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ARSTHRACT

The energy distribution of the neutrons resulting from the disintegration
of lithium by 0.8 MV deuterons has been investigated by the observation of
recoils in a high pressure cleud chamber. Both hydrogen and helium recoils
have been observed at different pressures in the cloud chamber so ag to cover
the whole spectrum. It has been found thet the resctions
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account for most of the neutrons. The levels found in Beg and the ground
state in HeE have energies which agree with the values frompther experiments.

The low energy part of the specirum may include neutrons from Lié,.



INTRODUCTICN

Since their discovery in 1932 by Chadwick(l), neutrone have been
interesting both because of their peculliar propertliee and because of the
information they rive about nuclel and their disintegrations.

In a number of transmutaticons, neutrons of homogeneous energy are emitted
as one of the disintegration particles. The difference in energy between the
highest enerpy neutron group (which leaves the nucleus in its ground state)
and the lower energy neutron groups (which leave the nucleus in various excited
states) rive the energies of the excited states. The widths of the neutron
croups also indicate the widths of the excited levels of the nucleus and their
intensities rive the relative probabilities of the various transitions. For
thesgnurposes, neutrons are of'ten better than charged particles since the

neutron has no barrier to cross in getiing out of the nucleus. In three

o

article reactions, the energy distribution of the neutrons gives information
as to the mechanism of the disintegration (whether the three particles coue
of £ simultaneously or the reaction occurs in two stages). Furthermore, a
knowledge of the maxium eneregy of the neutrons emitted in a reaction enables
the mass of one of the nuclei to be calculated in terms of the masses of
the rest of the&uolei participating,

Since neutrons have no electric charge, no other long range interaction
with electrons, and their wavelencth is small compared to the wavelengtih
of electrons, they rarely interact with electrons and so lose practically
no energy in ionization. Their main interaction with matier (for medium fust
neutrons) is in elastic collisions with nuclei . The recoil muclei can then
be observed by means of their ionization and the energy of the neution
before collision can be inferred. These recoil nuclei can be detected in

lonization chambers, but the most unambiguous method of messuring their
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energy aend direction is by the use of o cloud chamber. The cloud chamber

is filled with a convenient gas whose atoms on being struck by neutrons,
recoil and rive observable tracks. This phenomenon was first observed by
Curie and 501i0ﬁ<2) even before it was known that neubtrons caused rscoils.
Recoile of heavy gases such as nitrogen are so short (due to the small amount
of enersy imparted to them and to their high ionizing power) that accurate
measurements of them are hard to make. On the other hand, hydrogen recoils

are generally snergetic enough to go all the way through a cloud chamber filled

with one atmosphere of hydrogen. Hence Bonner and Mott—ﬁmith<5) puilt a high
pressure cloud chamber so thet the recoil protons could be completely stopped
in the cloud chamber., TPurther development by Bonner and Brubaker evolved a
technigque for getiing reliable energy spectra of neutrons given off in nuclear

m

disintegrations. They measured the energies of the neutrons resulting i
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the bombardment of deuterium, lithium, beryllium, boron and carbon by 0.8 KV
deuterons(#). The present work was begun in order to determine wmore accurated
the energy of the high energy neutrons from lithium bombarded with deuterons.
In ths course of the investigation, the rest of the neutron spectr%mwas
better resolved and gave evidence for a different interpretation of the
mechanism of th@‘disintegratian.

The first section will describe the method of acceleraiing the deuterons,
the second section will describe the methods used in measuring the neutron

energiss, and the third section will give the results found and their possible

53063(7)

interpretation. Sowme of this material has already been published.(



For much work in nuclear physics, neithsr homogeneous beoms of bombarding
particles nor extremely high enerpies are necessary. Especially in the
study of neutron ensrpies where the accuracy and resolving power are still
not rood (due to the indirect methods of measurement) all that is needed is
medivwm high voltare, good currents, and an approximate knowledge of the
maximun energies of the ions, Hence a vacuws tube designed for use with a
million volts a.c. is quite satisfactory. 3Since the million voli traneformer
set at the Institute is available, it is o most practical voltage scurce.

