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ABSTRAC T 

Ga'llma r ays !'esult i ng f r om the inelastic sC9.ttering of 14 . 2 MeV neu

trons from " Mg , 2·Si and 56Fe ha ve been investigated . The differential 

cross - sections fo r the prod uction of the gamma r ays of 1 . 37 MeV from 24 Mg , 

1.78 MeV from 2·Si , 0 . 85 MeV and 1 . 24 MeV f rom 5·Fe have been meas ure,l 

a nd the total c ro s3 -~ec tions haY", been deduced . The inc i ·i e nt neutrons 

were produced by means of the T(d , n) " He r eaction and the associ9.ted

particle time - of - fli ght t echni 1ue has been used t ·) discriminat e be tween 

the neutr"')ns and the gar.una r ays r esulting from the inelasti c scattering 

process . 



1 . - INTRODUCTIO~ 

The present work has been un:lertaken with t he aim of pr:)viding more 

compl"te data on the cross - s ec tions for the prodclction of y - rays from the 

inelastic scattering of fas"t neutrons from various nuclei . 

In this experiment the differential cross - sections a(Ey,B) for the 

production of the y - rays of 1.37 MeV from 2' Mg , 1.78 MeV from 28 Si , 0.85 
MeV and -I .24 MeV from 56Fe have been measured for an incident neutron e 

nergy of 1 i+ . 2 MeV , and the absohlte yields of these y rays have be en de

duced. The nuclei used are all even- A. The y - rays observed , with the ex

ception of the 1.24 MeV y - ray from 56Fe , correspond to transitions from 

2+ first exclted levels t -" 0+ gr ound .Levels; the 1 . 2'+ MeV y- r,iY corre

sponds to the tra ns-c tion of 56Fe from the se cond 4+ to the ficst 2+ ex

ci ted l evel. 

The total cross--sections for the production of these y - rays for an 

incident neutron energy of about 14 MeV have been measured by Mactin and 

Stevlart ( ' ) (En = 14 . 1 MeV) , using an associated-particle time-of-flight 

te chrlique , and by Eenetoky and Fr'l.l1k (2) (E = 11+ MeV), by compariron with 
n 

the cross - sections for the (n , p) reaction3 . The total cros3 - saction for 

the production of the 1. 37 

Deuchars and Dandy (') (E 
n 

24 MeV y -ray from Mg has been me'l.sured also by 

= 1 '+ MeV) , using the time - of- flight technique 

with pulsed beam and the ring geometry . 

The only angular distributions for these y-rays which have been re 

ported, s eem to be those f or the 1.37 MeV y - ray from 24Mg (ref. (4)) and 

for the 0.85 MeV y-- ray from 56Fe (ref . (')). Therefore it was felt that 

inform'ltion concerning the angular distributions of the y - rays produced 

in the two other elements could be of some interest . 

2. - EXPERH'ENTAL PROCEDURE AND DI\TA ANALYSIS 

The measurements have been performed using the neutrons of t he T(a.,n) 

4He reaGtion, produeed by bombarling a titanium-tritium tarC;Gt qy 200 keV 

deuterons. A bean of neutron3 of 11l- . 2 MeV energy VTa3 defined by means of 

the associated-particle technique (6), by detecting the a particles which 
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were emitted within a cone of 50 35 '. The neutron energy was defined vath

in !O . 16 MeV . 

All the samples used for the meastlrements wer e of the natural isoto

pic mixture . The magnesium and silicon s amples were right cylinders 

6 . 1 cm in diameter and 1 2 cm long. The iron sampl3 was an upright prism 

15 . 6 cm bng and with an hexagonal base with the side equal to 1 . 35 cm . 

All the samples wer e placed at a distance of 40 cm f r om the tritium target . 

The y-rays "ere detected by means of a 3 " x3 " NaI (Te) crysh.l oou

pled with a 56 AVP photomultiplier and placed a t a distance of 90 em from 

the s catterino; sample . The y detector was s hie l ded f ro m the neutron 

sourc e by a conical l ead s hadow having a length of 50 cm and a circular 

base 25 em in diameter . 

