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ABST1IACT

Apparatusl¡Iasd'esigned.andbui}ttostud.yheavy

reaction particles from (p,x) reactions where x is a pat-

ticle heavier than an alpha particle. The apparatus con-

sisted. of a AE-E counter telescope utilizing a proportional

counter as the energy Loss d.etector and a solid- state counter

for the total energy. lhe telescope had an energy threshold'

of 5 MeV for H"4r T Mev for He6 an¿ 11 Mev for l,i6 particles"

An electrostatic separator \^ias used- to red.uce the proton

backgroi.rnd" entering the detectors"

the perforînance of the apparatus was checked wj-th

arpha particres from u Ç12(prge4)g9 reaction and appeared- to

be satisfactory. A prelininary search for (prLi6) reactions

fron C12 ana F19 targets yielded negative results. Maximum

differential cross sections of O.5 ¡tbarns/sterad-ian were

assigned for both targets"
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SECÎION I

CHAPTER 1 INTRODUCTION

consid_erable interest has arisen recently in the

study of many-particle transfer reactions. These are re-

actions r¡¡here a transfer of more than J particles occurs

betr,¡een the incoming particle and target nucleus. Once

the reaction mechanism is well understood, such reactions

shoul-d. be of great usefu.l-ness in investj-gations of the

structure of nuclei and in particular, should help in the

qualitative stud.y of nuclear rrclusteringrr.

I{uctear clustering i-s not a nehr id.ea. It has been

knorvn for some time that certain nuclei such u.= C12 are best

d.escribed by an alpha particle rnodel-1 . In ad-dition, light

nuclei shell mod-el wave functions can be rewritten in cluster

form, these clusters being groups of nucleons having the

correct Symmetry properties (angular momentum etc. ) but other-

wise not necessarily resembling the free nuclei2. Li6 may

be viewe¿ as an alpha prus d-euteron and Li7 as an alpha

cluster plus triton cluster, for example.

If this clustering really occurs in nuclei, then

the transfer of such. cl-usters in nuclear reaciions should be

greatly enhanced. over the exchange of the Same number of

u-ncorrel-ated nucleons. Information coul-d be gained about the

structu-re of parent or d-aughter nucJ-ei- r,¡hich Ï¡ouJ.d enable com-
7

parison with theoretícally predi-cted wave functions'.
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the reaction mechanism may be d-i-rect or through the

formatj-on of compourrd. states and experimental investigations

are necessary to d-etermine l¡hich predominates"

Deuteron ind.uced, many-particle transfer reactions

have been performed. recently with cross sections higher

than might be expected. considering they involve the transfer

of 4 or more nucleons, and Coulomb barriers are high. In'

many cases the cross sections are comparable with or higher

than the coruespond-ing (prHe4) cross sections.

ÐaehnickJ and Gemm eL4'5 observed (¿rl,i6), (arr-,i7)

and. (d.,Beg) reactions in c12 an¿ r'19 (Ea 
- 12 to 15 MeV) and

fowid. that all reactions showed simil-ar angular distributions.

They lrere forward. peaked and oscillatory in shape, with minima

whj-ch hïere fairly regularly spaced. (+Oo - 50o apart) and which

moved closer together and to smaller angles with i-ncreasing

atomic weight. This suggested a direct reacti-on mechanism

and DlrlSA fits to the experimental d.ifferential cross sectj-ons

showed. qualitative agreement. The theoretical minima were

deeper than those found experimentally, possibly because of

a noticeable compou:rd nuclear contribution.

sree6 has

energies of about 21

able yields.

d.one similar (a,li6) work at deuteron

MeV on F1 9 targets and. observed compar-

Not much has been done on proton induced' many-par-

ticle transfer reactions. L,indsay7 quotes some J5 to 55 PIeV

work d-one by Furukr*r8 on the reaction Lr27 (p,Bu7)Ne21 and
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postulates a compound- Ttuclear effect. The reaction

we24(He4rBe?)Ne21 proceeds through the sa.me compound- nucleus

but L,indsay found a cross section some 4 times higher than

Furukawars. He interprets this breakdown of the hypothesis

of independ.ent formati-on and d.ecay of the compound nucleus on

the basis of angular-monentum tinitations on the particle

emisslon probabilities.

Heikkinerr9 htu observed- the inverse reactions

c12(r,i6,p)017 and c1 '(116,¿)016 at incid'ent Li6 energies

betvreen 4.5 and 5"5 MeV. He postulates a d-irect reaction

mechanisn with a significant compound- nuclear contribution

for certain states of the residual nuclei.

The concl-usions these authors have reached indicate

that the reaction mechanlsm is not simple. The higb probabi-
tt 6.

tity for He4 or Lio pickup in Daeh.nickts results indicate

alpha and. deuteron clustering in nuclei and. a d-irect reaction

mechanism. The work of L,indsay and. of r\rrukawa, however, in-

d.icates that Ee5 clusteri-ng is less probable and' reactions

thought to proceed by o.irect He5 pickup night be better char-

acterLzed by a compound. nuclear processr showing energy resolt-

ances. other effects such as shell closure and. angular momen-

tum transfer must al-so be considered"

Certain experimental d.ifficuJ.ties limited the ran'8e

of reaction particles that could be observed with 50 MeV protons

at the University of Manitoba. The cross sectlons are small-

and Q values very negative for these reactionsrand as the
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particle maSS and charge increase, its Tange dininishes

rapid.ty and its uni-que identification is difficul-t. Also

Coulomb barrier effects become appreciableo A magnetic

anaLyzer nas not available and thus a counter telescope ( Ap-¡)

system was employed and. the particle range in the counters

became ¿11 important factor. Proton i-nduced. reactions of the

type (prx) are most convenient experimentally if the reactlon

prod.uct x is stable or relatively long 1ived . This f act,

together r,¡ith the previous consid.erations, limited x to H"6 ,

HuB, T16 , T,í7 , li8 , or lj-9.
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SECTION II 'I'HE APPARJ,TUS

CHAPTER 2 SOIID STATE DETECTOE

-
Corrnter SysteB

In any proton ind_uced. reaction, the reaction product

of interest is always accompanied by a number of other partic-

Ies and- one of the tasks an experimenter is faced- with is the

identifi-cation of these interesting particles. Various tec-

hniques have been used, but one of the simplest methods is an

Erdp/dx counter telescope system and we d.ecid-ed to employ it"

A counter telescope consists of a thin transmj-ssion

corrnter followed. by a thicker total energy detector. The tbin

cou:rter measures the rate of energy loss dE/d.x while the

thicker counter stops the particle and. measures its total

energy, E (actually E-(AB/Ax) ax). E an¿ dg/dx are related

through Bethets energy J.oss formula

dE 2TT e4wz2^-- . --4mE-Ë=fr5¡rtlLILÍ1-

where m i-s the electronic mass ¡ zê is the charge of the par-

ticle of mass M and- N is the atomic density' Z the atomic

number and. I the average atomic excitation potential of the

stopping material.l0

The obvious choice was sol-id- state d-etectors be-

cause of their excell-ent resolution, reasonably fast responset

compactness and. ease of operation. It will be shoi,rm, howevert

that tlr.ickness consid^erations limited their usefulness for the



thin cou¡tter.

Figure l shor.¡s the range-energy relationship for

various reaction products as d-etermined. from energy loss

calculations by ïtilliamson and Boujot11. The energ¡r loss

for thin absorbers may be found. by subtracting out the

absorber th.ickness at the incident particle energy or more

exactly from stopping power catcul-ations based on ÏliJ-lia.msonr s

and Boujotrs work. Tb.is figUre clearly shows that the trans-

mission cou:rter should be at most 25 to JO microns thick so

tbat heavier particles of about I0 to 20 MeV can be passedo

At the tine these counters ÏIere being considered ' however, no

solid- state detectors rr'ith reasonable uniformity seemed to be

available at these thicknesses. It v¡as d.ecided theref ore t

that only the total erlergy counter would be a solid state

couJtter"

The counter purchased was a lithir;m d-rifted-, silicon
t(d.etector with 0" 5 mm depletion d-epth and 2OO mm2 surface area.

The large Surface area i^ras chosen to increase counting rates -

the scattering chamber available T/Ías a 40 inch dj-ameter tank

and tb.e cross sections for heavy particle reactions were

thought to be quite lor,rio The 0.1 mm thickness l¡ias suffic-

ient to stop 37 MeY alphas and" heavier particles of higher

enerry. Calcu-l-ations of varioìrs reactions ind.icated. that

these heavier particles r¡Ioul-d- have energies less than about

55 MeV and thus the detector was quite ad.equate. An added.

ad.vantage r¡ras that the counter Ïias relatively thin for pro-

tons and- deuterons. For s¡ample, protons between 20 and 50 Ûle7

Sintec ltd.. ,34OO t{etropolitan BJ-vd. East, Montreal"
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PARIICLþ R.A'NGES IN SILIC0N
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r¡rouLd lose between J and l- MeV, while deuterons in the Sane

energy Ta;rLge i¡Ioul-cl lose between 5 and 2 lvleV. This would ai-d-

in the d.iscrinination betr,¿een lighter and. heavier particl-es.

lhe d.eteetor r¡¡as mounted. in a thick brass holder to

shieLd. it fron stray rad.iation. Irater on, the hol-d-er was

nodified by red.ucJ-ng the aperture from 16 nm to 8.4 mm diameter

to eliminate suspected. nonunifornity of the active aTean

Detector Characteristics

Preliroinary tests hiere done to determine the

d.etector characteristics and the resul-ts were quite satj-sfac-

tory. The lineari-ty was checked with alpha particles of

three energies - 5.48 i[eV frora /*-241 and- 6.05 and- 8"78 MeV

from a Th "olr"""* - and. was withj-:n O.1%. No dead layer cor-

rection was made, and the linearity of the detector ind-icated

that it was quite smau- - the manufacturer specified, a 0.2

micron wind.ow"

The resolution was tested at zSoc and' at about

-ZjoC with a thermoelectric cool-er when the counter was first

received. the cooled rrn yielded Flr¡Iilvl values of 68 keV, 79

keV, and, 45 keV for the atpha energies 5"48, 6.Q5 and 8.78 MeV

respectively, while the uncooled nrn yielded 79 keV, 90 keV'

and 68 kev, for the same energies. The 5.48 and 6,05 MeV

alphas have multiple energy structure, while the 8.78 MeV has

just one peak and thj-s accounts for the lower wid.th for the

higher energy particle.