Indeed, Crane and Lauritsen have been very successful in making such a tube

v & 1 g 5

it in nucleark@se&rch.(“’ Their vacuun tube had a relstively large
distance between the ion source and the target. Furthermore, the voltages
on different sections were fixed by being connected to the quarter points

1

on the transformer set. ¥%ith this arrangement it is impossible to vary the
focussine of the ions very much. Hence it was thought that under these
conditiong, more current mirht be delivered to the tarpet with a short ion
path vacuur tube. Buch a tube was built for one million volis with the
distance between the lon source and the target as short as practical. The
ion peth is about half as long as that of the Crane and Lauritsen tube.

¢ tube works gquite well but does not give the hoped for increase in ion
current. It does, however, provide a satisfactory source of high energy
particles for producing nuclear disintegrations. Its main disadvantsges
compared to the Crane and Lauritsen tube are that it needs much more outgassing
due to the increased area of metal exposed to strong elsctric fields and that
it takes longer to pump out due to larger volume. The wmain disadvanteges of
both these tubes and voltage source are the fixed voltage taps (since it
results in poor focussing which makes it impractical to use the magnetically

analyzed beam for bombarding targets) and the presence of x-rays produced
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near the target by electrons accelerated on the negstive cycle of the a.c.

A magnetic analysis made on the ion beam after it had been passed through

a slit showed that one-half of the ions had energics within 90% of the peak

energy. This is what would be expected, since the transformers produce a

good sine wave and the Ffocussing gets better as the voltage is inersased,

,‘
i
o
=
i

analyels also showed thalt the ratio of atomic to molecular ions was
very rourhly one. This ig in contrast to the analysis of Roberts who used

L PO i p o 2y Rt ‘e . , 4 (9)
a similar lon source and Tound only &% atomic ions compared to molecules ””/.
fons which had besn Tormed in £he accelsrating gaps were pressnt, but in very
emall numbers. Triatomic ions and negative ions of hydrogen and deuterium
were also present to a small extent. Uncharged molecules and heavy charged
molecules were appreciable but less in numbsr than the hydrogen ions. It
was found that when deuteriu%kas ueed in the tube there stil%bomained an
appreciable number of protons, However, since protons of energy less than
one million volts do not give neutrone, for ocur purposes the nroton contamination
of the deuteron beam does not matter.

The peak voltere on the tube is measured by a voltmeter across a

special winding on the first of the four 25C ¥%v. transformere which are
cascaded to make the million volt trancformer set, This voltumeter was

(10)

calibrated againet a spark gap using 50 om spheres up to 500 kv, Above

this veoltage it was calibrated against a sparkless sphere gop voltaetler using
z 1 i : o

10C cm spnerea.(“l) Thie calibration was checked by measuring the excitaiion

curve of the gamma ray from lithium bombarded by pretons. It is known to

(12) Sz 4 T
. 4 gharp rise In our excitation curve

have a sharp resonance at 440 kv

at 440 kv, indicated that the ions hitting the tarset have the maximum

energy as indicated by the volimeter.
m

The targets used in thie work were metallic lithium. '‘hey scon becawe

black, probably due to carbon deposited on them from the beam and possibly



also due to the formation of LiﬁN while they are exposed to air before being
put inte the tube. The carbon layer probably reduces the energy of the
bombarding ions slirhily and to make this effect small, the tarpets were

renewed occasionally. %e have investigated the neutrons resulting from

nitroren bombarded with deuterons and have found their yield to be very

s<a11(7) Bonner and Brubsker have likewise found the number of neutrons

2
from Cl) AAAAA mbarded with deuterons to be very small compared to the number
12 :
of 77 neutrons. These latter neutrons have 0.5 ¥V energy and were looked

for in a test experiment with one atmosphere of hydrogen in the chamber while

s

bombarding 1ithiuvm with deuterons. HNHone were found, Hence the contamination
effect of C and ¥ is very small since lithium is one of the mosb prolific
neutron sources known, Deuterium contaninstion on the target due te absorptieon
£ the deutorium gas in the tube 0 n the surface of the targel and due to
deuterium ions being driven into the target frq m the beam may rive a few

(ha),

neutrons of 2.6 NV energy from the well known deuteron on deuterium reaction

METHOD OF \BURING HEUTRON ERNERGIES

; . 13
The cloud chamber uvsed was the one bullt by Brubaker and ﬁanner< 2 and
used by them to measure many neubron spectrs. It is shown in section in

