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ABSTRACT 

Experiments ha v e b e en p e r f o rm e d to 
observe the gamma radiation produced by inter­
action of 14-Mev neutrons with various mate­
rials. These included carbon , oxygen, aluminum, 
iron, nickel, copper, cadmium , and lead. Gen­
erally the gamma spectrum of all elements 
appears to consist of a low energy continuum 
overlaid by a serie s of discrete lines or bands at 
higher energie s. The square ~toot of the total 
gamma-ray cross section is a linear function of 
A113 from carbon to cadmium. 
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This is a final report on one phase of the 
problem; work on the problem is continuing . 
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in conjunction with a twenty-channel pulse-height analyzer detected 
the gamma rays produced in the converter. The differential analyzer 
was gated only by coincidences between the alpha monitor and the 
spect r ometer, thereby eliminating background counts from direct 
neutrons on the crystal as well as radiation scattered off the walls 
of the room . The amplifier discrim inator in the alpha channe,.,l was 
set to eliminate low-level noise and counts from the D( d ,n)He"' 
reaction and electrons. Scalers were placed at all points in the 
sys tem that gave useful information. 

Figure 3 shows typical calibration curves with the 4.45-Mev line 
of Po-Be and the two gamma lines of Co 6 0 . These curves, after cor­
rection for the statistic s of the 5819 photomultiplier tube and the 
finite channel width of the discriminator , resemble the theoretical 
response due to scattering and absorption of the gamma rays in the 
crystal. 

SPECTROMETER RESPONSE 

The pulse-height distribution produced by a particular s pectrum 
of gamma rays incident upon a crystai spectrometer can always be 
formulated in term s of the incident spectrum and the various param­
eters of the system. It is generally difficult to invert the resulting 
integral equation for the pulse - height distribution and to obtain thereby 
the energy spec trum of the incident gamma rays ~ Ho'\x1eve r, this c an 
be done for va r ious s imple cases whic h a r e good approximations to 
the particular cases considered he r ein . 

The gamma rays gene r ated by 14 - M ev neutrons in the c onverter 
(Figure 4) produce a puls e- height dis tr ib;_; ti.on in the spectrometer . 
If d,:r(E')/dE,. i s the differential c r os s secti on (barns/Mev) fo r the 
production of gamma ray s of energy E ', then the numbe r of gamma 
ray s produced in a volum e W0 dh d£ at a di. s tance i, f r om the f r ont 
s urfac e of the converter i s : 

( 1) 
wher e A i s the attenuation of the neutron beam in the conv e r te r and 
N Cl! is the number of neutrons incident upon the ar e a W0 h 0 of the 
front s urface of the c onNerte r ; these a nd only the s e neut r ons a r e in 
c oincidence w ith the alpha monitor . 

Let K(E,E' ) be the relative probability of finding a puls e whose 
height lies in the inte rval betw een E and E + dE whenever a gamma 
r ay of energy E' produces a pul s e in the s pectrometer . Then the 
pulse - h e ight dis tribution due to the gamma rays origin_ati.ng in 
w{!) -dh dJ.. is : 

NC! .0, .tu ~,,.-24 ~o-_ _ i, 1 JL J!l vier'\ ..,., - fC-1(E')tf! ,,,-fl-,(E')Dl 
ho 471' A l'i HJ dE' ac q n O.A. "-\,_ L ,t:. / c: L- ~ J ( Z) 

wher e J1 is the s olid angle subtended by the detector at the c o:we rter 
and f.1 1 (E" ) and µ 2 (E P) are the abs orption coefficients for g a m ma rays 



GAMMA RADIATION FROM INTERACTION 
OF 14 - MEV NEUTRONS WITH VARIOUS ELEMENTS 

INTRODUCTION 

Experiments have been performed to obs:rve gam_ma radiation 
produced by interaction of 14-Mev neutrons _with a va~iety of ele ­
ments . Previous experiments 1,2 were earned out prmcipally by 
use of absorption techniques . To obtain better r~s~lution m:asure­
ments have been made with a spectrometer consisting of a single 
crystal of NaI(Tl) in conjunction with a twenty-c~ann~l pulse - height 
analyzer . Despite rather poor spectrometer resolution , a som_e':'hat 
more detailed picture of the gamma-ray spectrum has been obtained . 

DESCRIPTION OF THE EXPERIMENT 

A 250-kilovolt Cockroft- Walton accelerator3 employing the 
T(d,n)He4 reaction was used as a source of 14-Mev neutrons,4 which 
w ere allowed to fall upon a converter arranged as shown in Figure 1. 

