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Li has been produced by 340 Mev proton and 190 Mev deuteron 

"' bombardments of CD N9 NeD A~ Kr,<) and Xeo The target element formed the 

gas of a. proportional countero The Oo88 s~cond beta decay of LiB produces 
1/<1 

Be 8 which disintegrates into two alpha. particles with a half life of 

1"_o·~21 _ secondso LiB was detected by observation of these alpha particles 

and identified by its half lifeo Deuteron excitation functions for the 

production of LiB are given for CD N.9 NeD and Ao In the case of 190 Mev 

=27 2 2 deuterons the cross section varies from about 10 em for C to 2 x 10= 9 

~m2 for Xeo For 340 Mev protons the variation ·is from about 7 x 10=28 

2 
em 

is g1.veno 

A discussion of the process involved 
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Introduction 

Since the discovery of LiS by Crane, et al.sl in 1935, its char

acteristics have been studied extensively. The ground state of Li8 is 
3 ' 2 

probably a P
2 

according,to Feenberg and Wigner. It beta decays with a 

Oo88 second half life3 to several excited states of Bes. The maximum 

energy of the beta particle is about 13 Mev. _ According to Wheeler4 the 

principal BeS level involve~ is a 1D2 situated 3.3 Mev above the ground 

state and with a width of loS Mev. The BeS nucleus breaks up promptly. 

(10=21 seconds) into two alpha. particles. The total energy spectrum of 

the two alpha particles gives a picture of the parent BeS levelD apart 

from a small recoil energy from the original beta decay. Recent experiments 

by Bonner, et alo 9
5 and Christy9 et a1., 6 tend to cop.firm Wheeleras views 

although some of the finer details are still in doubt. An extensive review 

of these ques~ions can be found in the paper on energy levels in light 

' 7 ·nuclei by Hornyak and Lauritsen. 

Segr~ and Wiegands in an unsuccessful search for delayed proton 

emitters corresponding to the delayed neutron emitter N17 observed an 

alpha particle activity of approximately 1 second half life in 190 Mev 

deuteron bombardments of several·elements. They ascribed this activity 

to BeS formed from Lis. Their identification of this activity was based 

on the absence 9 apart from samarium9 of other alpha emitters in elements 

below lead and the similarity between the observed half life and that of 

L .s 
l. 0 



The purpose of this experiment was to study the.systematics of 

Li
8 

production in high energy bombardments of various elementso Lie has a 

convenient half life and the alphas from its disintegration• may be easily 

detected in the presence of other beta activities. These factors make 

this isotope an amenable fragment to study in high energy nuclear disintegra= 

tionso 

The average range of the alphas from tie is about 1.3 mg/cm2 of 

Alo This combined with the low cross section made the use of solid targets 

impractical. By the use of gaseous targets the yield in the counter was 

increased by a factor of 50 as will be described below. These gaseous 

targets also formed the counter gas. The absolute cross sections for Li 8 

production in 340 Mev proton and 190 Me~ deuteron bombardments of c9 ND NeD 

A. 9 Kr 0 and Xe were determined. The deuteron excitation functions were 

obtained for all gases mentioned except Kr and Xe in which cases the yield 

was ~oo s~all to make the mea~urement of a complete excitation function 

feasibleo 

Very recently A.lvar.ez9 has reported a 0.5 second activity whic;h 

he ascribed- tentatively to Be or c9• Alpha particles similar to those from 

Bee are involved in this decay and if the Be identification is correct 0 

it is likely that the alphas 'have the same origin as those from the decay 

f L.e 
0 ~ 0 ln this case some of the alphas observed in the experiment reported 

here have probably been incorrectly assigned as originating from Lie. 
' e 

Because of the increased barrier for the expulsion of B over that for Lie 

the error involved should not be important for the heavier elements. For 

the light elements where it is believed that the Lie produced is the r~sidue 

•In the future for brevity 9 the intermediate Be8 state will be 
omitted in references to the decay of Lie 9 i.e. 9 Lie beta decays to two 
alpha. particles. 
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of a nucleus which has evaporated the necessary number of protons and 

neutrons 9 the error may become more importanto However the half life 

determinations show that in any event the effect of B8 is sma.llo 

. Lately the expulsion of heavy charged particles from nuclei has 

been receiving incre~sing attentiono Experiments dealing with this phenomenon 

have been carried out in cosmic ray studies using the recently developed. 