Fieure 2. Due to the use of a back

chamber.\& to lessen the pressure

ber ¥V

differsnce on the large sylphon Qlﬁthe expanusion ch can be used up

1
to at least 18 atmospheres. Al pressures higher than this it is hard to get

there is much radiation present (due to thé@oniz&tlon of

}Jc
ty

ool tracks
electrons from Compton and vhoteelectric absorption). Also the sylphon 51

can stand only pmssure differences of 4% pounds. Hence, since the expansifon

ratio is 1.2, the difference in pressure before and alter expansion in Vl

is 60 pounde (at 2C atwospheres pressure in Vl). As the pressure in V§ is

spproximately constant (usually equal to the expanded pressure in Vy) this

CLE
£y
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excess pressure soon distorts and cracks the sylphon ~1.' Stereoscopic
pictures of the cloud chamber are taken at the time of expansion by &
camera snd set of mirrors not shown in the figure. These pictures are
later reprojected and the tracks measured. A typlcal picture is shown in
Figure 3.

The chember is illuminated by & 2000 watt movie flcood lamp through a
cylindrical lens and a water absorption cell., The lamp is runsteadily at
about 2C volts 'nd one-half second before the expunsion takes place it is

Tlashed to 110 volts., Under these conditions it can be used for a#m&ny as

-~

is larger and the droplets do not fall very fast, so good photographs can be

obtained with only 103 volts on the lamp with a corresponding increase in life.

The timing mechaniem is a set of cams run al about one revolution in three
seconds and operating a set of microswitches which conirel the variousg
operations of the cloud chamber, light, camer’an and ion scurce. The cycle

time or time hetween expansions is determined by & delayed relay on the

moter and the amount of delay can be varied by changing the resistance which

o

charges up a condenser scrosgs the grid of a vacuum tube whose plate current
acgtuates the relay. ATter one revolution of the cam shaft, one of the cams

turng off the motor and resets the delay mschanisn.

4]
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B
O
j= 3

Cf the gasee which can be used in the cloud chambser the ihre

have besn found important for neutron work are hydrogen, methane and helium,

Zince thelr cross sections for elastlic collisjions with neutrons are spproxi:

the same, the importent guantity for efficiency is the numsber of atoms per

unit stopping powsr,

Gas Ators/ S.p. S.ne/utmosphere
H2 2.5 0.21
CH& b2 .85
He 5.9 Ga17

00,000 expansglons. With hirh pressures of methane, the density of the tracks
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Fleurs 5¢  Helium recolls frop the nwatrons from lithium

bombarded with deuteronas The stoppine cowse
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Hence hydrogen is most efficient, but ite use is linited to neutron energies
whose recoil protons canoe stopped in the chamber. At 18 atmospheres of
hydroren, the stoppins power of the chamber is 3.8 ,which is useful for

.

neutrons up to about 3 &V. #ith methane, however, 10 atwospheres sives &

3

1yr

sbopping power of 18 which will stop recoils up teo 8 V. 'The addition of a
nica sheet enables recoils up to at least 15 KV to be measured but with
impaired peometrical conditions. Heliuwmrecoils since they receive only
16/25 of the neutron energy and since they lose enerpy faster than protons,
cover more of the nsutron spectru@ht a given pressure, can extend to higher
enerpies without mica, but have somewhat smaller resolving power, Since the
geometrical corrsctions for the probability of seeing a itrack are quite
uncertain, joining curves taken at different pressures ls unreliabls. Hence
heliuvm recoils have proven nore satisfactory especially for high energies.

A further advantage of heliuw is that with it in the chamber the stoppin

1tk gt (8

&

s

power can bs calibrated polonium (3,805 cm) or thorium «533 cm)

alpha particles. The stopping power of methane at high presures cannot bde
calibrated but must be calculated and hence is not very accurate, Since the

energy of the neutrons {rom deutercns on deuterium has been measured guite

&chra%ely(l&), they provide a nice means of calibrating stopping povwers

~

from 2 to 10. The best value of the ¢ for this reaction is 3%.29 ¥V. Stopping

powers above 10 must be calculated., The stopping powers relative to alr
for carbon and hydrogen are given by Bethe Tor different ranges of par&cles(lb).
)

Other stopzing powere are given by ilano

£

. m .. ; i ol
The detommation of the composition of ©

)
s

he gas in the chawmber is especially
important in the case of methane since ordinary illuminating gos is used in

the cloud chamber (since it is easy to obtain). Its iniiial composition as
measured by the Southern Calibraia Gas Company was 81.2% GHy 17.6% Colig,