tÉ
6.05 MeV from Bí212 and.8.78 MeV fron Po212
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The manufacturer specified a F\I/HM va'l ue of 45 kev

(cooled) for the ,.48 IvIeV atpha and tire higher vafues we

observed. could. be d.ue to increased efectronic noise, or the

v¡orsening of resoluti-on with time" The t'age" of the counter

seemed to play an important part in its operation. The dead'

Layer and- resolution r¡orsened with time even r¡¡hen the counter

was not exPosed to rad-iation"

Theresolutionchangedr'r'ithbiasvoltagerâs

expected, and. yield.ed' a minimi-im at 55 volts, but the tests

lrere d.one at 70 votts since this was consid'ered a reasonable

operating bias to facil-itate charge collection from more

energetic particl-es. In any case, the F\"/HM value at 70 volts

v¡as rvithin I keV of that at 55 volts and the cyclotron proton

energy spread. was known to be at least JOO keV'

A1l silicon solid. state counters are susceptible to

radiation damage, and the effects of the daroage I"/ere quite

evident in this counter. The resolution stead-j-ly worsened

with nrnning time as the d.etector was used' to measure charged

particle reaction energies. charge collection efficiencies

for higher energy alphas seemed. to decrease and- the counter

bias had- to be raised to 110 vofts before reasonabl-e spectra

were observed. This hras presumably caused. by an lncrease in

trapping centers a,s the radiation damage increased. In

ad-dition the bi-as lerrel then had' very littte effect on

resolution.

The d.ead. Layet also increased, but this effeci
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seemed. to O,epencl on the method of biasing. When the detector

v,ras first used in the tests d.escribed above, the dead- Layet

lras very small, but after a period- of two months unbiased, the

d-ead. Layer increased. to 1.1 microns and this had to be taken

into account for energy cah-brations. No increase in dead-

Iayer was observed whil-e the counter r'¡as contimously biased,

but after a short unbiased period near the end of the runs 
'

the thickness increased. to 5 microns. lwo alpha source

energies were used to experimentally d.etermine the dead' Iayer.

'Ihe }.\{IIIM val-ues f or natural alphas d oubl-ed over a

?.5 month period and values of 1 50 to 200 kev were typical

at the end- of the experimental program" This worsening of

the resolution was not well understood., but it was concluded.

that it îras an inherent d.etector property and not d"ue to

noise piakup or higher temperatures j-n the cyclotron exper-

imental a:Tea - removing the d.etector from this aTea had- no

effect on j-ts performance. the large dead layer, courrter

ttagett , er charge collectj-on efficiencies may have been factors"

Attempts r¡iere mad.e to improve the resolution' as

reconmend.ed by the manufacturer. lhe coÌrTlter hIaS left at

maximpm reconnend-ed bias for several- days and- then left

unbiased for several days. No improvement j-n resolution was

seerr, horrlever"
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Á.ssociated Electronics

the electronic systems are shov¡n in figure 12" The

d-etector was biased with a îennelec l4odel 901 Rll 0 to 200 volt

unit. A tube type 1OO-B preamplif ier l"¡as used and was f ound

quite satisfactory" Other workers in the lab had- for.md that

solid. state preamplifiers were subject to excessive pickup

r,¡hen the external beam r¡as on. alJ- prel iminary tests utj-li-zed

a two d.imensional analyr""* in the 1024 channel- single pa:¡la-

meter mode. The data T¡raS pullched on paper tape and- the tape

1¡ras fed- to a tape to typewriter converter to obtain a typed

output "

ND Series 160, Nuclear Data Inc., P'0" 4r1, Palating,

I]-linois,
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CHAPTER 3 lHT] PROPORTIOIVAI COUNT]IR:

-bnersv L,oss Corxrter

A sotid_ state detector woul-d seem the best cholce

for the d$/dx counter, but as mentioned in Chapter 2' we were

rrnable to obtain one sufficiently thin and. irniforn enough to

be of use r,.iith heavy reaction particles. This teft gas counters

as the alternative, since the gas pressure and corrnter diameter

could- be set at Some optimum value for a reasonable particle

energy loss.

of the two types of gas counters which were sui-tablet

a proportional counter Seemed better than a pulse ionization

chamber. Besid-es bei-ng easier to construct and operate, a

proportional counter is more robust and gives an output

pulse Some hundreds or thousand.s of times as great as all

ionLzation chamber.

Theory

A proportj-onal counter i-s a gas filled device with

two electrocles between which is applied a potential- difference.

It is similar to an Lonlzation chamber, ifi that particles are

d-etected. by means of the íonj,zation they prod.uce in the gas

but a proportional corrnter utilizes gas muJ-tiph-cation. It

prod.uces an output pulse many times larger than i^rould be

obtained from an ionization sþember for the sâme initial ion-

i-zation, This gas muJ-tiplication resu.l-ts when the electric



13

fietd in some part of the active vohme of the counter j-s

sufficj-ently high to cause the primary ionizatj-on electrons

to produce secondary ionízation - the free el-ectrons gain

enough energy between molecul-ar collisions to cause additional

ionization.

The corrnter is strictly proportional over a limited

rar..ge of applied potential since the nultiplication process

must be such that interactions between avalanches produced

by individ-ual primary el-ectrons must be sma}l. If this is

the case, and. if each initial- ion pair results in the pro-

d.uction of a specific average number of collected ion pairst

then the output signal is proportional to the initial ion-

ízatjon. then if a definite amoirnt of energy is required to

prod.uce each initial ion pair, ind-epend.ent of the energy of

the ionizing particle, the output pulse is proportional to

the energy lost by this parti-cle. The proportional coi-rnter

is thus energy sensitlve.

For a cylind.rical proportional counter, the fiel-d

i-s intense enough to prod.uce gas multiplicatj-on only i-n the

immediate neighborhood. of the central wire (anode) and thus

most of the secondary ioni,zatíon is produced here. These

secondary electrons traverse only a smal] fraction of the

total applied. voltage and so contribute very littte to the

output pulse. It foflolvs, thereforer that the najor portion

of this output is prod.uced by the notion away from the wire

of the positive j-ons. These ions induce a charge on the r'¡ire

and as they drift toward. the cathode, the change in induced
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charge at the i,¡ire caïses the output pulse. These ions fall

through most of the voltage o.rop while moving in the high

fj_eld region nee:T the v¡j-re so that despite their 1or,¡ mobil-

ity, the signal rise is not slow"

The theory and characteristics of proportional

coltrrter operation will be reviewed- brieffy. Excellent de-

taited accounts are available in the literature .12'13'14

Early investigations showed that the average energy

required to prod.uce an ion pair in a proportional- counter gas

ï,ras surprisi-ngly constant with the energy and not very different

for d,iff erent particle". 1 5 lhis l¡as especially true of

hyd.rogen and the noble gases, and has led. to widespread use

of argon in proportional counters where accurate energy deter-

mination is required. Jessel 6 ht= shown that alpha particle

energy loss and resutting ionLzatlon are proportional to each

other within O.rfL i-n argon.

within about 1o-7 sec after the passage of the

ionizing particle through the gas, the free j-onj-zation elec-

trons will- be red.uced. in energy to a few electron volts and'

will begin to d.rift toward- the center wire nith a velocity

that d.epend s on the local el-ectric field , the gas pressure 
'

and the gas composition. IV-hen near enough to the center wiren

these electrons will have gained sufficient energy to pro-

d.uce an aval-anche anci the motion of the resultj-ng positive

ions rvill prod.uce the output pulse. It becomes quite im-

portant, therefore, to ensure that the initial electrons are
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not l-ost by recombination if the output pulse is to be pro-

portionat to the energy l-ost in the counter by the ionizing

particle.

llilkinsool2 ht" shown that there i-s no appreciable

recombination 1n proportj-onal corurters provided. there are no

electronegative impurities present. The counter operati-on is

severely þ¡rnpered. if OZ, HZQ, Mr' HClr SiF4 or halogens con-

taminate the gâsr and every precaution should. be taken to

excl-ud-e their presence.

As alread.y mentioned-, it j-s the posi-tive ion motion

away from the anode which results in the output pulse for a

cylindrical corrnter. Most of these ions are produced close

to the center wire and an important property results - the

pulse sj-ze is independent of the position of the track within

the counter and. its shape is the same for all pulses. This

pulse shape has been cal-cul-ated. by lrlil-kinson"lz ff K is the

ionj-c mobility in the Sasr then the voltage pulse shape P(t)

is given by

ê

c
'"hfuJ +1

¿ ttt\\t/ 
"t

1"1

3.2

P(t)

and the pulse

Lu=

is collected after a time

(u2 - 12) rrr(¡ )
2rK

at which time P(t) = -( e/C).

The wire radius is a, the counter rad.ius b, the applied
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voltage is V, and. the corrnter capacitance is C'

Although the charge collection time j-s quite long

(typically hundreds of microseconds) tfre initial rise is very

rapid- ano by proper counter construction half the maximum

pulse height may be yeallzed in less than 1 /¡ sec. This

rapid. ini_tial rj-se means that short cti-pping times may be

used, thus making the puJ-ses very short without much loss of

puJ-se height. \¡lilkirr"orrl 2 showed that the R-C cripped. puJ-se

shape v(f ) is given bY

v(f ) =
2 rn(a/a)

11
s f + (u2/a2)

3.4

where I :-s a convenient tine unit related to the actual time

tby

¿zVKL
t-

b':.n(b/a)

S is defined- in units ot('1 by S = (1/RC), where RC is the

clipping tine constant in I units.

the tine at whi-ch v(( ) is a maximr¡m is given by

1/S(nax= rn(bz/uz) (^u* 5.5

provided the dj-r'ferentiation

pufse drops to half maximum

is strong ( t (< s<< b2/a2) . the

after a time

¿̂It
aL.a

'F-

þ
max=w 3.6
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The fact that P(t) remains the same for all- pulses

means that the corrnter remains accurately proportional even

under sharp differenti-ation and thus fast counting is possible.