electron-sensitive photographic emulsionso The identification of the charge 

of the fragments has been accomplished by a.n analysis of the delta rayso 

Previous to these studies only Li8 could be positively identified. Its 

trademark is a "hammer" track- the handle caused by the expelled Li8, the 

head by the resultant alphaso An example of such a.n event is given in 

The work of Hodgson and Perkins, 10 Bonetti and Dilworth,11 

S 
12 d 1 13 . d" t f t 1 orensen 9 an Freier 9 et a o 9 1n 1ca. es that most o the evens invo ve 

several hundred Mev and their lack of isotropy points toward a knock on 

process rather tha.n.evaporationo It is hoped that the cross sections for 

Li 8 production found in this experiment will be of use in the clarification 

of these new found reactionso 

Experimental 

' 8 Once Li has been observed to be produced in deuteron bombardments~ 

the principal problem became one of intensityo Th'e alphas used to detect 

Li8 have a. most probable energy of lo5 Mev ea.cho Thus with a thick carbon 

target in an ionization chamber, a 1 millibarn cross section 9 and a beam of 

=5 8 
3 x 10 microamps~ only about 3 Li atoms will exist in the counting 

volume of the chamber under equilibrium conditionso This is too few atoms 

with which to deal effectivelyo However 9 if the target is CH4 at 1 atmos

phere in a proportional counter of effective counting length A em and the 



• 

counter axis is along the path of the beam, the number of Lis atoms existing 

under similar conditions will be 7A, an adequate number for this experiment, 

The gaseous target has the following advantages over the solid target: 

(1) a factor of four is gained in geometry over a thick target3 (2) there is 

no self absorption; (3) the thickness of the target is limited only by the 

length of the c~unter; and (4) possible targets, especially the rare gases$ 

are available in a high state of purityo IIowever, there are certain disadvan-

tages 9 namelyg (1) the number of target elements is limited since each must 

perform the role of a proportional counter gas; and (2) the characteristics 

of a proportional counter will vary with each gas used~ which is deleterious 

in this case because the natural spread in energy of the LiS alpha~ will 

produce a flat bias curve below 1 Mev only under ideal conditions. 

The essence of the experiment was the following. A proportional 

counter filled with the gas under investigation was traversed axially by 

the cyclotron beam. vVhen LiS equilibrium was almost reached the beam was 

turned off and after a short delay the alphas were counted for nine half 

lives of Lis. This process was repeated periodically. The number of LiS 

atoms present at the end of a bombardment will be proportional to j( I(t)e-At dt 

where I(t) is the current at the time t before the end of the bombardment and 

A is the disintegration constant of Lis. )II(t)e-~t dt will in future be 

called the effective charge. It is that charge which will 9 if delivered 

instantaneously at the end of the bombardment,produce the same quantity of 

LiS as the actual current used in the experiment. The measurement of the 

effective charge may be performed naturally or numerically as will be 

described below. The former method of integration was used in the measure-

ment of relative yields, the latter in the determination of absolute cross 

sections. In practice all yields per unit effective charge were referred 
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to that from carbon. using the full energy beam. The absolute cross section 

was later measured for carbon itself. In this way all the cross sections 

were placed on an absolute scale. 

The experimental arrangement employed was that_schematically illus~ 

trated in Figo lo Proportional counter A had a 2-inch I. Do and an effective 

counting length of 25 cmo Proportional counter B had a 3-inch Io Do and an 

effective counting length of 37 em. The effective counting length was 

assume~ to be the length of the central wire of the counter. Rossi and 

14 Staub have shown that this assumption is accurate within a few millimeter~; 

Thus 9 since the counters used in this experiment were very long 9 any 

errors introduced into the absolute cross section measurements from this 

source were negligible. These two counters were employed for the following 

reasono While the beam of the cyclotron is relatively constantly over 

successive periods exceeding several seconds 9 it varies within approximately 

a factor of two in successive periods of Oo2 seconds so that relative 

yields can only be compared if the effective charge integral is integrated 

over the period of the bombardment. This integration may be performed 

either numerically if the current is measured on a recording ammeter 

during each bombardment or naturally~ ioeop since the effective charge is a 

common factor in the yields from both counters A and B in Fig. 1 9 counter A 

may be kept under constant conditions in all bombardments and form a rela-

tive measure of the effective charge 9 its purpose being merely to perform 

the integration. Counter A9 which in the future will be called the monitor 9 

was filled with CH
4 

'and 9 as may be s.een in Fig. 1 9 was always traversed by 

the full energy beam. 

