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PHOTO-NEUTRON SOURCES* 

Introduction 

A photon falling upon a nucleus can cause the ejection of a neutron if the energy 
of the photon is grea te r than the energy with which the neutron is bound in the nucleus. 
The most useful sources of photons are radioactive elennents, which emit gamma rays 
whose energies a re always l e s s than 4 Mev. In most nuclei, the binding energy of the 
neutron is from 6 to 10 Mev. There a re only two known nuclei with binding energies 
below 4 Mev -- Be° and D . Consequently, the photo"neutron sources which have been 
employed to date' have used ei ther beryl l ium or deuterium. 

The main advantage of photo­neutron sources is that the emitted neutrons a re 
monoenerget ic . The chief disadvantages are the low yields of neutrons from such 
sources and the difficulties which are associated with the presence of high intensity 
gamma radiat ion. 

High energy X­ray machines and betatrons a re sources of energetic photons. 
Photo­neutron sources employing the photons produced by these machines are useful. 
However, as the energy spec t ra of the photons from such machines a r e continuous, such 
sources do not yield monoenerget ic neutrons. 

The Energy Equation 

The photo­disintegrat ion react ions in beryl l ium and deuterium a r e 

^Be' + 7 ' - ^Be' + j,n' 

,D* + y ­ ^ ,H' + „n' 

*TMs report was written to be part of a general treatise on neutron 
measurements. It is planned to publish the complete work at a later date, 
"but it is believed tliat earlier distribution of this material througlx the 
national Eesearch Cotmcil Is desirable in order to take advantage of criti-
cismSj coBMents, s-uggestionŝ  and new data. The author of this report will 
■welcome such adrice. 
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T h e s e r e a c t i o n s a r e e n d o t h e r m i c ; the t h r e s h o l d s a r e 1.63 Mev for b e r y l l i u m (_1_) and 
2.18 M e v for d e u t e r i u m (Z )̂. 

Due to the e n d o t h e r m i c n a t u r e of t h e s e r e a c t i o n s , m o n o e n e r g e t i c photons p r o d u c e 
a m o n o e n e r g e t i c g r o u p of n e u t r o n s . F r o m the c o n s e r v a t i o n of e n e r g y and m o m e n t u m , 
the e n e r g y of the n e u t r o n s i s g iven by 

En = 
A - 1 

E , - Q 1862 (A - l ) 
+ S (1) 

w h e r e K^ i s t he e n e r g y of the n e u t r o n s i n M e v , A i s the m a s s n u m b e r of the t a r g e t 
n u c l e u s , E y i s t he e n e r g y of the g a m m a r a y s in Mev, and Q i s the t h r e s h o l d e n e r g y 
in Me.v fo r t he ( 7 , n ) r e a c t i o n in t he n u c l e u s of m a s s A. 5 i s a s m a l l s p r e a d in e n e r g y 
and i s a funct ion of the ang le d b e t w e e n the d i r e c t i o n of the imping ing g a m m a r a y and 
the d i r e c t i o n in w h i c h the n e u t r o n i s e m i t t e d ; i t i s g iven by 

S = E 
(A (g^ - Q) 

931 X A-
cos (2) 

If t he g a m m a r a y s fa l l upon the t a r g e t nuc l eus in an i s o t r o p i c m a n n e r , t h e r e i s 
an i n h e r e n t s p r e a d in t he e n e r g y of t he e m i t t e d n e u t r o n s which i s g iven by 

max 2E„ 
2 (A - 1) (E^ - Q) 

931 X A ' 
(3) 

T h i s s p r e a d o c c u r s w i th m o s t s o u r c e s wh ich have b e e n u sed . 

The f r a c t i o n a l s p r e a d S J ^ ^ J J / E d e c r e a s e s w i th i n c r e a s i n g n e u t r o n e n e r g y ; i t i s 
of the o r d e r of five to t e n t i m e s g r e a t e r in d e u t e r i u m than in b e r y l l i u m s o u r c e s . F o r 
100 k e v n e u t r o n s , the f r a c t i o n a l s p r e a d i s abou t 4% in b e r y l l i u m and 25% in d e u t e r i u m . 
F o r n e u t r o n s f r o m Be of e n e r g y g r e a t e r t h a n 100 k e v , S^j^^x i^ g e n e r a l l y neg l ig ib le 
c o m p a r e d to o t h e r c a u s e s of e n e r g y s p r e a d . 

