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ABSTRACT

A two-di-nensional position sensitive proportional count.er, for use

in conjunction with a surface barrier detector, has been designed and

constructed. The main design criËeria were to produce a counter of

simple construction and readout, low cost, and acceptable spaEial

resolutlon in two dimensions. The counter r{as tested under different

condit.ions of gas pressure, blas voltage, and rate of gas flow. The gas

pressure of 0.16 atn and blas voltage between 680 and 720 volts were

optinum values in Ínproving the position resolution. The measured

intrlnsic posiuion resofution (fulI-width aË half naxinun) in the

vertical and horizontal direcEions was as 1.4 nm and 1.3 un respectively.

The proportional counter has been used in a coincidence sË.udy of the

breakup of states ir, 10n to neasure che branchlng ratios for gamma and

particle (alpha and proton) decay. For this study . the 13c(pr¿)10g

react.ion was used r¡ith a proton beam from t,he University of l"lanitoba

Cyclot.ron at an energy of. 40.45 MeV leading to several excited states of

10, 
.

The energy resolution was greatly improved by calculat.ing Èhe

scacterlng angle and apptying a kinematic correct,ion which r¿as made

posslble by che use of the X-Y counter. The full-width at half maximum

(FI,¡Hl'f) of the 8.s., which was 0.356 MeV in raw spectrun, was improved to

0.215 MeV.
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The gamma-decaYing

coincÍdence detection

alpha parElcles r{ere

efficiency.

A Monte Carlo siuulaËion $ras carried out which took into account

beam spoÈ size, beam energy resoluËion and geometric accePtance of

deÈecÈors. The theoreEical coincldence efficlencles were calculated and

compared with the experimental ones. The average ratio beËween the two

resulËs for the first t,hree Y-decaying staËes rdas calculated as

f.O3 t 0.01 and thÍs value was used as the norualization factor for t.he

Ì'fonte Carlo outpuL in measuring the branching ratios of t,he

parEicle-decaying staÈes.

Levels \{ere examined in the recoll nucleus (10r) ,rp Èo the 7.47

l"feV in excitation energy with the following results.

- The 0.718, I.74, 2.L5 and 3.59 MeV states are purely Y-decaying

staÈes, since they are below any particle thresholds.

- The 4.77 ltel state is primarily o(-decaylng state fê*-97.7 ! 2'g

'/">. The previously reporËed value for this sEaÈe fs (3V = O.23 ! O.O3 "/..

- The 5.16 MeV staËe is prinarily Y-decaying ( 6f 78.7 ! L.7 7.)'

The previously reported value ls ßU = 87.0 J 4-O i(.

The discrepancy of r 8 % ís atCrlbuted to Ëhe Ëwo neighbouring, i.e.

the 5.11 and 5.18 I'IeV states which are nearly 100 Z alpha-decaying. Due

to Ëhe excitation of these states, they contribuÈe approximately 10 % Eo

the excitaËion in the region of the 5.16 l"feV state.

- The 6.025 MeV state ls prinarily o( -decaying ( F^- gg .5 t L 'L%) '

- 10states of - -B

efflclency beEween

used to calÍbrate

resulting in nearly IOO7"

the 108 ,u"oil nucrei and

the coincidence detecËion
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The previously reported value i" F, \< 0.9 Z

- The 7.47 MeV state is prinarilY (-

t E,- 50.7 ! L.8 % and Fn p 51.3 + 2.5-r ol , p

uncertainties in the d- and p- decaying channels,

Ís assigned to theY.decaying process.

and

7!).

an

p-decaying state

Considering the

upper limit of L-2 %
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CHAPTER 1

Introduction

The subjecË raatter presented in thi.s thesis consists of t\¡ro major

ParÈs. In the first part t.he design and construcEion of a snall

two-dimensíonal positlon sensitive proportional count.er is discussed,

suitable for providing posit.ion infornation over an area of about

2 cm x 2 cm. In the second part the use of this proportional counter in

a coincidence study of the breakup of states ir, 10g is presented. The

Eechnique of coincidence measurements in conjunet.ion wfth the position

sensitive counÈer can be used Ëo neasure the branching ratios for

Y-decaying and partlcle-decaying states.

The operation of proportional counters depends on Ëhe differen¿

Processes associated ¡¿ith the motion and the interacEions of ions and

electrons in gases under the influence of electric fields, and t.he basic

laws of the underlying phenomena have been known for decades (Ch. 79),

(Ch 84). They have been used as essential tools durÍng various phases of

nuclear science: ln hlgh-, intermediate-, and low-energy physics and Ín

many other fields of applied research.

Many of the present-day particle-detectors are based on Ehe

ionization produced by the passage of a charged particle through a gas.

As a result of inelastic collisions, with a resulÈant transfer of energy

from the noving particle to the molecules of the gas, a number of ion



pairs, í.e., positively charged gaseous ions and

pr oduced.

free electrons, are

A widely used detect,or Ís perhaps the resistive-anode proportional

counter using charge division and drlft. tÍme effecEs to locate the event.

The horizontal position information (position along the anode wire) is

extracted using resistive charge divislon techniques and the vertical

posltion information (dist.anee normal Eo the wire) is extracted by

measuring the tine difference between the arrlval of the signal fron t.he

counter and some Èiming reference, for example the signal frorn a surface

barrier stopping det.ect,or. Although t.hese det.ectors generally do not

give submillineter resolution, they are preferred because of their low

cosÈ' sinplicity and ability Eo transmiÈ the deEected particles to

backing detecË.ors which serve to reduce background events and to improve

parËicle identif ication.

Some background information dealing with the general considerations

and properties of gaseous ionization charubers is discussed in chapter 2.

Chapter 3 deals with the deslgn and construction of the proporrional

counter Íncluding t.he gas fÍlling and the electrosËatÍc field

calculations. Tests of t,he counter as well as a descriptlon of the

electronics used during the experiment are discussed. Finally,

calibratfon informat.ion, test resulËs of the position resolution and

kinernatic correcEion techniques, are also explalned in this chapter.



Posit.ion resoluÈion provided by the count.er was a little r¡rorse than

I mm, which was quite satlsfactory for our experiment. Considering the

feature of two-body reacEions, kinematic broadening w1ll always be

Present.. However, it is possible Eo improve t.he energy resolution by

calculaÈing the scattering angle and applyÍng a klnemaÈic correction.

rnvesÈí-gation of the reaction l3c(p,*)10¡, was carried out

the counter ln a coincidence study of the breakup of states in

separate Y-decaying staÈes from particle decaying ones, and to

using

tou, to

fneasure

Ehe branchlng rat.ios for ganma, proton and alpha decay. The result.s of

some (pr6¿) reactions have been inEerpreted on the basis of the presence

of both compound nuclear and direcE reaction transitions or alternatively

with a pre-conpound decay rnodel. At energies couparable Eo our

experiment, the (pr4) reaction of interest was considered to be direc¡.

Because of the small monentum carried by V-rays, Y-decaying states

resulÈ in nearly 100% coincidence detection efficiency between th. 10B

recoll nuclei and alpha particles passing through the central region of

the X-Y counter. These Y-decaying slaËes were used to calibrate the

coincidence detection ef ficiency. A l'lonte Carlo simulation q/as carried

out in order Eo deÈermlne the dependence of the coincidence detection

efficlency on the various geometrical parameters of the experiment, beam

properties, and the reaction under consideration. ExperimenEal

considerations together with a detailed data analysis and the resulEs

achieved are described in chapter 4.



CHAPTER 2

General ConsideraEions and Properties of Gaseous

Ionization Chanbers

2-l Energy-Loss Mechanism

A fast charged particle can undergo several dlfferent kinds of

inEeractions while it traverses uhe gaseous medium of a proportlonal

counter. Of the possible different interacËÍons, the probability of

occurrence for electromagnetic int.eractions is much great,er chan t.he

oÈhers, and hence it forms the basis for charged particle detection.

Bethe and Bloch have developed the following relaEivisEic quanÈum

mechanical expression for the energy loss due to Èhe highly probable

incoherent Coulomb interactions which result in both exciEation and

ionization of the atom of rhe mediun (Sa 77).

dE
d" = -Kî

zmc292E^P {[n --zg2]
B2 12 e-82)

* - 2nNz2e\ .
2

II¡C

(2-1)

v¡here N is the Avogadro number, n and e are the elect,ron mass and charge,

Z, A ar.d p ate the atomic number and mass, and the densfty of Èhe ned.iun,

respectively, and r is fts effective ionizatlon potential; z is Ëhe

charge ar.d / the velociry (in units of the speed of lighr c) of the

projectile. rn the el-ectrosÈaEic systeu of units, and expressing



energies fn MeV,

K=0.154

The ouantlËv E
m

interaction, and

_1 t
MeV g ' cm' for unit charge projectiles.

represents the maximum energy transfer allowed

two-body relativistlc kinematics gives

^ zmczlz
"D

1_ ß.

in each

(2-z¡

The light elements and heavy ones have different energy losses in a

proportional counter and È.his dffference in energy loss is used for

particle identification. The resËrietion for partícle identlficaËÍon is

that Ehere should be sufficient energy loss of the particles to be

deÈecËed, otherwise if the proportional counter is too Èhin or Èhe gas

pressure is t.oo Iow, the energy loss[E as compared Ëo the total energy E

will be Ëoo small and mosE probably particle identification cannot be

carried out effectively. (For details about this section and Ëhe other

subjects dlscussed in this chapter, refer ro (Sa 77).)

The energy loss of alpha particles havÍng a typical energy of 5.48

MeV, enitted from a 24Iru source, while passÍng rhrough the

proportional counter r.ras calculaÈ.ed as follows (Ja 66), (Sa 84). These

resulÈs compare closely with the values given by the stopplng power

tables.

Energy loss

Energy loss

Energy loss

Ehe entrance window

the gas

the exit rslndow

in

1n

in

0. 538 l"feV

0.371 l'leV

0.592 ìfeV
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considering the above energy losses, the energy of ouË.going ø(-particles

will be 3.979 I'IeV. It is to be noted Ëhat in calculatfng the above

energy losses, the following points were Ëaken int,o consfderation:

Since the gas ldas a mixture of argon and uethane, t.he composition

law was used for the gas míxture.

- The proportional counter was operating at 0.16 atm pressure

during t.he experiment, therefore the energy loss calculaEion was based on

Èhis reduced pressure rather Ëhan atmospheric pressure.

- An average of 6 mn was added Èo Ehe internal dfmenston of Èhe

counter to geE the gas thickness because of the bulge of the windows.

2-2 Delta Ray Production

There are tr¡ro ways by which an energetlc, heavy, charged particle,

such as an alpha, produces the ionizat.ion which dissipates its energy in

lts passage through EaEter. In the prinary collislon with the electrons

in an atom, the nost probable of Ehe ionlzing collisions are those in

which a relatÍve1y slow secondary elect,ron fs ejected with kinetic energy

smaller than the energy necessary !o cause lonizattonln in subsequent

collisions, i.e. the energy required to remove electrons from atoms.

These electrons may atEach themselves to neutral atoBS, forming negative

ions. A small fraction of the ionizÍng eollisions, however, produces

secondary elecErons of relatively high energy (perhaps several keV )

called delta rays. The dert.a rays Ëhemselves then go on to produce

further ionization 1n the aËons of the stopping rnaterial, leading t.o

secondary ionization and energy 1oss, just as any elecÈrons of Ëhis



energy v¡ould. The total ionization is the sr¡m of t.he prlmary ionizat.ion

and this secondary ionization.

An approxinate expression for the probability of an electron

receivlng the energy E is given by

whieh corresponds essenEially to the first term in che Bethe-Bloch

fornula. rf the reduced Èhickness x = xp Ís inËroduced, and gÍven in
_,)

gcm ', the probabllity will be

P(E) = r?LL,
^ß'E'

P(E)dE=þiþor=w+, (z-3)

where lt=KZx/ ß2e. By incegration, r{e will get the number of s

electrons havÍng an energy Eo or larger:

(2-4)

the l-ast approxination being valid for Eo<< En.

Now noting that 90"/. of the gas nedlum of the proportional counter

I¡¡as argon and its t.hickness was X = 1.91 ctn, lre r¡/ant to calculate t.he

approxinaÈe number of electrons eBitted with energy above l5 eV (the

E

N(E>E ) = (-' r(E)dE = ",f - fil *þ'
)8. -.



ionization poÈentlal of argon) at normal condiEions by the most and the

least energetfc alpha particles produced in the reacÈion 13C(prq)10g

(The proporÈional counËer was used for t,wo-dinensional position

measurement in this expriment; for deLails refer Eo chapter 3 and chapter

4 ).

From Ëhe relation (2-4) we have:

f., . r, -KZxN(E>E.)n,+, where W=-' t.' Lô 
wrrelE 

ß2¡ 
(2-5)

As nenEioned before, if the calculated value of K for unit charge

projectiles is equal to 0.154 MeV g-l 
"r2, 

Èhen Ehe value of K for

alpha particles is
?-r2K = 0.154 x (2-) = 0.616 Mev g' cE-

'(or) = t8

x =Px = 0.001783 x t.9t = 0.0034 g, "r-2 (ar NTp)

A = 39.9

According to relativist.Íc kine¡natic calculations, for bornbarding energy

E_ = 40.45 MeV the energy of the most energetic alpha particles is
P

33.70 l"leV and that of low energeric alpha parrlcles is 12.276 MeV. p

values corresponding to these energies are (?1 = 0.1336(c) and (3 r=
0.081 (c) respectively.

