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NEUTRONS FROM (a, n) SOURCES"
- Wilmot N. Hess

.Radiation Laboratory
University of California
Berkeley, California

December 16, 1957

INTRODUCTION

In 1932 Chadwick discovered the neutrém by studying the (d. n) reaction of
polonium alpha particles on beryllium., 1 Shortly after this, the Rome group
used alpha particles from radon to make neutrons from the (a, n) reaction on

' . beryllium for their studies. 2 Vari‘qus‘:‘ (a, n) reactions have been used con-

tinuously since 1935 as laboratory sources of neutrons. 'VThe most popular
sources have been Ra-Be and Po-Be. Mor'e recently, in additiop‘to these,

.. Po-B, Po-Li and Pu-Be have been used as (a, n) sources.  Several experi-

ments have been performed to measure the energy spectra from these: various

~ source s, but the experiments are quite difficult to do accurately and thpve

has been considerable disagreement on the shapes of some of the spectra
Because of the disagreement and because of the coaeiderable interest i \these
sources it was decided to calculate the energy spectra of the neutrons emitted

2
.
il

NEUTRON YIELDS '\f

The yield of neutrons from aa (a, n) reaction can be calculated in'a ‘

str'aightfprwgtd fashion. For reasonable values of the inelastic cross seéfione S

almost all alpha particles will slow down and stop before interacting. In \thick-_f-.

ness dx at x we have no dx jnteractions, each producing one neuti-on. Ifion is
’ ' ' A

!

‘,'Thi:s‘work wasg done under the auspices of the U.S. Atomic Eneigy.
Commission.

s

i

1. Chadwick, Nature 129, 312 (1932).

ZAmaldi. D'Agésﬁno, Fermi,. Pdntecorvo, Rasetﬁ. and Segt’e. ‘Proc. Roy.

Soc. (London) 1494, 552 (1935).
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the cross section for the (a, n) reaction under consideration, and u is the
number of target atoms available, aad E is the alpha-particle energya the
yield of neutrons is then

R . E : :

a - ra
Y - f Nx) a0 (E) dx = o N(0) j [o(E)/WE/ax)] ¢E. (1)
0 | | ] |

" NEUTRON ENERGY SPECTRA

For a monoenergetic a partiéle hitting a target nucleus T aund producing
a neutron and a final aucleus F, there is a distribution of neutron enecrgies

‘observed in the laboratory system correspondiag to different directions of

emission of the neutron relative to the incident a direction, O . In the
center-of-masa system (c.m. ), the neutron is monoenergeﬁc. with energy
E ' given by

Ep = (Mp/Mp + M) (B0 [Mp/(dy + M) 4 Q) L @

Transforming to the laboratory system, we get

E_=E' +P§aam 9/04,1. + .%Q)Z‘J Eg+ [2M, M/(ag + M)] (EuEn/MaMn)§

X cos 8_ . (3)
From this we can get the obzerved neutron speétrnm in the labdiatory syetem
if we assume that the angular distribution of neutrons emitted in the center-of- -
maas system is {sotropic. This is kaown to be incorrect ia several cases for

" (a, n) emitters, 3 but--as will be shown--the calculations are not seasitive to

the form of angular distribution used. The solid angle for emission of a neutron

in 40 c. m. atec m. is

3. Perry and G. Haddad, private communication.



. 9 ‘. giviag the. ehape of the energy apectrm. would bo change&

. gnd sl@w down by ioaimtiun 1068 to £ = 0 (or occasicmau? interact) For . R
‘ease of calculatitm. we- approximatyaiawing down by using several monoeaer-iﬁ}r‘; e
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d9= 2% sin ec .y RBC . N '_ :  (.4)

'A 'vthetefore the probabtuty N(Eh) ai finding a neutron of energy E_ is '

_ proportional to sin 6§ c.m. e Frem Eq.. (3) and (4) vm get the neutron en&rgy ,
" ~_distributio‘g,7?o)r a monoenergeﬁc aipha pa‘rticle (see. for example. Curve A _' :
~of Fig. 1, which {g the spectrim of neutrone?é"""

sy-(lab) for E, ='4.8 for a.
target of boron-11). For a non&aotrapic augnlar d!strib&tion. tha factor ein

8. m. :
In an {a, n) neutron source, the: alpha parti.cles start at someﬁenergﬁy E