One can avoid t h i s i n h e r e n t s p r e a d in e n e r g y by c o n s t r u c t i n g the photo-neutro-n 
s o u r c e so t h a t the g a m m a - r a y e m i t t e r sub t ends only a s m a l l so l id angle a t the t a r g e t . 
H o w e v e r , s u c h a n a r r a n g e m e n t g r e a t l y r e d u c e s t he a c t u a l y i e ld of p h o t o - n e u t r o n s . 
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Gamma-Ray Enaitter 

For a gamnna-ray emi t te r to be useful in a photo-neutron source , the energy of 
the gainma ray mus t exceed 1.63 Mev. The l i te ra ture on the energies of gamma rays 
is probably st i l l incomplete. Lis ted in Table I a re thi r teen artificially produced rad io ­
isotopes and two natura l radioisotopes which a re known to satisfy the energy r equ i r e ­
ment . Their half- l ives, g a m m a - r a y energ ies , and the nuclear react ions by which they 
can be produced a r e a lso l isted. The mixture of radioisotopes produced in fission can 
also be used as a source of gamma rays to produce photo-neutrons (3 )̂. Table I does 
not include some extremely low intensity high energy gamma rays which were recently 
observed (4). With the exception of the natura l radioisotopes and Sc44j Zn63j and Y 8 8 , 
the isotopes l is ted in Table I can be produced by slow neutron capture and, thereforej 
can be manufactured in chain-react ing p i les . The las t column of Table I l i s ts the 
neutron capture c r o s s section for the production of the radioactive isotope (for i ts 
natura l isotopic abundance). 

Those sources with half- l ives shor ter than one hour a re generally not very u s e ­
ful, and, unless there is a radioisotope producing machine nearby, those with half-lives 
shor te r than one day will be difficult to use . 

In o rder that a photo-neutron source emit a monoenergetic group of neutrons, the 
radioisotope mus t emit only one gamma ray with an energy grea te r than 1.63 Mev if 
beryl l ium is the ta rge t , or g rea te r than 2.185 Mev if deuterium is the target . For 
example, MsTh in equil ibrium with i ts decay products is not a monoenergetic source 
of neutrons with a beryl l ium target , but it is with a deuterium target . 

Energy of Neutrons 

Using the energ ies of the gamina rays l isted in Table I, and the Q values for Be 
and D, one can es t imate from Eq. 1 the energies of the photo-neutrons from various 
sou rces . The second column of Table II l i s t s these energies . 

It is r a the r difficult in prac t ice to obtain exactly these theoret ical values in 
sources which have a high enough yield of neutrons to be useful.. To get an appreciable 
yield, one mus t employ a source of finite s ize . Some of the neutrons suffer collisions 
before escaping from the source , and these collisions cause a decrement in the energy 
of the escaping neutrons. Column three of Table II l i s ts observed energies of the 
neutrons emitted from sources employed by some workers in this field. 

Many techniques a r e available for determining the energy of the neutrons emitted 
by sources . Probably the bes t methods a re those which 'measure the energy spectrum 
by means of examining the reco i l protons, such as the photographic plate technique or 
the cloud chamber technique of Hughes and Eggler (14). 

Hughes and Eggler measured the range of the protons produced by head-on col ­
l is ions of neutrons. The range, when converted to proton energy, gives the neutron 
energy direct ly , since a l l the energy of the neutron goes to the proton in a head-on 
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TABLE I 

Useful Gamma­Ray Emi t te r s 

Radio­
isotope 

Half­
life (5) 

Gamma­Ray 
Energy* (Mev) 

Nuclear Reactions for Cross section for (n, ■>) 
Producing Isotope (5) Reaction (barns) 

