
• • " • : • • # 

•€••?.• v ^ 
1 ! M V » l . > -

&V# Pi 
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THERMAL NEUTRON CAPTURE GAMMA-RAYS IN IRON 

By 
AoMo Hassan, H,Mo Abu-Zeid 

and Io Hamouda 

A B S T R A C T 

Thermal neutron capture gamma-radiation from natural iron sample 

was invest igated with the aid of the three-crystal s c i n t i l l a t i o n pair 

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

Previously unreported l i n e s in natural iron of energies 6o95, 

6o75j 5o35 and 5ol8 MeV have been observed0 



1. INTRODUCTION 

Earl ier studies of the iron neutron capture gamma-ray spectra ire re 

made by Hammermesh and Hummel [_ \J and by Kinsey and Bartholomew ^~2/» 

Various techniques of gamma-ray spectroscopy have been employed ^3-8/* 

Other studies from thermal neutron radiative capture has been done^9-137 

by using the recent ly developed Ge(Li) detector. On the other hand, 

Wasson and Drapper / f 4 / and Block [\€J have measured ( n , t f ) spectra -which 

resu l t from resonance neutron capture in iron. 
57 Moreover, the energy l e v e l s in Fe have been establ ished from 

studies of the i n e l a s t i c scattering of protons in iron as well as the 

Pe (d,p)Fe react ion [}-6/* Vervier and Bartholomew ^17,18^ have made 

angular correlat ion measurements on the iron neutron capture gamma-ray 

cascade and determined the spin of the 0*3662 MeV leve l to be 3 / 2 . The 

same workers inves t igat ing the c ircular polar izat ion of the 7*639 MeV 

gamma-ray have establ ished that t h i s l ine i s ac tua l ly a doublet with 

0.49+0.19 of the i n t e n s i t y representing a ground-state transi t ion and 

the remainder a t rans i t ion to the 14 MeV f i r s t exci ted s ta te . 

The energies of the f i r s t and second excited s ta te s have been d e ­

termined by Bel l icard and Moussa [}9j° 

The 0.136 and the 0.366 MeV l e v e l s have been excited and the ir 

decay propert ies establ ished in Coulomb exc i ta t ion s tudies [2.6J. From 
57 /*~ 7 

the spectrum fol lowing Co decay, i t has been determined £6,21,22/ 
he energies and branching r a t i o s of the second, third and f o u r t h - e x c i -

57 
ted s t a t e s . The gamma-ray spectrum following the decay of Mn i n d i c a ­
t e s decays to the 0.136, 0.366 and 0.707 MeV l e v e l s {2Sj9 

• • • " 5 7 

The propert ies of the ground s t a t e , and the energy l e v e l s in Fe 
have been reported ^24,25^. 
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2o EXPERIMENTAL PROCEDURE 

The essential feature of the present experiment have been described 

in reference ^26/, certain aspects ot 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 hereD 

The capture gamma-rays produced in a target placed in an external 

collimated beam of thermal neutrons from the ?T«A»Ro 2 HW research reac­

tor are detected by a three crystal NRI(TI) pair spectrometer,, T!ie 

center crystal (lo75M$x2ML) of the spectrometer has a resolution 7o5^ 

for the Cs 1 8 7 line of 0o662 MeVy while the side crystals (each 3
wfJx3wL) 

IS 7 
have resolution 10% and 9o8$> for Ca l ine of 0o662 MeVo 

The employment of the pair spectrometer in the measurements of high 

energy gamma-rays has the evident advantage that only one peak i s p r e ­

sent in the spectrum for each monoenergetic gamma-rayso In contrast i f 

a s ingle crystal were used for t h i s purpose9 the photo peaks of succes ­

s ive gamma-rayr would be super imposed upon the s ingle and double escape 

peaks and the Compton d i s tr ibut ion of higher energy gamma-rays* 

In the pair spectrometer spectrum the strong capture gamma-rays of 

lead (7o38) MeV and aluminium (7C72) MeV appear as very weak background 

peaks ar is ing from the capture of scattered neutrons in the apparatuso 

In addition the pa ir spectrum peaks are superimposed on a smooth r i s i n g 

continuum composed of the low-energy t a i l s of the pa ir spectrometer 

peaks ^ST/S which extend as weak, continuous background to rather low 

energieso The t a i l a r i s e s mainly from the escape of Brem est rah lung and 

e lectrons from the center crys ta l of the pa ir spectrometer0 Also gamma-

rays may suffer small l o s s e s of energy through small-angle Compton 

scattering /]&/, before being detected,, This l a t t e r e f f e c t has very 

s l ight influence on the pair peak e f f i c i ency and form0 

In order to obtain the re la t ive gamma-ray i n t e n s i t y the method i s 

described in reference ^2°7° In (Table l ) I g l a expressed in Photons/ 
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100 neutron captures by normalizing the sum of the measured relative 

intensities to the sum of the absolute intensities determined by 

Adyasivich et al0 (_ 3/ and Groshev et al. £§f tor ohe 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 Fe is quite well known from the investigations of the 

(d,p) and (n,tf) reaction [2S/• 

Several of the strong lines in the spectrum of the present experi­

ment have been identified with previous results £~&J» 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. 