‘getic o particles of diffemnt energle-s f(mstead of the acfual cantinnum ofas .
.ymraiclé emrgiea) and cnlcnlace the spbctrum wit.h &hia appwesﬂmuoa. Then T
,we have : ' o

We can calculate the apectra for neutron energy (lab) for monoenergetlc

alpha particles of the eeveral mean enarglea. . l' (E + Ez)/z. o (E +E )/z._f ‘ ,
used in Eaq. (3). The areas under thege epectra.. which are the nentrou yiema. BN

aere weighted by the factors. W: ’

hd T ® Cp 1" En) ((3173?:7"— ‘B ¢ B A

Adding the contributions from the varioue monoenergetic a particles, we get .
the neutron energy spectrum (lab). This procedure has been carried out for

Tty
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the several (a, v) sources cousidered here. ' :

The measured neutron energy upeetrum may be somemt Mereut frmn
the calcnlated energy spectm even though the ealeulated apeetrum is e@rrect
This ie due to scattering of the neutrons on their way out of the: source.,
Scattering, which {s mosﬁy ‘elastic for thesa onergies. deereasea the mutron

. euergies because of the rece&l af the ntrnck mcleus.. When thef scamring Sl
material is a light :mcleus such as L4 or B.or Be. the energy 1050 is lax’ger SR

than that for a heavy maclene If elastic ucattering (c.m. ) is isotrogic. a

mouoenergetie neutron group of- en.ergy E is chanaed iato a flat diatribntion Ui
~ of neutrons from E_ to (A~ l/ A+ l) E. Iu this way the average neutron -

energy is decreased and the dips in the spectra (such a8 the one at 6 Mev
for Fo-u Be in Fig. 10A)are partially fillad in. For typical souxces. 20
t0 30 % of the neutrcna may scatter before emerging. :

POLONIUM-BORON . - .~ . . BN

Sources made of Po-B bave been studied by séveral wkere. Meis‘&r’é;’ L

ments on the neutron energy apectﬂam have been mded’ au.d the yiald of
neutrons has been measured, -
The yield of a Po-B som-ce can be calcuhted from Eq. (l) In 'this '
case O becomes Oy, p iy 4ns WHeTE B i the number of atoms/gm
of B {n the source. This crose section has been meaam’ed experimentaﬂy.
Values of dE/dx have been obtained’ and the equation integrated: graphicany. o
There is ao little Po in a Po-B gource (about 1% by weight) that it has been
neglected here in dE/dx. Values for this and other yields are given in Table 1

4‘Pertmnn. Richards. and Spaek. 'I‘he Neutron Spectra of Po-B and Po~-Be,
MDDC-39, July, 1946; H. Stuub. The Neutroan Spectrum of Boron Bamba.rdad
by Polonium-Alphas, MDDC-1490, Dec. 1947; and R.G. Goehtau and X. M
Henry, Rev, Sci. lnatr. 36. 757 (1955). '

slamaa H. Roberts. Neutron Yields of Several L&ght Elements Bembarded

with Polonium Alpha Particles, MDDC-731 (date unknown), See also E. Segre Lo

and C. Wiegand, Thich-'t‘arget Excitation Functions for Alpha ?artieles. _

63 L. Walker, Phys. nﬁv. 16, 244 (1949).
73, K. Allison and 5. D. Wa.rahaw. Beve. Modern Phya. 25, 199 (1953)
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This yield has been calculated for a natural isotopic mixture of boron. (Z
10% of the yield has been assumed to come from B“. and the rest from Bm 81

The energy spectrum from a Po-B source is quite eimple There is one
monoenergetic alpha particle (5.30 Mev) emitted by Po. In the final nucleus,

' Nl4. the ground level i{s probably the only energy level that is involved in the-

11 14

at 2.31 Mev may .
also involves only

- n'+ N'% The first excited state of N
10, +-N13

reactiona + B
make some contribytion. The reaction a + B

one energy level in the final nucleus, the ground level.

Following the scheme glven earlier, we have calcnlated the laboratory
system energy spectra for Bl for a energies of E = 4.8, 3.8, 2.8 and 1.8 Mev, -
These spectra are shown in Fig. 1, Curves A, B, C, and D. Curves E and F of
Fig 1 are the monoenergetic a- particle neutron spectra for two values of E
for N14 left in the 2.31-Mev excited. staw The resultant neutrén energy '
spectrum is shown in Fig. 2 for 0%, 10%, and 20% of the total yield coming
from the excited state of N1, The heights of the curves of Fig, l ha.ve been
added to give the resultant energy spectrum shown in Fig. 2.