By replaeing the corresponding values ln (2-5) above, r¡re geE:



,o _ 0.616x18x0.0034 = 0.052935 MeV.t (0.I336) 2x39.9

"^ 
_ 0.616xl8x0.C034 = 0.144 MeV.

' (o. o8I ) 
2x39.9

Froro relation (2-5)

llr(n ) 15 ev)nz(O.052935 x to6¡ /ts = 35zg

llr(u ) 15 eV)^,(0.144 x Lo6)/ 15 = 9600

for the most and the least energeEic o{-particles respectively. It is Ëo

be remembered that the maxinum energy Eransfer to enitted elect.rons can

be calculated from expression (2-2). For example for Ehe mosE energetic

alpha particles nentioned above for which ß= 0.1336(c)' the maximum

energy transfer is:

E,o = (2mc'a') / (F (f )

= [z x 0.sl1 x (0.1336)'1/lt-(O.1336)2]

= 0.01857 MeV ã 18.57 keV

where ^"2 = 0.511 MeV fs the rest energy of the elecEron.
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Delta electrons, depending on their energy, will cover a certain

distance in Èhe Bâs, suffering elastic and inelastlc scatters from the

molecules. The total range R, for an energy E, along the t.rajectory,

can be calculaÈed integrating the Bethe-Block formula over t.he range R,

and requiring the integral Ëo equal the total available energy; however,

it gives a bad representation of the dlstance effectively covered by an

electron, because of the randomizing effecE of the nultlple collisions.

rt is customary to define a practical range Rp Ëhat appears Eo be two

or three times smaller than the total range and in general ls the resulg

of an absorption neasurernent. For energies up to a few hundred keV, a

rather good approximaËion for rhe practical range, in g cn 2, is

(Ko 68)

R = o.7L EL'72p
(E in MeV).
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2-3 Primary and Total lonlzatlon

A charged partlcle passing t.hrough a gas ionizes it and a discret.e

number of prlmary ionizing collisions takes place whtch liberate

electron-1on pairs ln the medium. However, only part of Èhe energy goes

into ionizing the gas and into lnparting kinetic energy to the electrons.

The average amount of energy required per ion formed fs remarkably

independent of t.he charge, nass, and veloclty of the parÈicle producing

the ionizatlon, but depends on the gas in r¿hich Èhe ions are forned.

Table 2-1 glves t.he average energy spent per lon pair forned Ín some of

the most inportant gases (Se 77).

Table 2-1. Energy (eV) per ion pair for different gases

XeArNeHe Hz oz *2 ,oz Air

42,7

42.3

36;8

36 .6

26 .4

26 .4

2I.9

22.0

36.3

36.3

32.5

30.9

36.5

34.9

34.3

32.9

35 .0

33. B

Polonium
0-particle

Trítium
ß rays
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As nentioned in 2-2, the electron ejected can have enough energy (larger

than the ionlzation potenË1al of the nediun) Èo further ionize, producfng

secondary ion pairs; the sum of the two contributions is called total

ionization. The total number of ton pairs can be represenËed by:

n, = AE/w. (2-6)

where aE is the total energy loss in the gas volume considered, and w,

is the effective average energy to produce one pair.

Following t,he above dlscussion, we want

prinary, secondary and total ion pairs

counËer by the most and the leasË energet.lc

section 2-2, as well as those produced by

- 24Ltrom a AE source.

to calculaÈe the number of

produced in the proportional

o( -particles, àiscussed in

5.48 t'leV ot -particles eroitted

The energy loss ef o(-particles in passing through the counter rrrere

calculated under the same conditions as were explained in sect.ion 2-1 for

5.48 Mevc(- particles, and the results are shown in Tabte 2-2.

The values of w., the effective average energy to produce one pair

in argon and methane are 26 and 28 eV respectively. Then by knowing the

energy loss of thed,-parEÍcles in the gas (fron Table 2-2), and using the

relatlon (2-6) we can calculate the total number of ion pairs:

For 5.48 MeV ô{-partícles:



1t

Table 2-2 Energy loss of o-particles in the proportional counter

Medium
Energy loss (t"teV)

33.70 MeV
cl,-particle

L2.27 l4eY
cr-parËi c 1e

5.48 MeV
o,-parÈicle

Entrance window

(Aluminized rnylar)

0. 141 0.317 0.538

Gas

(P-10 ar 0.16 arm)

0. 096 0.202 0.371

Exit windor¿

(Alumínized mylar)

0. 143 0.322 0.592



74

0.9+28xnT = (0.371 x to6¡ / (26 x 0.I¡ = 14f60 pairs.

For 12.27 lleYcl -particles:

x to6¡ / (26 xn, = (0.202

For 33.70 MeVo(-particles:

n, = (0.096 x to6)/(26 x

0.9+28x 0.1) = 7710 palrs.

0.9 + 28 x 0.L) = 3664 pairs.

( It is Eo be remembered that the above calculations for the energy loss

in the gas and consequently for the total ion palrs have been based on

the reduced pressure of rhe gas of 0.16 atn).

According to (sa 77), the number of primary ion paÍrs produced per

unit length in argon and methane at atmospheric pressure for minimum

ionizing particles having energy losses 2.44 key/cm in argon and r.4g

keV/crn in nethane are 29 and 16 respectively. The corresponding number

of prinary and secondary lon pairs were calculated for the proporÈional-

counter described later in this thesis (chapter 3). The resulEs are

given in Table 2-3.
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Table 2-3 Number of primary, secondary and total ion pairs produced by

o-particles at a reduced pressure of p = 0.16 atm.

o,-particles
Number of ion pairs n,s/ n

pTotal (nr) Prímary (no) Secondary (n )
S

5.48 MeV T4T60 4368 9792 2.24

L2.27 N'I,EV 7 7r0 2378 5332 2.24

33.70 MeV 3664 113 0 2s34 2.24
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2-4 DrLf.t and Diffusion of Electrons

The primary act of íonízation results fn electrons, some of which

(delta rays) have sufflcient energy to produce secondary l-ons. The

rnobitity of elect.rons, except, for very low fields, is not. constant, and

electrons, due t.o t.heir small tnass, can increase their energy between

collisions with Ëhe gas molecules under the lnfluence of an elect.ric

field. The average velocicy v in the direction of the field, called the

drifr velocity, is proportlonal Ëo the field. The constant of

proportionality P Ís called the nobility. An electron bouncing between

heavy atoms, will not transfer much of its energy to Èhe atous unless it

can excft.e then by inelast.ic collisfon. In Ehe case of noble gases the

requlred energies are of the order of 10 ev. Under the action of the

fteld the electron will acquire a large velocity u, whlch is randomized

in dlrection by t.he collislons unt.Íl an inelastic collision causes a

considerable decrease in velocity. If the elect.ric field E lies in t,he

z- direction and the mean free path is denoted by À r âû electron will

drift in this dlrection in t,ime z betv¡een collisions by an amount

L/2 x t(eE) /^l t2 = t/2 x [(eE)/n] (À/u)2,

because it ls subject t.o the force eE. The nnmþs¡ of

second ts u/À; hence the drift velocity is

collisions per

v = L/2 x (eE/m)(À/u) = pE.
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Clearly a low value of the random velocity u increases the mobllity F.

For heavy ions the nobility is of the order of 1 cm 
"""-1 

per V cr-l

at STP; for elecËrons lt is about 1000 tines larger. IË has been found

that the addition of even very suall fractions of anolher gas Ëo a pure

gas of t,he proportional counÈer can, by slightly nodifyÍng the average

energy, dranatically change the drlft propertles. A typical example is

given in Fig. 2-L which gives the measured values of drift veloclry ia

argon, methane-argon míxtures, and nethane(Bo 57). In nost gases, the

drift veloclty rises wlth the value of E/p and approaches a relatively

constant value; for E/p greater than abour 1 to 10 (volts/cu)(rr tig)-l,

Ëhe electron drift velocity approaches a constanË, value of abouE

3 x 105 to 107 cm/sec (Pr 64).

Fig. 3-8 represents a two-dlmensional (2-D) plot fron a calibration

run obtained by the use of a 5 X 5 hole configurat.ion collinator. Using

the information obtafned frorn t.he tine (vertical) projection of rhis 2-D

plot, iE was possible to measure the drift velocity of electrons in the

proport,i-onal counter whl"ch was calculated as 3.87 cn /¡" sec (refer to

section 3-7).

2-5 Electrlc Field Dependence of Proport.ional Counter

If the electric field across a cont,ained volume of gas is snall

enough so that the ions and elect.rons formed do not gafn sufflcient

energy between colllslons to produce addiElonal ionization, the appara¡us

perforns as an ionizatlon chamber. The ion pairs forued by each enEering

ionlzing partlcle should be collected at the electrodes and produce a
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Pulse of charge which Eay be counted. The current of the chamber in

ionlzat,ion mode, over a certain voltage inÈerval, is independent of V and.

Èhe current ts said Eo be saEuratedi i.e., only Èhe prirnary ions

(includÍng those produced by delta elecË.rons) are being collected.

If the applied voltage is now lncreased beyond the saturation

interval, the prinary Íons and elecÈrons begin to produce secondaries by

collislons with the gas; consequently, the primary ionlzatlon is

nulËiPlled by a factor that depends on the geometry of the apparacus and

on Ëhe applied volt,age v, and Lhe device functions as a proportional

c ounter.

Increasing the elecEric field above a fer¿ kV/crn, tnore and more

elect.rons can receive enough energy between two collislons to produce

lnelastic phenomena, excitaE.ion of various kinds, and ionization. Noble

gases, being borobarded by the electrons, can only be exciEed or deexcited

through photon absorption or emission, while weakly-bound polyatonic

molecules, for exanple the hydrocarbons used in proportional counËers as

a quencher, have radiat.lonless EransiEions of a rotational and

vibraEional nature. AddicÍon of an organic vapour to noble gases will

therefore al-low the dissipation of a good fracÈion of energy in

radiationless transitlon, and this is essential for hlgh gain and stable

operatlon of proportlonal counters.

I^Ihen the energy of an elecÈron increases over the first ionization

poEential of the gas (r5.7 eV for argon for exanple), the result of the

impact. can be an ion pair, wit.h the scatcering of the prinary electron.
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The probabllity of. Lonization rapÍdly increases above threshold and has a

maxiDrrm, for most gases, around 100 eV.

Consider now a single electron drifting 1n a strong electric field;

aE a given ti-me, it will have an energy f,. wirh a probabÍlity glven by the

appropriate energy dlsÈribution function F(é). Inlhen, following the

sËatistical fluctuations in the energy i-ncrease bet.ween collisions, the

electron gains an energy in excess of the ionizaEion potential, an

ionizatÍon encounter Day occur. The mean free path for ionizatlon is

defined as Ehe average distance an electron has to travel before gettfng

a chance to become involved in an ionizing collision. The inverse of Èhe

mean free path for ionlzatior, o( , is calred Èhe first Townsend

coefficient and represents the number of ion pairs produced per unit

length of drift. In a lirnited reglon one can assume the coefficient Èo

be linearly dependent on Ehe energy of the electrons.

The process of ionization by collision is the basis of the avalanche

nultiPlicaËion in proportional counters. Consider an electron liberated

in a region of unlforn electric field. After a mean free path Jl, or,.

electron-ion pair wÍl1 be produced, and two elecErons will continue the

drift to generate, again after one tnean free path, two other ion pairs

and so on.

rf n is the nunber of electrons at a given positÍon, after a path dx, the

increase in the number will be

dn = no( dx.

and, by inÈegration
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dxn=ne
o

M = n/no

M represenEs the nultiplication

non-uniform electrlc f ield, (X =

in the following way:

(2-7 )

f act.or. In the general case of a

<(x), equation (2-7) has to be ¡nodified

dx

x..

t
exp[ | o¿(x)dx].

)
t

lvt =

The nultiPlicatlon factor cannot be increased at will. Secondary

processes, like photon emÍssion lnduclng t.he generation of avalanches

spread over t,he gas volume, and space-charge deformatlon of E.he elecËric

field, eventually result 1n a spark breakdown. A phenomenological linit

for multiplication before breakdown is given by the RaeÈ.her condirion

o{x t2O,
o

or M^rlO'; the sËaÈistical disEribution of the energy of electrons, and

therefore of M, in general does not allow one E.o operaÈe at average gains

above ,ut06 if one wants to avoid breakdown.
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CHAPTER 3

Design, Constructlon and Testing of proport.lonal Counter

3-1 Deslgn and Construction

The main desÍgn criteria for the position sensit,ive proportional

counter \¡Ias to produce a counË,er of simple construct.ion and readout, low

cost, and acceptable spatial resolutlon in Ewo dlnensions.

The horizontal posicion information (positlon along che anode wire)

is extracted using resistive charge division Eechntques and the vertical

position infornation (distance nornal to t.he wtre) is extracted by

measuring t,he ti-me difference beEween the arrival of the signal from the

counter and a surface barrÍer st.opping detector.