Another effect which infl-uences the counting speed

is the electron nobitity. hlil-kio"oo12 shows that an el-ectron

produced- at a d-istance xo from the centre of the chamber is

collected after a time

*1.5 _ u1.5o, : _ r v 10.5 3.7ffio'i
K is the electron nobility and' is given by

e-

Ke-

(V/cn) an¿ P the gas pressure in mm of Hg" The electron

nobility is greatly increased- if inpurities are introduced'

to a pure gas. Bortnerl7 hr= shown that electron drift

velocities in a mirture of 90% argon and- LO% methane are

increased. about 10 times over those in pure argon'

This introduction of a molecular gas impurity serves

other useful purposes also. lv-Ietastable states of lifetime

1O'4 sec or longeT a:r:e formed chiefty in pure noble gases but

the adO.ition of snaIl amounts of any molecular gas results in

rapid de-excitation collisions and. thus el-ininates unwanted

double pulsing effects.

It
to

j-s worthwhile no-hr, to summarlze the precautions

insure a multiplication val-ue (A) which j-s con-necessary
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stant with time and. doesnrt depend on the position of the

particJ-e tracir. | ¿

(1) The voltage supply must be well- stabil-ized.

(2) A shoul-d be kept as snall as possibJ-e.

3) Some stabilizing gas should- be add-ed.

(+) No electronegative impurities shoul-d be

present.

( 5 ) fhe ionízatíon shou-l-d take place in regions

of good wire geometry.

(6) Ihe wire shouJ.d. be accurately circular and-

uniform and. run accurately on the axis of

the counter.

For multiplication greater than about 10, A is best

given by

A = cl ""{v - vp)/c)

where C., and C, are constants and Vn is the starting potential-

for proportional- counter action. Thus an increase in v

(usualty 50 to 1OO vo]-ts) d-oubles A.

In general, the resol-utj-on of a proportional corrnter

is affected, by the energy loss distributj-on for particles

passj-ng through the entrance window and the counter, fluctu-

ations in the total- ionization produced, statistical variations

in the nultiplíca.tion process, and electronic noise.

the theory for energy loss distributions has been
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developed by Land.alr,18 sytot.,19 and seltzer an¿ Berg u",2o an¿

s*mmarized by Rossi2l an¿ no attempt wil-l be made here to out-

tine it. Land-au deals l^¡ith thin absorbers only ( energy loss

]ess than 10/á of initial energy) while Symon treats thick

absorbers (energy loss greater than 1Q7L of initial energy) as

wel-l- as thin. sel-tzer and- Berger discuss the more rigorous

treatment of Vavi I ou22 nhich is also applicable to both thin

and. thiek absorbers. Cal-culations of energy d'istributions aTe

mad-e later j-n this chapter and- it suffices now to say that the

widths of these d-istributions are usually greater than 107à of

the energy loss.

Euf¡o?1 nu= shown that íf a d.efinite amount of

energy is }ost in hyd.roS€n, then the valu-e of the mean Square

d eviation in the number of ion pairs is betr'¡een one-third' and'

one-half of that expected- if the process 'hlas governed' by a

Poisson distrj-bution. If Jo i-s the mean mrmber of ion pai-rs

and- J the actual nurnber, then

(t;-Jo)')rrr=FJo

where Fano suggests I' = O "4 fov hyd.rogen, and- assumes that F

is of the same order of magni-tude for other gases' If we

assurne F ã 1 for argon, then if a d-efinite amount of energy'

typically loo kev, is lost in the gas, the mean number of ions

prod.u-ced is about 104 and the root mean square d eviation is

about 1O2 or about 1.0"i/" of the mean mmber of j-ons produced'

A theory of statisticat flu-ctuations in the urulti-
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.A
plication process has been d.eveloped by Snyder'+ and others

and the results are presented here. If N electrons arrive at

the wire corresponding to M initial electrons, and. Ñ and- M are

their respective mean values, then the rel-ative mean square

fl-uctuation in the total number of particles N arrivi-ng at the

wire is given by

3-)N'-N'
ñ2

)-)
]VI - IVI

-tM-

t1ì--.Fiñ

Now, Ñ/M is equal to the multiplication,
(toO to 1000) ror proportional cou¡.ters

the right side of the above equation may

assume a Poisson d.istributj-on, then

and is quite large

so the ]ast term on

be neglected. If we

lqz - m2T
M.

and thus

-t-N'
-)N'

Thus the multiptication has the effect of d.oubling

the relative variance in the original nr¡mber of i-ons. The var-

iance in the initial m:mber of ions is just M and the root

mean square d-eviation is (M)0"5 and thus the variation i-n the

nimber of electrons reaching the center wire is.,just (Z)0'5

that of the variation in the number of electrons initially

produced. For the typical case mentioned above, the nul-tj--

plication process i-ntroduces a root mean Square deviation of

about L.4%"

_2

1

M

¿
a

M
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the electronic noise is best determined experiment-

ally by feeding equal artifj-cj-al pulses through the system or

by observing the noise level on an oscill-oscope but generally

it is no lower than 50 keV"

Desisn Restrictions

The prinary consi-d.eration in designing the counter

was to ensure that heavy reaction particles woul-d. not be

stopped or lose too much energy in the counter gas j-tself or

in the v¡indows. .Argon was chosen as the corrnter gas since

the energy required- to create one ion pair in argon is closely

ind.epend.ent of the particle energy. Argon has the ad-ded ad'van-

tage of a relatively low starting potential for proportional-

counter action. Mica was rejected. in favor of mylar as a

wind.ow materi-a}. Mylar is fairly robust and available in

thickness dovm to 0.25 mg/cmz, while it inias found. that mica
,2

thicknesses of less than 1 or 2 mg/cm' were difficult to

obtain.

Figures 2 and 3 show the rate of energy l-oss in

argon (t5oC and T60 mm Hg) and mylar respectively, for var-

ious reaction prod-ucts. The argon curves aTe calculated from

proton energy l-oss tables by Aron25, and- the mylar curves are

d-etermined- from stoppi-ng po\,rer calculations by trttifl1¡mson and'

Bou¡ot1 1 for the constituent elements of my1ar, (crHOO2)N'

The proportional counter gas used r+as actually a

mixture of 90% argon and 1O7o methane' but the effect of the
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methane has been ignored. in Figure 2. At the low energies

$ to B it{eV) used to calibrate the proportional counter' the

eryor in readj-ng the graph was estimated- to be about 5/", while

the methane add-itive woul-d- change the energy loss by less than

1%.

The energy loss in the mylar windows can be mad"e

less than 1 MeV, even for L,i6 at 10 ][eV, by a window thick-

ness of about O.Zi ^g/.*2, 
an<Ì energy losses of only a few

hrrnd-red keV are possible in a 1 inch diameter counter by

varying the argon Pressure.

Final Design

The proportional corrnter is shown in Figure 4. The

casing was made of brass and measured- 15.88 cm in }ength and-

5.13 cm in diameter. The inside d.iameter was 2.66 cm and the

gas filted region comprised. 10.16 cm of the length' Gas inlet

and- outlet 0'64 cm o'D' brass pipes were situated S'18 cm from

each end. of the counter and the counter was sealed- vacuum

tight with tinro brass plugs and. two kovar seals along the axis

of the cormter.

The center wire was of tqngsten (0.015 cm d-iameter)

and- was accurately centered along the corrnter axis by the

kovar seal-s. small- hypodermic needles were slipped. over the

wire at each end of the counter to precisely define a

rrcounting vol-umett. The thickenj-ng of the rolire 'u¿oul-d- red-uce

the gas multiplication to a very low value at these pointst
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but shouJ-d not distort the rad.ial- nature of the field. signif-

icantly. 'Ihe counting volume thus d.efined. comprised 5"'12 cm

of the cou¡rter length so the ionization would take place in

regions of good wj-re geometry"

The wire itself r,¡as examined. under a microscope

and was found to be quite accurately circular in cross section.

The counter was thoroughly cleaned. and. immersed in dilute

hyd-rochloric and nitric acid, followed by d.istilled r¡ater and.

acetone to remove a]-l traces of sol-der fl-ux and other contam-

inants.

lwo lvindo'r/üs were sltuated at the center of the

cou-nter, and Îlere offset to prevent particles from striking

the center wire. the windows measured 1 "27 cm by 0.48 cm.

The cor.mter was machined flat at the window positions to

ensure that the two windows i,,¡oufd be paral]-el to each other

and thus present a uniform path length through the gas fil-led

region for particl-es passing through any part of the windows.

lhe windoi,rs hrere covered with mylar (l .23 ^g/. 
2)

and glued. into place with a pressure "eterrt.* Brass r¡¿indow

frames hrere clamped over the mylar window to prevent slow

leakage of the gas caused by the excess pressure on the inside

of the counter lrorking the mylar loose when the cou-nter was

in the evacuated- scattering chamber.

A mixture of 907å argon and. 10% met}rane Ï¡as enployed

and. a facility for varying the gas pressure in the cou:rter

l¡as used. This was necessary since the i,,¡indows coul-d toler-

Eastman-Kod.ak, # 910 Cenent
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ate only about one-half atmospheric pressure and. gas pressures

had- to be equalized everytime the scattering chamber was

vented.. In aO-d.ition, gas pressures could be set for optimum

particle energy loss or optimum cour.lter voltage. The counter

pressure i4ras set and- maintained- with a ballast tank and argon

cylinder and- regulator. The gas }ine Ïras lead into the scat-

tering chpmber through a rotating bottom plate so that the

counter coul-d be set any angle with respect to the incident

proton beam.

Some theoreticaL characteristics of counter operation

were considered. in arriving at the final design. The maxj-mrm

tine required. to collect primary el-ectrons was calculated

from equation 5.7 for some typical counter parameters. v was

taken as IOOO vol-ts, 1.62 cm aS the counter rad-ius, and' 0'5

atmospheres aS the corrnter presgì¿re. The resul-t was 0'Tzqsec

for pure argon and. less than O"ltUsec for the argon-methane

mixture. Thus if no el-ectronegative impurities idere present

to contaminate the corrnter, the electron collectlon inrould be

fai-rly rapid..

Equations 5"1 and 7.2 were used to find the un-

d-lfferentiated. pulse shape. the time required for the pulse

to reach one-half maximum value was found to be

t, 11 x 10-6 (P/v)' '1ax2L

while the r,v-hole pulse is collected after a time

-7t =2.3x10' (P/V)
max
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where P is the gas pressure in mm of Hg (løO mm llg 1 atmos-

phere) an¿ V is the applied voltage. For some typical pro-

portional counter para^neters, (V = 1000 vol-ts and- P = O"25

atmospheres) it was found- that t¡ 
^u* 

= 1'4¡¿ sec and.

trûr* = 29Ou sec - much greater than the el-ectron collection

tlme.

some prellminary theoretical work indicated that

reasonably good. d.ifferentiation without much loss in pu-J-se

height in¡oul-d- occur if an S value between 50 and 100 was used.