A time- of- flight technique has been used to distinguish between y

r ays and scattered neutrons produced in t he s ample by the (n , n ' y) reac

tion . The discrimination between t he y -rays and the neut rons has been 

achie,ed by gating a 200- chaQ~el pulse he i ght analyzer , recording the 

y-ray e vent s , by means of the pulses contributing to the y peak in the 

time - of- flight spectr um and sel'3cted with a single - channel analyzer . Th,= 

coincidence resolution was of 7 nsec . 

In order to a nalyse the backgr'ound contributions , measurements have 

been carried out with the single - channel analyzer select ing a part of' the 

time spectr um where neither scatte r ed ne utr::ms nor y-rays from the reac

tion could have been expected . 

The backgr ound affecting the gall1'na peak was analysed by using a li

thium sample . In such region the backgr ound was quite similar to thatm

served outside the y peak as described above . 

The photopeak efficiency of the NaI detector has been de t ermined by 

means of cali br.;.ted y - sour ces of 22 Na , 137 Cs , BBy , 207Bi , so as to cover 

the energy range frolll about 0 . 5 MeV to about 1. 8 MeV . 

A typical time - of-flight spectrum , taken a t an angl e of 450 with r e 

spect to the direction of the inoident neut.('on beam , i s shown in Fig . 1 

for the case of the silicon sample . 

The errors quoted on the experilllental data include (i) the statisti

cal e rror (2 to 3 percent) , (ii) the error in the determination of the 
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photopeak efficiency of the detector (3 percent) , (iii) the error invol

ved in the evaluation of the photopeak area (4 to 5 percent) . The magni

tude of the overall error has been estimated to be ±10 percent. 

No correction has been made to take the absorption and the multiple 

scattering of neutrS1I13 in the sa:nples into account, si:1ce the sizes of 

the samples wer9 chosen so that this correction was smaller than the er

ror involved in the determination of the photopeak area . This point has 

been checked by making measurements with a number of samples of different 

sizes and shapes . The y-ray attenuation in the samples has been taken into 

account and a correction for this effect gave an appreciable result only 

in the case of the iron sampl'3 .. 

3. - EXPERIMENTAL RESULTS 

The y-ray production has "oeen measured at nine angles between 30° 

and 150° in the laboratory frame of reference. A typical y-spectrum iD 

shown in Fig. 2. 

The total cross- sections for the production of the y - rays have been 

deduced by integrating the angular distributions after having extrapo

lated the experimental data to 0° and to 180°. The error assigned to the 

values obtained in this way include both the experimental error previou

sly mentioned and t~e error due to the extrapolation to the extreme "an

gles. This l as t error has been taken eqwl1 to the difference between the 

integrated cross- section deduced by extrapolating the experimental data 

down to zero at 0° and 180° , and the one obtained by assuming that the ~ 

gular distribution goes parallel to the horizontal axis beyond the ex

treme measured angles . 

3. 1 The nucleus 24 Mg • 

The differential cross-section values for the 1 .37 MeV y-ray from 

24 Mg are plotted in Fig. 3 . For the sake of comparison, the data of Ste-
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wart and Martin ( 4 ) a r e displayed on the same figure (*) . The va lue of 

t he integr ated cross - 3ection a(Ey = 1.37 MeV) , derived in the manner de 

s cribed above , is reported in Table 1. In the same table a r e liste d the 

previously published ( ',2 , , ) cross-sections for the neutron energy under 

present consideration. 

For completness sake , in Table 1 have been l isted a lso the non- e l a 

stic crosn- sections a nX ' and the aV3.ilg,ble cr oss- sections for t he va

rious non- e l astic pro cesses wh i ch can be produced by neutrons of 14 MeV 

ene r gy , as it is indicat ed by the Q- values reported in Tabl e 2 . 

FroD a measurement of the angular distribution of the inela stically 

scatte r ed ne utrons , Clarke a nd Cross ( 7) deduce d for t he first l evel ex 

cita t ion cross- s e ction for 24Mg a va lue of 168±25 mb . By subtrac ting this 

crass - section from t he total cross- section for t he production of t he y

- ray due to de- ex citation o f the 1 . 37 MeV l e ve l in 24 Mg , there remain a 

bout 440 mb ".vhich should be a sc ribed to ine l a stic pr ocesses exciting hi 

gher l evels of 24 Mg and cascading through the 1. 37 MeV sta te . 