A perspective vlew of che posiEion sensiEive proportional counter is

shor.¡n in Fig.3-l and cross-secËional views showing its internal

sÈructure are shorrn in Fig.3-2. Its over-all dinensions are

approxinately 87 mn x 67 nn x 38 run deep. The body of the counter was

nachined frorn brass and I^Ias mount.ed on a 3.17 nm thick mounting plaE.e so

that the cenEer of the ent.rance and exit windows were 25.4 m above the

level of the supporting arm, which corresponded to the beau level in the

scattering chamber. In the previous design of the counter, the anode

wire was 31.7 mm long, 10¡n in dianeÈer with 460n resistance. However,

iE rtas reallzed that a shorter anode wire having low reslstance did not

provide effecEj.ve charge division and Èhe posiEion computation incurred
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loss of accuracy. Therefore, in the modified version of the count,er, the

anode wire was nade 58.4 mm long, Lrith 890f} resist.ance and it was placed

along a caviEy having a recËangular shape. The sensitive area of the

counter has a circular cross section 25.4 nm dianeter, and the thickness

of the gas is nominally 1.9 cn. In order to have good linearity for

posiEion coordinates the problem of rapfd field change in the drift

direcÈion, when deciding the lnternal dimensions of the counËer, had E,o

be considered ¡¿iEh some care.

The top portion of the counter was made detachable from the main

body in order to facilitace the mounting of the anode wire on Ehe

supporting elecÈrodes. These electrodes $rere rdire ext.ensions of standard

high volËage vacuum feedthroughs and rheir lengths were adjusted so Ehat.

the position of anode wire was just above the top level of the windows.

Gas inlet and outlet connections were nade through 3.17 mn polyflo tubing

connect.ed Eo polyflo fitCings at the Èop of the counter. Both ent.rance

and exit ¡¿indow frames were nade renovable and Ëhe windows could be

easily epoxled ln place. Entrance and exit windows on Ehe counter ürere

made from 8O0y g/cn? alu¡ninlzed mylar and their openings were 25.4 mrn

ln dianeter. A number of windows v¡ere carefully mount.ed in place and

Eested desÈructively in order t.o deËermlne the bursting pressure as well

as Ehe bulge of the windows as a function of pressure. The bursting

pressure !¡as ^r 1.36 aCm. Average bulge of Ehe windows, with the vacuum

level in the scatÈering chanber ,u4.0 x 10-6 run fu and. the gas pressure

inside the proport.ional counter 0.16 atm, was ^,3.0 mm.



26

For fleld shaping purposes, wires oÍ 20.0yn in diameEer with 3.2 m

spacing beEween them were soldered onto 1.27 rnn thick rings, and these

rings r.Iere mounted just inside of the entrance and exit windows

(Fig. 3-2.b). I^fithout these wires the electric field shape is derermined

by, among other factors, Ë,he aluninlzed mylar rsindows. since these

windows bulge considerably under pressure, the field shape is d.isgorted

to an unacceptable degree.

A remot.ely controlled collinaEor was mounted in front of the

proPortional counter and different configurations of holes provided the

necessary flexibillty for test.ing during the experÍment. Al1 holes

(except the large one) were 3 nm apart center to center and the diameter

of each hole was 3 mm on the fronE face and 1 mm e¡ the back face. This

nethod provided good collimation and at the saue tine elirnina¡ed t,o some

extent the possibility of excessive beam scatt.ering.

Standard BNC and SIIV cable fittings were used for È.he ourput. sÍgnals

and high voltage power. The high voltage rdas applted through one of ¡he

preanpllfÍers connected Èo t,he proporÈional counter.

3-2 Gas Filling

As far as the operat.fon of proportlonal counters is concerned., a

rather large varieEy of gases can be used ln them. However, due to some

experlmental requiremenEs and restrictions, our choice in selecting a

Particular gas is linited and it ís more or less resÈricted to several

families of compounds. Noble gases are generally preferred as the main
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componenÈ, and this is because avalanche multiplicaÈion occurs in Ehese

gases at much lower fields as conpared with complex molecules. The next

Parameter Eo be considered in selecting a particular gas among noble

gases Ís a high specific ionlzation which is required at. least for the

deËeccÍon of mininum ionizing particles. xenon or krypton are

disregarded due to economic reasons and as a result, argon seems to be

BosË suÍtable as a mnin componenÈ gas to be used in proport.ional

counËers. An argon operated counter, however, does noE allow galns in

excess of 103 - 104 without entering into a permanent discharge

operation for the following reasons (Sa 77).

During the avalanche process, exciEed and ionized atoms are formed.

The excited noble gases can return Eo the ground state only through a

radiacive process, and the nini¡nun energy of the enltted phoÈon (r1.6 ev

for argon) is well above che ionization potential of any netal

consEiËuting the cathode. PhoEo-electrons can therfore be enitÈed from

the cathode, and initiate a nerd avalanche. Argon ions, on the other

hand, migrate to the caÈhode and are there neutralized ext.racting an

electron. The energy released in this process is either radlate{ as a

photon, or via secondary emission, i.e. extractlon of another electron

from Ehe metal surface. Both processes result ln a delayed spurious

avalanche: even for moderate gains, the probability of the processes

discussed is high enough to induce a permanent process of discharge.

Polyatomlc molecules have a very different behaviour. The large number

of non radÍatlve excited states (rotational and vibraËlonal) allows ¡he

absorption of photons in a wide energy range: for methane, for example,
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absorption fs very efficient in the range 7.9 to 14.5 ev, which covers

the range of energy of phot.ons emitted by argon. The nolecules dissipate

the excess energy eÍther by elastic colllsions, or by dissociation into

sinpler radicals. The same behavlour is observed when a polyaEomic

ionized molecule neutralizes at the cathode; secondary emission is very

unlikely. In the neutralization, radicals recombfne either into simpler

molecules (dissociation) or form larger complexes (polyrnerlzation). Even

a smal1 amount of a polyatomic quencher added Èo a noble gas changes

conpletely Ehe operat,ion of a counEer, because of the lower ionization

potentiar that results in a very efficient ion exchange. Good photon

absorpEion and suppression of Ehe secondary emisslon allows galns in
- -^6excess of 10- to be obtained before dlscharge.

considering the above discussion, the gas filling of Ehe

proportional counter was P-l0 (90% argon plus 1OZ methane) gas nlxture.

The proportional counter r{as ËesËed under different condiEions of gas

pressure, bfas vorËage and raEe of gas flow. The gas pressure proved to

be a crltical paraneter in improving the posltlon resolution. The most

suitable pressure \¡ras f ound to be 0. 16 aËm f or p-10 gas mixture.

Therefore it was necessary to devise a system ro be able to maintain the

Pressure at Ëhe required level w1Ëhout. any noticeable fluctuations.

After studying and Ëesting different systems, the layout shown fn

Fig.3-3 was devised and used during the experimenË. Fresh gas

continuously flowed through the counter wiËh the pressure accurately

rnaintalned at the required 1evel by a manostat. The manostat had a

sinple construction and iEs nain components were a cylindrical reservoir,
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rubber membrane, needle valve and gas inleE and outlet. ports as depicted

in Flg. 3-4. Pressure conErol was achieved via t.he motion of a rubber

membrane responding t.o the differenEial between the gas pressure in Ehe

proportional counter and the reference pressure in Ëhe reservolr. In the

layout of Fig.3-3, Po is the reference pressure in the reservoir which

is connected Èo or separat.ed from the rest of the sysEem by a needle

valve and a rubber membrane discussed before. At first, the needle valve

is opened while the vacuum punp is operating until the desired level of

reduced pressure ls attained and indicat.ed by the vacuum gauge. I,Iith the

pressure of the gas in the systeE (P) equal t.o the reference pressure

(q ), the needle valve is crosed. As long as p = po , Ínlet and outlet of

manostaE are isolated from each other by the rubber membrane. When p >

Po , the excess pressure causes the mernbrane to be depressed opening the

inleE to the pumped ouÈlet tube. conversely, when p ( po , the membrane

closes the inlet and the Ínternal pressure st.arts to build up until the

desired pressure is again established. This system proved Eo work

efficiently throughout the experiment..

3-3 Field Calculatlons

rn order to provide raÈher good linearity for bogh position

coordinates, the geometry of the proport.lonal counËer must be considered

wiÈh some care. Posicion measurenent with good resoluÈion and parËiele

identification are auong the najor requiremenÈs expected frou

ProPortional counters. The realizatlon of t.hese requirements depends to

a large extent on properly choosing the geometry of the electric field.
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The potential distributlon in space is entirely defined by the

geoEetry and the potentials of the electrodes. Neglecting space charges,

the electrostatic potential distribution can be determined by solution of

Laplace -s dlfferential equation

v2 v = o.

Although the theoretical possibility of obraining analyttcal

solutions for the field is very interesting in principle, an integraEion

of t.he above equaEion under the proper condiÈ.ions as given by geometry

and potentlals of Ehe electrodes 1s generally very conplicated. In Èhe

majority of practically importanË cases, analogue or numerical nethods

have to be used.

Relaxatiqn Methods (K1 7l) (Se 67)

For the three-dirnensional case, Laplace -s equation is

ò2v/ò*2 + *v/¿f + *v/ò22 = o. (3-1)

For a numerical method of exËrapolating the potentials off the

electrodes, let Èhe xy, yz, and xz planes be covered by a net of

equidÍstent llnes parallel to the Ëhree axes (a two-dimensional

representation is shor¿n in Fig. 3-5). The potent.ial Vo aÈ any laEtice

polnË should be completely determined by the potenEial" Vl, V2, V3,

V4, V5, and VU of its nelghbouring six lattice points. Calllng g

Èhe distance between the latEice lines, it can be shor¿n Ehat
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(vz Vo )/g - (vo - v¿) /g -, (èv/òr)r,o

- (òv/ðy) o,4 r' sç¿zv /òv2),

(Vr v" )/s - (vo - V:)/s n (¿v/ò*)r,'

- (òvlòx) 0,3 - etòzv /ò*2) o

(VS vo)/e - (V,

- (àV/¿ z)9,6 * B(

- uo) /e r' (àvlòz)r,o

*v /òr2) 
o

(3-2)

(3-3)

(3-4)

fron Ehe expressions (3-2), (3-3)According

and (3-4)

EO

\de

Laplace -s equaEion (3-1);

get

V,-I/6 x(Vr+ v2 + v3 + v4 + v5 + v6). (3-s)

I,Iiuh the help of (3-5) Ehe potencial distribution between elecrrodes of

known potentlal can be extrapolaE.ed.

Based on the theory which was discussed above, and. in order Eo get

high accuracy in the computation and plotEing of the electrfc field of

the proportional counter, the relaxaËion t.echnique was applied to

accurate field determinations by the use of computer. The computer

program was the nodifled version of the program which was lnitially used

Èo calculate the t.hree-dimensional electric fields by successive
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over-relaxati-on in the central region of che University of ManiEoba

Cyclot,ron. A 0.50 nn mesh size was used co study Ehe shape of rhe field

in different layers and a three-dimensional boundary corresponding to the

geometry of the proportional counter Trras specified.

Electrode geometries and the aspects of potencial distribution r¡¡ere

studied by relaxation calculations in order to find the nost appropriate

PotenEial shape. A represenÈative potential distribucion produced for

the geonetry shown in Ffg. 3-2 rvith the mesh si-ze of e. Je mm, and

presenÈing a vertlcal plane a distance of 1.0 nro. from the anode wire,

1s shown ln Fig. 3-6.

3-4 Leakage Current

The counter r,Ias tested under dif ferent conditions of gas pressure,

bias voltage, and rate of gas flow. The gas pressure proved E,o be a

criEical parameter in improving the position resolution. As mentioned in

sectlon 3-2, the most suiEable pressure was found to be 0.16 atn for the

P-fO (907. argon plus 10% methane) gas mixture which was kepr cons¡anE

with const.ant flow of gas by the use of a manostat. Bias volt.age between

680 and 720 volts gave good results at the reduced pressure of 0.16 a¡n

of the gas. The sudden increase of leakage current precluded the use of

bias voltage beyond 72O V at the above reduced pressure. Leakage current

was due Eo a discharge which occurred between the electrodes and the body

of the counter acting as a cathode, and lt ¡.¡as noticeable at higher bias

voltages and/or at low pressure of the gas. Some of the results obtained

from the leakage current tesEs are suurarLzed in Table 3-1.
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Table 3-1 Leakage current of proportional counter subject to different

conditions of bias voltage and gas pressure.

Bias Voltage

(v)

Gas Pressure (atm)

I .00 0. 50 0.33 0.16 0.12 0. 10

660

700

740

750

760

770

800

840

900

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0 No leakage currenË

* Sudden rise beyond 1 UA

** Unstable condition
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3-5 El-ect roni.cs

The experimental set-up consisted of t\¡ro counE.er Eelescopes (for

detail refer to chapter 4). Telescope 4 I consisted of Ehe x-y

proportional counter, a surface barrler deÈector (El) and a veto

det.ector. TeLeseope 72 consisted of a surface barrier deteccor (E2)

backed up by a veto detector.

The outputs of the detectors as well as the right and left ouEputs

of the proporÈional counÈer were first senË. Eo 0rËec pre-arnplifiers which

in turn were connected to Ortec main amprifiers in Ehe circuit.