(equations 3.1 to 3.6). For S = BOr RC = 1"25 x 1O-2 in

I units or a clipping tine constant of 3.)Á sec. This

clipped- pulse was found theoretically to have a maximu.m at

9.4/4 sec and. dropped- to one-half this maximum value 52.3Å sec

Iater. The rise time was quite long compared, to solid state

counters, but was considered. ad.equate for the intend.ed pur-

pose. lhe pulse length limited. co*nting rates to about 104

per second. but this was al-so considered. quite adequate for

the corrnting rates exPected-.

The theoretical resolution of the coulter was deter-

nlned, by calcul-ating particle energy spread.s in the courrter

gas and. entrance wi-nd.ow for a gas pressure of 0.4 atmospheres

and wind-ow thickness of i .25 
^gf "*2. 

Two typical alpha

energies r,rere considered¡ 5.48 ivleV from un A*241 source and-

24 MeY from a (prHe4) reaction.

The energy loss of the L^241 alpha was calculated

to be 0.96 lvleV in the entrance window (Figure 5)r and 1.02 MeV
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in the gas (Figure 2). Synontsl9 theory of energy-loss

fluctuations was applied. and the FWHM value of the energy loss

dj-stribution in the gas was 24% of tr;re energy l-oss in the gas

or about 250 keV.

The fluctuation in the number of primary ion pairs

produced, and the statistical fluctuation in the muÌtiplication

process, amount to a spread- of about 1 .1% which is negligible

compared to the fluctuation in energy l-oss.

The observed_ el-ectronic noi-se was about 100 kev and.

this, combined ir¡i-th the energy spreads, was calculated to

give a total resolution of about 26dþ f or tlne 5.5 lvleV alpha

particl-es.

A similar calculatj-on for 24 lt{eV reaction alpha

particles yielded. an energy l-oss of 324 keV, and- energy spread

48/" of this energy loss in the gas. Together with the elec-

tronic noise, the final- energy spread is about JllL of tlne

energy loss in the gas assuming perfect resolution in the

beam from the target" Actually the beam had- t 7% sptead-,

approximately, but this would not contribute significantly to

the counter resolution.

The electronics associated wj-th the proportional

counteT aTe shown in Figure 12. A well stabil-ized power

supply was used. to bias tire counter and the signal was taken

from the center wire. Ihe high voltage was decoupled from

the signal by the clipper cj-rcuit which had. a ti-rne constant

of 3.1 ¡Åsec. Owing to the low counter capacitance (about 1pF)
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and- high cable capacitance (about 25 pF per foot) tne voltage

preamplifier was placed as close to the counter as possible

to avoj-d l-oss of pulse height. The preanpli-fier r¡¡as a stan-

dard photomuliiplier-preamplifj-er and- had a gain of about 30.

An oscitloscope was used to d-etermine the proper coÌËlter oper-

ating voltage every tj-ne the argon gas i¡Ias changed., and- the

puJ-se was monitored. in the control room.

the pulses from the experimental area l¡ere fed into

an RC amplifier and then to the Nuclear Data anaLyzer.

Counter Characteristics

The proportional counter operating characteristics

"were tested. at a mrmber of different pressures (Figure 5)

with un 
^^241 

alpha source. The pulse height r,¡as monitored

right after the clipper ci-rcuit and. plotted- against applied.

voltage to d.etermine the linear proportional region.

It was decid.ed that the pressure best suited for

the intended experiments was about 0.4 atmospheres. lhe

operating region i'ras quite linear here and the energy losses

for heavy particles tfere reasonable (nigUre 2). In ad.d.ition,

the gas nultipli-cation was not too large in this region.

The resol-ution of the counter was tested r,¡ith M,241

alpha particles at a gas pressure of 0.4 atmospheres and 1650

volts bias. The energy loss spectrum is shor¡nr in Figure 6"

The measured resolution of 2B/, agtees fairly well l¡ith the

theoretical resolution of 26% calculated above (p. 29).
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FIGI]RE 5

PROPORTIOI\AL COUNÎER CII.AiìACTERISTICS AT

VARIOUS GAS PRESSURES

ß^2+l Atpha source)
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The pulse lengths (about 20 ,t¿ sec) v.,iere typically

shorter than calculated iheoreticatty (p"28) o"¡ing to the

capaeitor coupled. input to the preamplifi-er reducing the

eff ective d-ifferentiating capacj- iy "12
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CHAPTER 4 TTTE ELECTROSÎATIC SEPARATOIì

Separator Theory

Elastic and. j-nelastic protons normally form the

bulk of the background. in any proton ind-uced- reactionr par-

ticularly at small- angles, and any method of preventing their

entrance into the d_etectors would greatly simplify the

experiment "

This red,uction of proton background was desirable

for the experiments we hoped to perform. The work of

Daehnick26 at Pittsburgh led- us to suspect that proton i-n-

¿uced, heavy particle d-iff erential cross sectj-ons coul-d l^rell

be in the micro-barn/sterad.ian region¡ oT even less. These

reactions could- easily be masked by pile-up effectsr or loss

of counts due to d.etector and- electronic dead time, and it

was decid.ed. to try to red.uce the proton level with an electro-

static separator.

An etectrostatic separator (or analyzer) is sinply

a d-evice by which charged. particles are deflected by an elec-

tric fiel-d. The field is usually prod.uced. between a pair of

para1lel electrod.es, and the geometry of the electrod.es defines

the field. (linear, cylind.rical or spherical, etc. ). gnly

linear and cylindrical fields witl be consid-ered here.

The case of a linear field, is quite simple and has

seen extensive ap,olication in high energy physics.2l '28'29
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The equations of motion for a nornal-ly entrant

particle of charge Ze, mass m' and energy T in an electro-

static field are

ItrX=0
oamY = ZeE

where x and- y are coordinates defined. i-n Figure 7 r x being

perpend-icul-ar and. y parallel to the field direction. Solving

these equations and. el-iminating the time, the deflection at

any poi-nt x is

ZeExZ A 'lY=-t.'¡
4T

and the angular d-eflection is

tano =@
2T

where 0 is d-efined in Figure 7 "

4.2

The separation of two particl-es (charge 21., ZZ"

and. energy, 11 , f ì is gi-ven by

Y1 -Yz=eE"2,+ h) 4'3

and- thus particles of different ZfT can be separated "

Relativistic corrections were not too important

since pZ = O.O1 for 25 MeV atpha particles and. about 0.1 for

50 ivieV protons, vrhere P LS the ratio of the particle velocity

to the velocity of light.
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If the particle is not normally entrant at y - Ot

the equations are readily nod.ified. If Ø is the entrance

angle and d. the d-istalLce fron the x axis, then

2

y = z"E + - x tanf - d. " 4"4
4T eos-þ

The d.eflecting and. focusing properties of cylind"-

rical- electrostatic field-s are wefl reviewed in the literature

and. only a brief outline wilt be presented. here. Huruog3j

has d.eveloped. a theory giving particle traj ectory solutions j-n

terms of image points and widths, and has demonstrated- a

complete paral-J-elisn with geometrical optics.

Ref erring to Figure B, if the fiel-d region is

d.efined. by the angl" Oo, and. if a is the rad-ius of the separ-

ator, then Hu"rogJo hu.u shown that particles having smal-l

energy dispersion and entrance angle (o() satisfy the focusing

condition

(t'-g)(1"-g)=f2

where

s=ÊcotØoo ,

I - --?- cscñ. o -,f2 o

and lt and- lrr are the image and object distances respectively.

Partictes transmitted on the central axis of the separator

satisfy the equation of motj-on
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MV - ZeE

or

m_
!-

ZeEa 4.5
2

where m is the mass of the particle of velocity v and energy

T, Ze is the particl-e charge, and E is the electric field,.

ff the separator rad.ius is large v¡ith respect to

the plate separation and object distance, and if the angular

extentr 0o, is small (tess than 1Oo) then the cylindrical

results of Herzog reduee to those for a linear separator.

Und-er these conditions, it can be shol'rn that the ob j ect dis-

tanee J-rt is given by

Iil .a -1r - I

where It is the image d,istance and- I is the separatoT aTc

length, and. thus the object and image points overlap as they

must for a l-inear separator.

It can also be shown that the particle defl-ectj-on

D (Figure B), for a cylindrical separator of slight curvature,

is approxi-rnately the salne as the deflection in a l-inear sep-

arator (equation 4.1) having the sarne length and- electric

fiel-d.
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Design Restrictions

Equations 4.1 to 4"4 clearly show that the sep-

aratj-on properties of a l-inear electrostatic anaLyzer i-m-

prove with increasj-ng length and- field. A cyli-ndrical sep-

arator is a more compact instrument with focusing properties,

but its performance also improves with increasing fielfl

(d.ecreasing rad-ius) and, length.

The largest scattering chamber available at the

University of litanitoba was a 46 inch diameter tank and the

highest voltage source was a 70 kV power suppty. this meant

that the separator length cou-l-d not exceed- about 50 cro and

the gap wid-th would have to be less than 1.0 cm for high

fie]-ds.

Und.er these restrictions, the choice of separator

d.esign was critical and. it was d.ecided that tests must first

be done to deterrnine t¡hat fie].d-s could- be obtained'

Electrod.e Surface

Earty in their development, el-ectric separators

r^rere constructed. with highly potished conducting platest

usually stainless steel to avoid. spark d.amage, and. the upper

limit to the field.s i,Ias about 1OO kV/em.