3o EXPERIMENTAL RESULTS 

The investigated specimen contained 25.3 gm of natural iron (99.9$ 

purity) in form of a slab (4.5x1o5x0.2 cm3). The sample was fixed with 

its face making an angle ̂ 1 0 * with the beam of neutronso The arrange­

ment of counters were as shown in (Fig. l) with the iron sample center 

at a distance 4 cm from the upper face of the central crystalo The 

spectrum was measured over the energy range 2 to 11 MeV and is shown in 

(Fig. 2). 

Table 1 shows the gamma-ray energies measured in the present ex­

periment. It also shows for comparison the high energy gamma-rays 

result of other authors ^2,3, 5,3 2,33,34/» 

The intensities relative to that of the 9.30 MeV are also given in 

(Table 1). These intensities are calculated from peaks Noe 1,4,5,22,26 

and 33 of (Fig. 2) after being corrected for the £ -ray absorbers bet­

ween the sample and the central crystal ^29/• The sum of the 36 gamma 



«3t/ jL CUB 

Fig. (l)« Crystals ArrangMtnt in Pair Crystal fltectroaeter, 
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ray intengi t iuc '»u *• beeu 'Uftralized to 94*65 photons per ICO neutro.i 

captures fo l l ov ing / 3 , 3 / , and I y per 100 neutron capture so a lso i s 

given in (T«hi*t i, <»T « W , *& i eon with e a r l i e r investigators. , 

In ordor to tioi/onwji.* tho energy cal ibrat ion of the present spec­

trometer, from A'ljra^nvKh e-b al* Cil %"**$ l i n e s indicated by < iosed 

c r i c l e a in tabi«3 1 ^ t ^ û wd for th i« purpose* 

The runtaiuiii^ ^Mj»hi<t~r<*} energ ies , as deverminod from the beat ill 

cal ibrat ion l i n e , agree within experimental error to e a r l i e r values 

(as shown in able l ) and demonstrate the l i n e a r i t y of the system. I t 

in noted that four of the gamma-rays which have No. (6,8,1ft arid i c ) were 

unreported in previous (n,"tf) measurements with natural iron sample 

while the i d e n t i f i c a t i o n of the remaining t r a n s i t i o n s agree* with that 

of e a r l i e r i n v e s t i g a t o r s 

4 . DISCUSSION 

ma 

There are four stable i sotopes of iron, Fe accounts for approi i -

mately QZ% of a l l the thermal neutron capture react ions in natural iron< 

the abandonees £~§fi croSB-sections £€J and contributions of these iso­

topes to the t o t a l cross - sec t ion are l i s t e d in (Table 2)o The c r o s s -

sect ion for the Capture of thermal neutrons by natural isotope mixture 

/SlJ i s Tm 2.62+O*0eb, 

Table 2 

Propert ies of Fe i sotopes 
i M « i t K tr.r*mrrm 

Isotope i Fe 54 Fe 56 Fe 57 i 
fal. Jl !> • I 

Fe 38 

Contents in natural mixture % 

Thermal neutron cross - sec t ion (b) 

Isotope contribution to (%) 

) Neutron binding energy in product 
j nucleus (keV) 

. .*> 

5.84 

2.30 

5.00 

&300+fl£ 
0208^5° 

91.68 

2.75 

93.00 

7642+5^ 
7643+4°: 