In order to observe position sensitivity using charge divisÍon, the

input impedance to Ehe pre-amplifiers on each end of t.he anode wire had

Eo be smal1 compared to Ehe 890 t¿ resistance of the anode wire.

Different types of pre-amplifiers were tested and Ortec pre-amplifiers

(nodel 1094) proved Eo give good resulrs. rt is ro be nored Ehat rhe

fraction of t,he total charge induced on the wire Ëhat is collected at. one

end is linearly relat.ed to the posiËion when low impedance pre-anplifiers

are used on each end of the wire. For the purpose of obtaining the

optimum signal to noise ratio, the pre-arnplifiers gain switches were put

in the x 10 position.

The signals frou the main

analog-Eo-digital converters (ADC)

accumulation program, BTEN, produced

alpha spect ra \ras pre-set. to be

alpha source mounted in fronÈ of the

amplifiers v/ere Eransmitted to

, which in conjuncEion with a daËa

spectra. The energy per channel for

approximately 34 keV using r 241*

detectors, 1n conjunction with a
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charge tertoinator.

The ouEput from Ehe El detector provided the common start pulse to a

time-to-digital converter (TDC). The sEop pulses came from the right and

left ouËputs of the proport.ional counter as well as frou the E2 detec¡or.

The outPuËs fron ADC and TDC were fed to the interface of an on-line VAX

coEputer.

A block diagran of the electronics reflecting the complete singles

exPerfnenEs and simultaneous coincidence experiments is shown in

Fig. 3-7. The coincidence portion (botton part, involving Ë,elescope E2)

of the circuit will be explained later in detail in chapter 4.
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3-6 Calibration of PosiÈion and Time

After some prelirninary Eescs of the proportional counter using 5.4g

Mev alpha parEicres from a 24LIu source, it was used as an x-y counter

in a study of the t3a(0,*)10g reacr.ion investigating the decay

properties of 10n 1r"f"r to chapter 4). The proton beam was provided

by the university of Manitoba cyclotron at an energy or. 40.45 Mev on a

13L̂: target.

Fig. 3-8 represent.s a two-dimensional plot from a calibration run

obtained by the use of a 5 x 5 hole configuration collimat,or. The holes

were I nm in diameter and 3 nm apart center to center. The surface

barrier deEecEor used in conjunction r.Iith the proporrional counter r{as

noÈ large enough to cover compleEely the array of holes in the collimator

and ÈhÍs accounts for che absence of some of che corresponding peaks in

Fig. 3-8.

Fig. 3-9 and Fig. 3-10 represent respectively Ehe Eime and posirion

one-dimensional project.ions obtained from Ëhe two-dimensional plot.

Noting that Èhe holes of the collimator corresponding to the peaks

obtained from Ehese projections lrere 3 nm apart, iE. was possÍble Eo

deduce calibration lnformation both for Eime and position. Fig. 3-11 and

Fig.3-12 show the tine and posiÈion calibration curves together with the

corresPonding equations whÍch were used in the conpuÈer progran for t.he

right output of the counter, and Fig 3-13, and Flg. 3-14 represent the

same infornaËion for the left outpuÈ of the counter.
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3-7 Position ResoluEion

As explained before, the horizontal position information (position

along Ëhe anode wire) was extracted uslng resistive charge division

Èechniques and the vertieal posfrion informaEion (distance normal to the

wire) was exEracted by Deasuring the tine difference becween E.he arrival

of che signal from the proportional counter and a surface barrier

detector. Now we want Eo calculate the position resolutions in both

vertical and horizontal directions.

a) Vertical Position Resolution

By referring to Fig. 3-9 (vertical time, right), the average FI,IHM

e¡as calculaEed as ñiffi = 4.96 È 0.14 and the average spacing between Ehe

centroids of Èhe peaks was 9.9 t 0.1 channels. Remenbering that the

holes of the collimator v/ere 3 nm apart center Èo center, the

experimental position resolution in the vertical direction (tr"*p) \{as

calculated as

Taking the finite size of

dianeter) into consideration,

calculated as follows

L o.L4)/(9.9 r,0.r)l x (3 nrn)

0.05 mm.

E.he ho les of the

Ehe inÈrfnsic

collinator (l mm in

positlon resolution r¡¡as

¿ = l(4.96\
exP

=1.50 *
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For a Gaussian probabiliÈy dlsErlbution we have (Be 69)

F = 2.34s t,
where f represent.s the FI,IIIM and 6r Ís the standard deviation.

trIe have

rrt = 1.50 i 0.05 mn.I exp

... 6i exp = ( 1 '50 J 0 '05) /2 '345

= 0.64 + 0.02 nro.

If the variance due Eo the flniÈe size of the holes 1s denoted by

2tlQ' , the experinental variance, 1.e., ( d"*p)- will be

approximately gfven by

(d.*p)2=(nrn")'+ ,q' (3-6)

ond moment of the area with respect

222x +y =a

y=(a2-x2)L/2

By referring to Flg. 3-15, we will hav

+ù
,()tg'=12x 

J(rax)x'l/t,
-a

where the numerator represents the sec

to y-axis and A is the Èotal area.

I.Ie have
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= ^,r^;i\uz - 
*')'/' . *2 d*.

J
0

By using the expression:

CL(
I *t("t - *t)P d*

J
0

= 1"(t + 1 + np)f [(n +1 )/n11t(p + 1)]/

{nft(n+1)/n+p+11},

where m= 2, D = 2, and p = L/2.

We get

'q' = ^'/q'

BuÈ a=L/2mm.

" 16 r*2."' 
oq' = tl

Fron (3-6)

(drn.)Z = (d"*r)2 - up'

= (0.64 ! O.OÐ2 _ L/r6

... 6 inr = 0.59 + 0.02 nn
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Finally, the intrinsic resolution is

finc=2'345drn,

= 2.345 x (0.59 + 0.02)

= 1.38 J 0.05 nn.

As was shown above, Ehe contributj.on of the finite size of the holes

of the collinacor is quite snall.

b) Calculation of DrifE Velociry

rn the vertical tiroe (righÈ) disrrÍbution shor¿n in Fig. 3-9, the

axi.s of 64 channels corresponds co 502 nsec. As mentioned in a) above,

the spacing Ín channel number between the centroids of the peaks vras

9.9 + 0.1 channels which corresponds to 3 mm distance between the holes

of the collimator. Therefore, the drift time for 1 cm is

-O -L19.9/64 x (502 x l0')l x 10/3 = 0.258 x I0-o sec.

The drift velocity is

td = 3.87 ! 0.04 cn/¡ sec.
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c) Horizontal Position Resolution

By referring to FÍg.

4.47 L 0.13 and the average

9.2 ! 0.1 channels.

3-10 (horÍzontal

spacing beE,ween the

position, lef E), FI,Jffi

centroids of che peaks 1S

Following the saae procedure as discussed in a) above, the

experimental and intrinsic position resoluËions in Ehe horízontal

direction were calculated as

q.a = L.46 :L0.04I exp

f i.,t = r'31 l' o'05 nro'

The position resolut.ion of proporËional counters can get r.¡orse in

situations where some condiE.ions, for example normal incÍdent parEicles,

are not Present.. The explanaE.ion for this effect probably is t.hac energy

loss fluctuaËions can lead Eo position fluctuations for non-normal

particles. The energy-loss fluctuacion effecEs can be calculated by

integration of the Vavilov disEributions for energy loss in the halves of

the counter (Va 75).

According to the calculations made by R.G. I'farkharo and R.G.H.

Robertson, for moderate and low ionizing parËicles incidenË at 45" to Ehe

norrnal, the resolutj.on of resistive anode counters is dominated by

energy-loss fluctuation effecrs (Ma 75a), (Ma 75b), (Sa 75).
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Some other factors responsible for posiÈion resolution deterioration

are as follows:

- Multiple scattering 1n the ent.rance window and counter gas can be a

serious problem, especially for more heavily íonizing particles.

- Li.mitat.ions inposed by bearo geomecry and targeË.

- The energy resolut.ion of the counter is resEricted by the energy

straggling of che ions in the entrance wi_ndow of the chamber.

As far as the above calculat.ed values of the position resolution for

uhe proportional councer are concerned, the det.eriorating effect of Èhe

beam geomeËry could be ignored. But the energy-loss fluctuatÍons as well

as nultiple scatEering Ín the entrance window and counter gas could

deterioraEe the resoluEion by up to ¿0.7 mn. This value is added in

quadrature to the resoluËion calculated for normal incÍdent partÍcles.

3-8 Kinematic CorrecÈion

Fig. 3-16 shorvs a spectrun from the 13c(p,*)10¡ reaction at

EO = 40.45 MeV taken at a laboratory scartering angle of. 0, = 40o.

Due Èo the finite size of the accepc.ance angle of theo(-particle detector
o

¿! 2 (refer to chapEer 4), kinernaËic broadening, which is a feature of

all two-body reactions, \{as large, accounting for Ehe poor energy

resolution expected and observed. some sEates like the g.s. and the

0.718 MeV state or 1.74 and 2.15 MeV sËates lrere not resol-ved and the

FI^IHM of the states were large. However, by calculating the scaEEering

angle (refer to chapËer 4) and applying t.he kinenatlc correction, whÍch

I¡¡as made possÍble by the use of the X-Y posltion informaËion obt.ained
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from the 2-D proportional counter, the resolutlon was greaEly improved,

as shown for Ehe sane dara of Fig. 3-16 in Fig. 3-L7. The coüputer

"xsYS" progran, BTEN, and the subrout.ine "EVLSUBI" used during che

experiment and susequently irnproved for daË,a analysis are attached as

Appendix 1.

The FI^IHM of che g. s . which \{as 10 channels in Fig . 3-r6

(corresponding to 0.356 MeV), was improved Ëo 6 channels (corresponding

Eo 0.215 MeV) ln Fig. 3-17.
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CHAPTER 4

Ex eriment,al ConsideraEions and Data Anal sis on Exci E.ation

and Decay of States irr' 10s from the

t3a(0,".)to,
React ion

4-L Introduction

1? 1ô
The --C(p,o() -"8 reaction r¡ras investlgaEed with t.he proton beam

of the University of Manitoba Cyclotron laboratory at an energy of. 40.45
1â

MeV on a "C target using the 71 cxn scaÈEering chamber on the R-45

beam line. The product.s of inEerest were det,ecEed and identified using

surface barrier detectors and the two-dimensional- proportional counter

discussed in the previous chapters. The beam was collected in a Faraday

cuP aE the exiE fron the chamber and the bean current was integrat.ed by

scaling Èhe ouËput of a voltage-t.o-frequency converter. Fig. 4-l shows a

floor plan of the laboraEory.

The experimenÈ, reflecting rhe conpleEe singles experiments and the

simultaneous coincldence experÍments, used a kinenaÈic coincidence

technique to measure the production of 108 residuar nucrei Ëo various

staËes and to study their decay properties. rt was possible to largely

separate the gamna decaying states from those states Ehat decayed by

particle emisslon.
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By referring to the diagram of the electronics shown in FÍg. 3-7

( chaprer 3 ) , it 1s notÍced that t\.ro coincidence circuits $¡ere used. The

inpuÈs to the first coincidence circuiË, \¡rere provided fron the outputs of

single channel analyzers (SCA-s) connected Eo the nain aroplifiers of the

El detector and the proportional count.er, which were in coincidence, and

the output of the SCA connected to the nain amplifier of the veto

detecËor of telescopeFl, which was in anticoincidence. In addition, an

anticoincidence pile-up gate from amplifier El was also connected. This

coincidence circuit defined the logic condit,lons for recording of single

events. The second colncidence circuit, defining Ëhe logic condiElons

for recording of coincidence evenEs, had two coincidence and E\,ro

anticoincidence inputs. The coincidence inputs \{ere supplied froro the

outpuÈ of the first coincÍdence circuiE and t,he ouËput of Ehe SCA

connected t.o the main amplifier of the E2 detecror. The anticoincidence

signals were from Èhe vet.o detector of telescope 72 and the pÍle-up

output of the nain anplifier of 82. The colncidence events vrere

registered by connecting the outputs from thfs coincidence circuit. to the

input reglster.

4-2 TargeE and Det.ecË.ors

th" 13C target in the form of a thin foil of areal density of

about 100 ¡rg/cnz *^" Eounted at the center of the scattering chamber

(for farget angles refer to Table 4-1). The experimental set-up (refer

to Fi-g. 4-7 ) consisted of Ewo counter Eelescopes separated by an angle

deEenoined by kinemaÈics to detect the reaction products. Telescope 4 I
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consisËing of an x-Y proportional counter, a 1000 ¡¡In (E1) stopping

surface barrier detecEor and a 1000 ¡rn veto detector, Tdas used for

detecting and measuring Èhe energy of the outgoing alpha parEicles. The

proportional counter, the design and const.rucÈion of which was discussed

in the previous chapt.ers, provided position informaÈlon in Er,¡o

dimensions. The stopping detector (E1) was thick enough to stop the

alpha particles of interest and the veto deÈector was used Ëo reject, by

anËicoincidence, events fron long range particles, primarily elastically

scatt.ered protons. The solid angle was defined by Ehe 15 mm diameÈer

aperture of the El detecror. Telescope ç2 eonsLsEing of a 100 pn (E2)

surface barrier detector, backed by a 1000 pn vet.o detecEor, hras used for

detecting coinciden". 108 recoils or t0u breakup fragraenÈs mainry

6Li 
"rrd alpha particles o, 9r. and þrotons.