.20 

Na24 

Ar 28 

CI 38 

Sc 44 

56 M n 

Zn63 

Ga 72 

76 
A s 

Y 8 8 

In' 116 

Sb 124 

L a 140 

12 s 2.2 (5) F(d,p), F(n , r ) , Na(n,a), 0.01 (18) 

14.8 h 2.76 (6) Mg (n,p), Mg(d,a), 
Na(n,p), Na(n,'y), Al(n,a) 

0.41 (19) 

2.4 m 1.8 (5, 7) p(n,d), Mg(a,p), Mg(a,n), 
Al(d,p), Al(n, y), Si(n,p) 

0.23 (18) 

37 m 2,15 (8)(1. 65 ?) Cl(d,p), Cl(n , r ) , K(n,a) 0.15 (_18) 

4.1 h 1.80 (5) Sc(7,n), 
Sc(n,2n), K(a,n), Ca(d,n) 

2.59 h 1,81, 2.13, 2, 
(9. !£)** 

7 Fe(n,p), Ce(n,a), Cr(a,p), 
Mn(n,y), Mn(d,p), Fe(d,a) 

10.7 (18) 

38 m 1.9 (11) 

14.1 h 

26.8 h 

105 d 

54 m 

60 d 

40 h 

MsTh 6.7 y 
in equil ibrium 
with i ts decay 
products 

1.87, 2.21, 2.51(_12) 

2.2, 1.8 (23) 

1.9, 2.8 (5) 

1.8, 2.1 ( l i ) * * 

1.70, (2.06 ?) (_15) 
1.67 (9)** 

2.50 (9)** 

1.80, 2.20, 2.62 
(16) 

Cu(p,n), Ni(a,n), Zn(n,2n), 
Zn(y,n) 

Ga(d,p), Ga(n, y ), Ge(n,p) 

Ge(p,n), Sc(d,a), 
As(d,p), As(n,y) , Br(n ,a ) 

Sr(p,n), Sr(d,2n), Y(n,2n) 

In(n,r) , Cd(p,n), In(d,p) 

Sb(d,p), Sb(n,r) 

La(d,p), La(n, / ) , U(n,f) 

Natural 

1.69, 1.75, 1.82 
2.09, 2.20, 2.42 

ill) 

Natural 

1.3 (18) 

4*6 (li) 

150. (J_8) 

1.1 (28) 

■7-0 (H ) 

Ra 1590 y 
in equil ibrium 
with i ts decay 
products 
*Only those gamma­ rays with energies grea te r than 1.63 Mev are listed. 
*»!=References 9 and 14 were actually determinations of photo­neutron energies from 
wMch gamma­ ray energies were est imated. 
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TABLE II 

Energ ies of Photo-Neutrons 

Theoret ical Estimtate of Observed Neutron Energy 
Source Neutron iinergy ^Mev) (Mev) 

F^°+ Be 0.50 — — 

Na^"^ + Be 1.00 0.83 (9)t 

Na24 + D 0.29 0.22 (9)t 

Al^^ + Be 0.15 — — 

Cl^^ + Be 0.46 (0.0187) —— 

Sc*^ + Be 0.15 

Mn^^ + Be 0.15, 0.45,* 0,95* 0,15, 0.30 (U) 

Mn^^ + D 0.26 0.22 (9)t 

Ga'^^ + Be 0.78 — -

Ga"^^ + D 0.16 0.13 (9)t 

As"^^ + Be 0.28, 1.44** — — 

As'^^ + D 0.50 —— 

Y®^ + Be 0.24, 1.04** 0.22 (20) 
0.16 (21) 

Y®^ + D 0.31 —— (22) 

In^-^^ + Be 0,15, 0.46 >0.15, 0.30 (14) 

Sb^^^ + Be 0.060 0,025 (9, 21)t 

[0,035J 0.035 (24) 

La^^° + Be 0.76 0.62 (9)t 

La^^° + D 0.16 0.13 (9) 
0.15 (21) 

MsTh + Be 0.15,0.88 —— 

MsTh + D 0.22 0.195(22) 
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Ra + Be 0.052, 0.11, 0.17, 0.41, 0.50, 0.70 — — 

Ra D 0.006, 0.12 0.12 (20) 