2,17 

2.50 

2.00 

10040+6 a 
10038+1 iTirf1 

0.31 

0.98 

0.10 

6586+6 

u ftef. / g o / and b Ref0 £*&/, 
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54 The thermal neutron capture gamma-rajs of samples enriched in Fe 

have been studied by Ikagami e t a l o £ 3 2 / by the method of co inc idences 

between a three c r y s t a l pa ir spectrometer and a s i n g l e Nal('T'l) c r y s t a l 

spectrometer, and by Loskutova e t a l 0 / / 3 3 j with the evid of a Compton 

r e c o i l spectrometer. While tours in. e t a l o^34/ i n v e s t i g a t e d the capture 
57 gamma-ray spectra produced in a sample enriched in Fe and normal iron 

by the help of a three c r y s t a l p a i r spectrometer0 

These measurements helped the assignment for most of the known 

capture gamma-rays of natural iron to ind iv idual i s o t o p e s 0 The present 

r e s u l t s w i l l be compared with t h e i r reported measurementSo 

55 4o l Contribution to the Gamma-Spectrum from Fe s 

The 9o80+0o02 MeV aiid 8o88+0o02 MeV l i n e s correspond to F e 5 5 t r a n s -

i t i o n s the capturing to the ground and f i r s t e x c i t e d state^2?3c,59329337» 

Their abso lute i n t e n s i t i e s are 56 and 6 r e s p e c t i v e l y per 100 neutron 
54 capture in Fe o 

55 The disapearance of the 9 8088 MeV gamma-ray in Fe spectrum was 

complete ly unexpected;, f or the 8o882+0«006 MeV gamma-ray found by 

Groshev e t a l c ^ (i^had p r e v i o u s l y been ass igned to Fe because i t s energy 

f i t s c l o s e l y the d i f f erence between the neutron binding energy 

9o298+0o005 MeV and the energy of the f i r s t e x c i t e d s t a t e 0»414 MeV0 

The gamma-ray l i n e s wi th e n e r g i e s 6 o86+0 o03 ? 6o27+0o089 5074+0o05 

anc* 5o35>0o02 MeV9 c o i n c i d e s wi th in the accuracy of measurement wi th 

the corresponding capture gamma-ray l i n e s from samples enriched in 

Fe l?Sjo However bearing in mind the i so tope c o n t r i b u t i o n s t o the 

capture c r o s s - s e c t i o n t h e i r i n t e n s i t i e s are 2%9 3/6, 2o5# and i c 3 # 
54 r e s p e c t i v e l y per neutron capture in Fe 0 

5 5 r - •» 

The Fe gamma-rays £ 3 3 / of e n e r g i e s 7„27, 4„46t, 8o79, 3o07, 2 0 63 y 

2o67 and 2047 MeV cannot be i s o l a t e d s ince these gamma l i n e s are c o n ­

cealed under the F e 5 7 , 7o28+0o029 4o48+0„039 3o83+0o049 3o04+0o039 

doublet 2o65+0o04 and 2o44+0o03 MeV gamma l i n e s r e s p e c t i v e l y 0 
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While the Fe gamma-rays of energies 7.27, 5*50 and 8.07 MeV are 
58 /*" T concealed also under the Fe £34/ , 7.26, 5.50 and 3.08 MeV gamma l i n e s 

re spec t ive ly . 

The doublet 6.27+0.08 MeV was well resolved by Groshev e t al.^~57 

into 6.295+0.008 MeV ( i ^ss»2#) aad 6.269±0.008 MeV ( l y ^ 2 # ) . I t can 

be concluded that the sum of i n t e n s i t i e s of these two l i n e s ( l y ~ 4/6) 
0 

i s equivalent within the accuracy of measurements to the corresponding 

i n t e n s i t y in Fe (3% /$$/), and hence the gamma l ine 6.295+^0.008 MeV 

detected by Groshev et &l./_~5f can be assigned to Fe • The 

6.295+0.008 MeV gamma l ine match the energy difference of the capturing 

s tate fesf 9,298+0.005 MeV and the l eve l 2.987+0.008 MeV in Fe 5 5 

populated in (d,p) reaction in reference [}•§]• 

Peak number (15) which correspond to 5.35+0.02 MeV agrees well 

with 5.37 MeV peak defined by Loskutova e t a l . [ZZj fro« the reaction 
54/ \ 55 

Fe (n, y ) F e • 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 i s born out 

by the background spectrum which was taken with a sample of Pb s u b s t i t ­

uted for the iron ^26 / . Neutron capture in the iodine of the sodium 

iodide of the c r y s t a l s should give r i s e to gamma-rays with energies of 

6.45 and 6.71 MeV [S^Jo Other known capture gamma-rays with energies 

of £~4/ 6*75 MeV have been ruled out by the nonappearance of accompany­

ing gamma-rays with other energ ies . Hence peak number (8) i s a l so 
55 expected to originate in Fe because i t has the proper energy to 