The converter and the accelerator monitor were s o placed that 
whenever an alpha particle entered the monitor the corresponding 
neutron entered the converter. Converters used were approximately 
0 . 7 5 inelastic neutron mean free paths long, and s ufficiently wide 
enough to just cover the "coincidence neutron beam." On the average 
a gamma ray traveled about 0.25 mean free paths before leaving the 
converter and r e2.ching the detector. 

Pulse-height distributions were taken w ith the appropriate c on­
verter in and out of the coincidence neutron beam to obtain s ource 
and background data. Generally the source to background ratio wa s 
ten to one or greater with the exception of oxygen as noted later . 

A block diagram of the electronic arrangement is shown in 
Figure 2. A single crystal of NaI(Tl) and a 5819 photomultiplier 

lD . E . Lea, " Secondary Gamma Rays Excited by the Passage of 
Neutrons Through Matter , " Proc . Roy. Soc. 150 : 637 (1935) 
2 Private Communication from J . H . Coon of LASL de s cribing som.e 
of their unpublished work. 
3T . A . Bergstralh, K . L ,, Dunning , E. Durand, C.H. Ellison , 
H. K . Howerton, and W. Slavin , " A Portable 250 - Ki.lovolt Accelerator," 
(to be published in Rev. Sti. . Instr. ) 
4 E. R. Graves , A. A . Rodrigues, M . Goldblatt, and D . I. Meyer, 
Rev . Sci . Instr . 20 :579 ( 1949) 
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in conjunction with a twenty-channel pulse-height analyzer detected 
the gamma rays produced in the converter. The differential analyzer 
was gated only by coincidences between the alpha monitor and the 
s pectrometer, thereby eliminating background counts from direct 
neutrons on the crystal as well as radiation scattered off the walls 
of the room. The amplifier discriminator in the alpha channe.,l was 
set to eliminate low-level noise and counts from the D(d,n)He"' 
reaction and electrons. Scalers were placed at all points in the 
s y stem that gave useful information. 

Figure 3 shows typical calibration curves with the 4.45-Mev line 
of Po ,- Be and the two gamma lines of Co 6 0

. These curves, after cor­
rection for the statistics of the 5819 photomultiplie r tube and the 
finite channel width of the discriminator , resemble the theoretical 
response due to scattering and absorpti on of the gamma rays in the 
crystal. 

SPECTROMETER RESPONSE 

The pulse-height distribution produced by a particular spectrum 
of gamma rays incident upon a crystal spectrometer can always be 
formulated in term s of the incident spectrum and the various param­
eters of the system. It is generally difficult to invert the resulting 
integral equation for the pulse - height distribution and to obtain thereby 
the energy spectrum of the incident gamma rays . However, this can 
be done for various s imple cases which are good approximations to 
the particular cases considered he rein. 

The gamma rays gene rated by 14 - Mev neutron s in the c onverter 
(Figure 4) produce a pulse- height distx ibvtion in the spectrometer . 
If dcr(E')/dE"' i s the differential cross section (barns/Mev) for the 
production of gamma rays of energy E 1

, then the number of gamma 
rays produced in a v olume W0 dh d.2 at a distance £ from the front 
surface of the c onverter is : 

( 1) 
where A is the attenuation of the neutron beam in the converter and 
Na is the number of neutrons incident upon the area W0 h 0 of the 
front s u rface of the converte r; thes e and only these neutrons are i.n 
c o-incidence with the alpha monito r. 

Let K(E ,E') be the relative probability of finding a pulse whose 
height Hes in the interval between E and E + dE whenever a gamma 
ray of energy E' produces a pulse in the s pectrometer . Then the 
pulse - height distribution due to the gamma rays originp.ting in 
W<!> dh dJ.. is : 

Na .n ! u !"-24 do: , r' _JL io y re r 1 \ .,., - f',-, (E. ')t fa ,,.. -fl-2. (E') Dl 
ho 4 71' AN 1u dE' CiC qn O-"- "\..1:-,i:. / c c-;,:. J ( Z) 

where Jl, is the solid angle subtended by the detector at t he converter 
and µ1 (E.P) and µ 2(EP) are the absorption coefficients for gamnrn rays 
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Numerical solutions for d6'"(E)/dEj were then obtained by use of 
an analog computer . 

RESULTS 

The net counting data for the various elements was obtained by 
subtraction of source and background observations. Figures 5 to 20 
show data so obtained for the various elements in which the pulse­
height distrib\ltion is plotted in counts per Mev per neutr on, aside 
from a numerical factor . The analyzed data is also presented for 
each element. It should be pointed out that the exact s hape and maxi­
mum of the continua is not significant. The integral of the s pectral 
distribution is meaningful and is es s entially independent of the exact 
method of analyzing the spectral distribution. 