During bombardments the cyclotron was first switched on for 10 

seconds 9 then switched off and 0.2 seconds later the counters were turned 
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ono After 8 seconds the counters were switched off .and follo\'lling a. short 

delay the cycle was repea.tedo One complete operation consumed 20 se~ondso 

This cycling process was carried out continuously during bombardments by 

a motor operated rotary switch as illustrated in the dia.grruno 

Since LiS is easily ionized it was probably drawn to the counter 

wall in most cases before counting bega.no Nevertheless the fact that 

two alphas are produced traveling in approximately a.ntipara.llel directions 

will still allow 100 percent counting efficiencyo Unfortunately the bias 

curves will suffer from this effecto The theoretical integral energy 

spectrum arising from a. single alpha. particle in the decay of LiS is 

illustrated by the broken curve of Figo 2o The solid curve in the figure 

represents a. typical bias curve obtained in this experimento If on1y one 

alpha. from the d~ca.y of each Li8 atom penetrates the counter gas and all 

the ions produced along its path lie in the counting volume of the chamber 9 

then the bias curves obtained should agree with the theoretical integral 

energy spectrumo The dissimilarity of the two curves can probably be 

accounted for by the following considerations o Firstly 9 an alpha. pa.rt_icle ~ 

if directed approximately parallel to the counter wa.ll 9 will often spend 

the last part of its range in the chamber walla This will affect the bias 

curve by tilting the low energy part away from the horizonta.lo Secondly~ 

. 0 
the angle between the paths of the two alphas may differ from 180 by as 

much as 6° owing to the recoil from the LiS beta. decay so that in some 

cases both alphas may lose all or a. fraction (as above) of their energy 

by gas ioniza.tiono This mode of decay will fill in the dip of the oia.s 

curve near 2 Mev due to the wide range of energies ava.il~ble from ito 

Thirdly0 some alphas produced at the ends of the counter can lose part of 

their energy in the counting volume of the chamber and part outside of ito 
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This will produce the same effect as the first consideration. And lastlyg 

if Li8 
becomes a neutral atom during its travel toward the counter wall 9 it 

will stop in the gas 9 causing the ionization from both its alphas to be 

recorded. This type of disintegration will alter the high energy region 

of the bias curveo 

All counters had small internal sources of polonium to calibrate 

the pulse heights in Mev except in the cases of krypton and xenon in 

which the yields were so low that any background at all would have been 

detrimental to the experiments. The pulse heights for these two elements 

were calibrated against an external 10 mg Ra-Be source placed one meter 

from the center of the counter in a direction perpendicular to the axis. 

The pulse heights to be expected from the Ra-Be source were found by 

placing the source in the position described with respect to a counter 

calibrated by polonium alphas. 

In order to check the half life of the alphas from each element 

investigated the monitor was filled with one atmosphere of CH4 (the most 

copious Li
8 

producer found) and counter B with the gas being studied. 

One pen of a Brush Recorder was connected to the scale of two output of 

counter A scaler and the other pen to that of counter B~ and the bombard~ 

ment cycle startedo The Brush Recorder is a two-channel recording oscil-

loscope with a frequency response from Do C. to 100 cycles. Each input 

signal to the Recorder is passed through an amplifier before it activates 

the magnetically operated pen unit. Both of the pens record on the same 

moving tape 9 the speed of which may be adjusted to Oo5 9 2.5 0 or 12.5 em per 

second. The medium speed was used in this experiment. Since the two pens 

are in symmetric positions and the abundant supply of Li8 from the monitor 

always produced pulses on the tape in the first 0.1 second of counting 9 
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the monitor pen provided a zero of time on the tape for the half life 