populate a l eve l at 2.548+0.030 establ ished from nuclear reaction 

studies ^16,36-38/ . Lopkewicz et a l . /3&J assigned gamma-rays of energy 

2.52+0.07 MeV from Fe in (p,n) reaction which probably represents 

the ground-state t rans i t ion from the 2.544+010 MeV l e v e l . This repre­

sents previously unobserved trans i t ion in thermal neutron capture 

s tudies of F e 5 5 . 
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55 

The Fe gamma transitions from the capturing state are practic­

ally all to the levels for which the orbital momentum 1-1 is estab­

lished in the (d9p) reaction, i e they all correspond to £. transi­

tion o But in the capture of reasonance neutrons [40j with the energy 

of 0o052 MeV there have been established besides the transitions to 

the levels with I -1 transitions to 0o933 MeV and 10413 MeV* and for 
n v 

the first of these it has been found that 1 -3o Putting this obser­

vation into consideration Groshev et al0 /_ §7 concluded that neutrons 

with orbital momenta 1 > 1 are captured0 

The level* of F© have been investigated in the Mn (p9n)Fe 

reaction ^4194g7 Fe (d9p)Fe reaction £257 and in the decay of the 

ground state 7/2 of Co to Fe £15/° 

57 
402 Contribution to the Gamma-Spectnam f rom Fe . 8 

The highest peak number (4) which corresponds to 7o63+0o02 HeV is 

a doublet which has been veil resolved by Groshev et al0 j^€J and re-
17 

presents two trans i t ions? to the ground state and to 14 keV in Fe 0 

The invest igat ion of c ircular polar isat ion of 7o643 MeV gamma-ray in 
eta 

the capture of polarised neutrons by Fe has shown that the intensity 

of the transition of the ground state Amounts to 49-9-19$ of the total 

intensity of both transitions /ijjo This .has been verified by 

Groshev et alo £~57 who found the intensities of the transitions to 

the ground state and the first excited level to be equal accurately to 

within 10#o 

Peak number (s) corresponds to a gamma-ray with an energy of 

7o28+0o02 MeVo Coincidence spectrum with the 7,285 MeV gamma-ray de­

termined by Fiebiger et al0 £""6/ irhich populates 0*866 MeV level 

showed peaks of 0o22 and 0o36 MeV which correspond to transition from 

the 0o366 MeV level to the 0o136 and 0o014 MeV level respectively 

with relative intensities of 18+8 and 82+3%o 

Peak number (9) of energy 6o44+0o03 MeV corresponds to the 

6o379+0o007 MeV gamma-ray line determined by Groshev et alo £€J which 
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corresponds to a t r a n s i t i o n from the capturing s t a t e to 1*264 e x c i t e d 

s t a t e of spin and p a r i t y ( s / 2 ~ ) . 

The next incomple te ly reso lved doublet of peaks corresponds to 

gamma-ray e n e r g i e s of 6 .04+0,02 MeV and 5 .93+0.02 MeV. These are 

i d e n t i f i e d v i t h the reported 6„018+0.005 MeV and 5.920+0.005 MeV gamma 

rays of normal iron / 5 / . The gamma-ray l i n e s irith energ i e s , 

4 o 96+0 o 02, 4o81+0o02, 4 o 68+0 .02 , 4 .48+0 .02 , 4.40-+0.02 doublet 

4 o 20+0 .03 , 4 .00+0 .02 , doublet 3 . 8 8 ^ 0 , 0 4 , 3 .66+0 .04 , 3 .51+0.03 doublet 

3 . 4 2 + 0 . 0 2 , group of peaks 3 . 2 2 + 0 . 0 3 , S.13+0.03 doublet 2 .84+0.04 , 

doublet 2 .72+0 .03 , 2 .65+0 .03 , 2 .52+0 .02 , 2.44+^0.03 and 2.18+0.04 MeV 

co inc ide irithin the accuracy of measurement -with the corresponding 

capture gamma-ray e n e r g i e s given by Oroshev e t a l . [_ 5_/. Also t h e i r 

i n t e n s i t i e s per 100 neutron capture shov good agreement v i t h Groshev's 

v a l u e s to wi th in the al lowable error . The gamma-ray t r a n s i t i o n scheme 

i s v e i l def ined in [_ 5/ • Our present gamma-ray e n e r g i e s agree s a t i s ­

f a c t o r y with the v a l u e s represented in the p r e v i o u s l y mentioned gamma 

t r a n s i t i o n scheme. 