*More than 80% of the neutrons from the Mn + Be source seem to be in the lowest 
energy groun. 
**The number of neutrons in the high energy group should be of the o rde r of 1% or 
less since these gamma rays seem to be due to "forbidden" t rans i t ions . 
fSources a re shown in Figure 1. 

collision. In this way, they were able to measu re the spread in the neutron energy, 
and were also able to determine the relat ive number of neutrons in different energy 
groups where more than one energy group was present . Hughes and Eggler (14) found 
that the sources descr ibed in reference 9 and shown in Figure 1 had a spread in energy 
of about 25% of the mean energy of the neutrons. The spread observed in these 
sources was attr ibuted to the slowing down of the neutrons within the sources . 

Another technique for measur ing neutron energies is to use a proton-recoi l 
proport ional counter or ionization chamber (23, 24). A discussion of this method is 
given by Barscha l l and Bethe (25). An application of the pro ton-recoi l counter for 
determining a neutron spec t rum is descr ibed by Barschal l , et a l (26). 

A "inean energy" can be determined easily by measur ing the hydrogen scattering 
c ro s s section of the neutrons (9 )̂. The scat ter ing c ross section for neutrons between 
10 kev and 1000 kev va r i e s rapidly as a function of energy (27). By making a t r a n s ­
miss ion measu remen t on a hydrogenous mate r i a l , and by determining the t r ansmiss ion 
due to the other elements p re sen t in the substance, one can readily determine the c ross 
section of hydrogen for neutrons from a source. The "mean energy" of the neutrons 
can then be es t imated by re fe r r ing to Bohm and Richman's curve (27) of neutron sca t ­
ter ing c r o s s section v e r s u s energy. 

Another method that has been employed to determine an average energy is that 
of slowing down the neutrons in a water bath and measur ing the distribution of the 
resonance neutrons (20). The slope of the distribution beyond the maximum depends 
on the init ial energy of the neutrons. 

Yields of Photo-Neutrons 

Since various workers use sources of different s izes and shapes, and since the 
yield of neutrons from a source depends upon the thickness of the t a rge t mater ia l , the 
g a m m a - r a y intensity, and the geometry , it is bes t to discuss the yield of neutrons from 
an idealized source. Idealized sources will be considered to be composed of a 1 curie 
source placed at a distance of 1 cm from either one g r a m of beryl l ium meta l or one 
g r a m of heavy water . These will be r e fe r r ed to as "standard sources , " 
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STRING TO SUPPORT SOURCE 

GRAPHITE CAP 

BRASS TUBE 

GRAPHITE 
CYLINDER 

'iw^sasssm 
■3.8 cm-

BERYLLIUM 
'CYLINDER 

-Y-RAY SOURCE 

FIGURE I 
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The yields of neutrons from various "s tandard sources" a re l is ted in Table III. 
It will be observed that the yield of photo-neutrons var ies over a wide range. These 
large variat ions a re due to two fac tors : 

1. The disintegrat ion schemes of the radioisotopes a re generally not simple; 
consequently, l e ss than one photon (of high energy) is emitted per disintegration. 

2. The c r o s s sections for the photo-disintegration of beryll ium and deuterium are 
functions of the photon energy. 

The disintegration schemes a re known for only a few of the radioisotopes employed. 
The third column of Table III l i s t s the number of photons per disintegration where 
there is some information available. It is to be noted that the number of photons per 
dis integrat ion from some of the isotopes is only of the order of a few percent . In these 
c a s e s , the disintegration scheme introduces the most important factor leading to a 
poor yield of photo-neutrons. 