measurement of the element in questiono 

In the measurement of excitation functions~ mechanical counters 

were linked to the scale of 256 output from each scalere Copper absorbers 

placed between the monitor and counter B reduced the energy of the beam 

the amount required before it entered counter Bo Relative excitation 

functions were obtained by comparison of the Li
8 

counts in counter B 

with those from counter A9 the latter being produced by the full energy 

deuteron beamo In the 184-inch Berkeley cyclotron the beam after deflection 

from the tank is passed through a steering magnet which~acts as a fine 

energy spectrometero It is then collimated and emerges from a vacuum port 

ready for useo The energy of the deuterons has been measured repeatedly 

by observing their extrapolated range in some absorber with the aid of 

2 
a faraday cupo It turns out to be 18o85 ~ Ool gms/cm of Alo This corres-

ponds to 192 + Oo4 Mevo This is the value which has been used in these 

experimentso The extrapolated range is the intersection of the steepest 

tangent of the transmission=range curve with the range axiso The energy 

of the deuterons after passing through a given thickness of copper absorber 

was computed with the aid of tables prepared by Aron, Hoffman 9 and 

Williams of the theoretical group at the Radiation Laboratory based on the 

' 15 
standard range energy formulaeo 

The original collimation of the beam is reduced by multiple scat-

tering when several grams of absorber are usedo In order to avoid as much 

as possible errors in the excitation functions from this effect 9 counter B 

was built with an Io Do of 3 incheso In all of the experiments the 

original beam was confined in a circle 1 inch in diameter by the initial 

collimating systemo After the deuteron beam has been reduced in energy to 
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a few Mev 0 its energy will be inhomogeneous by approximately 5 Mev. This 

inhomogeneity is caused by straggling and in the case of 340 Mev protons 

may amount to as much as 40 Mev. Straggling in terms of range as defined 

15 by Bethe is the difference between the mean and the extrapolated ranges. 

It is approximately equal to the standard deviation of the range. In 

deuteron excitation functions the effects of straggling and multiple 

scattering are not too important~ although they should be considered in 

dealing with the low energy range of the excitation functions. However 

the inaccuracies caused by these two effects will make it quite impractical 

to determine proton excitation functions by this method. 

In the reduction of the deuteron energy by absorbers the produc-

t . f t d t b t . . 16 t b . d d At th l.on o neu rons an pro ons y s n.pp:~.ng mus e cons:~. ere o . . e 

energies involved neutrons should be about as efficient in the production 

of Li
8 

as protonso With enough copper to absorb out all the charged 

particles in the beam no Li8 atoms were detected in counter Bo This 

demonstrated that the neutrons from stripping had a negligible effect in 

this experiment. Since protons formed by stripping will quickly lose 

their energy in the absorber 9 it was assumed that they would be even less 

effective than neutronso 

The absolute cross section for carbon was measured in the follow= 

ing mannero A thin walled ionization chamber of approximately 1 inch thick= 

ness 9 filled with air at atmospheric pressure 9 was placed before a single 

proportional counter containing CH
4 

in the path of the beamo The chamber 

output was fed to one input of the Brush Recorder and 9 after amplification 9 

appeared on the recording tape. The input time constant was made to be 

Ool seconds by placing a OoOl ~f condenser in parallel with the 10 megohm 

input resistance of the Recorder amplifier. This allowed the beam current 
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to be amplified satisfactorily with the low frequency response amplifier 

of the Brush Recorder although the pulsed beam from the synchro-cyclotron 
~ . - ·- - . ·- -

appears at the deflection port for an interval considerably less than 

1 microsecond 60 times per secondo The scale of two output on the 

scaler connected to the lone proportional counter i~ parallel with the 

ionization chamber was fed to the remaining pen of the Brush Recordero 

During bombardment cycles the Recorder tape was run continuouslyo The 

beam current appeared on one pen of the Recorderb the Li8 counts appeared 

on the othero The instant the cyclotron beam was turned off was taken as 

zero on the time scaleo A decay curve of the Li8 .counts was extrapolated 

back to this zero time in order to determine the number of LiS atoms 

existing at the end of the bombardment and to account for the delay 

between stopping the rcY,clotron and turning on the counterso The effective 
T \ ~/ 0 

charge integral j I ( t) e = A. t dt integra ted over the bombardment period was 

calculated numerically from the Recorder tapeo This calculation required 

knowledge of the amplification factor of the ionization chamber and also 

that of the Recorder amplifiero The former was measured directly with a 

faraday cupo The latter was ascertained with a potentiometer and a know= 

ledge of the input resistance of the Recordero The cross section can then 

be determined from the Lis atoms available at zero time 9 the gas pressure 

and effective counting length of the proportional counter~ and the effec-

tive charge integralo This cross section was found for bombardments of 

carbon with 190 Mev deuterons and 340 Mev protonso It is recorded in 

Table I- under Carbono The cross sections for the other elements were then 

found from these values as mentioned beforeo 
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Results 