Carbon 

The pulse-height dist:ri.bution for a carbon converter i s given in 
Figure S. Fo r compa :d.son , the pulse - height distribution in c. ount s 
per second per Mev obtained from a Po - Be source is also plotted, 
The s imilarity of these curves is due to the condition that the residual 
excited nucleu s is C 12 in both reactions . The 4.45-Mev gamma ray 5 

w hich appears at a sec ondary elec tron energy of 3.43 Mev du e to the 
los s of the two 0. 51 - Mev annihilation quanta is quite ev id ent in both 
c ases , Diffe r ences between the two curves are probably due to the 
highe r excitation produc ed by 14 - M ev neutrons on ca r bon as c ompared 
with the excitation of the re s idual nucleu s in the r ea ction Be 9 (oc;n )C 12

• 

An analy s i s of the pul s e - h e ight distribution i s given in Figure 6. 
Here the r e app e a r to b e gamma rays a t 2 . 8, 4 . 45 , 6.0, and 7 . 0 Mev . 
The c ross section for eac h line i s 0 .036 , 0 . 069 , 0 . 002 , and 0 . 002 
ba r n s re spectively, and the total gamma - ray p r oduction c r o s s section 
is 0.19 barns . 

Oxyg en 

In these experiments , liquid oxygen in a vacuum flask wa s plac ed 
in the "c oincid enc e neut r on" beam . Pulse - height dist r ibutions were 
taken with the flask full and empty to obtain s ource and background 
data . The resulting sourc e to background ratio was about three to one . 
Pulse - height di s tributions , so obtained, a r e given in Figur e 7 and the 
analyzed s pectr um is given in Figure 8 , He r e the re appear to be 
lines at 3 , 0, 3 . 8, and 5 . 2 Mev, having production c r oss sections of 0 . 086, 
0 , 13 , and 0 . 056 barns respectively , The total c ross section fo r gamma 
production is e s timated to be O, 52 barns, 

5 . . ) J . Terr e ll , Phys . Rev , 80 : 107 6 ( 1950 
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Numerical solutions for dc!""(E)/dEj were then obtained by use of 
an analog computer . 

RESULTS 

The net c ounting data for the various elements was obtained by 
subtraction of source and background observations. Figures 5 to 20 
s how data so obtained for the various elements in which the pulse­
h e ight dist r ib\ltion is plotted in count s p e r Mev per n eutron, aside 
from a num e rical factor . The analyzed da ta is also p r es ent e d for 
each element . It should be pointed out that the exact s hape and maxi.­
mum of the continua i s not significant . The integral of the s pectral 
di s t r ibution i s meaningful and is essentially independent of the exact 
m ethod of analyzing the s pectral distribution. 

Carbon 

The pulse-height di s t r ibution for a carbon conv erte r i s given in 
F i O'" l'"' ~ H'r, .,. r- r,rnn::i -,.,i<: r,-n +h ,, nn l ."' P - h P iaht rli~+.-rih11t.ion in c ount s ·o- ~ ~ ~ - - - ------r---- ... _,...., __ , __ ..,__, r--- - - -- - -c:,-- - -- - -- -·- - - ----- - -- • - - - _, 

per s ec ond per Mev obtain e d from a Po - Be s our c e is also plotted . 
The s imilarity of the s e curves i s du e to the condition that the residual 
excited nucleu s is C 12 in both reactions. The 4.45-Mev gamma ray 5 

w h ich app ears at a sec ondary e l e ctron energy of 3.43 Mev due to the 
lo ss of the two 0 . 51 - Mev annihilation quanta i.s quite ev id ent in both 
c as es . Diffe ren c e s b e twe en the two c u rves are p r obably du e to the 
highe r excitation produced by 14 - M ev n eut r on s on ca r bon as c ompare

1
i 

with the excita tion of the res idual nuc l eu s i.n the re a ction B e 9 (rA., n )c ·~. 

An analy s i s of the pul s e - h e ight distribution is giv en in Figure 6. 
H e re the re a pp e a r t o b e gamma r a y s a t_ 2 . 8, 4.45 , 6. 0, a nd 7 . 0 Mev . 
T he cross secti.on fo r e a c h line i s 0 . 0 3 6 , 0 . 069 , 0 . 002 , a nd 0 . 002 
ba r n s respectiv ely, and the total gamma - r a y p r oducti on cro s s section 
i:.s 0 . 19 b a rn s . 