For the sources l is ted in Table III, the variat ion of the photo-disintegration c ross 
section is not g rea te r than a factor of ten, A detailed discussion of the theoret ical 
energy dependence of the deuter ium c ross section, o'j5('>',n), has been given by Bethe 
and Bacher (28). According to this theory, (rQ(y,n) is a monotonically increasing 
function of the energy from threshold to about 4.4 Mev, where it reaches a broad 
maximum. It falls off m o r e slowly at higher energy, and is st i l l of the order of 10-28 
cmi at 100 Mev, The mos t recent published calculation of trj^ij^n) was performed at 
only one energy (29). These calculations have been extended to severa l other energies 
by Myers and Moskowski (30); their resu l t s a re shown in Figure 2. According to 
Rar i ta and Schwinger, o-i3(>,n) should be 15.3 x I C ^ ^ cm^ at 2.62 Mev. This is l a rger 
than Bethe and Bacher ' s value by a factor of 1.5. The most recent experimental 
measu remen t s (31,32,33,34) have been in fair agreement with Rari ta and Schwinger's 
calculations, and a r e indicated in Figure 2. For the gamana rays emitted by the rad io ­
isotopes l is ted in Table III, it is esti inated that ff-]3( r,n) l ies between 1 x 10~2' and 
2 X lO-^? cm^. 

The photo-disintegration c ro s s section of beryll ium, crgg('>,n), has most recently 
been es t imated on a theoret ical bas i s by Guth and MuUin (35). The available exper imen­
tal evidence [Russel l , et al . (32)] indicates that <rgg(7-,n) passes through a inaximum 
in the f i r s t IQO-kev above the threshold energy, then passes through a minimum, and is 
r i s ing again at about 2.5 Mev. Except for the 1.67 Mev gamma ray from Sb , and for 
the Ra + Be source (38), o--gg(7,n) seems to be less than 1 x lO"*^' cm for the sources 
l is ted in Table IIL 

Some fairly rel iable figures which may be of use a re ra t ios of (rgg(/ ,n) to 
o-|3(T,n) l is ted in Table IV, 

For sources which a r e 1 cm thick or g rea te r , the attenuation in the gamma-ray 
intensity due to the Compton effect must be taken into account. The mean free path for 
the Compton effect in heavy water is about 25 cm for the gamma rays available for 
photo-neutron sources ; in beryl l ium metal it is about 10 cm. The mean free path will 
be much shor ter in the g a m m a - r a y source mate r i a l , and will be dependent upon the 
ma te r i a l and its density. The Compton effect is of the order of 10-* t imes more probable 
than the photo-disintegrat ion p rocess ; therefore , even with an infinite thickness of ta rge t 
ma te r i a l one can expect only something of the order of one neutron for every thousand 
gamma r a y s . 

8 



IP-l lOO 

TABLE III 

Yields of Neutrons from Photo-Neutron Sources 

Source Neutrons per Second per Curie Photons per Disintegration 
(1 gm of ta rge t at 1 cm) 

Na24 + Be 14 X 10^ (32) 
12 X lO'^ (36) 

1.0 (6, 40) 

Na^^ + D2O 29 X 10^ (32) 

24 X 1 0 ^ ( 3 6 ) 
27 X 1 0 ^ ( 3 3 ) 

1.0 (6, 40) 

Mn^^ + Be 2 , 9 x 10^ (32) 0 .25(1. 81 Mev) , 0,15 (2.13 Mev) 
(41, 42) 

Mn^^ + D2O 0.31 X 10^ (32) -^0. 01 (2.7 Mev) (32) 

Ga"^^ + Be 5.9 X 104 (32) 
3.7 X 10^ (36) 

0 .26(2. 51 Mev) , 0 ,33(2 .21Mev) 0 .08 , 
(1.87) (12) 

Ga'̂ ^ + B-p 6.9 X 104 (32) 
4.6 X 10 (36) 

0.26(2 51 Mev), 0.33(2.21 Mev) 0 .88, Ga'̂ ^ + B-p 6.9 X 104 (32) 
4.6 X 10 (36) (1.87) (12) 

Y^^ + Be 10. X 10^ (33) 1.0 (1.9 Mev) (43) 

Y^^ + D O 
£1 

4 
0.3 X 10 (22) -uO.Ol (2.8 Mev) (22) 

I n l l 6 + Be 0.82 X 10 (32) ? 