Py

1% o, C.2% 00ne However, the ethane is more soluble in the alcohol in the
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cloud chamber than the methane. Hence the composition in the cloud chamber
is different. By measurings the specific graviiy of a sample of the gas from

b

the cloud chamber 14 1s possible to cmleulate the new coupesition. In this

case the rercentage of methane was changed from 81% to 89%. “When using stopping

Yo ; ; ;
in the chamber of lessthan 2 it is very important to correct the

i
stopping power for chanres in temperature in addition to any leakege of gas
from the chamber during the experiment. The approximate correction {aector

on the track lenpth is

AP 1oLl At Cp - 1.0bbl

—— —e e

=R A S

AP= PP
At -~ t-to
A o= 1+t
P pressure read on gauge
PO pressure when stopping power of chamber was cualibrated
t temperature of chamber
to temperatures when chanmber was calibrated

ot

€y  variation of stopping power of vapor in chamber with temperature
© relative to tolal stopping power in chauber.

Stopping Pover

0 . s P 3 s
Y ethyl aulcohol (Hiwater) water
7o s Vatates-d
1U WJOT « UL
15 «C8G +012
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The gouge which measures the pressure in the expansion chember is calibrated
at each filling of the cloud chamber against & standard gaure which is in
turn calibrated against a standord oil balance. The impurities in the
commercial hydrozen and helium used are known from the manufecturers. The
hydrogen is sbout GQL% B, with about 1/2% of oxygen. The helium is 96% He,
about 3% Ny and sbout 1% fiye These convositions check with epecific gravity
neasgurements made on samples of the gus after they had been in the cloud

chember (corrected for aleohol vapor) so they are considered reliable. The

commercial deuterium gpas whiek is claimed to be 99.5% pure, bul no check has

been made on this.

P
4

£ we apply the principlee o £ enerry and momentum to
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o
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the collision of a neutron of snergy E with a particle of mass ¥, we find
that the energy E, which the recoil particle gete is

A3

4] figp vr d
& 4R B cos LP

= ~(T:3§FZ
where w is the angle between the original direction of the neutron and the
direction of the recoil particle. Hence, in principle, by assuming that the
peutron comes directly from the center of the source we could caleulate B
from any recoll track after we meamsure Lf and B, However, if we admit an

error of 5° in measuring L? and ealoulaste the percentage error made in

calculating E for different anrles (f wie find

v o° 10° 209 40° 50°  60°
error in 2 1% b, 9% 257 63%

Hence in practice it is best to limit the measured tracks to forward recoils
. . ,O 3
only. BSince our tarpet usually subtends an angle of about & at the cloud

o Y,

chasber, we measure only tracks which point to the target. 80 most of the
tracks give errors less than a few percent. TFor messurements of maximwa

energies of neutrons, this limitation is very important for another reason.

Due to the large amount of meterial present (cloud chamber walle, ete) there
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are a large number of neutrons which have been scattered by heavy nucleii.
Un the average a neutron scattered by a copper nucleus loses only about 3%

of its energy but its direction is radically altered. Hence it may then enter

g
i
£

ne cloud chamber snd by a head-on collision give wost of ite energy to a
rroton whose apparent angle y may be large, If this track were used to
calculate Z, the neutron energy would come out much too large. The energy
distribution of recoil protons (even when limited to forwaré recoils) is
distorted Crom thebrigin&l neutron energy distribution by the fact that the
angle error always decreases the energy, riving an asymeetrical error. Due
to this asymmetry in proton recoil peuaiss, extrapoleted values are more
accurate than wost probable values, For very accurate work these extrapolated
valugs must be corrected for straggling, angle variation, thick target, elc.
{17
Bethe has given a formula for such corrections\L/(. If the recoil particiles
are plotited in an integral number-range curve and extragsolated, then this

extrapolated rangre must be corrected by subtracting X 3 where

extr
¥, ) 2 2 o) 'y 5 5 B
ot _ o << & v e ¥ & &\ 5 e W@
5= 8 + ¥ 4+ n i ¥o + N (E> R MidsBq

8 natural stracpling of recoll particle
Y probable error in measuring track lensths times stoppine power
n ange exponent for recoll particle
n _ 2 d4(loc 1) {recference 17 pure 278)
- a(log &)
R range of recoil particle in cm. of air at 15° C

Y, meximum angle of \f allowed in meassurine recoils.
one~half the verticai@nyle subtanded by the cloud chamber at the target
K., B, mass number and energy (MV) of patlicle used in bombarding target

¢
z

¥p, E for recoil particle

ss number of nuclsus used as target

M mess number of residual nucleus left in target
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Kextr is the thick target correction given by Bethe (reference 17,

ag a graphic function of .
N
(22 %)z—rH)SEIM
E, (My-M,)m

2 atomic number of bombarding particle

ber of target nucleus

EZ atomic nu
The mesn range obbained by this correction is then converted into energy
usine the rance energy curves of Sethe (reference 17 page 268). To this
energy ls added i‘Eg ° 2. The resultant energy is the ensrgy of the neutrons
at rirht ancles to the bombardins beam for the bombardines energy Ej used.