No effect was found from helium outside of the background statis-

tics from a small polonium source within the chambero .In terms of cross 

-29 2 
sections 9 the result was (Oo5 ~ loO) x 10 em e This was true with 

bombardments of 340 Mev protons and 190 Mev deuteronso This showed that 

any production of LiS from the central wire and windows (2 mil stainless 

steel) could be disregardedo Also no effect was found after the deuteron 

beam energy had been reduced considerably by copper absorbers placed in front 

of the chambero The latter experiment showed that contributions due to 

the multiply scattered beam hitting the walls of the chamber could be 

neglectedo 

The decay c~rves of the alphas from c~ N~ NeD Ap Kro and Xe 

are given in Figo 3 to Fign So They are plotted as histogramss the ordi-

nate being the number of counts in a Oo2 second intervale This was the 

time interval used in reading the Brush Recorder tapeso Since there is 

no apparent change in half life in deuteron or proton bombardments 9 a 

single decay curve of each element is giveno The straight lines on the 
I 

graphs correspond to the ideal decay curve with a half life of OoSS seconds 

and the same total number of counts as in the experimental curveo It is 

seen that the agreement is excellent in all cases save neon where some 

improvement is to be desiredo However$ even in this latter case 9 the 

agreement with the LiS half life is within statistical erroro To give 

an idea of the counting rates in this experiment it may be remarked that 

the yield with Xe was so low that it required the counts from 150 equilib= 

rium bombardments to produce the decay curve in Figo So 

The absolute cross sections for C9 N0 Ne~ Ao Kr 0 and Xe with 340 

Mev protons and 190 Mev deuterons are collected in Table Io The difficulties 
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m~ntioned under Experimental in producing a flat bias curve probably make 

these values accurate to no more than 30 percento The values listed are 

those found with the scalers set to discriminate against alphas of less 

than 0.,7 Mevo Much less discrimination would risk the acceptance of 

pulses originating from beta disintegrations since the counters were very 

long (45 em)., The theoretical integral energy spectrum in Figo 2 makes 

it seem preferable 9 in view of the gaseous nature of the target and con= 

sequent lack of self absorption" to determine the yield at a fixed low 

discrimination rather than to extrapolate the curves to zero biaso The 

cross sections found for NeD A9 Kr 9 and Xe cannot be due to impurities of 

gases with a lower mass numbero The argon used was 99o7 percent pureo 

Spectroscopic Ne 9 Krv and Xe were used in which the only important impurity 

was N29 present in quantities less than 0.,05 percent of the totalo Ne 9 Kr" 

and Xe obtained in liter flasks at atmospheric pressure were transferred to 

the counters by the use of a Toepler pump after the counters had been 

evacuated to a few microns pressure with a diffusion pumpo 

The deuteron excitation functions of 0 9 N9 Ne» and A are shown in 

Figo 9 to Fig., 12o Statistical counting errors only are marked on the 

graphs., In the lower energy region some of the deuterons 9 multiply 

scattered by the copper absorbers may be lost in the counter wall' before 

traversing the whole countero This would make the cross section at these 

low energies appear to be lower than it actually iso 
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TABLE I 