S b l 2 4 + Be 19 X 10^ (32) -^0.5 (44) 

L a ^ ^ O ^ B ^ 0.23 X 10^ (32) 
0.34 X 10"* (36) 

-^0,04 (45) 

L a l ^ O + D ^ O 0.68 X 10^ (32) 0,04 (45) L a l ^ O + D ^ O 
0.97 X 10* (36) 

M s T h + Be 3,5 X 10^ (31)* (1.0)* (46) 

M s T h + D^O 9.5 X 10^ (31)* (1.0)* (46) 

Ra + Be 1.2 x 10* (37, 38) 0.0224(1.69 Mev)0.143(1,75 Mev) 
0,024(1,82 Mev)0.022(2.09 Mev) 

0,059(2.2 Mev) 0,025(2.42 Mev) (17) 

Ra + DgO. 0.1 X 10 (3_9) 0,05 9 (2.2 Mev) 0.025 (2.42 Mev) (VV} 
*Although the number of photons per disintegration from Th C" is unity, when a MsTh 
source is used, the neutron yield values a re reduced by the branching ratio of 
Th C -̂  Th C", a factor of 0.35. This factor is included in the values given in column 2, 
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TABLE IV 

Energy _ i W 2 l ^ Refere 
(Mev) (Tjj ( y, n) 

2.50 0.30 32 
2.62 0.35 47 
2.76 0.43 32 

Considerations in the Manufacture of Photo­Neutron Sources 

The need for a high yield of neutrons from a source will generally require the 
use of appreciable quantities of radioactivity and ta rge t mater ia l . Under these c i r ­
cumstances , the degradation in the energy of the neutrons due to slowing down within 
the source is likely to be much grea te r than the spread given by expression (3). H 
a monochromatic source is desired, it is generally best to use one as small as the 
intensity requi rements of the experiment will permit . 

In order to obtain a small source of neutrons, a photon emit ter with as high a 
specific activity as possible is desi rable . High specific activities can be obtained 
in radioactive sources by forming the desi red radioisotope in another element and 
then performing a chemical separat ion. _ The proton, alpha, and fission react ions 
are useful for making sources in this way. The (n, ■) react ions in chain­react ing 
piles unfortunately produce radioisotopes of the elements being bombarded; 
unless a Szi lard­Chalmers react ion can be developed, there is no way of increasing 
the specific activity by chemical techniques. Since chain­reacting piles are likely 
to be the best source of radioisotopes, the neutron c ross sections for the formation 
of various isotopes a re included in the las t column of Table I. The attainable number 
of curies per gram depends directly upon these cross sections and the neutron flux, 
and inversely upon the atomic weight. 

The physical size of sources is very important; the sources should have as 
high an atomic density as possible. Generally this is achieved by using the metall ic 
form of an element; however, in the case of sodium, a higher atomic density is ob­
tained in fused NaF than in metal l ic sodium. With a source of the order of a curie 
or more , there is the added advantage of ease of handling (and a reduction in the 
hazards of handling) if the source is in a metal l ic , pressed , or fused state. 

An attempt is made in the following paragraphs to bring out the inain advantages 
and disadvantages of differently shaped sources . 

1, Spherically shaped sources . The concentric sphere­type of source , in which 
a uniform thickness of t a rge t mate r i a l surrounds a sphere of the radioisotope, makes 
the most efficient use of the available radioactivity. An example of such an a r r a n g e ­
ment is shown in Figure 3. The center sphere is (or contains) the gamma­ray emit ter ; 
the outer spherical shell is beryllium, metal . Two holes are provided through the 
beryl l ium shell to permi t the attachment of a wire for handling the source. Probably 
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just as efficient is the source consisting of a homogeneous mixture of the beryll ium 
or heavy water with the radioisotope. With heavy water, this is readily achieved by 
using a soluble compound of the radioisotope dissolved in the heavy water. 

The g rea te s t advantage to spher ical sources is that one can be fairly cer tain 
that the neutrons a re emit ted with a spherically symmetr ica l distribution. In a grea t 
many exper iments this is ext remely valuable. Another advantage is that for the 
quantity of t a rge t ma te r i a l and source ma te r i a l , the highest possible yield is achieved 
in the sma l l e s t volume. 