 The energy spectrum for polonium a particles on Blo has been calculated
by the same method and is shown in Fig. 3. In the calculation we have
assumed 0. .pn Ln4pn " %44pl0 anldiq ¢

In order to get the energy spectrum for natural boron, we have added
10% of the Bw spectrum to the B“ apqctrums to get the resultant spectrum
shown in Fig. 4. The experimental results of Perlman, Staub, and Cochran
are shown for comparlson 4 The agreement of the calculated curve with the
experimental results is quite good.

In order to show the effect of aa,\isottopic c.m. angular distribution of
the neutrons, the calculations outlined above have been repeated for B“ for
two quite extreme cases, for a cosa € angular distribution and for a sin 6
angular distribution. These two curves aand the curve for an isotropic angular
distribution are shown in Fig. 5 normalized to the same height. The widths of .
the spectra are changed somewhat by the angular distribution, but the effect is
small enough that an isotropic angular distribution can be used for all followlng

calculations,

7. W. Bonner and L. M. Mott-Smith, Phys. Rev. 46, 258 (1994).

i
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POLONIUM. LITHIUM

The spectrum of neatrons {rom a Po-a-li source (Fig. 6) has been
measured by Barton, using a iow-preuuxe hydrogen-filled diffusion cloud
chambexr, 9 The average energy of the same source a8 used by Barton has
~ been measured by Young 10 and found to be about 250 kev by the method of

determiuning the optimum thickness of polyethylene to put dround a EFB
counter. The neutrons from polonium a particles interactinf with Ii come
from the 14" ouly. The reaction with Li6 requires more energy_ghaa is
available,

For the reaction with Li Qz - 2.78 Mev and the energy of the resulting
neutrons is a few hundred kev. The ground state is the only level emrgaucauy«
possible for the residual nucleus Bm. The cross section for this reaction -

“has not been measured, but by detailed bulaucing on the iaverse resction we -
can calculate the cross section. For the inverae reaction, Bw +n -~ I.A.’ +a,
the croes section is known to be very nearly 1/ V, over & considerable range |
of energy. 11 This cross section bas alao been mennured for neutron energies

from 0.1 to 2 Mav. 12 betailad balancing gives

10

o +14’ -8B (szmn;(zx 1)
=
Blo*n —-Li?i'n ‘ paz (lea-;i»l)(u +1)
. : = 0.437 --E-r'- "y

9I)avid M. Barton, Mea.surement of the Neutron ﬁpactrum from a Po- Li"

Low Energy Neutron Source, LA-1609, J\ﬂy 1953,

17101). 8. Young, Paraffin Gyundere to Measure Neutron Energies, LA-1938,
July 1955, R - ‘

nJ’.) J. Hughes and J. A. Harvey. Ncutrou Crous fectiona, BNL-SZ.’».
July 1958, o :

nPetree. Johunon". and Miller, Phys. Rev, 84, 1138 (1951).

L‘
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‘where both energies are in the c.m. systcm The valuea of the croas eection
‘obtained t.hu way are shown fa Fig. 7. Using thii cross section, we pznceed

a8 before. Using momeaergenc e particlea of 5.2, 5.0, 4.8, 4.6, and 4.43

- Mev, and assuming an iaotroplc ¢. m;Aangﬂlar distribution, we calculate the ,

lab epectra. These spectra are mighta& and a.dded ta zet tlm zeaultant me:atrtm '
spectrum for Po- L4 shown in Fig, 6, S

Good-geometry attenuation measurementa with, polyethylene aeteuuators '5"53"" .
and a Hansen and McKibben counter and using a Po-a-Li source have been - | L

- performed by Hees and Smith. 13 Their results givea mean néutron. energy '

of about 480 kev in agreement thh the spectzmm caleulatad here.

Theré are two passible exp!anations for the diﬁeronce between. this wark
and Barton's experiment, First, polonitim does not alloy with 14 (or Bor

L
.
‘)

'_ Be), thereforé a mechanical mhctun is used in these sources. If the &iam&ter o :

“of a polonium particle is an appreciable fraction of an alpha-nparticlo range,

 then fewer m;h-energy alpha particlea are avn.itable m mke the {a; n) reacuon ‘
than hae been aoaumed This resulta fa a dccuased yiald of highnenergy nmtrens. . .