Ox ygen 

In thes e exper iments , liqui d oxyg en in a vacuum flask w a s plac ed 
in the " c oinc i d en ce neutr on " b e am . Pul s e - h e ight dist r ibutions w ere 
taken w ith the flask fu ll and empty to obtain s ourc e and bac kg r ound 
data . The resulting sour c e to background ratio w a s about three to one . 
Puls e- height d ist r ibutions , s o obtained , a r e giv en i.n Figure 7 and the 
analy zed s p ec t r um i.s given in Figu r e 8 , He r e the re app e a r to be 
lin e s at 3 . 0, 3 . 8, and 5 . 2 Mev, hav ing production c r oss sec tions of 0 . 086, 
0 . 13, and 0 . 056 barns respectively . The total cros s sec tion for gamma 
p r oduction i s e s timated to b e O. 5 2 barns. 

5 . - -J. Te r r e 11, Phy s. R ev. 8 0 : 10 7 6 ( 195 0) 
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Aluminum 

The pulse-height distribution obtained from an aluminum converte r 
i s given in Figure 9 and the analyzed spectrum in Figure 10 . The • 
total production cross sec tion is .1. 7 barns while the cross sections are 
0 . 17 6, 0 . 024, and 0 . 054 barns for the 1. 7 , 4. 5, and 5 .4 Mev gamma rays 
r esp ectively . A cross section of 0 . 3 millibarns is estimated for the 
reg i on above 11 Mev. 

I r on 

The pulse - h e ight d istribution obtained with iron6 is given in 
F igure 11 and the analyzed spectrum in Figure 12 . The r e appear to 
b e l i n es at 3. 3 , 4.4, 5.8 , 7.1, and 8.8 Mev, hav ing production cross 
sections of 0 . 277, 0 . 19 , 0 . 077, 0 . 07 , and 0 . 026 barns, respectively . The 
total cross section i s 4. 6 barns. 

N ick e l 

The pul s e-height distr ibution and the analyzed s p ectrum is giv en 
in F igures 13 a nd 14 , res pectively . Line s at gamma ray ene rgies of 
2 . 9, 5 . 3, 6. 6, and 8 Mev have c ros s s ections of 0.09 6, 0.02, and 0.032 
ba r n s , r e s p ective ly, while the total production cros s sec tion is 6 barns, 

Coppe:r 

A c opp er c onv erter p r oduced the pulse- h e ight di s tr ibution of 
F i gure 15 . An analysis of t hi s di s tribution gave the re s ult s of 
F i gu re 16. The t otal p r oduction c ro ss sec tion is 6. 3 ba rn s and the 
appa r ent line s at 3. l and 4. 5 Mev have cro ss sections of 0 . 052 and 
0 . 024 barns , respec t ive ly . A cr o ss s ection of 7 milli.ba r n s is est-i­
m a t ed for the region abov e 8 Mev. 

C a dmium 

The c adm ium pulse-height di s t ribution and analyz e d s p ec t r um a .re 
g iv en in F i gure s 17 a n d 18·. The total production cr oss s ection is 12 , 8 
b a .rns . Ther e a pp ears to be no d efin i t e line s tru c ture p :.resen t. 

L e ad 

Lead pulse, - height di s t :ributi.on a nd analyzed s p ectrum are gi.v en 
i.n F igures 19 a nd 20, It i s found tha t the tota l p r oduc tion cro s s sec­
t-ion is a b out 4 .2 ba r ns while line s at 4 . 4 and 5.5 Mev have cro ss 
section s of 0 , 048 a nd 0 .01 7 bar n s , respective ly. 

6 . 
V . K Scherre r , e t al., Phys. R ev, 89 : 1268 (195 3) 
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DISCUSSION 

Probable errors in the counting p.ata are represented by vertical 
lines on the pulse-height distributions. There are, however, other 
sources of errors present in the analysis that are more serious than 
the counting statistics. These errors arise from uncertainties in 
absorption and scattering of neutrons and gamma rays in converter 
and crystal as well as lack of knowledge of the precise response of 
the spectrometer at all energies. It is estimated that the mi.nirnum 
error in the total production cross sectfons is about ± 25 percent 
while that associated with the lines is about ± 35 percent. There may 
also be an error of about 0.2 Mev in energy assignment. 

Total gamma-ray production cross sections are summarized 1n 
Figure 21, where -..f<Jo/rr. is plotted against A 113 in which A is the total 
number of pa rticles in the nucleus . For comparison the inelastic 
cross sec t i on a s given by Phillips 7 is plotted in the same figure . It 
is som ewhat unexpected that the gamma-ray cross section can be 
so simnlv :i:-enresented over such a larQ:e ranQ:e of A. It is pr esumed 
in the ~a~e of lead, (n, 2n) reactions r;duce the energy available for 
ga!!!.rna-ray production so that the cross section falls below the v alue 
expected from extrapolating the curve. Carbon and oxygen , on the 
other hand, have gamrna -ray production cross sections below the 
inelastic cr o ss section. Here it is likely that emission of charged 
particles may reduce the energy available for gamma p roduction. 
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