3 . 2 The nucleus 2· Si . 

The differentia l cross- secti on va lues for the 1 .78 MeV y-ray f r om 

2· Si a re shown in Fig . 1+. The value of the tota l cross- s ec tion aCE y = 

= 1. 78 1,leV) is r eported in Table 1. 

By t aking the first l e ve l excitation cro3 s - sec tion to be 109!16 mb 

( 7)" fro m the work of Clark and Gross or 93!10 mb f.ror.l the ,"ork of Hohn 

e t al . (.) , it turns out that , as for 24 Mg , about two thirds of the total 

cr o3s- sect i on for the production of t he y - ray of de - excita tion of the 

first level is due t o cascade decay processes from highe r levels . 

(*) Such data have been der ived from Fig . 4 of ref . (4) . 
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3. 3 The nucleus 56 Fe • 

The differentia l cross- sections for the 0.85 MeV y-ray and for the 

1 . 24 "leV y-ray from 5 "Fe are s!lown in Fig . 5 . The values of the total 

cross - sections a(Ey = 0 .85 MeV) 9-nd a(Ey = 1. 24 MeV) are reported in Ta

ble 1. 

4. - CONCLU3IONS 

Attempts to fit the observed a ngular distributions of the y-rays 

follo-Ili:lg an (n ,n'y) reaction lave been m'lde for the 6 . 1 MeV y- ray from 

the 3 state of 16 0 using a plane- nave Born calculation ("2), and fo r the 

1 . 37 ),leV y - ray fro m the 2+ state of 24l.1g using the statistical model(4) . 

The angula r distribution of y - rays following inelastic neutron scat-

tering can be calculated in terms of the direct reaction mechanism f) 
provide d the angul9X distribution of the outgoing nucleons is known; the 

predicted angular distribution can be compa red with the obser,-cd one pro

viued the latter does not contain contributions from cascade events. V.hiJB 

in the case of the 6. 1 MeV y-rays from 160 both these conditions are re

asonably verified and a theoretical fit can be carried out as sho'lm in 

r ef . F) , in the case of th f 2 8 S · d 24M t a· d . e y - rays r om 1.. ~tn g , S U l e In the 

present work , it has to be noticed tha t their production cross- sections 

are a bout three times a s large as the neutron inelastic cross-sections 

for the 2+ level C'8) and therefor''' must cO!lta i.n a strong contribution 

from cascade events . In the case of the y - rays f rom 5 6Fe , on the other 

hand, the ca lcula tions shoul,i be ba sed upon a rela tively poor knowledge 

of the inelastic neutron scattering differential cross.-sections ~4) . 

The predictiotl of the angular distribution of y-rays following in

elastic neutcon scatter-Lng can be performecl using the continuum theory of 

nuclear reactions ~5) provided one knows all the reaction channels which 

are open a nd calculates the corresponding penetrabili ties. Now, when the e 

nergy of the incident neutrons is relatively high, as in the present work, 

the open chalmels are not only those for the inel'lStic neutron scatter

ing , but also for other procc,ss"s like (n , p) , (n , ,,) and (n , 2n) . In the 
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case of the y-rays studied in the present work , an attempt of calculation 

(which is not reported here) has been performed, which gave an almost 

isotropic angular distribution in contrast with the experimental eviiBnce 

and va lues for the y-rays production cross- sections too low in compari

son '."lith the measured ones . 

As pointed out by other authors (4), the inel~stic neutron scatter

ing process in the energy range of 14 MeV is presum~bly due to both the 

reaction mechanisms , i.e . , the compound nucleus scattering and the sur

face scattering . A systematic investigation of the process studying not 

only the y - ray excitation but also the y-y and y - n ' coincidences and 

angular correl~tions seems highly desirable in order t::> check the vali

dity of current ca lcula. tions . 