Recent1y, a number of separators have been con-

structed with insul-ating cathode coatings. The impetus for

their d.evelopment was based. on the fact that electric fiel-ds
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of the ord-er of several nillion volts per cm cen be maintained-

across good dielectrics in a vac-üu:n for very smal} gap "ridths.
The basic idea is su¡nmed. up by ltiurtayz)l

rrîhe notivating id.ea was that a limiting class of

vacuum sparks might involve ín their incipient stage the

emission of electrons from very srnall areas of the surface of

the cathooe at the eventual spark site, and if the bulk resis-

tivity of the cathod-e were high enough, the degenerative

effect of the local voltage cirop at the enitting site r'¡ould-

stave off or prevent an instability, rvhatever its nature might

be, r'¡hich l¡ould. othen¡ise cause a spark'rr

Murray chose heated. glass cathodes and v¿as able to

attain fields as high as IOOO kYfcm for gap widths of the

ord-er of O.O5 cm ano- hemispherical anod'es" 0n an actual

separator, the fietds nere tlie ord.er of 2OO kY/cn"

The effects of other insulating coatings lrill be

considered. ]-ater.

Results of CEBr\ GrouP

It is now worthi,.¡hile to examine some high voltage

work done at gERN by Rohrbu.h32 sj-nce this inportant infor-

mation is not read.ily available in the literature' Break-

d-own tesis Ì'Iere performed. across various ftat electrod-es

(glass an¿ oxid.e coated. alumim.Ün cathoO.es, and aluminum and

stainfess steel anod.es) as functions of gap d.istance (l to
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1O cm) an¿ pressure ( t O-6 to lO-7 torr) . El-ectric field.s of

62 to 190 kv/cm t/ere obtained- even after a large number of

sparks.

The stainless steel plates l{ere 1O mn thick AISI

304 and- l,¡ere mechanically polished and cleaned- r,¡ith tri-

chlorethylene anO alcohol. three types of al-umj-num plates

were used.¿ 99"9916 Ð, 99.697" AI and- an alloy of al-umini-m

with -tl" Itlri. The electrocres r,rere first mechanically polished.t

then polished '¡¡i-th a velvet pad to ensure smoothness. The

cleaning nas clone in the SaJne lray aS for the stainless steel

plates. In add.ition, some of the ahminum plates were given

an insulating coating by sulphuric acid. oxidation at 4oC or

at zOoC, resuJ.ting in hard- or soft coatings respectively"

The thickness of alumina varied from 1 to 100 nicronsr de-

pend.J-ng on the tests.

Before breakd.own tests r¡iere atiempted, a period- of
rrlow pressure cond-itioningrt 'was required " During this time,

the voltage r^ras slowly raised- and the gap current and sparking

were aU-owed. to settle down to a constant l-ow level. This

wag d.one lvhen the pressure reached- 10-6 torr in the rracuum

tank.

The pressure in the tank was then slowJ-y raised- by

a controll-ed. inj ecti-on of gas and, the breakdown voltage vias

noted. A smal-l dispersion in values of voltage was noted for

breakdown betv¡een the plates but a much larger d.ispersion

resul-ted. after darnage to the plate support systems. This
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d-a:nage lras due rnainly to excessj-ve sparking or eventual exter-

nal contamination (presurnably organic vapors). In general,

the breakd-or¡¡n voltage increased- r,'¡ith increasing pressure ' to

a maximum just before complete breakd.om at about 5 x 1O-4

torr. Itoreover, this pressure effect is greater the larger

the gap. At the criti-cal pressure, excessive sparking i-s

accompanied. by gaseous Paschen d-ischarge '

fhe above procedure r¡ias followed for various gap

distances and. for various electrodes" Rohrbach forrnd that

when the pressure effect is consid-ered, the voltage gap law

(V = Kdt; K, a 3;¡e constants) is not strictly coryect. How-

evero fog v - tog d ptots are almost linear and their mean

slopes are rreaTty the sa.ne (a = Q.62 +- "09) for all metallic

electrodes. This ind.icated that the breakd-own process is

probably similar for these electrodes. For gap d'istances of

less than J cm the oxid-e coated. electrodes seemed to gÍve

irregular results"

Theeffectofthekindofelectrod.eonvoltage

breakd-own is sholvn in Table 1 . The '¡a1ues of the maximr'm

electric field. E, in kv/cn, correspond to the breakd'own

voltage at the optimum pressure (trre critical pressure j-s

about J x 1O-4 torr). Complete breakd.olln occllrs here.

}-romthistableitisobviousthatSoftoxide

coated. aluminum cathodes give the highest fj-eId-s. Low oxide

bath temperatures (4oC) give the hardest coatings, but these

cTaze rapidly wiih sparking and this callses more
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sparks. the uncoated- ah.¡minum electrodes give higher fields

than ulcoaied- stainless steel bu-t this is probably d-ue to

the natural oxide layer always present on al-uminuln. The

optimrm thickness for this oxide }ayer seems to be about 5

mlcrons.

It is also evident that the type of aliminum elee-

trode used is unimportant. The type of anode, however, is

quite important. Aþ:mim.m anodes (and cathodes) give the

highest field-s (tgO kY/c¡¡-) nut after a few weeks, these

anodes are irreversibly d.amaged. by sparking. The anod-e Sur-

face is pitted r^¡ith large craters and the breakdown voltage

d.ecreases continually. Stainless steel anodes however, stand-

up very v¡el-l" Interchanging the electrodes resul-ts in much

lower fields.

It is i¡¡orth noting that the performance of the glass

coated electrodes was not as good as for the metallic elec-

trodes. lhe maximr.¡m etectric fields obtainabl-e were about

120 kV f cm,

Breakd.own lests

The resu-l-ts of the CERN gror.rp indicated that soft

oxide coated aluminr.¡m cathod.es and stainless steel anod.es

give the best results for gap distances greater than 5"0 cto

For this arrangement, the naximum electric field- attained

was about 160 kV/cm.
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It r¡¡as clecided to try a:rd reproduce Rohrbachrs

resutts for the foll-owing reasons: to find the maxj-mr.m

breakd.own voltages for less sophisticated electrode support

systems; to find the crj-tical pressure at which complete

breakdown occurs (Rohrbach indicated that this depend.ed on

vacuum chamber shape etc. ); and to test the effect of

sparking lrith oxide coated aluminum for gap distances less

than 1.0 cm. The l-atter reason is of particular importance

since the CERN group had- erratic results at these small gap

d-istances. lrle were limited to a 70 kV voltage supply and

thus rrrould- have to go to gap distances of about 0.4 cm to

attain a field of 160 kVf cm"

three basj-c types of electrod.es r/¡ere investi-

gated.l spherical staj-nless steel anoo,e and. cathocj-e (O.625

inch d_iameter); O.25 inch thick flat staj-nless steel anod-e

and cathode (g i¡..Z); and- 0.25 inch thick ftat stainless

steel- anode (g in,Z) with a O.25 inch thick fl-at oxidized-

alirmimm cathod.e of' circular shape (2 inch dia¡aeter).

îhe etectrod.es were polJ-shed to a high gloss by

hand and- cleaned- in trichlorethylene and alcohol.

The ah:minum cathod,e l'¡as oxiclized in a sulphur-

ic acid bath (2O/" by weight ) at 2OoC to prod-uce a soft ox-

id.e layer. The thickness of the alimina was oeterrnined by

the oxj-dation tj-me, and prelimi-nary breakdown tests set

the optinim tine at about ! mi-nutes" Finally, the coating

T{as seal-ed. in a hot (about IOOoC) Oistitted- water bath.
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The various electrodes trrrere

a facility for varying gap distances

assembly is shol¡n in Figure 9.

interchangeable and.

was available. the test

lhe effect of electrode shape and surface coating

is shown in Table 2. In all cases, the critical pressure

at i,¡hi-ch eomplete breakdor¡In occurred was between 5 x 1O-5

_Átorr and. 10-+ torr and as this critical pressure Ïias

approached the breakdown voltage decreased "

Alt tests were preceeded by a period- of low pressure

cond.itioning. That is, the voltage was raised- slowly until

sparking and- gap current fluctuations settled. down. lhis

ïras d-one at pressures around. 2 x 10-6 torr.

No exhaustive atternpt was mad.e to test the approx-

imate voltage - gap distance law, V = Kda (K, a constants),

since the difference in gap d"istances ÏIere small-. However,

the results of tests 8, 9 and. 10 give â = 0.50 t .15 which

agrees with the CERN results. It can be concl-uded thereforet

that for best results, the gap shoul-d. be as small as possible'

consistent lvith reasonable counting rates.

lhe tests clearly shoru the effect of build u.p of

contamj-nation on the plate support systems. The maximr¡m

fields of tests 2, 1 and 4 were about half that of test I

for id.entical geometry and. were timited. by arcing from the

supports to the chamber r,¡a11. lests 6 and 7 show a si-milar

effect. This was caused. by excesslve sparking and continual
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venting of the system. The effect vüas someti-mes reduced by

venting fol-l-or^¡ed by low pressure cond.itioning ( if d.one soon

enough). Failing this, the entire electrod-e support sysiem

had- to be thoroughly recleaned.. It r¡as concluded that the

support system was not too critical, provided j_t r^¡as smooth,

clean, and free from iruegular edges.

The resul-ts show that spherical stainless steel
electrodes gave fj-elds up to 59O kV/cm for gap wi-dths of O.1J

cm. FIat stainless steel- el-ectrod.es produced 75 kY/cm to

1OO kY/cm fj-el-ds at 0"26 cm gaps. Finally, the best arralnge-

ment - stai-nless steel anode and soft oxide coateo aluminum

cathod-e - gave fields betr¡¡een 100 kV/cm and 115 kV/cm over

the range of gap r,'¡idths of Ínterest (tnose consistent with
reasonable counting rates). the spark rate was about 1 per

7 minutes.

In addition, tests 11 and 12 were done to d_etermine

the minimi:m d.istance irregular ob j ects could be placed- near

the plates to avoid. arc over. this minimum distance seems to

be about 1 "5 inches.

Final- Desisn

The results of the breakd.own tests i-ndicated that
efectric fields of 100 kV/cm coul-d be maintained. for long

periods of time across stainl.ess steel anodes and oxide coated

alumim.m cathodes. this result, together with the design

restrictions mentioned- earlier, completely rul-ed. out any
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configurati-on of a li-near electrostatic separator. For a

reasonabl-e separation oT the ord-er of 1 or 2 cm for Z = 1

and 2 particles of JO I{eV, the electric fietd required is

85 k{/en (see equation 4"5). At this field however' the gap

width must be O.B em and thus charge 2 parti-cles are lost in

the plates. In ad.d-ition, the electric field- l-initation ruled-

out a short separator of very high fiel-d.