The fronË. planes of che proportional count.er and stopping surface

barrier deEector (E1) of Ëelescope#l were mounted 172.4 *. 0.5 mm and

2t0.ø t 0.5 mn respecEively froro the Earget, and the Ez detector of

E,elescope # 2 was mounted L52.9 t 0.5¡nn fron Ehe t.argeE(refer to

Flg. 4-7). considering the 15 rn¡n diameter apert.ures of El and Ez

deEect,ors, the acceptance angles of these detectors were as follows:

Accept.ance angle of El detector:

L/2 ÍLs/(2L6.6 t 0.s)l x 57.29 = 1.98
^e=I

Acceptance angle of. E2 detecEor:
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Table 4-1 Detector and target angles

Target angle (0a)

(dee)

Detector angle (deg)

d-particle detector
(e3)

Recoil deEector
(e4)

30

30

30

45

40

40

40

70

r02

104

106

7l
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L/2 [r5/(rsz.e t
o

0.5)l x57.29=2.8L

For detector and Ëarget angles refer to Tabl_e 4-1.

4-3 Energy Calibrarion

a) ScaÈtered o(-particles

After the kinenatic correction, which was required in order Eo

improve Ehe sPectrun resolution, and whtch was explained in chapter 3,

Ëhe peaks in the alpha spectrun were idenEified and an energy calibraËion

established. Thq centroids of. these peaks \./ere calculated and a

least-squares straight line was fitted to t.hese points, giving the energy

as a function of the channel number. Fig. 3-17b), discussed in chap¡er

3, represents the expanded view of the alpha spectrum from which Èhe

centroids of the peaks Í¡ere calculated and Fig. 4-2 shows Ëhe energy

calibraEion curve for the scaËt.ered alpha particles. Table 4-2 cont.ains

the infonoaÈlon obtained fron the experimenEal peaks, kinematics and

IeasE-squares f itting.

NotÍng thaE the rate of change of alpha energy wiÈh respecc to

angle, (dT/do), depends on the particular reaction taking place, the

calibration r¡ras carried out for two dif ferenË, angles of 03 = 4; and

O^ = lO'. The values of exciËation energies aË. the two angles qTere
J

compared and used to identify clearly Ehose states excÍt,ed via Ehe

13c(p,oa) 10u react,lon. As f ar as resolution is concerned, the FlIHl"l

A0=
f
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of Ehe g.s. peak (Fig. 3-f7b) is 6 channels corresponding to 0.215 MeV.

b) Recoil Nuclei

A two-dinensÍonal energy specErum, EZ vs. El, of particles

deEecÈed in coincidence with the scattered (-parE.icles in telescope I, is

shown in Fig. 4-3. Y-decaying states are expecEed. to result in a very

high coincidence deËection efficj-ency between an. 10g recoil nuclei and

the scatËered c(-particles. Llindows vrere seE on identifled peaks in the

1-D alpha spectrum and the resulting 2-D spectra corresponding to che

gaÈed peaks were projected on the vertical, 82, axls. The centroids of

t.hese projected spectra \tere calculaEed and used Eo obtain Ehe energy

calibration curve for recoil nuclei. The low-lying states of tor,

which can only decay by l-emission to form a clearly identifiable najor

group, were used co calibrate Ëhe coincidence detection efficiencies.

These sEates are shown enclosed by dashed lines in Fig. 4-3 and the

particle-decaying states are largely located outside of chese bonds.

FLg. 4-4 shows t.he energy calibration curve and Table 4-3 contains the

inforrnatlon obt.ained from the experinental peaks, klnematics and least

squares fitting.

The energy callbration r¡ras establlshed without. Ëhe energy loss

corrections in t.he Earget. The inËercepÈ noticed in the energy

calibrat,ion curve is rnostly att.rlbutable to neglect of this energy loss.
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4-4 Calculation of Scat.tering Angle

For kinenatic correction of t.he

calculate the scatEering angle and use iE

spectrum iE vras necessary

in the following relar.i.on

EO

Tg( e 3 )correcred = T3( I 3scarr)- -- - -'measured (dr3/de 3 )Ae ,

where

T, is Ehe energy

O g ts the angle

respect to beam,

(in MeV) of the scattered particle,

of the corresponding detector (in radians) with

functiondT3/dg , is the scatEered particle energy change as a

of angle (in MeV/rad),

and

A0=03 -gscartered.

One of the main feaEures of a two-dimension positÍon sensiËive

proportional counÈer 1s the abiliEy Eo cal-culaË,e the scaEÈering angle on

an evenE by event basis. By referring to Fig. 4-5, the calculation of

the scatE.ering angre proceeds as follows. rn this calcuraEion, srz

denote the coordinaEes of a detector elemenE in horizoncal and vert.ical

direct.ions respectively on the plane of the proportional counËer. The

x-y coordinate systen is defined by Ëhe beam which is in the x-direction

and its origin locat.ed at che center of che target. The y-axis is in the

scattering plane and the z-axís perpendicular to this plane. The
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definit,ion of Èhe other elements are explained in Fig. 4-5.

*p = dl cosg3 + 
" 

singr.

YP = dt sin63 - s cose3.

zP= z.

Then, rhe posÍtion vect.or, Ê, of the scatËered parti-cle can be written

as follows

^^.\t3=*pi+yrj+ ,pk.

_+1f¡.t = 13 cos ( 0""...).

Fron Fig. 4-5

cos (0"."..) = Ër.},>tt.. = *p/r3,

where

.3 = [(*p)2 + (yr)' * ("¡'l'/'.

"' 
0""r.. = "o"-1 {(d, cosþ, * s sins 3)/r(*p) + (yr)2 + (zr)'rt/'j.
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4-5 Theoretical consideraÈions

Many nuclear reacËions at low energy are of the cype

¡¿i th b=a*x.

where A is a target nucleus, a is the inpinging particle, and B and b are

the products; b is usually a light nucleus or a ganma ray with x

referring to Ehe transferred particle(s). The reaction represented in

eq.(4-1) is oft.en descrlbed in a very convenlent notation

A(a, b)B.

The Q of the reaction is the rest

the left side mi nus that of

endothermic reactions, lQl is the

required for the reacEion Eo take

nass difference nuLtiplied by .2 of

the right side of the equaEion. For

minimum center-of-nass kineEtc energy

place.

[.Ie nay consider t.he target nucleus, âs seen f rom an incoming

part,icler âs a region with a potential and an absorption coefficient.

I^Ihen the lncoming particle hits the target it uay be diffracEed by che

potential without losing any energy (elastic scattering).

If the lnconing particle enËers t.he nucleus, it may hit one nucleon

and lÍft it to a higher energy sEate or even to an unbound sÈate and

still preserve enough energy to leave the nucleus. This process is

called inelasttc scaEÈering.
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The incident particle may lose so much energy thaE it, cannot escape

the struck nucleus. If this energy is transferred to a nucleon leaving

it bound, however, we have the case of formaEion of a compound nucleus.

The energy is distrfbuted among t.he nucleons and no nucleon can leave the

nucleus until, by furËher collisions, Ëhe energy reconcentraEes in one

nucleon. The compound nucleus gives rise to a typical energy spec¡rum

for the enitted particles, havÍng a nearly Maxwell disrribution of

velocitles and a pract,ically lsotropic angular distribution. In

contrast, the direct-interactí.on mechanism gives strong angular

dependences, and characteristic máxina of the cross sect,ion as a functlon

of energy. Between E.hese LTdo exErene cases Èhere is also "preequilibriun

emission", in which a nucleon Ís emltÈed after some colllsions, but

before E,hermalization. The preequllibriun emission is recognizable from

its energy and angular distribution; (p,¿) and (n,o¡) react,ions exhibit

characteristics of preequilibrium reactions.

Diffraction scatËering and direct inÈeractions are expect,ed to occur

in periods of the order of to-22 sêc., the t.ine a nucleon takes to

travel the nuclear diameter. The compound nucleus, on Ëhe other hand,

reaches thermal equlltbrium in tlmes very much great,er than this period.

Excited levels have lives

energy. Their level widths,

sÈrongly dependent on the exci t.ation

AE =lt= n/f.

go fron a sma1l fraction of an eV to several MeV.
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The probabiliry thar the react,ion wirl take place rapidly and

involve fewer t,arget nucleons increases at higher energies (Ma 7l).

The results of sone (prol) reactlons have been interpreÈed on the

basis of. the presence of bot,h compound nuclear and direcÈ reactlon

transitions (Br 63), or alternatlvely wtth a pre-compound decay model (Gu

7r).

At energies comparable to our experiment the prinary interaction

occurs in tiues roughly equivalent to che transit time across the nucleus

of the incident particles (,-Lo-22 sec.). Assuming Ëhe reaction Eo

lnvolve only a few target nucleons, and if Èhere is a good overlap

beEween the 1nÍtlal and fÍnar stat.e wave functions, the (pro() reaction of

our i-nterest is considered to be direct. For details abouÈ, direct

reaction fornalisu, refer ro (Ma 71), (Hi 67), (Au 69), (cl 7r) and (sar

64).

4-6 Data Analysis

Energy leveIs of l0g are shown diagrarnnaticarly in Fig . 4-6a) and

in tabulaEed forro in Table 4-4 (^j 79) and (Aj B4). Each nuclear energy

level 1s spectfied by excitatlon energy E, nuclear spin (tocal angular

noment'm) J, parityTf , lifeEine {, and isospin T. Because of the small

nomentun carried by Y-rays, Y-decaying states (low lying states) result

in nearly lOO% coincidence detection efflciency between rhe 10g recoÍl

nuclei and alpha particles passing Èhrough Èhe cenËral region of che X-y

counter. Particle decaying states, on the other hand, result. in lower
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coincldence detection raLes because of the much larger solíd angle into

which the breakup fragments are enltted. Fig. 4-7 represents a schematic

vier.r of the experimental set-up and the detection systen. The breakup

cones correspond to the 5.16 Mev excÍted state of 10¡ producing 61 and

6_.-Li fragmenEs. rn this experiment, ln addition to Èhe coincidence

study of the breakup of staEes in 10¡ to measure the branching racios

for gamna and particle decay, part.icular emphasis was placed on

invescigating che excit.ation region of the doublet conslsting of the 5.11

l"IeV, 2 , T=O and 5.16 MeV, 2*, T=I states, FÍg. 4-6b). These srates

are of interest from the point of view of parÍty nixing.

4-6-1 Resolution ImprovemenÈ in t.he d-particle Singles Spectrun

As discussed in section 3-8; due to the finite size of the

acceptance angle of t.he {-particle deÈector (-t 2 ) , kinenatic

broadening was large, accounting for the poor energy resolution expected

and observed in theo(-particle spectra. Some stat.es like the g.s. and

the 0.718 MeV staEe or 1.74 and 2.L5 MeV states were not resolved

(Fig.3-16). However, by applying the kinematic correction, the

resoluEion rdas greatly iroproved as shown in Fig. 4-8 (Flg. 3-17 repeared)

at lab angle of 4; and in Fig . 4-g ar lab angle of 70". The widrh

(FWHM) for the g.s. which was 0.356 MeV in Fig. 3-16 hras inproved ro

0.2L5 MeV in Fig. 4-8.
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4-6-2 Investigation of Energy Levels ir, 10¡

Levels Tdere examfned in the recoil nucleus (rOs) up to 7.47 Mev in

excltation. The Ëwo-dimensional spectra of recoil nucleus (or breakup

fragnent) energy vs. scattered {-partlcle energy at a lab angre of 4oo

are shown in Fig. 4-10 and Ehat aÈ a lab angle of 7oo is shown in

Fig. 4-rr. The corresponding angles for d.erector 2 were 106o rroí , and
lo

IO2 for Fig.4-10 and 71 for Fig.4-L1 (refer Èo Tabte 4-t).

a) Garnna Decaying StaEes

Because of the snall Eomentun carried by Y-rays, Y-decaylng sÈates

rapidly lead Eo lOs recoil nuclei in their ground states, whose

direcLion devÍates only by a small anount (for example, max. deviation

for 1.74 MeV st.ate is 0.47o ¡ fron the inlËial dÍrection of emission of

the tOu nucleÍ. The resulË is that the coincidence detection

efficiency beEween the o(-particle and the detected 108 ,."oil is very

high, lf the two detectors are set aE corresponding kinenatlc angles

(refer to Flg.4-7). The Iow lyÍng staÈes in che recoil nucleus, up Ëo

and including the 3.59 Mev state, can decay by l-entssion only, and these

sEates were used Èo callbraEe the colncldence detectlon efficiency. For

the purpose of examining these st.aËes, gaEes were seÈ on the

corresponding peaks in the improved one-dimensional o(-spectrun and ¡he

resulÈing 2-D spectrun for each state was projeeted vertically (on

Er-axis) to calculate and verify Ehe correspondlng energies for recoil

nuclei. As an example, and in order to clarify the procedure, Flg. 4-Lz

rePresents a l-D alpha spectrum with a gaEe set. on Èhe 1.74 MeV sËate.
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Ftg.4-13 shows the resulÈlng 2-D spectrun for this state picked out from

the 2-D plot shown in Fig. 4-10a. By projecting the speccrum in

FÍg. 4-13 onto the vertical axi.s, Fig. 4-14 r./as obtained. The energy

eorresponding to the centroid of this peak was calculated and cornpared

with that obtained frorn klnenaÈics. The same procedure was repeated for

t.he other states.