The authors a r e indebted to Professor G. Poiani for his interest in 

this ivor k . 
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El'~ment 

24 Mg 

2BSi 

56Fe 

a n, X 

(mb) 

990 ! 20a
) 

1020 -: 60 i) 

1360 :: 30
a

) 

an, n ' (Ey) 

(mb) 

605 l GOb) 

619 ± 60 c ) 

590 :!: 90 d ) 

550 ± 100 e) 

360 ! 40 b
) 

471 ! 70 c
) 

370 ± 60 d) 

73'; ! 70 b
) 

1268 :+: 15'Y) 

660 ! 80 d) 

420 ! 40 b) 

695 ± 80 c ) 

270 :': 40 d) 

Table 1 

Cross- sections for non- elastic reactions . 

E y 

(:'leV) 

1.37 

1. 78 

0 . 85 

1 .2L, 

a n , p 

(mb) 

185 :': 2~ f) 

217 :': 26 f) 

188± 11 f) 

~ 23 ~ 9 p) 

an , a 

(mb) 

146 g) 

55 h) 

190:': 40 1) 

501.) 

a n , np 

(mb) 

27 ± 22 m) 

35 :': 7 m) 

an d , 
(mb) 

14 n) 

6 ' q) . + 

a 
n , 2n 

(mb) 

440 ± 88°) 

u) Ref.19! . f) Present work. c) Ref.!II. d) Re f-(2I. e) Ref.!3). fJ nef. llo , . g) Obtained by multiplying by 4 1T th e differential cross - section 

measured at 90°2:200 and given in Ref- IIII. h) Ref.' .' 21 . i) Ref.'IJJ. l) Obtained by integr ati ng over angl e th e angular dist ributi on giveninRef. 

1'.1 m) Ref.II S I . /1) Obtained by multiply in g by 4" the differential c ross- sec tion measured at 14 ° and given in Rcf. lle, . 0) ReL CI1 '. p) Ref. 

118} ~iJ Obtained by multiplying by 411' the differential cross - sec tion measu red at 15° and given in Ref . lltJ . 



Table 2 , 
Q- values for the non- elastic reactions which can be induced b.y neutrons 

of 14 . 2 MeV energy in 24 ~lg, 28Si and 56Fc . 

Element Reaction Q- value (*) 

(MeV) 

(n , p) 24 Na - 4 . 733 

(n , d) 2' Na - 9 .467 
24 Mg (n , ' He) 22 Ne - 1 2 . 764 

(n , a ) 2 ' Ne - 2 . 554 

(n , np) 23 Na -1 1. 692 

(n , p) 2.p~ - 3 . 856 

(n , d) 27 Al - 9 . 355 

( 3u) 26Mg - 12 . 135 n, ._8 
2· Si (n , a ) 25Mg 2 . 655 -

(n, np) 27 Al - 11 . 580 

(n,2p) 27 Mg - 13 . 4-15 

(n , p) 56Mn - 2 . 926 

(n , d ) SS M". - 7 . 972 

(n ,3 !Je) 54 Cr - 10.537 

(n, a ) 53 Cr + 0 . }1 9 
!i'iFe 

(n,2n) 55Fe - 11 . 211 

(n,Clp) 5~Mn - 10 . 196 

(n , 2p) 55 Cr ~ 1 2 . 230 

(n, t) s4 Mn - 11 . 934 

(*) From r ef . (20) f or the nuclear r eac tions wi th one outgoing particle . 

From r ef . (21) f o r the nu" l ',ar ~eactions Olith two outgoing particles . 



Figure Capt i on s 

Fig . 1 - Time- of- flight spectrum of scattered neutr ons and de - exci t a tion 

y r ays from the s ilicon sample. 

Fig. 2 - Y r ay spectrwn for t he 56Fe srunple. 

Fig . 3 - The differential cros3-sections fo r t he 1.37 MeV y ray from 24 Mg: 

e present work , 0 data of Stewar t and Martin (4) . 

Fig . 4. - The differential cross - sections for the 1.78 MeV y ray fran "'si. 

Fig . 5 - The differential cro3s-sectbns fDr the 0 . 85 MeV (e) and 1. 24 1leV 

(~) y r ays from 56Fe • 
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