It was deci-ded-, therefore, to build- a cylindrj-cal-

separator anci for flexibility, a variable radius type was

chosen. [he final d.esign is shown in Figure 10. The length

was made 40 cm (actually 39.8 cm) so that sparking would not

occur betrveen the separator and target hold-ers or detectors

(see Table 2). The gap wid.th ruas 0.67 !.05 ctr but when

the plates were bent, the narror¡ed to a mean value of about

0.63 cm. the anod-e support system was constructed with a

1.g1 cm gap along the raed-ian bLoyizontal plane of the sep-

arator so that the proton beam ¡rould not intersect the Sup-

port system at small angles - angles between 1Oo and- 17Oo

coul-d. be investigated. In ad.dition' perspex insul-ators were

used- throughout.

The anod,e was constructed. of stainless steel and.

the cathode r^ras alumi-num. the electrod.es hlere cleaned in tri-

chlorethytene and alcohol and. the cathode rn¡as oxidized- to pro-

duce an optimrm thickness of ah.imina as described previously

for the test e]-ectrodes.

the plates were fixed- at the separator entrance and
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the radj-us was varied by bending both plates r,vÍth a screr/,r

mechanism at the separator exit.

lhe gap width lvas made 0"61 cm so that the maximrim

field could be attained and" the fiel-d, was found from the approx-

imate relationship E - (V/O.îZ) kY/cn. This approxj-mation was

consj-dered quite good since the separator radius was of the

order of 100 to 500 cm.

fhe rad-ius and fj-eld- were refated through equation

4.5 and fo:r this separator took the form

\=4-av
1"26 x 1O'

r,rhere the energy T was in ivleV, the radj-us a

kV. The radius and voltage could be varied

optirnum separation of various heavy reaction

the proton background.

4"6

in cm, and V in
to provi<Le

particles from

The system had no net focusing or defocusing pro-

perties. The maximtim electric field- attainable h-nited the

radius to a minimum val-ue of about 3OO cm and the chpmber

size and separator radj-us limited the angular extent to about

lo " Using the defl-ecting and focusJ-ng equations discussed.

earl-ier (p. 17) resulted in a focal length of the orCer of

15OO cm and since object distances rrere about 5 cm, the

inage'.^¡as virtual. f'or an exit d.efl-ection of 2.5 cm (radius =

116"8 cm) r and an object distance of 5.08 cflr the image

d.istance was -43.2 cm; an exit deflection 2 cm (radius =



t^z))

796.0 cn) resul-ted J-n imaging at -+5.1 cm" Both virtual
images overlapped the object si_te (at -44.9 cm j_n ímage dis-
tance coord-j-nates) within 2 cm and thu-s no defocusing occurred-.

this J-ack of focusing or oefocusing meant that
image sizes could be cal-cu-lated geometrically, and. that the

separator coul-d be approxi-mated by a rinear separator for ease

in cal-culating particle trajectories (pp. 37 and jB).

Some calculations were done to get an approximate
j-dea of the probability of proton scattering from the separ-

ator prates into the detectors. this probability l,'as of the

order of 1O'3 to 10-6 and- was consid.ered negligible.

Separatof îests

Preh-minaty breakd.or¡,rn tests were d.one on the com-

pleted separator and indicated that fierds of abou-t 7j ky/cn

cou-ld be maintained for long periods of tirne r,¡ith spark rates
of the order of 10 to 15 per minute. At 60 ky/em, no sparking

occurred.

The transmission properties were tested lrith l.!
l'{ev alphas from un tuo241 sou-rce and the resurts are sholrrn

in Figure 1 1 . The transniission of alpha particres from a
(p,He4) reaction in C12 i" discussed in Chapter T. The atpha

source was placed 25 cm in front of the separator and the

number of cou¡ts under the peak was recorded as the voltage

was rai-sed. Tests were done with and r¿i-thout col-rÍmation

5 cm before the separator and no si-gnificant differences 1,¡ere
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foimd in the r^¡idths or positions of the distributions. The

separator radius was 118 cür corresponding to an exit de-

flection of 2.5 cür and the ca]-cu-l-ations (equatio:n 4.6) in-
dicated that the transmission peak should. occur at 10.9 kV.

The experimental peak occurred at jO,4 + 0.5 kV and_ this
agrees with the predicted val-ue. These results, together

r^¡ith later experimental- evidence (Chapter ?),showed that the

optimr-im voltage f or transmÍssion of a given particle, at a

given energy, could be cal_cul-ated quite accurateJ.y.

the ratio of the number of counts observed at the

transmissi-on peak to the number calculated" geometricatly was

about 1 "1, but the errors involved were betr¿een 5% and, 10%

and it was concl-uded, that there was no significant difference
between the theoretical- and" experimental- results.
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C}I¿.PTER 5 THE .J]-,ECTROI\ICS

Parti-cl-e Identifi-cation

Most particle identification techniques involve

energy analysis in conjunction with simultaneous analysis of

a second- parameter. Such things as magnetic rigidity and- time

of flight have been.r""d.r26 but the second. par¡meter we chose

hras the energy loss in the proportional counter.

various el-ectronic techniques have been employed

to handle the d.E/dx and. E pulses and thus obtain the particl-e

id.entification, but only two will- be considered. here.

the first involves Bethe's energy loss formula

previously nentioned (p. 5)¡

L2dE 2 ne-tt!4]_n 7 yy¡-4Ñ--;=l-u. 
MI

where m is the electronic mass t zê j-s the charge of the

particle of mass M, and N is the atonic d.ensityr Z the atomic

number, and- I the average atomic excitation potential of the

stopping material.10 A multiplier circuj-t is used to find

the product (OB/Ox)n an¿ this is proportional to Iutzz if the

nearly constant logarithmic terr:r is neglected. This system

has seen extensive applicatLons3T'54 d.espite the fact that

(¿n/ax)B vs. E plots are not quj-te energy independent.

a more sophisticated- procedure j-s to approximate

the effect of the logarithmic tern by assuming that a
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quantity P = (g + Kl\E * Eo)(d¡i/dx) is energy independent

and proportional to Intrz.15 Eo and. K are ad justable parameters

generated. in the circuit. The output P then gates a pulse

height analyzer" This method is quite good- and gives resu-l-ts

comparable to the logarj-thmj-c method ciiscussed. below. The

peak to val-J.ey ratios of p to d-, and d to t in the mass

spectrum are about 1OO/1 and- 1O/1 respectively"

Another technique util-izes the range-energy re-

l-ation,

g=rEb

and for the lighter reaction prod-ucts between 5 and 50 lvieVo

b is about 1"71i a is a constant and is particle depend-ent.

If the energy l-oss of a particle in the thin detector

(ttrictcness = t) is d!, and j-n the total- energy counter is E

(range = R) then

R+t=a(E+dE)1 '77

and

R = aE1 '73

Thus

(t/a) = (o + dE)1'7' - E1 '75

and by proper }ogarithmic handling of the counter outputs,

the id.entifier output can be mad,e proportional to (t/u)"

this system has excellent id.entifying characteristics,36'37
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It was decided that neither of these methods woul-d

be ern;oloyed for heavy particle reactions at the initial. stage

of investigation. I'or a first experiment, it seemed simpler

to use a direct method. This technique consisted" of dis-
playing E on one axis and- AE on the other axis of a two

ciimensional analyzer and observing the hyperbolíc loci cor-

respono"ing to various values of' Iqzz.

Counter Systems

'Ihe electronics associated. with tire counters and

identifying systems are shown in Figure 12. Aclequate shi-etd_ing

and l-ow inductance ground"s were used throughout to minimize

ground loop effects anc noj-se picku-p in the experimental

area. 'Ihe long cabl-es from the experi-mental to control room

areas introciuced simiJ.ar problems and al-l preamplifiers were

used at maximi.im gain settings to boost the pulses rvel_I above

this noise l-evel-. This necessitated the use of a variable

attenuator and an amplifier to display the total energy pulses

properly at the pulse height analyzer.

The proportional counter pulses were monitored in
the experimental area with an oscilloscope so that the proper

operating region could. be detennined every tine the argon gas

was changed. In addition, the puJ-se heights from an alpha

cah-bration source T/,rere continuously monitored in the control
room to check for orift.

The proportj-onal counter puJ-ses lirere directed to
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the iit sid-e (ordinate) of the }Iuclear Data (6+ x 6+ channel)

ti¡o dimensional analyzet and the silicon counter pulses r^iere

fed to the F sio.e (abscj-ssa). Provj-sion hras mad,e within the

analyzer to change the acld-ress system and convert to 128 x 32

oy 256 x 16, etc. operation if better resolution T¡/as requ-ired

at the F sid-e. The coincid-ence pulses di-splayed by the puJ-se

iieiglrt anaLyzer were the hyperboli-c loci corresponding to

different particles (¡(dE/d.x) proportional- to llz2).

Äs previously mentioned (pp. 6 and 7), any protons

passed- by the separator l-ost only a fraction o:l their energy

in t.he ii cou-nter and thus identification of higher energy

heavy part'i cJ.e peaks was fairly easy and not masked" by the

protons.

the d.ata l¡ras punched- on paper tape and. the tape fed

to a tape to typelvriter converter to get a- typed outpu-t. The

resulting two dimensional spectra lrere anaLyzed by a contour

method., where constant counts/char¿nel were joined by contour

lines on a 64 x 64 channel- display"
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CII$!TEE_! SEAiri ÎRAIISPOR.T SYSTEMiS

The Cvclotron

The University of lrfanitoba cyclot"onl1 (Figure 11)

is a sector-focused- type r^¡j-th a d.esign energy of 50 ÞfeV for

protons. The magnet pole cj.iameter is 46 inches and the max-

1mr.:m orbit radi-us is 21 inches. The magnetic field. is trimmed-

by a network of temperature control-led Invar bl-ocks.

The cyclotron accelerates negative ions (H-) pro-

d-uced by a nod.ified- Oak-R.id.ge type negative ion source and

the beam is extracted by a stripping process. The negative

ions are stripped. of their electrons by passage through a thin

foil thus reversj-ng the rad.j-us of curvature of their path'

and. the resulting ,orotons are then deflected from the machine.