Absolute cross sections for Lis' production from 340 Mev proton 

and 190 Mev deuteron bombardments of various elements., 

c N Ne A Kr Xe 

70 + 20 55+ 16 20 +6 22 + 7 5.,5 + 2 2.,6 + O.,S 

Discussion 

It is interesting to speculate on what process is involved in the 

s 
production of Li as described here., The graph of the cross section for 

LiS production with 190 Mev deuterons plotted against Av the mass number 

of the target element 9 in Fig., 13 provides some clues., It is seen that 

there is a sharp discontinuity in slope between the light nuclei (carbons 

nitrogenv and neon) and the heavy nuclei (argon 9 kryptonv and xenon)., The 

curve drawn in the figure has no significance other than to emphasize 

this discontinuity., This indicates that different mechanisms are at work 

in the two regions., A plausible assumption is that the process for the 

light group is one in which the compound nucleus boils off the necessary 

number of neutrons and protons to leave a residue consisting of Lis., 

This type of mechanism is obviously not applicable to the heavy group., 

There is not enough energy.available to boil off thirty or more particles., 

Here it is more likely that LiS is expelled from the compound nucleus in a 

manner similar to evaporation., 

In the previous paragraph the formation of the compound nucleus 

was implicitly assumed., In other wordsD all the energy of the incident 

particle was assumed to be distributed among the nucleons of the struck 

nucleus before any evaporation occurredo It has been pointed out by · 
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Serbe:r-17 that. this is not always the case when the mean free path of the 

incident particle in nuclear matter is of the order of the nuclear dimen-

sionso When such 1itransparency" conditions are met 9 as in this experiment 9 

a whole range of excitation energies can be expected of the struck 

nucleuso If a collision involves only one or two nucleons which promptly 

remove themselves .from the neighborhood of the nucleus 9 a small excd tation 

energy will resulto Other types of collisionsJ) less "local" in character.9 

Will provide higher excitation energieso Sometimes the ~ncident particle 

will be completely absorbed by the nucleus and a maximum excitation will 

oocuro The treatment of the evaporation process which follows is so qualJ_-, 

tative that the range of excitation energies of the struck nucleus will be 

neglected and a compound nucleus with the maximmn excitation will always 

be assumedo 

Evaporation is a very difficult problem to treat theoretically 

in the case of light nucleio It simplifies considerably if a temperature 

may be defined for the compound nucleusa Such is the case in heavy nucleio 

By employing the principle of detailed balancing 9 'Weisskopf18 has derived 

a general formula for the evaporation of particles from a compound nucleuso 

His argume:n.t is the followingo Let Wn (EA 9 E )dE: be the probability per 

second of a nucleus AD excited to EA Mev above the ground state 9 emitting a 

particle n of energy between f and f + dE and leaving a residual nucleus 

Bo The inverse process s the capture of the particle with energy c Mev by 

the nucleus B to form the nucleus A with excitation EA is equal to 

V{J (EA." f) 
:n: 

where or(EAD f) is the capture cross section under the stated 

conditions 0 v is the velocity of the particle, and ~is the volume in which 

the whole system is enclosedo The principle of detailed balancing relates 

these two probabilities as followsg 
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• WB (EA-Eo- c) 

(..)A (EA) 
(1) 

are the densities of states per unit energy of 

the compound nucleus A~ the residual nucleus Bg and the free particle 

respectively. g is the statistical weight and m the mass of the particle. 

E
0 

is the binding energy of the particle to nucleus A. The entropy SA (X) 

of a nucleus A with excitation X Mev is defined as the logarithm of the 

density of states of that nucleus with excitation X. Employing the usual 

relation between energy and momentum of a free particle and the entropy 

This is WeisskopfVs general evaporation formula. 

If the expression (2) is integrated over all possible E for a given 

EAP the result is the total probability per unit time for emission of the 

particle 9 If the entropy 

X in Mev. A the mass number. 

·derived from the free particle model of the nucleus 19 is used in the calcu

lation of the widths for proton 9 neutron, and Li 8 emission from argon, 

the following resu.l t is obtainedg 

-24 2 
a" geom = 0.8 X 10 em 

This ratio should be near that of the cross sections for proton or neutron 

emission (about the geometrical) to the cross section for Li 8 emis.sion. 

It is evident that the Li
8 

cross section turns out to be a factor of 

2 higher than found for E e~ual to 190 Mev and its reduction at E 
A A 

equal to 80 Mev is half the experimental decrease. In the calculation the 



~19= 

classical formula 

o- (EA' () • o-geom ( 1 - n 
for the cross section was usedo V is the potential barrier of the 

particle with respect to the nucleus Bo The influence of the barrier on 

the evaporation process is described in this ter.mo 

It is surprising that the order of ~agnitude of the results 

oan be predicted on such a crude modelo The important quantity in 

these calculations is of course the entropyo There is practically no 

experimental knowledge of its variation at the high energies here involved 

and the free particle model was used rather arbitrarily in the calcula~ 

tionso 
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