5. CONCLUSION

The fesatures of this iron spectrum Fig. 7 is in complete accord
with previous results of Kinsey et al. L'g7 Adye sevich et al. £-§7 and
Groshev et al. /75/ and others / 6/. It gives lines at : 6.95, 6.75,
5.835 and 5.18 MeV, which were previously unobserved in thermal neutron
capture studies of natural iron, in addition to most of the all-ready
reported gamma-ray lines, The intensities of gamma-ray lines per
neutron capture in natural iron is found to agree with a good appro i-
mation with the previously measured values.

Due to the very low F058 contribution to 6 of natural irom, it
has not been possible to assigne any gamma-ray line to Fesgo All the
spectrum lines is contributed to the three other igotopes as has heen

previousgly repreasented in the discussion.
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