By referring to the 2-D plot shown in Fig. 4-lo, it is concluded

Ehac rhe 0.718, 1.74,2.15, and 3.59 Mev stares are Y-decaying(as they

must be, sÍ.nce this is the only channel allowed energeticalry), t,he 5.16

MeV state is primarily Y-decaying, but the other staEes of interes¡ are

particle-decaying. Y-decaying stat.es, forming a major group, are shown

wiÈhin dashed lines in Fig. 4-10.

b) Particle decaying staÈ,es

Particle decaying states result in lor¿ coincidence detection

efflciencies because of Ehe rather large solid angle into which rhe

breakup fragments are emitted. 0n the basis of the detailed Ez vs.

Et 2-D energy ploEs and the coincidence detection efficiency, it was

possible to seParate part.icle-decaying states from ganna decaying ones.

The following stares are prinarily parttcle decaying sËates:

4.77 l"leV state, nalnly alpha decaying.

- 6.025 MeV stare, roainly alpha decaying.

- 7.47 MeV state, mai-nly proton and alpha decaying.
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In order to be able to present a good descrlptlon of the above

states and to study thelr branchlng ratios, f-t was necessary to calculate

thelr detection efficiencies by using the effÍciencies of the known

/-decaytng states as a callbraÈion. This subject. is explained in detail

1n the following sections.

4-6-3 Efflciency Calculation

For the efficiency calculation lt was necessary to separate random

coincldence events from true events, t.o make background corrections, and

then Èo verify the calculated values of efficiency by conparlng Èhese

values wÍth those obtalned fron a MonËe Carlo simulaEion.

a) Effect of Setting Gate on the E2-TAC

The first atEernpt to remove a considerable fracEion of random

coincidence evenÈs I¡Ias to set. a gate on the tine spectrum of the recoil

nucleus, EZ-TAC. Fig. 4-15 shows a trr¡o-dinensional spectrum of recoi-l

nucleus energy vs. alpha parÈicle energy (kinenatlcally corrected) while

Fig. 4-16 represents the same spectrun wit,h a gaÈe set on E2-TAC. A

comparison of these two spect.ra immediately indicaLes the removal of a

consLderable portion of the random events in Fig. 4-L6.

In addition to inproving the two-dÍmensional spectrum, EZ vs.

E' as prevlously noted addÍtional tirning improvements could be roade in

the E2-TAC spectrun by setÈing a gate on t.he respective peak in the

alpha spectrum. As an example Fig. 4-17 and Fig. 4-18 show the energy

and time spectra f.or 8,, and E'-TAC respectively for all coincldence
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evenLs, and Ffg. 4-f9 and Fig. 4-20 represent the same spectra with an

additlonal constraint of a gate sec on t.he g.s. atpha peak. rn additlon

set.ting a Pronpt coincidence gat.e on Ehe E2-TAC for each state under

consideratlon, results in still further improvement,. FLg. 4-2L shows a

spectrum of Ez for the g.s. when a gate rdas set on the E.-TAC

spect.rum in Flg. 4-2O. A comparison of the E, spectrum in Fig. 4-2I

with that in FÍg. 4-19 Índicates t,he removal of some random events,

especially ln the region below channel 200.

Referring ro Fig. 4-20, E2-TAC (e.s.), rhe FWIII'Í of rhe peak was g

channels. Noting that a full scale of 1024 channels corresponds to 502

nsec, the tining resolurlon calculated fs then 3.99 0.1 nsec.

The frequency of the RF of the cyclotron producing the proton beam

\^¡as 28 MHz, which corresponds to a period of T = 35 nsec. I^Iith a ro24

channel time scale of 502 nsec, one RF period thus corresponds to 7L

channels. The spectrum of Ez-rAc, shown in Fig. 4-r8 was expanded

vertically by a factor of 2oo r¡irh Ëhe intenrion thar rhe peaks

corresponding Èo random events for each beam burst be revealed

(Fig. 4-22). Although the random colncidence background was too low to

reveal Ehis strucÈure a tinlng gate of the same width as the pronpt gate,

but displaced by 71 nsec, was set on the Er-TAc spectrum in order to

display purely random events. Fig. 4-23 shows the resulting plot; it was

found that the number of randon evenÈs was negligible.
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Fig. 4-16 E, vs. E1 wirh a gare on rhe E2-TAC.



97

EZ

c
C)

L'
t¡
T
s

@.ì
CHâNNEL

6øe)
NUMBER

Ffg. 4-17 E, (a11 colncidence events).



98

EU -Ttâ(:

3øøø

?=-

?.øøø
c
C¡

li Ls'øø
T
s

E(òø

CHâhINEL NIJMBER

Fig. 4-18 E2-TAC (all coincldence evenrs).

,l



99

E2-Gl¡t)D

c
c)

ii :3.rØ

T
s

zøø

Løø

ø ær¿
¡!:HANNEL

6øe,
NIJh,IEIER

Fig. 4-19 The spectrum of Fíg. 4-L7 with a gate set on the g.s.



100

EZ-TÊC_G

C
()
L'
FI
T
c.

3ø(,O

?ç'.1ø

?øøø

1-=,(òØ

LØøØ

F_,øø

Ø &(ò
CHAhINEL

6øø
NUMBER

Flg.4-20 The spectrun of Fig . 4-18 wi th a gaÈc seÈ on the g . s.



101

EA- TMPRO

c
c)
LJ

f.t
T
c

Qø
CHâhINEL

6'øø
N(JMBER

Flg. 4-2L EZ (e.s.) wlEh an addttfonal gate on E,-TAC fn Fig. 4-2O.



102

c
C¡
(,
tl
T
e

L4

t?

10

a

6

4

?

o At¿tø 6AO
CHAFINEL NUNTBER.

aøo

Flg. 4-22 E2-TAC expanded vertically by a factor of 200.



10,

Fig. 4-23 Randorn events in a È.ime windov¡ displaced by an RF period fron

the pronpt coincidence window.
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b) Background CorrecËion

Figures. 4-24 through 4-27 represent the spectra of a(-partieles for

single and coincidence events for the various scat.Èered a(-particle

detector angle ( 03) and recoil detector angle ( g 4) pairs of
oocOo($r=40, e4=f04 ), (0, = 40, A4= 106 ), (0r=40,

04 = rof I and ( 0, = t3 , Q4 = 7i ). The channet by channel

information fron Ehese specEra is given in Appendix 2 in which rhe

subscripts 1,2,3 and 4 refer to A 4 = 1O4o , 106o , LO; and 7i

respectively, and R = (no. of coincidence events)/(no. of single

events), the ôR values represent the uncerÈainties in the R values.

Using the infornaÈion obtalned from Ehe spect.ra in Figs. 4-24

through 4-27 and Appendix 2; Tables 4-5 through 4-8 were developed. In

these tables, the corrected efficiency, f-, fs calculated by taking the

effect of background into consideration. The background in Ehis

calculation is assumed to be smooth and continuous. Soue specific cases

for reactions will be discussed later. The above tables are of special

importance for our future study in measuring the branching ratios of che

different states of 10r. The definitions of the Eel:lDS used in these

tables are as follor¿s.

N
S

(\)o
Nz

Nt

N
c

total single events under peak

average background for singles per channel

- (no. of channels under peak) x (4)O

=Nr-N2'

total coincldence events under peak
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average background for coincidences per channel

= (no. of channels under peak) x (F.)U

= N" - (N")U.

experimentaL efficlency( = N"/N")

corrected ef ficiency(= n-"/Nr)

uncerrainEy in (f') ,

àf- = t(AN-c/N- 
"), 

* (ANr/N1)2lr/2 * t'

where AN-c and dN, are Ëhe statisrical

respectively (see for example (Be 69).).

errors in N-c and Nt

4-6-4 Monte Carlo Sirnulation

A Monte carlo sinulation, assumÍng isotropic c.n. breakup for y-

and particle-decay, was carried out which took inEo account beam spot

size, beam energy resolution and geonnetric acceptance of detectors. This

Itas used to calculaËe Ehe theoreÈlcal coincidence efficiency. In rhis

effort, special enphasis was laid upon determlning optimun values for

bearn parameters eÈc. by conparing the calculated efflclencÍes for gamma

decaying stat.es with the experi-mental ones. Af t,er numerous Ërials, the

followlng values were assigned Eo respectlve parameters in Ehe l'IonÈe

Carlo program. The l'lonte Carlo program used was a modified version of

Ë.he Progran which was used in the experiment "Measurenent of the Recoil

Polarizarion of utr* (r.186 Mev, 3+) Following che 9u"(o,a)61-i

Reactlon" (Ar 86).
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a) Single
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FI^IIIM of beam energy spread

Half width in the horizonral plane

Half divergence in the horizonEal plane

Half width in che vertical plane

Half divergence in the vertical plane

Effective collinator radius of Eelescope

at plane of proportional counter collimator

Effective radius of recoil detector

0.140 MeV

0.8 run

7.0 rnrad

1.2 nn

7.0 nrad

6.0 nn

7.8 mn

Table 4-9 displays t.he results obtained from the Monte Carlo

simulation for efficiencies aÈ the specified angles. Measured

efficiencies (Tables 4-5 through 4-B) can be compared wirh rhe above

Ilonte carlo values (Tabre 4-9) and borh inrerpreted in lighr of

Figures. 4-28 and 4-29, which represent diagramnatically the coverage

provided for different staEes by the angular range of the detecÈors.

Tables 4-10 and 4-11 show Ehe calculaEion of the range of Ehe recoil

detector at O 3 = 40 , ana 7ð based on kinemarics ar E- = 40.45 MeV.
p

Table 4-12 indicates the comparison between the experimental and the

MonÈe Carlo efficiencfes for Ëhe Y-decaytng states aE the specifled

ang les . The rat.f os between Èhe t\.ro result s are calculated. The

discrepancy beEween these calculatÍons is rnostly relat.ed Eo background

and particularly Eo the dead time effecÈ which qras not included in the

calculations. The average rat.ios for Ehe flrst Ehree Y-decaying states

at the pairs of angles specified below were calculared. and the resulËs
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are as follor.Js. The g.s. was not included in these calculations due Eo

the background event,s underlying this staEe (refer to Fig. 4-30).

Pair of angles

0, = ad, Oo = toi

o9
03=40,04=104

03 = 4oo, 0o = roå

(4 ò.2
( MC,/ (exp

1.r0 t 0.04

1.03 t 0.02

1.01 t 0.02

The grand average for che above three results fdas calculated as

f.03 t 0.01 and Lhis value will be used as the normalization factor for

Monte carlo output. when discussing the branching ratios for Ehe

particle-deeaying staEes, i.e.,

("a{r,orrrLi.zeð,) = ("a(calculared)/ (1.03 t 0.01)

It is to be noted that in Ehe above average calculaËions, the resulEs

were weighted according to the corresponding error bars (refer to sect.ion

4-6-6, relations (4-2) and (4-3).).

4-6-5 Study of Ehe ExisEence and the Effect of Impurit.ies in Lhe Target

The different staÈes of 10S froro the proper reacÈion
13C(O,c)10g were shown in Fig. 4-10. ExÍsrence of inpuriEies in che

13a a.rg"t could inj-Eiate some other react.ions and affect the validity
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Table 4-9 Monte Carlo OutpuË

S tate
(MeV)

Mode of
decay

ô
J

(dee. )

4
(dee. )

Efficiency

oc stable 40

40

40

r02

L04

106

0.048 r 0.001

0.3s4 I 0.004

0.748 1 0.006

0. 718 Y 40

40

40

ro2

LO4

106

0.100 I 0.002

0.444 ! 0.005

0 .822 t 0. 006

L.74 40

40

40

L02

r04

106

0.202 f 0.003

0.580 t 0.005

o .847 t 0.006

2.t5 Y 40

40

40

L02

104

106

0.252 t 0.003

0.636 t 0.006

0.823 r 0.006

3.59 Y 40

40

40

LO2

104

106

0.447 t 0.005

0.797 r 0.006

0.637 r 0.006

4.77 Y 40

40

40

L02

104

106

0.616 t 0.005

0.779 r 0.006

0.447 t 0.004

4.77 0 40

40

40

t02

104

106

0.042 I 0.00i

0.041 r 0.001

0.045 ! 0.001
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Table 4-9 (continued)

S tate
(t'tev)

Mode of

decay

ê
J

(deg. ¡

0,
4

(dee. )

Efficiency

s. 16 Y 40

40

40

LO2

I04

106

0.668 r 0.006

0.739 I 0.006

0.384 r 0.004

5.16 40

40

40

r02

104

106

0.019 r 0.001

0.020 f 0.001

0.020 r 0.001

6.025 Y 40

40

40

L02

104

106

0.742 t 0.006

0.617 r 0.006

0.253 t 0.003

6.025 0 40

40

40

r02

104

106

0.0110 r 0.0007

0.0110 r 0.0007

0.0110 r 0.0007

7 .47 Y 40

40

40

102

104

106

0.677 r 0.006

o .366 r 0. 004

0.086 r 0.001

7 .47 p 40

40

40

LO2

104

r06

0.063 ! 0.001

0.069 r 0.001

0.082 I 0.001

g.s.