The only disadvantage to spher ica l sources a r i s e s in using large quantities of 
radioactivity (a curie or more) where gamma- ray source and ta rge t ma te r i a l cannot be 
assembled in advance of the i r radia t ion of the gamma- ray source . In this case^ a 
physiologically hazardous source may have to be manipulated. Associated with this 
difficulty is the fact that the t a rge t ma te r i a l generally cannot be separated from the 
g a m m a - r a y source in o rder to determine the effects of the gamma rays alone on the 
exper imental equipment. 

In using a D2O solution, the hazards of spillage are extremely ser ious , especially 
around la rge labora tor ies where it is des i red to keep background to a minimum. 

2. Cylindrically shaped sources . The concentric cylinder type of source , in which 
a tube of t a rge t ma te r i a l surrounds a cylinder of radioisotope, is not as efficient as the 
spher ica l source . The loss of efficiency resu l t s largely from those gamma rays which 
escape para l le l to the cylinder axis without hitting any target ma te r i a l . 

The main advantage of cylindrical sources is the ease with which they can be 
assembled and disassembled; these operations may thus be ca r r i ed on at a safe distance 
from the source (9 )̂. An example of the concentric cylinder type of source is shown in 
Figure 1. The number of neutrons emitted by such sources is l isted in Table I of ref­
erence 32. It is severa l t imes IQo for many of thena. 

A ser ious disadvantage of cylindrical sources is that the neutron distribution is 
not spher ical ly symmet r i c . To a f i rs t approximation, if the source is la rge , the numiber 
of neutrons will be proport ional to the surface a rea of the source seen at the detector. 
If this a symmet ry is important in the experimental work, it must be measured . 

For some types of work it is useful to employ a large cylinder of radioactive 
ma te r i a l together with a smal le r cylinder of ta rge t mate r ia l which has been, formed with 
a hole along the axis. This type of source is useful where one can place the detector 
in the hole along the axis of the source. 

3. Reinote sources and the angular distribution of the emitted photo-neutrons. In 
some exper iments , it is neces sa ry or desirable to separate the gamma- ray emit ter from 
the t a rge t ma te r i a l . With such a r rangements , the yield of neutrons will be very low and 
will vary directly with the solid angle which the t a rge t mater ia l subtends at the gamma-
ray source . In using such sou rces , one mus t also take into consideration any a sym­
m e t r i e s in the angular distr ibution of the neutron production. This question was studied 
for deuter ium by Chadwick and Goldhaber (48), Graham and Halban (49), and Lassen (50). 
The photo-magnetic par t should be spherical ly symmet r i c , and the photoelectric par t 
should obey a sin^ 6 law. (See Figure 2). 
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Studies of the angular distribution in beryll ium were made by Goloborodko and 
Rosenkewitch (51) using a radium source , and by Chadwick and Goldhaber (48) using 
a radon source . Their r esu l t s indicated a spherically symmetr ica l distribution. 
Studies at other energies have st i l l to be performed. 

Remote sources can be made as monochromatic as desired, but at the expense of 
the neutron yield. It is impossible to discuss the details of all of the possible geo­
me t r i ca l combinations of source and ta rge t ma te r i a l s . A description of one type of 
remote source is given by Gamertsfelder and Goldhaber (52). Whatever ar rangement 
is employed, the solid angle factor is generally the most important one. The thickness 
of the ta rge t ma te r i a l has a l ready been discussed. The thickness of the gamma-ray 
emit ter is likely to be of importance in connection with the number of curies of activity 
obtainable in an art if icial radioisotope. For radioisotopes produced by charged part icle 
bombardment, only the surface layers will be penetrated by the bombarding par t ic les . 
For radioisotopes produced by (n, ". ) react ions , one must est imate the self-shielding of 
the" sample if the sample is thicker than a few hundredths of the neutron mean free path. 

For gamma- ray sources of the order of 10 gms /cm2, correct ions must be made 
for the loss in gamma- ray intensity due to the Compton effect within the emit ter . 

Although the photo-disintegration of beryl l ium and deuterium was discovered more 
than fifteen yea r s ago (48), most values for neutron energies , yields, c ross sections, ' 
and angular distributions a re s t i l l ra ther poor. Much more quantitative work still r e ­
mains to be done in this field. 

« * * 
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