Secendly, in Barton'o eapari.ment there is the preblem of w&n ecattaﬂag. (4

S

| ~ neutrons that had seattered from the walls of the cloud: chamber (and had 10%1‘ ";""'ff’-.?f?j
energi¢s than the unscattéred neutrons) had been demewd. the upectwm would SR P

 be in error, These scatwred neutroas caﬂn@t. in gemral. “'be semrawd f:om

_unecattered neutrone. The fraction o£ auch ewnta {s hard to estimate. but is o S

. probably significant,

?

13 W. Heess and A, Smith, UCRL, private communication.
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POLONIUM-BERYLLIUM

This {s one of the most frequently used neutron sources for laboratory work,
because of the high yidld and relatively small number of y rays. Sources con- '
taining Po, which has a 138 -day half life, dé not last very long.

For this source, the reaction involved is

He! 1+ Be? - 12,

The final nucleus G2 can be in the ground atate of the 4.43- or 7.65-Mev et

energy level. Risger, Price, and Class give cross-section values for the
reactions Biag {(a, n) (3lz for Clz left in the ground state and Be {a, n)Cu* for
C12 1eft in the 4.43- -Mov level. 14
for the reaction Be (a, n)(:lz for all conditions of the final nucleus C
difference between the Halpern and Risser cross sections is then the -croo‘s
section for the reaction in which the C12 nucleus ia left in the 7.65-Mev level
or in gome other highly excited condition. The cross sections obtained in this
way are shown in Fig. 8. The related branching ratios are shown in Fig. 9.
Assuming that all of this "difference’ cross section is due to the 7.65-Mev
excited state of Cl 2
source. This is shown as Curve A of Fig. 10. The difference croes section

may be due to multibody breakup of the compound nucleus ct3 rather than the

effect of the 7.65-Mev level of C 12, Thib multibody breakup is an appreciable -
12, 3He at 30 Mev. 16 in onr work, we may have .

Halpern gives values for the cross section
12 15 e

,» we have calculated the energy spectrum for a Po-a-Be

effect for the reactionp + C
been observing neutrons from the reaction He*'+ Beg - u + Bee + He4 This
three-body breakup results in low-energy neutrons. The neutron ipectrum for
this reaction in the ¢, m. system has been calculated by phaae-space arguments,
which give N(E) = k NE N ETeX g 16 This c.m. spectrum has been '
transformed to the laboratory system. Using the branching ratios of Fig. 9,
and assuming that 80% of the difference cross section goes into three-body
breakup and the remaining 20% goes to excite the 7.65-Mev 12
Curve B of Fig. 10,

Curves A and B are quite different. and the real spectrum fnay be some-
thing intermediate between them. _ ‘The CHZ attenuation curves of Heas aad

level, we derive

14P&.ieeer, Price, and Class, Phys. Rev. 105, 1288 (1957).
131, Halpern, Phys. Rev. 76, 248 (1949). |

“’H B. Knowles, The Differential Croso Sections of the Alpha Partlcles t’ram
Carbon Induced by 31.8-Mev Protons, UCRL-3753; April 1957, :
’ ¢
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Smith show that Curve A of Fig. 10 is nearér the correct apecirum than
13 This says that for 5.3- Mev a particleg on Be tha’"diftarence“
12 left in the 7. 65 Mev excited state 3

Curve B.
crose section is accouated for by C
rather than by three-body breakup of the C

The effect of neutrons scattering oa the way out of the source material
(discussed earlier) has been calculated on the aseumption that-20% of the emerg«-
ing neutrons scatter once. The neutron spectrum modiﬂed by. scaetering is

nuclens. I . ;'

shown in Curve C of Fig. 10. It may be seen that scattering does not change

the spectrum much. It should be rémembered that clumping of the Po at_oms'

can further modify this spectrum. There have been several attempts to measure
the Po-Be spectrum;” the results of a few of them are shown in Fig. 11

The agreement of the various spectra is not startling Various authors have
suggested that there are other energy levels in Clz than the commonly accepted
ones. Ajzenberg and Lauritsen conclude that there are no. euergy levels lower

than the 7.65-Mev level other than the 4.43-Mev and gro\md levels, 18_ I thete

is no energy level between 0 and 4.43 Mev, there rnust be a big dip in the )
Po-a-Be neutron energy spectrum at about 6 Mev. The spectrum of neutrons
reaulting only in the 4.43-Mev level of Clz has a peak at abont 4 Mev and %

falls to zero at 6.5 Mev (see Fig. 10). The spectrum of neutroas for Clz in ‘

the ground state has a peak at about 8 Mev and falls to zero at 5.2 Mev. Regardless
of the form of the anguiar distribution of neutrons in the c.m. syétem or 5
regardlesa of the branching ratio, combining these two spectra results in a

neutron spectrum that has a decided dip at about 6 Mev, a8 shown in Fig 10.