0.718

r.74

2.15

3 .59

sËab1e

Y

Y

Y

Y

70

70

70

70

70

7L

7T

7l

7l

7T

0.574 r 0.005

0.629 t 0.006

0.802 t 0.006

0.865 I 0.006

0 .978 I 0. 007
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Table 4-9 (continued)

S tate
(t"teV)

Mode of
decay

0
J

(dee. )

oq I rrriciency 
i

(deg. ) | I

4.77

4.77

5. 16

5.16

6.025

6.025

7 .47

7 .47

Y

0

Y

0

Y

0

Y

p

70

70

70

70

70

70

70

70

7L

7T

7L

7T

7T

7L

7l

7I

0.988 t 0.007

0.072 r 0.001

0 .982 I 0.007

0.033 1 0.00i

0 .929 r 0. 007

0.017 r 0.00i

0.704 r 0.006

0.137 t 0.002
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Table 4-10 Range of 0O for 0, = 4Oo, Un = 40.45 MeV.

(l) A0O =

where

(2) Range

(d04lde3) x (A0r)

403 = tl. ggo .

of 0. = 0. t Ae.444

SLate 0.
4

d0, /de^4J ^ê 4

(1)
Range of e,

4
Q)

g.s.

0.718

L.7 4

2.L5

3 .59

4.77

5. 16

6.025

7 .47

106. 18

I05.72

105.03

t04 .7 4

r03.69

102.76

L02.45

I]t.7 2

100.41

L.346

L.344

L.342

L.342

1.338

I .333

1.331

r.327

1 .318

2.66s

2.66r

2.657

2.657

2 .649

2.639

2.635

2.627

2.609

103.51 - 108.84

103.06 - 108.38

102.37 - I07.69

102.08 - I07.40

101.04 - 106.34

100. 12 - 105.40

99.81 - 105.08

99.08 - 104.35

97.80 - 103.02
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Table 4-11 Range of 0O for 0, = 70", Ep = 40.45 MeV.

(1) A0¿ = (de4ld03) " (403)

where 403 = tl.98o.

(2) Range of 0O = 0O t A0O.

S tate 0, d04/d03 oto t t) Range ot e r(2)

oc

0. 718

L.7 4

2.L5

3.59

4.77

5.16

6.025

7 .47

73.04

72.67

72.t2

7L.90

71 .08

70.36

70.L2

69 .56

68 .58

0.925

0.92I

0.916

0.9t4

0.906

0. 898

0.895

0. 889

0.879

1.831

L.823

1.814

1.810

r.794

L.778

L.772

r.760

r.740

7I.2L - 74.87

70.85 - 74.49

70.31 - 73.93

70.09 - 73.7L

69.29 - 72.87

68.58 - 72.t4

68.35 - 71.89

67.80 - 7r.32

66.84 - 70.32
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of the calculated efficiencies for Ehe proper reaction. As a first step

to verify these funpuriEies, different possible (p,or) reactfons having

comparable alpha energies were invesÈigat.ed by studying t.he corresponding

kinematics. The energfes for scat.tered part,icles and recoil nucleí

related t.o probable reactions were extracÈed from kfnematics and were

compared Tisith t.hose for different possibre inpurity groups in Fig. 4-r0.

The informat.ion obtained fron this study showed th"t 14N inpuriÈy $¡as

Èhe dorninant one. The different scates of 1I, from the reacËion

14x(p,¿)llc are shown in Figs. 4-30 and 4-31 for different angles.

Alpha fragments resulting fron E.he reaction

tta(0,")9s
,
I

loL----------) p +'Be

8u"------

due to Ë,he presence of tza ,rp,rrity in the target is also shown in

Fig. 4-30. In additfon, some staEes of lZC from the re.c!.ior, 14

w(p,3tt"¡ 12c as well as the g. s. of t3* from rhe reaction
16o(0,*)13, due Èo 14* and 160 impurÍties respectivery were

investigaÈed and are shown in Fig. 4-32.

While the number of coincidence events for the above react.ions \4¡ere

rat.her negligible as compared wi t.h those f or the proper one,

nevertheless, Monte Carlo calculations \{ere carried out in order Eo

obtain their efficiencies and deternine the corresponding number of

single events by perforrning "inverse calculations". The information
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obtained from these Monte Carlo calculations verified that the effect of

these inpurities could be neglected. For example and in order to clarify

the procedure followed, Èhe }4onte Carlo efficiency for Ehe reaction
r4lt(p,o,)1lc v¡as calculated as t = O.eSg at 03 = +ri and

04 = L06 . Referring to Fig. 4-30, the hlghesr number of coincidence

events for the same pair of angles was calculated as 45 event.s for 6.48

ìfev staÈe of 1lc. Then t.he number of corresponding single events using

the above efficiency of 0.859 becones 52 r¿hich Ís quite negligible as

compared with the proper events. Ilowever, as was mentÍoned in secËion

4-6-4, the g.s. Idas noË included in normalizíng the Monte Carlo output

due to the background events underlying this state (refer Èo Flg.4-30).
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tr"2

8r"--------->q +q.
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2.0 l.{eV
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4.809 IleV

6.48 MeV
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J.
.¡
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Fig. 4-30 Stares of llc

I 4" impuri ry in rhe

fragnents resulting from

is shown.

from Ëhe reacEion 14l.i1p,q¡ 1lc

targec, (Og=40, 04 =IO;
t.he reacÈ,ior, 12c(o,o)9¡

due Eo

). Arso

the

8u.

I

p + 8Be,
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E2

Eþ-
7

4.319 MeV

6.48 MeV

4.809 MeV

8.420 MeV

Et

Flg . 4-31 states of llc 
f rorn the reactlon 14*(p,o) llc d,re to the

14¡l lnpurtty 1n the targeÈ, (0" = 70", 0r' = 7L" ).



Fíg. 4-32 Some stares of the

due to Ehe 14* impuriEy

160(p,o)13N due to the 160

0,=71")+

the reaction 14*

g.s. of 13N ftot

in che target,
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12a frot

and the

inpuri ty

Et

crlx¿r2c

the reacEion

l3r¡(e. 
". )

.. it-Jþ2c1s'".)

"r(0.439 Mev state)

($t=70,
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4-6-6 Branchtng Ratios

The excitations, spin-parity assignmenEs and previously reported

modes of deeay for 108 nuclei are given in Eable 4-4. Levels of 10¡

uP to 7.47 lúeY 1n excltation were examined and shown in two-dinensional

spectra in Figures. 4-10 and 4-r1. As was mentioned in secÈion 4-6-2,

che low-lying sÈates consisting of 0.718, L.74, 2.15 and 3.59 MeV, are

purely Y-decaytng states and t.hese forned a major group in Figures. 4-10

and 4-11. In thls section we discuss the partlcle-decaying states and

their branching ratios in more detail.

rt is to be noted Ehat rhe symbol f represenr,s full widrh at half

maximum lntensity of a resonance exciÈat.ion function or of a level, and

the subscrlpEs when shown, indÍcate partial wldths for decay, via the

channel shown by E.he subscript. In addition, the branchlng ratios are

represented by the syu,bol- (j followed by the appropriare subscripr

identifying Èhe decay mode.

a) 4.77 MeV State

As far as the electrornagnetic transit,lons are concerned, the 4.77

MeV staEe deexcitation mode tr, 10¡ has large probabilities to cascade

through the 0.718 Mev firsr excired sraËe (Ne 85). According ro

Ajzenberg-Selove (Aj 84),

T (totar) = o.o2o J o.oo4 ev

Q = 0.23 ! O.o3 7" r
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Fig. 4-33 shows a one-dimenslonal d-spectrun with a gate on Ehe 4.77

Mev state and, as the result of rhe gate, the corresponding

two-dimensional spectrum shor¡n in Fig . 4-34. The event.s contained in ¡he

roiddle gate correspond to t.he locus formed by uhe purely 7-decaying

states described before. Now to measure t.he branching ratios of this

staEe quant.iËattvelyr w€ refer Eo our experirnenËal values of the

efficiencies (Tables 4-5 through 4-8) and the Monce Carlo efficiencies

(Table 4-9).

At O, = 40 and OO = lO2 ; fron rhe Table 4-7 the experimental

efficiency (f') is equal to 0.059 t 0.022. Now from the Tabte 4-9, uhe

l'lonte Carlo calculated efficiency, for the sane angles, assuming the

state to be Y-decaying is 0.616 t 0.005 and the efficlency assuming the

staEe to be a(-decaying is 0.042 t 0.001. Taklng Ehe nornalizaËion facÈor

for t.he I'lonte Carlo efficiencies into account (refer to the secEion

4-6-4), we have

f 
"ait 

o.raLized) = fy6("alculated) / 
(L.O3t 0.01)

Then the normallzed Monte Carlo value for ?-decaying channel will be

0.598 t 0.007 and that foro(-decaylng channel wlll be 0.04f t 0.001.

Based on the above discussion we have

1 ßr) x (0.598 t 0.007) + ( 0o) " (0.041 t 0.00r) = 0.059 + 0.022

t]v)+(ß¿)=1
!¡ith rhe consrraint ßf í f ana/3* r( 1.
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From these equations r¡re get

ß^ = 96.8 t' 4.3 "/"

ntrt = 3.2 ! 4.3 %

Following Ehe same procedure, the branchlng ratlos for t1¡e 4.77 IleV

staËe aE Ehe other pairs of angles were calculaÈed:

Fore3 = 40 , 94 = 104 ,

ß¿ = 96-6 t 4.6 î(

ßt = 3'4 ! 4'6 "Á

ForQ 3 = 40 ,94 = 106 ,

ß* = 104.6 ! B.r "Á

Pt = -4'6 ! 8.r %

Noting that the uncertainties in the above results are differenr,

the mean values for the branching ratios,F , should be obtalned by

welghcing the results according to the corresponding error bars. tle

aPply Èhe following equation (Be 69) to calculate the nean values for rhe

branching ratio

U=
r (x. lo.2)

11t G-2)
L e/o.2)I

where õ, i is the uncertainty in the data poina Xt.

The uncerÈaintyrfy , in the mean H is obtained according to the equat.ion
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u z e/o.')
]-

By lnserting our result.s in the relation (4-2), ne get

= lo.s68/(0.043)2 + 0.966/(O.O+O¡2 + L.046/(o.08l)21l

t1l(0.0ß)2 + L/(o.046)2 + t/(0.081)21

,1LL (4-3)

E,
^

or

From the relation (4-3),

= l,r/(0.043)2 + t/(0.040)2 + l/(0.081)2 lr/2
0r 6F* = 0.029

Therefore, our flnal values for the branching raÈlos of the 4.77 lteY

state are,

ß^ = 97.7 ! 2.9 %

(JY = 2'3 ! 2'9 %

Hence, iE 1s concluded that the 4.77 MeV slate is prlnarily

o(-decaying ( ßA- ßtor). However, by raking rhe uncerrainry of ! 2.9 %

inËo conslderatlon, an upper lfunit of r- 5 7" ean be assigned Èo X-decaying

channel.

6F*

E* = 0.977
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Fig . 4-34 2-D plot of the 4.77 l,leY stare.
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b) 5.16 MeV State

An alpha spectrum wÍth a gaEe on

Fig. 4-35 and, âs the result

two-diuensional spectrun shown in Fig.
o

f06 . FLg. 4-37 shows the projection

on the E^ axis.
¿

(pr) x (0.648 f 0.008) + (f3¿) "
(pr) + (pr) = r

with the consrraint ßf r( 1 and f]4 r<

the 5. 16 MeV sÈate

of the gate, the

4-36 at 03 = 4;

of the 5.16 MeV srate

ls shown in

corresponding

andQO=

of Fig. 4-36

The major group at the central port.ion of Fig. 4-36 represencs the

/-decaying channel of the 5.16 MeV st.ate and Ít is located on che /-locus

forned by low-lying sÈat.es described before.

AtO3=40 and$4=L02, from Table4-7 rhe experimental

efficiency (f' ) is equal Eo 0.505 t 0.0f5. From Tabte 4-9, rhe

corresponding Monte Carlo efficiency for che above pair of angles

assuming E,he state to be Y-decaying is 0.668 ! 0.006 and the efficiency

assuming t.he sÈaEe to beo(-decaying is 0.019 t 0.001. Following the same

procedure as in a) above and applying the normalization facEor for l"fonte

Carlo calculacions, we have

(0.018 + 0.001) = 0.505 t' 0.015

By

of

l.

solving the above, we get the following branching ratios for che pair
ö0

angles 0 3 = 40 and SO = LO2 ,

22.7 ! 2.8 "/.