Since E. t r a n s i t i o n predominate in the d e - e x c i t a t i o n from the 

capturing s t a t e produced in a thermal neutron capture, l e v e l s v i t h 

1^-1 are. mainly in evidence in the p r o c e s s of d e - e x c i t a t i o n . Direct 
57 

t r a n s i t i o n from the capture s t a t e in Fe' e x c i t e l e v e l s v i t h charac­
t e r i s t i c s 0 / 2 " ) , ( 3 / 2 " ) , In these decay to lov l e v e l s ( l / 2 ~ ) , (3 /2") 
and (5/2"") M, and E.' t r a n s i t i o n s must be obfdrved. For e n e r g i e s of 
2 t o 3 MeV II. t r a n s i t i o n s are by the Veisskopf es t imate t o r e probable 
than EL by two orders of magnitude. 

• . • • • : ; • . ' • • ' • • • •.'• '. i > . ' i • ' • ' 

57 N e v e r t h e l e s s in Fe a l l low l e v e l s have negat ive p a r i t y and 

anrular momenta l / 2 , 3 / 2 , 5/2 and 7/2 O n - l and 3 ) . P o s i t i v e p a r i t y 

l e v e l s ( l n « 0 and 2) l i e at coapctr i t ire ly high e x c i t a t i o n s . 

Peak number (16) of energy, 5 .18+0.02 MeV; aaytcorrespond" to a-- i •••' 

t r a n s i t i o n in Fe , Jor t h i s i t must populate a l t v a l .at .2.,463+0.020 

MeV vhich correspond to the energy of peak number (35) of energy 

2 .44+0.03 MeV, and may be the l e v e l of 2.456+0.008 MeV e s t a b l i s h e d in 
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the (d,p) reaction and other nuclear reaction ^l69439447o However, 

the absolute intensity of this 5*18 MeV gamma-raya is very small 

nearly 0o\% per neutron capture 0 

403 Contribution to the Gamma^ 

58 
The very weak 10o038jf0o008 MeV line which corresponds to the Fe 

neutron binding energy defiaed by Groshev et alo / 5_7 and also refe­

rences ^2,347 i« not statistically identified in the present worko 

Peak number (8) of energy 8o34+0o03 MeV coincides within the -

accuracy of measurement with the transition to the second excited 
, 58 

state (2 ) from the capture state in Fe «, 

No transition from th« capturing to the first incited state (2 ) 

with O08 MeV is observed in the present work and also in /jS^kJo More­

over in the spectrum there are the well resolved gamma lines of energy 

6 95+0c02 and 5 50+0 02 MeV which correspond to transitions from the 

capture state to 3 08 and 4 54 MeV states defined in mallear reactions 

^16g449457o 

58 
However the Fe gamma rays of energies /S-'h/ 7 26. 3 86s 3 54 

3 ,08 and 2 42 MeV can not be isolated sintt th*se gamma linas are con-
55 57 

sealed under Fe and F* gamma lines of energies 7 28+0 02, 3 83+0.04v 

3.51+0.03y 3 04+0 03 and 2 44+0 03 MeV, 

The intensity of peak (14) of energy 5 50+0 02 MeV has been defined 

by reference fz^j to be equally distributed between the radiating iso-
53 ~ " *"* 

topes of Fe and Fe^° present in the natural sample, Also reference 

/347 canceled the 5.787 MeV peak to belong to the radiative isotope 

* 

The peak number (6) of energy 6 95+0,02 MeV wss observed for the 

f i r s t ti<«« in the capture gemma-rays spectrum from natural iron0 Never­

the le s s i t i s well defined in Fe 5 7 (n , tf ) F t 5 8 ^ 4 / o I t i s poss ib le that 

t h i s l ine represents a doublet of energies very c lose to each otber^/M/, 
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5o CONCLUSION 

The feature* of t h i s iron spectrum Figo ?*, i s in complete accord 

•with previous r e s u l t s of Kinsey et a l 0 ££f Adyesevich et al„ £~&J and 

Groshev et a l 0 £€f and others £€j\ It g ives l i n e s at 8 60 05, 6075, 

5o35 and 5ol8 MeV, lrhich ire re previously unobserved in thermal neutron 

capture studies of natural iron, in addition to most of the a l l -ready 

reported gamma-ray l ine a0 The i n t e n s i t i e s of gamma-ray l i n e s per 

neutron capture in natural iron i s found to agree irith a good appro in­

itiation with the previously measured valueSo 

58 Due to the very loir Fe contribution to 6"of natural iron, i t 
59 has not been poss ib le to assigne any gamma-ray l ine to Fe 0 All the 

spectrum l i n e s i s contributed to the three other isotopes as has been 

previously represented in the discuss ion 0 
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