To find ths enerey U released in the reaction

i —_— T —_—
#e use the equation oblained from conservation & sgnergy and momentunm

(
I
53
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1
3
T
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L2
ot
~F

where Zr is the above corrected energy of the neutroas at right angles to

the beam. I instead of a two body reacltion we have a three body reaction

1+

54 M Jk -+
o’ 177 Uy

mﬁ—»m%+n+az

then the neutrons will have a continuum of energies between the limits of

i O o o)
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A1l these formulee sre based on the assumption that the incident particles

have a monochromatic ensrgy El. In our csse the particles have a spresad in
energy due to the alternoting voltesge and moleculsr ions. However it has
been calculated that the extrapolation method rives the correct result if the

maximun enerpiee (from the pealt voltares) are used and if an appreciable
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fraction of the beam is atomic. 7The correction formula given above holds
only for the case of grood geometry where © is suall conpared to O, .

sin © =

cos L9‘o = J MI E

3 P

‘™M JE, Esy .

If the chamber has been calibrated by particles of range R, then this stopping
power must be corrected to give the stopping power for recoils of different

-

ranre R. Sltopping power - rancse tebles heave been gilven both by JCthe(*s and
by Mano « To change the nevtron distribution from a range scale to an

energy scale, the mumber of one-half mm. ranre intervals is calculsted for

equal esnergy intervals along the scale. The number of tracks ocecurring in

each equal energy interval is then found by adding the number of iracks occurring

in the included 1/2 mm. renge intervels. This number is corrected for the
discretness of the number of rance intervals by dividing by the factor

actual total range interval of nearesit whole rumber of range
intervals
desired esccurate ranre interval for egual energy intervals

.

There are two corrections that may be applied to the distribution in

energy of the recoil particles to get a closer approximation to the original

i
neutron distribution., One concerns the probability of a track of & given
lensth B starting in the chanber and not hitting the waoll., This geometrical

™ /LI/ 2 bl

correction can be easily calculated zs

P _ Az CO’J—’ -)? ) R (/" /< )é—-ﬂl/-)"’.”\—/ /?[/_—778,‘5
o

where r is the radius of the chambsr. For track lengths vp to three~fourths
f the chamber diameter, this funéiion can be closely approximsted by a straight

~

line and for our chamber (diameter 8.5 cm) this approximate correction factor

on the number of tracks of

Ordinarily this fsctor varies from about 1,1 to 2 in the region of track

~



lengths used. Another correction is for the variation with energy of the
probability of a neutron colliding with a nucleus. The neutron~proton total
(18)

scattering cross section has been calculsted by #igner and § adjusted

to the experimental hOihLun

I
- W E® + 2
H 5 ("’le’ 1 E, "llél"‘"i_t-a)
o e ___2____f-~)
= Sanozv (q(0y4§5) +‘ﬁdJ5+§€)

3 . ol
where B 1s the energy of the neutron, E- is the singlet level binding energy

and 7. € is the triplet bindinp energy. The neutron helium crose section has

been measured in comparison with the neulron-proton gross section by Sonner(lg}.

He Tound that n-le scattering decreased slightly faster than the n-p scatlering.

<IN 1.0 C.87 0,89
S He

.E; lcj ,x‘j r,\.ai.f a“‘r 5 “V

Tre similarity between n-p and n~He sgoattering has been confirmed by work

31

on the neutrons from boron bombarded with deuterons. The energy distribution

{4n)

of the neutrons has been umeasured by recoils of both hydrogen and

. (2¢) = : . 5 ; 3 -
helium « The releative ‘ntensities of the lines neasured in He and H are
nearly the same (within experimental errors). It must be remembered, though,
that the € 's are total cross sections, wheresas in cloud chamber work, use
is mede only of the forward scattered reccils (backward scatlered neutrons).