77.3 ! 2.8 %

ß¿

ß,
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Pursuing Ehe above steps as for þ, = 40 and I O = 102" , the

branching ratios for che oÈher pairs of angles were calcurated

ForS3=40 andBO=104,

ßa= 17.g t 3.0 %

ßr = 82.r t 3-o "/"

For83 = 40 andS. = f06 ,

R. = ?3.4 + 3.I "AI'¿'

ßv= 76'6 ! 3'r "/"

Now, we again use the relations (4-2) and (4-3) to calculate the

mean value and the corresponding uncertainty of the above results. After

inserting the respecÈive values and doing the calculations, the finat

values for the branching ratios of the 5.16 MeV st.ate were calculated as

^[J^= 2L.3 ! L.7 %

F¡= ta'7 ! r'7"/"

Previously reporred values are (Aj 84), (Ke 79), (Af 66)

T(totar) = 1'5 ! o'l ev

ß = B7.O + 4.0 "/"tg

As noted above, there is ¡. B Z discrepancy beËween Ehe Ë.wo resulËs and

our calculaÈed value tor /3, is by E,his amount snaller Ëhan Ehe reporred

one. In verifying this discrepancy, sinilar calculaEion was carried out

for the pair of angles at O, = Zð and S 4 = 7i and the following

results were obtainecl ,

(ìu= zt.3 ! 3.s %
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atlJv 78.7 + 3.9 7.

which confirms the resulËs obtained for the pairs of angles at O ¡
o

=40.

The above discrepancy is attributed to the two neighbouring, i.e. the

5.11 and 5.18 MeV states. These states are very closely spaced with

respect Èo the 5.16 Mev staEe and are nearly loo % alpha-decaying. rf we

assume the previously reported value of ßt = 87.0 + 4.0 "/", wê can

calculate the contribution due to the 5.11 and 5. r8 Èfev staÈes as

fo llows :

Let f be the fraction of contribution due Ëo Ehe 5.16 MeV state

and f -l be the f raction of contribuËion due t.o the 5. 1l +5 . 18 MeV s E,ates.

Assuning the 5.11 and 5.18 Mev states Eo be loo % alpha decayÍng we have
O6(forQ3=40 and@O=IO2)

f x (0.87 10.04) x (0.648 t 0.008) + [f x (0.13 t 0.04) + (t - f)]
x (0.018 t 0.001) = 0.505 + 0.015.

Frorn the above we get

f=0.88810.039

By carrying out t,he sinilar calculation for the other pairs of angles and

taking the average, the average value CEI of the fracrion of Ëhe

contibution due to the 5.16 Mev stare is î = 0.899 + 0.027 and rhe

fractlon of the conÈribution due Èo the 5.rl + 5.18 Mev states is

1 - f = 0.101 t 0.027.
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Then it is concluded that these alpha-decaying sÈates conEribute

approxinately 10 % to the excitation in the region of the 5.16 MeV sta¡e.

c) 6.025 MeV Scate

A two-dirnensional specÈrum with a gate on Ehe 6.025 Mev state is

shown in Fig. 4-38 at g 3 = ¿d and@4 = IOå , and rhe projecrion

showing the corresponding peaks is represenEed in FLg. 4-39. The weak

group of evencs at the central portion of the gate in Fig. 4-38 ls due to

the Y-decaying channel of the scate and the energy of the peak labelled

gamna in Fig.4-39 is consistenc with the energy calculat.ed frorn

kinenatics for toB d"""y to the final g.s. The strong group is related

Eo the parEicle-decaying channel and the energies of the two disEinct

peaks in Fig. 4-39 correspond very closely with the nax. energies

obtained for o(, (5.3f 8 MeV), 
^.rd. 

6Li, (5.901- MeV), fron the kinenatics

for the breakup:

t0u,,6.025 
Mev

t--------¡
sEaËe)

6r,. *d.

At03=40 and$O=LO2, from Table4-7 the experimenr.al

efficiency (f') is equal to 0.008 t 0.002. From Table 4-9, rhe

corresponding Monte Carlo efficiency for the above pair of angles

assuming the state to be Y-decaying is 0. 742 t 0.006 and rhe efficiency

assuming the sËate Eo be o(-decaying is 0.01f0 t 0.0007. Following che

saue procedure as in a) above and applying the normalizaEion facEor Eo

the above Monte Carlo efficiencies we have
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Et

Flg. 4-38 2-D spectrum.of the 6.025 MeV state.
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(l)r) x (0.720 t 0.009) + (ßa) x (0.0107 t 0.0007) = 0.008 t 0.002

(pr)+(p*)=t.
vûiËh rhe consrraint (J, ,( I and É* r( l.

By solving the above, we get the following branching ratios for the pair

of anglesg3 = 4ö andg 4= LOi

á.=100.4+1.8

ßt = -0.4 t 1.8

Following the previous procedure,

pairs of angles were calculated

che branching ratios for Ehe other

"/"

Forþ3 = 4d andeO

4; and 9o

=104,

ß¿= 99.3 t r.9

Êr= 0.7 t L.9 7"

For 0, = = 106 ,

ß*= e8.z t 2.4 %

ßr= r'8 ! 2.4 "/"

By using che relations (4-2) and (4-3), rhe nean varue and che

corresponding uncert.ainEy of the above results qrere calculated as follows

E¿= ss.s ! L.r "a

(?, = o'5 ! L.r "a

Similar calculation rras rnade for Ehe pair of angles
o

A 4 = 7t and the following results were obtained.

ß^= ßO ! 7.3 7.

o3=tå and
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ßr= o.o t 7.3 %

Hence, the 6.025 MeV sEat.e is primarily ( r-Loo %) a o(-decaying state.

IE should also be noEed that since there are oEher closely spaced levels

in the neighbourhood of che 6.025 Mev srare (refer ro Fig. 4-6), rhe

above branching raEios can be attributed ro the region of the 6.025 MeV

state rat.her than purely Co rhe 6.025 MeV sEace.

Previously reported values are (Aj 84)

f (rorar) = 0.rr t O.O2 eV

É, rt o's %

d) 7.47 MeV SraÈe

A two-dinensional specËrun of the 7.47 Mev staEe is shor¡n
oôFLg. 4-40 at 0 3 = 40 , 04 = 106 ; and the projecrion showing rhe

corresponding peaks is represented in Fig. 4-4L. By comparing Ehe

corresponding efficiencies assuming the sËaÈe to be Y-decaying and those

assuming the state to be p-decaying (refer Eo Table 4-9) with the

experinenÈal efficlencies (refer ro Table 4-5 Èo Table 4-g), ir is

noticed that the experimental efficiencies are much lower t.han the former

ones. Hence it can be concluded anoË,her process providing a lower

ef ficiency might be involved. The results obtained frorn E,he l"fonte Carlo

calculation as well as the energy analysis of the specE.run confirn the

o(-decay to be the third process.

tn
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Table 4-13 shows Ehe Monre carlo calculation for the o(- and

p-decays. rn this Ëab1e taoa represenËs the Eotal coincidence

efficiency for Ehe process concerned and ah" ?to" rrd (nigf, indicate

Ehe backward and forward scattering efficiencies for the breakup

fr agmenÈs.

The branching ratios for the f-, p- and d-decay for rhe 7.47 Mev

state are calculated as follows:

(ß, x ny) + (ßo x no) + (ßo x no) = n"*p'

The group labelled (3) in Fig.4-4r represents Ehe o(-decay and

energetically it corresponds Eo the forward scattering of the o( and 6l,i

(g.s.) fragnents. By usÍng Table 4-6 and Table 4-13 we have

ß^* [(O.OO43 t 0.00r) + (0.0028 t 0.001)] = Nr/singtes.

= (6 t 2)/(L3842 t 118).

.'. (ß" )(61,i to Ehe g.s.) = 5.6 t 2.7 "/". (i)

The group labelled (1) in Fig. 4-41 represencs the p-decay and ir

corresponds Eo the backward scaEtering of 98". By using Tabfe 4-6 and

Table 4-13 we have

( ßp^Tp ) = Nr/singles.

ßr" {0.0324 t 0.001) = (z]-r t 14) /(L3842 t 118)

ßr= 0.463 t 0.034.

= 0.015 + 0.001.

(2)
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The group label.led (2) in Fig. 4-41 represenrs the p-decay (forward

scattered 9ru), d-decay with boch o("rrd 6Li (first excited sÈate)

forward scattered and possibly Y-decay.

By using the Tables 4-6, 4-9 and 4-13 we have

ßy x (0.086 t 0.00r) + (3p(o.o47s t 0.00r) +ßa[(0.00e7 t 0.001)

+ (0.0048 t 0.001)1 = (430 t 2L)/(r3g4z + 118) (3)

The constrainË is

ßv*ßp+pu{61,i ro rhe c.s.) +¡?*t6ri Ëo rhe firsr exciÈed

stat.e) = 1. (4)

Fron (1), (2), (3) and (4) above, for03 = OO ,0+ 106 , we ger

Fp -ou'3 ! 3'4 7"

¡3^ l6ri co the c.s. ) n5.6 t 2.7 %

ßu {6"t to the first excited state) 
^/46.g ! L.6 '/.

ß, n an uPPer limf t of 2 7".

Sinilar calculations are nade for Ëhe ot.her pai-rs of angles and the

results are as follows

For$3 = 40 and$O = LO2

[3¡*ø0.0 t s.8 z

A

Bu {"ti to the B.s.)^ 6.2 ! 2.6 "/"

6

ßu (-Li to the first exciËed state).*35.7 t 6.4 %



u8

ßr- o.

ôo
ForQ3 = 40 andQ. = 104

ßp- ss.8 + 4.9 "A

ß.("t ro rhe B.s.)¡,4.r t L.4 "/.f-¿'

pu{6", to uhe first excired stare) ,'43.6 + 5.6 7i

Fr-o'

Finally, the grand average for the above results is calculated with

Ë.he foll-owing results :

F,r-tr.3 t 2.s %

A

ß.("ti to the g.s.)/,4.7 ! L.L %td

ß,(61,i ro rhe firsr exciEed stare) * 46.0 t L.5 "Å'd'

Considering the uncertainttes in the above values, an upper limi¡ of

1 to 2 % can be assigned to the Y-decaying process.

No previous lnforrnaËion seems to be available for the branching

ratios of the 7.47 l[eY state, buc che prevlously reported values for the

neighbouring 7.479 MeV state measured ra tO = 0.992 MeV in the reaction
9uu(p,X)10¡ are as follows (Aj 84)

(3y = 65 r"

T = 25.8 ev.
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Fig. 4-40 2-D spectrum of the 7.47 l"tev scare ar O^= +å and ô. = lO; .J"4
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Table 4-13 Monte carlo calculation for the o- and p-decays
( .4 MeV state

ôu4 Itot
n(6r.i)s'"' lo

lovr high low high

ct-decay

Li6(g.s.)

o-decay

6t i (tst

excited

s taËe

t02

104

106

t02

L04

106

0.0083

0.0075

0.0071

0.0162

0.0169

0.0170

0.0001 I 0.0046

o.oool I o.oooo
I

0.0000s 
I 

0.0043

0.0011 
I 

0.0081

0.0016 
I 

0.00e4

0.0020 I o.oogz

0

0

0

0. 0002

0.0004

0.0004

0.0034

0.0032

0.0028

0.0051

0.0049

0.0048

e.
4 lao,

n ( 9u") n p

low high low high

p-decay 102

104

106

0.0628

0. 0688

0.0823 :iïl;ï;
0.0001

0.00005

0. 00005

0.0012

0.0024

0.0024
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CHAPTER 5

Conclusion

The X-Y position sensiÈive proporEional counter, having a sirople

construcÈion and low cosË, provided an acceptable posiEion resoluEi.on in

two dimensions. The measured inËrinsic position resolution of the

counter in vertical and horizont,al direccions was as 1.4 and 1.3 torn

respectively which were quite satisfactory for our experiment. In order

to obtain a good posicion resolut.ion it. q¡as necessary to calculaEe and

experirDentally E.o optinize Ëhe reduced electric fietd, E/p. The gas

pressure of. 0.f6 atm and bias volt,age between 680 and 720 volË.s were

optimum values in the case of our count.er. The position resolution of

ProporËional counters can get t¡orse in use where some conditions such as

nornnal lncident parEicles are not presenE. The explanation for Ehis

effecr probably ts that. energy loss fluctuations can lead to posiEion

fluctuaEions for non-nornal particles. The energy-loss fluctuations as

well as mult.iple scattering in the entrance window and counter gas could

have deterioraËed Ë.he resolution up to 0.7 mn. In addition to posi-Ëion

infornatlon, iE was possible to neasure the drlft velocity of elect.rons

in the counter as vd = 3.87 J 0.04 cn/p sec.

The proportional counter was succesfully used in a coincidence study

of the breakup of states ir, l0¡ t,o neasure Ëhe branching ratios for ¡l-

and particle (alpha and proton)-decay.
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The energy resolution in the reacti-on t3a(o,or)10g was grearly

improved by calculating the scatterÍng angle and applying rhe kinernatic

correctlon. The FWHM of the g. s. which rvas 0.356 Mev in the raÍ.¡

speccra, r{as improved uo 0.215 MeV.

In this work, the level" of l0 B were examined up Lo 7.47 MeV in

excit.aË.ion and it was possible t.o separaEe the Y-decaying staËes from the

Particle- decayíng ones. The strrtrnary of the resulÈs for branching ratios

are shown in Table 5-1.
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