175, . Whitmore and W.B. Baker, Phys. Rev. 78 799 (1956), Guraky, i

Winnemore, and Cowan, Phys. Rev. 91, 209 (1953): Pierre Demers, ; _
Photographic Emulsion Study of Po-Be Neutrons, MP-74, Jan 1949; Eilli;f.
McGarry, and Faaust, Phys. Rev. 93, 1348 (1953). R.G. Cochran andK M.
Henry, Rev. Sci. Instr. _2_6_ 754 (1955); Perlman, Richards, and Speck,
The Neutron Spectra of Po-B and Po-Be, MDDC-39, ‘July 1946.

mF‘ Ajeenberg and T. Lauritsen, Revs. Modern Phys. 24, 321 (1952).
See also Guier, Bertini, and Roberts, Phys. Rev. 85, 426 (1.952).

12 : - D e '



The yield of Po-a-Be has been measured by Roberts: an& by Segre and
W’iegandw and calculated by Roberts, and is also calculaeeé here (see Table 1)
by use of Eq. (1) and the cross section from Halpera. 15

PLUTONIUM-BERYLLIUM

oAt e o e & et p AP

Plutonium is now used quite frequently with beryllium 2s a neutron source:
It is long-lived. The source has very few y rays. In addition, Pu can !::ea
alloyed with Be to form Pu Be 13 which gives essentially atemic mixiug
whereas Fo and Ra can only be mechanically mixed. _ _

The neutron spectrum from Pu-a-Be must be very similar to the sPectrum
from Po-o-Be. The alpha particles« from Pu have energies of 5. 15, 5.137. a.nd -
5.09 Mev, whereas Po has one alpha particle of 5.30 Mev. This slight differeace
in a energy results in only a slight difference ia the energy spectra of the twa B
sources. The calculated spectrum for Pu-a-Be is shown in Fig. 12. Aleo Y
‘ghown {s the spectrum measured by seewart. which agrees reason&&ly weil 26 ',

In these calculations the “difference" c¢ross section is assumed to be attributable S

to the 7.65-Mev excited state of C"‘. The dip in. the energy spectrum for -
Po-a-Be at 6 Mev muat also exist for Pu-a-Be. In fact, the dip must be deeper ‘
here because the alpha~particle energies are lower,

The neutroan yield from Pu-a-Be has been meaaured 20 and also is caiéulategi
here. There is enough Pu in the source 8o that it must be’ cvonsié:!_ered in the "
calculation because, in slowing down, alpha particles 'épend an appreciable _’pyrarj‘ti :

_of their time near Pu atoms rather than Be atomas. The yield is thus &ecre-gaéd.

In this case, Eq. (1) becomes

L SR . Fp dE
Na Be JE7dx FB 3E 3: HE ‘
0

lc"H. L. Anderson, Preliminary Rebort, No. 3, Nuciear Science Series,
National Research Council (1948), and James H. Roberts, Neutron Yields of
Several Light Elements Bombarded with Polonium Alpha Particles, MDDC 731

(date unknown).

20 cona Stewart, Phys. Rev. 98, 740 (1955).
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Taking (dE/dx)p, /(dE/dx)p, = K, and sssuming that K is independent of edergy,
we can rewrite Eq. (1) for a Pu-Be,, source as » . '

E
a
Y/Ng = [1.0/(1.0 + 2.0 K)] Gpe j '[_eﬁa/(aE/ax)Be.] dE.
0 |

This equation has been evaluaied and the yiéld,is given in Table L

RADIUM BERYLLIUM

The neutrons from a Ra-Be source result from the same reaction as

for a Po-Be source, :
He4+Be9-0Cl +a,

where the Clz nucleus can be left in the ground state, or in the 4.43-Mev,
7.65-Mev, or even higher excited levels. For mdium. the aituation iz more
complicated because there are several different o particlee from the radium
decay chain causing (a, n) reactions. The decay chain for Ra is shown in

Table II. From this we see that a particles of energies 4.79, 5.48, 6.00, 7.68,
and 5.30 Mev are produced. . The 5.30-Mev a pax_'ticlea from Pozm decay do not.
appear until the pp210 activity has built up appreciably. For a young s‘bix’rc:‘e
(“'1 month old) or originally pure radium 2ll the decay chaia ia in equilibtium
except the part from szw on, The szm activity builds up exponentially

according to the relationship.