Hence o variastion in the

angular distribution of the recoils could complicate

(22

the situation. However, Dee and Uilbert (21) and Domer have shown

that at least at 2,5 LV neutf5£/£“s angulor distribution of the n-p scatiering
bhe center of gravity coordinates. 7This gives a sinq costp
distribution in the laboratory coordinates independent of energy. Assuming
only short renge forces between the neutron and proton, Bethe has calculated

¢ not show deviations from this

ot

TOU

that the neutron-proton scatierins s

distribution up to 20 KV. If this is true then the experiments on He recoils

i

io

indiecate not much varistion in its sngular distribution with energy. These
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guestions are still very uncertain and it is important to £ind experimentally
ths veriation with energy and angle of neutron scatbering. UHowever, assuming
the above cross sections te be right, ithe observed numbers of recolle can be

corrected to give a betier esiimste of the number of original neutrons. This

correction is importent in the low energy region

, BESULTE

#e hove bombarded a lithium metal targel with high energy deuterons

and measured the enersy distribution of the neutrons at 90° %o the incident

deuterons. Four runs were made with different pases and different pressures

in order to ret the complete spectrum. These runs were taken under the

Colibrated Stopping  Number Humber
Pregssure fog yuith Bower Iy . Tracks

.
(1) 0,95 1 11,0 atm. Ve ro bl 2.7 9000 1054

(2} 0.8 ¥ 6.0 atm Mo D+4Tn 1.4 1206 46
{5} 0.8 MY 11,0 atm, CHy D+ Dn 12.5 5000 1026

h 7 3 . 1 E : < ;
(") 1.0 MV 12,5 stm H, D +0n 5403 2500 Ti4

A g encrgy rangeg covered in

tous runs after

72\ ~ s » - ! vy . “ 2 A
(3) 2 ~6 uV and (4) 1 - 4 ¥V, They all overlap and the

beinr corrected as described above may be Pitted togethsr. The resuliing

The possible reactions involving neutrons w

is bombarded with devierons are:

1.0 1ile 0P

1.1
L2
-
= 7al »d %) g Ak ok I3 8
1.5 Li + D7 —> *2e” —> #¥50e "+ n+0,
L4
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The work of Bonner and Bru Jﬁn@f( b) ghiowed a distinct group of
neutrons with an enerry of 13,4 to 13.8 4V riving a ¢ value of 14,7 to 14.7 KV,
They attrituted this nesk to resction (1.0) where Be“ is left in its normal

<]

e} .

state. The normal state of Be“ then cdmes out unstable with respect to alpha
varticles, We have confirmed thie¢ peak and ret a more accurate value of

Q’"G = 15.05%,2 ¥V, From the mass spectroscopic masses of Li 17 g and H‘? and the

ES
. ; _——— (9 ) 5 PRI -

nass of the neutron piven by Bethe © we can calculate that Be“ is unstable
by O.04 7 (Qy4;= +O4 MV) with respect to two alpha particles, This ectimate
is subiect to error wostly due 4o uncertainily in the stopping power of the

8 can also be calculated from the reactions

gas in the chamber. The mass of Be

23
wnere boron is bombarded with protons. Be‘che(z) / has calculsted a value of
(&h, 25)

u

«1 HV unstable from the corrected values of the reactions
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protons which pives Be” {normal) plus an alpha particle and the recoil

. B s
Bf the Be” is unstable, then when it splits

energy of the Be’ is

o

B

up into two alpha particles, they will have an anzle between them determined
; " B S ek o o ol s s 53 5% 3 :

vy the energy of disintepgration of Be” and the direction bsiween recoil and
breakup., If this anple is small enough, the two break-up alpgha particles
will enter an ioniwzation chamber simuitansously and give twice as much

2]
N v C . Y
e same as a single BeY particle),

2 . . he A e —— e
ionization as a wsingle alpha particle (t

hen by changing the aperture of the ionigzation chamber, the variation of

.
+3

the number of these colncidences the ionization

j=3
chamber can be measured. If 3e” is stable this curve will only increase
linearly (for meall anrles where the 3 MV excited state of 2e® does not
contrisute) linearly with the eolid an le subtended by the ionizuiion chamber