The energy of the proton beam may be varied. by

moving the strj-pping foil to smal-ler cyclotron rad"ii resulting

in a d,efl-ected- beam of reduced energy. îhe deflected proton

beam (maxim.m current about 1,At) is steered j-nto the beam

pipe by a bend.ing magnet at the main magnet yoke ' In this

manner, the energy may be variec| frc¡m about 2, to 50 l{ev.

the output proton beam is not, iil general, strj-ctJ-y

monoenergetic. When the magnet is tuned- for maximum bea'm

current, the beam energy spectrum shows nultiple peaking

(Figure 14). Detuning the magnet slig'ht1y (about 2%) changes

the energy shape, however, and by an erapirical detuning pro-

ced-ure i-t is possible to obtaitr a reasonably monoenergetic
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proton beatrr. The energy shape depended on stri-ppíng foiJ-

position and angle as 'r,irefJ- as other machine parameters so that

the exact energy shape r¡¡as not reprocì.ucible from day to day.

itowever, reducing the beam intensity to about 1f 3 maxLmurn by

slightly de'cuning the magnet seemed to give satisfactory

results in most cases.

Figure 14 shows a typical alpha energy spectrum
1) r"a)¡?. ^ reaction as the proton beam intensityfrom a 0'-(p,I g.s"

is varied by the magnet. 'Ihe proton energy spectrum is Ye-

produced in the alpha peaks. The apparatus used- here was

borrowed from another cyclotron g"orr-p* to take aclvantage of

the higher resolution of thej-r cletector systems. Our equip-

ment yi-elded essentially the sâme results, but soae of the

multiple peaking r"¡as blurred out due to poorer resolution.

Bearn llandling

The proton beam passed from the cyclotron to the

scattering chambers through a 4 inch diameter beam pipe. 'Iwo

pairs of quadrupole magnets focused the beam - ihe first focus

at 24 feet from the stripping foi]. and the second at tire

center of tÌre 46 inch diameter seattering chamber. The beam

lüas collimated at the entrance of the scattering chamber and

at the Faraday cuÞr r¡¡here the beam current was measured.

The losses at the first colh-mator \,¡ere typically

BO/o resu-lting in a beam current at the Farad.ay cup of about

O.1 ,t, A maximrm.

with thanks to C. Kost, S.Y. I,i and B. Hird, University of

lttanitoba
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Scattering Chamber

tr'igure 15 shows the +6 inch diameter scattering
chamber r¿ith the apparatus in place. The graphite entrance

collimaior w¿s rectanguJ_ar in shape, measuring 1 .27 cm j_n the

veriical- clirection and O.64 cm h,orízontally, to take advantage

of the rectangular geometry of the separator. îhe exit col-
limator was a 4 inch 0.D. polyethyl-ene plug with a 2 inch
diameter aperture. the ch¡rnber was evacuated by a rarge

mechanical pr.imp (62.5 liter/sec capacity) and a Balzers dif-
fusion pump.

A facility was availabl_e to rotate a base plate
j-nside the chamber, and the apparatus was attached, to this
plate,

The targets r.ùere mounted. on a rectanguJ_ar brass

target holder by gluing the foil-s over tr^¡o fi-ne nylon wires,
1 .27 cm apart , as shown in Figure 15. This type of moi-int was

used to reduce proton scattering fron the target holder. The

target hol-der was able to move up or down through a vacuum

tight seal- in a port at the top of the chamber.

The counter signal- leads r{ere brought out through

connectors on the top port and the gas inlet for the pro-
portional cou¡rter was through a vacuum-tight rotating seal

at a port on the bottom of the chamber.

Photographs of the a,cparatus are shoïrn on plates

1 to 4.
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TI{E RESULTS

CHÁ.?TER 7 CALIBRATION OF EQUIPiqI]NT

x'

c1 
2(p,Iie4\89 coincidence spectra"

The counter telescope system was calibrated r¡¡ith

nat1¿yaL alphas (6.05 lvieV from 8i212 arrd' B.7B l{eV from po212)

and. arpha particles from the c12(prgu4)g9 reaction. since it

was not possible to simu-l-taneously anal-yze more than tlto

ad-jacent z groups and. still o-btain reasonable resolution

betr,veen the groups, owing to the limited mmber of channels

on each axis of the 64 x 64 display, the proportional corrnter

gain had to be varied. to observe different groups. this

meant that all cal-ibrations l{ere repeated each time the

corrnter gains were changed.

Thetargetsconsisted.ofl.glcmbyl.2Tcmpoly-

ethylene fil-ns, 1.25 -gf .^2 thickrglued onto two nylon l¡ires

spaced o.þ inches apart in ttre target hold,er. A thorium

aLpha sou-rce (8.78 and 6.05 Ì'teV alphas) \^Ias positioned at the

base of the target holder and- the r.¡hole assembly could be

moved. up or dor,r¡n through a vacuum tight seal at the top of

the scattering chamber to aligil either the source or targets

in front of the counters"

liminary

complete

about 90

{-
A.lr vs

The solid- state cor.mter was tested. first' Pre-

work i,¡ith C12 reaction alphas ind-icated that in-

charge collection occurred- for bias setting up to

volts ano. a setting of 1 1 O volts was used to remedy

E spectra
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this. !Íork l'¡j-th natural alphas shor^¡ed that the resol-uti-on

worsened by about 10% of i-ts 70 volt value l,,rhen ihe bias v¡as

raised to 1 1O volts. F'',\illt''l valu-es of about 500 keV f or reaction

atpha particles vùere typical and r'¡ere attributed largely to

bea.rn spread "

The proportional count er cLtaracteristics were

checked each time the gas l,ras changed to determj-ne the proper

operating voltage and ensure that the corurter lras no-r, being

operated in ihe region of J-imited. proportionality. This op-

ti-mrm voltage v¡as between 1J00 and- 1600 volts for gas pres-

sures in the vicinity of 0.4 atmospheres. In addition, the

pulse height was continuou-sly monitored in the control room

to ensure that the counter r¡¡indows or ballast tank were not

leaking. The counter could be operateo for two or three hours

with no noticeable change in pulse height from a natural alpha

õ^1rr^Âpvu¿vv.

lhe beam energy r,'las variabl-e and most runs r^Iere

d.one at proton energies of about 40 ivleV. the beam spread r,,ias

usually of the order of J00 to 600 keV, and the beam current

between 7O and. 100 nA d.epend.ing on such things as ion source

âge, stri-pping foiJ- angJ-e and. Iosses in the beam pi-pe and

col-limators. The beam lvas focused at the scattering chamber

collimators, and the beam spot at the target was about O.25

inches by 0.50 inches.

I'igure 16 shor,¡s a typical C121p,ue4)19 coin-

cidence spectra (a¡ vs E spectra) at 600 coruesponding

to an integrated charge of 40 microcoulombs collected.
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in the Farad.ay cup. This reaction ltas considered ideal for

calibration purposes since ¡9 is particle u::.stable and d-ecays

Q -'^ 
Õ

to Beö by proton emission after about 1O-rv sec. Be" promptfy

breaks up into tr'¡o al;oha particles and these appear as a con-

tinuum superlm,Ðosed- on the definite alpha energies from the

first stage of the C12 reaction. If the energy loss is

plotted- against the total energy, then this continuum traces

out the alpha particle hyperbota and facilitates calibration

of the cou-nter telescope sYStem.

The continuurn is shor¡rn in Figure 16 together with

the alpha particles correspond-ing to the ground. state anci

first two excited states of g9 at channels 48, 44 and 56 re-

spectively on the total energy axis. The contour lines cor-

respond to constant count rines at intervals of 25 counts/

channel starti-ng at 5 collntsf eh-annel-.

the totat energy axis was ca-Librated by using two

alpha energies from a 'l'h source (6.05 and- B.7B lvteV), taking

into account the cìetector dead layer. For thj-s typical

example the dead layer was for.rnd to be 3.1 microns and the

energy calíbration yielded 470 + 10 keV per channel-.

the aE axis was calibrated fron theoretical energy

loss calculations by .A,ron25 fo" argon gas. The incid-ent alpha

energies were calculated by rvorking backl+ards from the energy

Iost in the solid state counter and ad,ding the energy l-ost

in the cìead. Iayer, proportional counter rrrindows, and the gas.

the estimatecl error in the initial- alpha energy was estima.ted
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to be J-ess than Q/å for energies higher than about ! l{eV.

The theoretical position of the alpha particle

energy J-oss curve is shown by the dotted line in Figure 16.

A Th source calibration yielded an energy J-oss of O.B7 + O"O2

MeV at channel 74 on the energy loss axis, and this agreed

r¡ith a caleulated energy loss of 0.86 + 0.07 MeV. The un-

certainty in the theoretical energy loss was estimated- to be

about B/L and consisted- primariJ-y of the error in setting the

gas pressure (about ! 5"/") and in estimating the argon energy

J.oss from !'igure 2 (about + J%) " Th.e theoretical and- exper-

imental cr-rrves agreed. ivithin experimental error"

lhe resolution of the system lras measured for the

alphas corresponding to the ground. and first excited state of
O'Br and yielded Fl¡IIIM values of 590 keV and. 200 keV for the

energy and energy l-oss respectÍvely,

the incident proton energy r,¡as calculated using a

prograrn developed by Lí39 for the kinematics of the C12(p,He4)n9

reactj-on. Figr-rre 17 sho-,¿s the theoretical relationship

between beam energy and alpha particle energy at various re-

action angles, for alphas corresponding to the ground state

of ¡9. The experi-mental alpha energies v,rere corrected- for

energy loss in the d.ead layer, proportional counter and target o

and yi-elded. a proton beam energy of 39.9 + 1.0 MeV for the

run shor,rn in Figure 16. Some preliminary ,rrork l+ith a

c12(p,He4¡19 reaction at angles betr,reen 25o and lOOo showed

that alpha energi-es at various angles \{ere accurately predicted.
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tiris kinematic method and ind,icated that working backr¡ards

get at the beam en€rglr r¿¿5 a valid. proced.ure"

Figure 16 sitol,rs i"nat the posj-tion of the alpha par-

ti-cle hyperbola cayL be predicted, and thi-s meant that the

posj-tj-ons of the l-oci of other z groups could be inferred. from

theoretical consid erations.