(AN/dt)p, 210 / (dN/dt)g 206 = - exp (-0.036 T),

where T is in years. From prI on the decay chain is in equilibrium with the
szw. sotthat the Pozm particle activity builde up with a 19.4-yr half life.

A Ra-Be source increases its neutron yield because of thié éffe,ct. ‘and reachc;?a A ‘
equilibrium in about 100 years. The neutron energy spectrum has beea cal-
culated for a2 new (1-meonth-old) Ra-Be source. - The cross sections of Fig. '8"'
and the branching ratios of Figl 9 have been used in thls'cal.culat_ibp.‘ The

~ extrapolations of both curves above' 5.3 Mev are estimates, The extrapola._ti'on' -
of the cross-section curve has been made to give the correct total yield. The
extrapolations of the brandhing ratio curves are baeed on the fact that there is a

&
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Tablell .

Decay chein for radivm .

Element Particle - a-Particle B T !
emitted - kinetic energy -
: . _ , {Mev)
Ra22® | o 4.79° B
a ' 1622 yr’
Ra?%2 . . 4.59 L
po’1® a 548 . 3.8day
214 | a | 600 3.0min
214 B | 26.8 min
po?14 [ | 19.7 min
e 768 | 164 psec
pp 210 & o 19.4yr
pi210 P | =
g - 5,0 day
P10 o S
| a 5.30 138 day
Py 206 .

*The 4.79-Mev a decay occurs 94.2% of the time,' and the 4'59‘M_°V. a '
decay occura 5.7% of the time. - : SO

iz L2
v
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considerable yield of low-energy neutrons from .Ra-Be which does not seem

to be present in Po-Be. 13,21 Using the branching ratios above 5.3 Mev as
shown in Fig. 9 and assuming that the "difference" cross section is accounted
for by three-body breakup gives the energy spectrum shown in Fig. 13 shown

~ for compafiaon are the data of Hill. 22 This apecfrum ie consistent with the

' .CHZ 13 and also has about the

- right average neutron energy. The branching rauos could be changed some-

attenuation measurements by Hesa and Smith

-

what without altering the agreement of the epectrum with experiments, but T

not too much. Also included in the above spectrum is a 3% contribution of ‘
photoneutrons in the energy range 0 to 0.6 Mev. .The neutrons in the low-energy | ;
peak should, if anything, be lowered in energy t'or bettet agreement with the
CHZ attenuation curves. 13 Figure 14 shows:warious moasured spectra for ‘_' ’
Ra-a-Be. 22,23 ' : o . |
It iz known that photoneutrons coatribute part of the yield from a Ra-»Be

. source. Feld and Fermi found 30,000 neutrons per gtam of Ra per gram oi'\

Be due to the gamma rays from Ra aad its decay products: ata d'i'stance of 1 cm.
The threshold for a (y, n) reaction on Be is 1.63 Mev. There ére gamma :ays_.'.

of 1.76 Mev and 2.20 Mev to make photoneutrons of e'nerglea up to 0.6 Mev.

L. e

zlJ. DePangher, private communication. - o 4 e

22D, L. Hill, Studies with the Ranger, AECD-1945 (rev), April 1947,
23

[P N
—

U. Schmidt-Rohr, Z. Naturforsch. 8aj 470 {1953); Fierre Demere. A
Energy Distribution of Neutrons from Ra-Be Mixgd Sou-rc,e,' ‘MP.204, Nov. '
1948; and F.G. Houtermans and M. Teucher, Z. Physik 129, 365 (1951). ~ * =~ -

245 Feld and E. Fermi, Neutrons Emitted by a Radium-Beryllium Photo-

source, MDDC-1438, Nov, 19%48.