thne targets If Be” is unstable, the increase with anrle will be greater

particles allowed

due to the inereasod angular diverrence of
we

to enter. This increusss will continue up to an angle egual to lhe maximam

nrle possible hetwsen ithe alphe the ncrease will

be less due only to the increase ia solid angle, iresw Tromihis type

lysis Kirchner, etc. concluded that 335 is unstable by C.04 to 0,12 MWV,

Bonner and Brubaker's curve for the rest of the neutron spectrum waes

o ) z A v
gith &« broad mesxinmum

5 kS AnvivvEs et 5y ¥ s -
8 8moouLi curve Wnleh LAacréssad

near 3 They interpreted lhis as was & large probabllity

- . .
of reaction (3} in which the three breal

P 1 2 GAP i
conservation of the 1% Y snergy and momentum. Thus

neutron will depend on how the particles come apart

o O

to zero., This was even more striking since De” was

at about 2 IV and the absence of a peak at 11 ¥V lead Bonner and Brubaker
to their idea that reaction (1l.1) was rere. ¥e have obtained evidence thet

4344 ¥ o Apd 3 & B ol pd B mm  cosnle 3 ¥ 301 i A8 : g o BB -
this i1g¢ not the case. The dislinct pealt at 11 ¥V in our curve indicales
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that rezction (1.1) is even twice as strong as resmction (l.0). ®hen the

- ; 8 .
I corrected) it leaves Be” in &

-

neutron comes off with this energy (1l.l &

5,5 Y excited state so that Qﬂ.z 11,8 0,4 1V and %Hﬂr 25 ¥V. The width

4.

et half meximum of the level can be estimated at 1.5 [V, Other svidence

a {26,27)
for this 3 £V level in Be” is found in the reaction

1 S & .. 4
B +—kl—>Be\+;m‘

and the reaction

where the alpha particle energy distribution indicales a 2,85 LV level with

a width at half maximum of Q.77 MV. Also the radicaciive alphe particles

g
-

8 & g ’ o .
from Li“-—» *Be " +_e , *De"—» 2lle” , indicate a level with an enerpy between

5 2Zrn 21y
R Y g - T T A % o v . P I e\ l
AaT ¥Y¥ and 2.6 XV and & width al half meximum of 1.4 IV to 1.0 My\-Vel4/,

-

32 level in Be &t 1.9 ¥V

Ry

o 30 A : - i r‘) 3 32
Since theoretical calculations (52) indicate a
this may correspond to the observed level., The fact that Donner and Brubaker's
curve does not ehow thie group of neutrone may possibly be due to uncertainty

in their corrections for the probebility of a truck of a given length going

o

through the mica and sterting and ending in the cheuber. %he corrsction
they arplied varies from about+l3C percent at S.4 LV to O percent at 9.9 MV

N

bt

to +130 percent at 11l.2 ¥V and mirht well have obscured a peuk in this region.
The neutrons between 6 ¥V and 9 LV are not well resolved in any of the

uns. Hence until further work is done it cannot be said with certainty

whether these neutronsz are backeround, unresclved groupe, tails on the

terr

observed groups at 11 LV and 4,5 LV, or a high probability of reaction (3).

Since the width of the lewle should increase (those 4 rating inte

e
@
ot
3
et
@

~h

o

two alpha particlee) for higher excitation energies of Be~ (due to the
shorter half life for &Kdisintegration according to the Geiger-Nuitall law)
P

we should expect & large mount of tailing off of the high levels and a

sort of overlapping between levels. However it may e emphasized that this
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verlapping is not the same as saying that reaction (3} occurs, since we still

1ave the neutron coming off first, leaving aqéxeited B@S. There is no certain

ok

gevidence for sherp levels in this rerion (levels which are forbidden to

disintegrate into two alpha particles and hence last long enourh to give

¥ rays micht be expected to reveal such levels., The

7

Q
tative capture of protons by lithium gives two sharp statbtes of Be~ above

A

17 ¥V which seem only to have transitions to {he wide 3 ¥V state and the
: (323 {34)
ground state‘ -/, The experiments of Gasrtiner and Crane which seemed

v levels are suspected of being in error due to dewteren

¥
11
&

to show other shar

sontasinatieon of bthe piroben beesm, There is some evidence for a wide level

e &5 ~<*
in Be f{rom the re ion (>

bz
F SN
r
&

& b
ll-\“'"} - e + He .