The system had an energy threshol-d of about 5 lvleV

f or alpha particles, 7 ivleV f or lie6, and 11 lliev f or li6. At

energies above their respective threshold I eve1s, the unique

id.entification of He6 and L,i6 should be possible, even in an

alpha backgrou:rd . l-igure 16 shows that the l¡WHI'l of the energJ¡

l-oss spectrum for alpha particles at a given energy is about

30% of tirre theoretical energy l-oss ai 7 lliev and- less at

hj-gher energies. Since the theoretical energy Iosses in
6(-argon for Hea and L,iu respectively are at l-east 1.3 and 2"6

times that of He4 (above T IvIeV), then any He4 background

shoul-d not mask ihe counts of these heavy particles if they

a're oÍ' comparable intensitY.

Calibration of the Electrostatic Se'parator

Two alpha energies correspondi-ng to the ground- ancL

first excited" state of ¡9 j-n a C12(p,l-ie4)¡9 reaction were used-

to calibrate the separator for hi-gher energy parti-cles" The

technique enployed r,¡as sinilar to that d.escribed. previously

pp. 5"J to 55) for tests r,¡ith natu-ral- alpha particles.
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Thenr,mberofcountsatth,esolid.stated.etector

was recorded as the separator voltage lIas increased- aric' the

resulting transmission spectra l,rerê si-mil ar to the one shown

in Chatr;t ey 4 for natural alpha particles (Figure 1 1 ) ' Both

narrovr and- r,r¡id.e targets l/rere used- (O'ZZ cm and- 1'27 cm) and-

tr¡¿o d.ifferent separator radii Ïdere employed - 445 cm and 148

cm. The counter coltimator Ltad. an aperture d-ianeter of 8'{ mm"

lheseparatorvoltagesat,whichmaximimatphatrans_

mission occurre<l agreed iqith the theoretically calculated"

positions lt,ithin experimental error. }.or example the trans_

mission voltage for 23.8 MeV alphas vras formd to be 41 + 2 kv

experimentally, and 43 k-V theoreticallV (equation 4"6) ' In

addition, there was no si-gnificant d-ifference between the

numl¡er of counts observed. at the transmission peak and the

number calculated geometrically, witli the separator in place"

The ratj-o of these counts was 0.9 È o"I and- agreed with a

similar measurement for natural atpha particles (p' 
'5) 

"

Theresolutionsofthetransmissioncurveshrere

alrou-t 6O7b for the l.¡icle target and about 40% fot the narrow

targei,. The resolutions ref erred to ale the rati-os, ifi per-

cent, of Flr,llilt values to the vottage at maximr-m transmission"

Itr.¡asconclud-ed.thattheseparatorsu-bstantially

red.uced_ the elastic scattered" proton backgror.ind. the proton

beam energy was about 40 lrteV and etastically scattered' protons

Iost about 1"5 IvIeV in the cietector' Sj-nce the total noise

levelwasofthisord-er,theprotonsi'verenotana]-yzed"anð-
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no clirect measure of their transmission r¡¡as possible. Iio'lr-

ever, d-euterons from u C12(p,d)a-]1=- r'eactl on lost about 5
ó. Ð.

t¡IeV in ihe d.etector and. at a separator voltage setting for

maximrm transrnj-ssj-on of 24 llteV alphas it 1','â's folurd' that the

17 t4eV d-euteron intensity I'ras reduced- to one third- of its

normal value.

c'' H"4)g9 coin dence Spectra v¡íth Parti-cle enaration

A c121p,Hu4¡n9 reaction was stud-ied with both

counters and. the electrostatic separator' the transmission

properties r¡i ere icLentical- l'¡ith those discussed in the pre-

ceeding section and. the shape of' the energy loss versus

energy coincid-ence cr-rrve was similar to atl previous work

(figure 16). By vary1ng the separator voltage, it was pos-

sibl-e to clisplay sections of this curve with F1'/IX4 values

along the total- energy axis equal to about QOlt" of th'e energy

at maximi;.m transmission.

AE vs E spectra
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CHAPIEB. B DT]¡F]IRE]$1IAL CROSS SECÎIONS

12. ¿.-qC'"(o.lle J.b-

Itngutar distrj-butions of atpha particles from a

4. Â a -^O -^o
C12(p,He4)g9 reaction I{ere taken over a range frorn 30- to 9u

tochecktheequipmentandcomparetheresultswiththoseof
other rvorkers. The electrostatic separator 1,,ras not used-.

i¡s u c12(p,fie4)u3.". alpha particle angular d'is-

tribution at 43"51iieV conpared' to one taken by Hird' et ul-'4O

at 45 MeV. The upper curve at 43'5 lvieV has been arbitrarily

normalized. i'üevertheless, the tv¡o curves agree quah-tatively

J-n shape "

the target lras a polyethylene foil 1 .25 *gf " 
2

thick and. measured- 1.2, cm by 1"91 cro'

Noatternptwasmadetocieterminethetheoretica}

reaction mechanism" Ii.ird and- I-,i41 httr" i-nvestigated- thj-s

reaction in d.etail ancl conclud-ed- that the mechanism is likely

tritonpick-upigj-thd-irectexchangestrippingaccountingfor

the backward- Peaking'

Ê

lli' Reaction Pafli-cfe.

The equipment was used- to look for a (p'li6)

reaction j-n two read.ily avaitabre target" (c1 2 a,,ð' ¡'19) at

forward angles.

These reactions were thought to be unlikety. Both

could_ invorve Ile5 plckup and. since neither nucleus has 2
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protons arLd 3 ner.ltrons above a closed" shelt this pickup i s

probably u:rh-kety. lüioreover, there is no theoretical reason

h a -i-^- 
4'

ror He' clu-stering in either nlrcleus Si-nce C'' is l¡ell d-es-

1q ^16
cribed by an alpha particle model and F'v by an 0'" core aÈd

a triton, alld- thus arL exchange process is unlikety. Tf the

A . ì-r 1^^ r^^^ .-,-^1^^.t..1 ^ i-n 
'1 o

l..ji- reaction d-oes exist, it woul-d- be }ess probable in F''
1^

since the 0ro closed shell woul-d- have to be broken"

The targets r^rere f oils - 1 .25 ^gf " 
2 polyethylene

and 1.14 ^gf.*2 teflon. The teflon target was changed each

time lOOruC -,vere collected. in the -I'araday cup since the tar-

get }ías cÌestroyed after about 15Ol C were collecteO..

some kinematic calsulations indicated that the

ground- state Li6 group would have ar. energy of about 20 I'1eV

f or a C12 (p ,li6 ) Be7 reaction ancl about iO liteV f or I¡1 9 ( r, , f.,i6 )ilt1 
4

intheforv¡arddirection,correspond-ingtoaprotonbeam

energy of about 45 lleV.

Alpha partícles from u C12çprlle4)S9 reaction were

used. to cal-ibrate the equipment as described in chapter'l

and- the energy loss gain lowered so i;hat the r,i6 hyperbola

rr¡ould be disptayed. on the 64 x 64 gricl of the puJ-se height

analyzer. The electronic systems ÏIere checked and- fouÎd to

be linear and free from saturation effects'

angles

ative

a. search for the ¡'19(P,Li6)N14 reaction at two

in the fo6yard. o.irection (eOo alci Zro) yielded neg-

resul-ts
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Ät 25o , the equ-ipment lras checked. with alpha par-
ticles from u c12(;orHe4¡49 reaction to ensure that the ap-

pa.ratus tras fu::ctioning properìy. The proportionat cou:rter

gain r,ras then dropped- and the energy ].oss axis caribrated

with B.7B l,[ev arphas from Po212. Figure 19 shoi,¡s thre coin-
cideirce spectrum after 175 y C vere col-rected. in the Farad-ay

cup at a proton bea-m cu,rrent of about 70 nA. Energy cali-
brations yielded. 640 + 13 keY/channel and 62 + 5 key/channel-

along the energy and energy loss axes respectivety. îhe con-

stant counts,/channel contour l-ines just above the threshold.

J-eveJ- correspond to alpha particJ-es of I ow en€rgJ " There

r¡¡ere no counts v¡hatsoever near the calcu-l-ated Li6 hyperbola

and- on]-y a few counts (tess tb,an 4 counts,/chanlel_) beyond

the contou-r l-ine corresponding to 5 cou:tts/chairnel"

After examination of various coincidence spectra,

it lras conciuded that a peak could. be identified in a region
of l-or,¡ (less than 5 cor-mts/cha.nnel) background if about 10 or
20 counts lÍere contained wid.er the peak. Since no counts r,rere

observed near the calcul-ated position of the Li6 Ì¡yperbola,
j-t was concluded that the probabiJ-ity for the F19(p,Li6)tq14

reaction '¡¡as l-ow at proton energies of about 40 to 50 I,ieV.

The cou-nts uncier the ground- state alpha peak of the
,12. L. AU'-(p,Ile')B' reaction shown in Figure 16 \^ras abou_t 11C0 -
correstonding to an accr-rmulated charge of t¡O¡..+C in the l'ar.aday

cup. the differential cross section at this angle (OOo) .,r¡as

abou-t laoy):f sr (I'igu-re 1B). This information r.¡as used to
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The differential

reaction r,¡as thus estimated"

o7
Q-)

estimate the differential cross section for a reaction lead'ing

to 2, courris urrd.er a peak irr a coincicence spectrr:m, and an

accumulatecl charge of 17 , / e, anci yield-ed- ci Û /dsl- '- O "' l^b / sr "

cross section of the Ï'19 ( n,li6 )*14

to be not more than O.1,Pb/sr.

results.
60 nA.

The experinent r^¡as rei:eateci at 25o , urith increased.

proportionalcouyrtergainotoexaminethehigherenergyregion

of thre coj-ncidence spectrurrr. An energy calibration yield.ed'

28 + Z keqfchannel along the energy 1oss axis and 640 + Lj

keV/c6annel on the energy axis. No li6 pariicles were d-e-

tected. A simitar experiment at 2Oo yielo-ecl the same negative

lOyC riere collected- at a bearn curuent of about

A search fOr Li6 from u Q12 target was also un-

successfu-l-. Experiments r¡ere performed at angles of 60o'

75o, and. 25o in the forward- d-irection, with JO/'tC' 1BO7C'

and 2OO7C collected at the tr'arad.ay cup respectively' The

experimental techniques employecl r¡Iere similar to tne ¡'19

methoc. d-iscussed. above, and- the coinci-d.ence specira were

similar to Figur e 19. iiTo r,i6 peaks lrere cletected- in the

spectra and the maxi-rnum d-ifferential cross section for the

(p,Li6) reaction in C12 ,ru= also estimated to be about O.5

lb/sr
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