PRI
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When the Ra and Be are intimately mixed, the yield of ph'otonet‘xtrona
increases because the flux of gamma rays seen by the Be is increased. To
estimate how large an effect this {s, let us_cohsider a source made of 1 g Ra
and 4 g Be. We assume no attenuation of the gammas through the Be; this is
reaannable becauee the mean free path for 2-Mev gamma rays in Be is about -
20 g/cm . We can find the mean distance from the Ra source to the Be for a
4-g sphere of Be around the Ra. The radius of thie aphere is 0.80 cm. We
must weigh the distance to the elemeat of volume under consideration by the .
magnitude of the gamma flux F at ‘the point, because the number ofineutrona
formed is proportional to this flux. Accordingly, ‘we have

— 0.80 ‘ o080 - L
r% = [rZFdV/[ Fav = r? k/r2) 4 o2 ‘dr/J  /eiad el ar = 021,

»

pep mém»—eqm..z....

If we put all the Be ina hex;nisphere on one side of the Ra source; we get R."‘ z 0.'34.
o The average situation is intermediate between these We will take EZ_ 0.25,
This gives the yxelr! of photoneutrons from our source, 30,000 X 1X 4 x (1/0. 25) =
480,000 neutrons/sec. The total output of a l-g Ra-Be source is 1. 5 X 107 L
neutrons/sec. Therefore the photoneutron yield is 3% of the total yield i

The yield for Ra-a-Be has been calculated for the aeveral different -
particles present using the cross section of Halpern extrapolated up to 7. 7 Mev. .
As with Pu-a-Be, the yield is decreased because of the relatively Iatge amount ‘
of Ra in the source. Here the yield is

.‘ | Ea |

¥ Y=[4/(4+ ;()} B pe J 0/({dE/dx) dE.
' .0

Ir&ormatiou Division
t[:(r

{

/
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Figure Captions ' ;
. _ '

Fig. 1. Neutron energy apectra calculated for various monoenergetic alpha
~ particles incideat on B! (Pe-a-B“ source. ) :
Curve A, E_= 4.80 going to ground state of N
Curve B, E_= 3,80 going to ground state of N
Curve C, E = 2.80 going to ground state of N
Curve D. E_= 1.80 going to ground state of N
Curve E. Eu = 4.7]1 going to first excited atate of N
Curve F, E = 3,54 going to first excited state of N

14
14

14

14 i
14
14

P 0. B @

Fig. 2. Neutron energy spectrum calculated for a Po Bu source,

- Fig. 3. Neutron energy spectrum calculated for a Po-B sonree.

Fig. 4. Neutron energy spectrum calculated for a Po-natural B source and
several experimeuntal spectra.

L aour;:e for three

Fig. 5. Neutron energy spectrum calculated for a Fo-B
different angular distributions of neutrons in the ¢.m. system.

Fig. 6. Calculated and measured neutron energy spectra for a Po-Li source,

_ Flg.‘ 7. Celculated cross section for He4\ + I.A? - Bm

Fig. 8. Cross sectione for the reaction He4 + 839 ~- Clz

4-0-869*012'&6.

Fig. 10. Calculated neutron energy spectrum for a Po Be.source,

Fig. 9. Branching ratios for the reaction He

Curve A. Calculated spectrum assuming (‘J'lz energy levels ef 0 Mev,
4.43 Mev and 7.65 Mev enter into the reactlnn

- Curve B, Calculated spectrum assuming Clz energy levels of 0 Mev,

and 4.43 Mev and also three-bedy break up of 013 enter iato -

the reaction.

Curve C. Calculated spectrum using assumptions ofkeurve A as modiﬂéd |

‘ by neutron scattering in the source, »
Fig. 11. Measured neutron energy spectra for a Po-Be source. 17
Curve A. Data of Perlman, Richards, and Speck.

Curve B. Data of Cochran and Heary.
Curve C. Data of Elliott, McGarry, and Faust.:
Curve D. Data of P, Demers. '

Curve E. Data of Whitmore and Baker, .

PO
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Fig. 12. Calculated and measured neutron energy spectra for a Pu-Be

_ source.
Fig. 13. Calculated neutron energy spectrum for a Ra Be source. Shown
for comparison are the data of D. L. Hill, 2 ) '
Fig. 14. ¥easured spectra for a Ra-Be source.
Curve A, Data of P. Demers.
Cirve B. Data of F. Houtermans and M. Teucher.

Curve C. Data of U. Schmidt-Rohr.

22
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14 " ———ISOTROPIC ANGULAR DISTRIBUTION
: ~———35IN? 8 ANGULAR DISTRIBUTION
- C0S% © ANGULAR DISTRIBUTION 7
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MU-13724

Fig. 5.
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Fig. 11.
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