-

th its center near & XV

r‘v\,

his would give a neutron peal in cur experiment wi
and the experimental points are consistent with a sm&lyy,Vla of (1.2)

torether with a tailing off of the neirhboring groups.

e

There seems to be a wide group with its center nesr 4 or 5 ¥V. This

o

would leave He™ excited to 10 or 11 ¥V piving Q1K= L ¥V or 5 ¥Y and
>4

Q}?}= C LY or 11 ¥V. Gther evidence for this level comss from Fowler and
f 5
@\

Lauritsen's radioactive alpha particle curve()l> (fromi ). ‘then they

correct their observed energy dlistribution for the fact that the probability
s R ) Yo ih .o N I P i - 5 1
of the beta transition should increase at least as (8 | )7, then a very

wide level seems to be present around 10 to 12 uV.
The sharp rige at 3.8 MY ig sttributed to the meximum ensrgy neutrons

Prom 2,01), Heaction (2.0) was discovered by Hilliams, Sheperd

who reasured Q?O to be 14.% uV. They found a monochromatic
o NS

line of alpha particles which had more energy than could bs accounted for by
any other reactions Usins thia ¢ value, the mass spectrographic waeses of

< &4

Li', He and D" and the photodisintegration value of the mass of the neutron
to have & mass of B.0137 and to be unstable agsinst

we can calculate He



breaking up into a neutro%and alpha particle by O.82 MV ( ¢ %e can

201)*
; -
then ecalculate that if the He™ breaks up symmetrically in the center of
gravity coordimates,then it will give a contimwm of neutrons with energics
equally distributed between C.1 ¥V and 3.8 uV (for C.8 KV bombarding energy).
In order to make sure that this interpretation was right we have measured the
relative yields of reaction (1) and (2) by comparing the alpha particle peak
due to (2.0) with the contimwmm of particles due to (1) and (2.C1).
This was measured with an absorption cell -~ ionization chamber - linear
anplifier - biased thyratron and counter eet. Both a differential (high bias)
and integral (low bias) number - range curve was measured., These were con-
sistent in giving a relative number of disintegrations of (1) to (2) of four
or five to one. This together with neutrons from(l.i)accounts for about
two-thirds of the heirht of the experimental curve at 3.5 MV, The difference
may be due either 4o neutrons from reaction {5.0) or to error in the relative
intensities of the high and low energy parts of the spectrum due to uncertainty
in the scattering cross section variation with energy. However, there seenms
to be more neutrons between O and 2 iV than can be accounted for by Li7, and
may be due to neutrons from Lié.
bn gt T o3 ; 5
It has been found that separated targets of L1~ give relatively large
z
numbers of neutrons, more than be accounted for by contamination()8>.
. S Bae , e TR (39) .
Recently it has been shown that reasction (5.0} seems to ococur. e can
’ . 4O ;
calculate the energies of disintegration of the Li~ reactions from the masses
involved and we find ¢ C.84 MV, Qg 1.6 WY and Q, Q.22 ¥, From these
40 201
values we can calculate the energies of the neutrons emitted at right angles
to 0.7 1V deuterons. From (4.01) the neutron energies would have & continuum
from 0,18 ¥V to 1.22 KV, Reaction (§) would give neutrons with a continuum

of energies from O to 1,85 4V, Although Be? is not known we can estimate

its mass within limits., It is known that Bel does not rive detectable



o ¥D

(40),

rositrons Hence an upper limit on its mass can be estimated as a mass
heavier than Lil by two electron meeses plus 0.3 ¥V (minimum observable
positron energy). A lower limit would be that Bel is just the same meass asg
Li7, in wvhich case it might disintegrate by K electron capture, a process very
hard to detect. This gives limits on QSO of 4,17 ¥V and 2.8 ¥V, the neutrons
zet about the same energies, and the neutron group would be presumably narrow..
Hence these Li6 reactions may well account for a lot of the low energy neutrons.
This cannot be decided until & good neutron energy spectrum can be observed
from a separated L16 target.

In Figure 4 we have drawn the expected distribution of neutrons for the
LiT reactions with the relative intensities

(1.0): (1ol): (1a2): (1.2): (2401) 1 23 ¢ 1221 2,
It can be caleulated that the neutrons from Lil can be explained by the

reactions (1) and (2) with approximately the above intensities and with the

disintegratioﬁpnergies:

Qo = 1505w Quop = 0.4 u¥
Qp = 11.8 KV Gyqy = 343 WV
g = 7 Qo = 6 W
Qs = b Qyzp = 11 BV
Qo = S WY Qugy = 0482 MV

It also seems probable that neutrons from sone Li6 reaction are present.
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