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ABSTRACT

A two-dimensional position sensitive proportional counter, for wuse
in conjunction with a surface barrier detector, has been designed and
constructed. The main design criteria were to produce a counter of
simple construction and readout, low cost, and acceptable spatial
resolution in two dimensions. The counter was tested under different
conditions of gas pressure, bias voltage, and rate of gas flow. The gas
pressure of 0.16 atm and bias voltage between 680 and 720 volts were
optimum values in improving the position resolution. The measured
intrinsic position resolution (full-width at half maximum) in the

vertical and horizontal directions was as 1.4 mm and 1.3 mm respectively.

The proportional counter has been used in a coincidence study of the
.10 .
breakup of states in ~ B to measure the branching ratios for gamma and

particle (alpha and proton) decay. For this study . the 13C(p,a)lOB
reaction was used with a proton beam from the University of Manitoba

Cyclotron at an energy of 40.45 MeV leading to several excited states of

1OB.

The energy resolution was greatly improved by calculating the
scattering angle and épplying a kinematic correction which was made
possible by the use of the X-Y counter. The full-width at half maximum
(FWHM) of the g.s., which was 0.356 MeV in raw spectrum, was improved to

0.215 MeV.



ii

The gamma-decaying states of 10B resulting in nearly 100%
coincidence detection efficiency between the 10B recoil nuclei and
alpha particles were used to calibrate the coincidence detection

efficiency.

A Monte Carlo simulation was carried out which took into account
beam spot size, beam energy resolution and geometric acceptance of
detectors. The theoretical coincidence efficiencies were calculated and
compared with the experimental ones. The average ratio between the two
results for the first three %Y-decaying states was calculated as
1.03 + 0.01 and this value was used as the normalization factor for the
Monte Carlo output in measuring the branching ratios of the

particle-decaying states.

lLevels were examined in the recoil nucleus (1OB> up to the 7.47
MeV in excitation energy with the following results.

- The 0.718, 1.74, 2.15 and 3.59 MeV states are purely Y-decaying
states, since they are below any particle thresholds.

— The 4.77 MeV state is primarily «K~decaying state (éifV97.7 + 2.9
%Z). The previously reported value for this state is (@, = 0.23 + 0.03 Z.

- The 5.16 MeV state is primarily ¥-decaying ( Zif'78-7 + 1.7 Z).
The previously reported value is 3, = 87.0 t 4.0 Z.
The discrepancy of ~ 8 % is attributed to the two neighbouring, 1i.e.
the 5.11 and 5.18 MeV states which are nearly 100 % alpha-decaying. Due
to the excitation of these states, they contribute approximately 10 %Z to
the excitation in the region of the 5.16 MeV state.

— The 6.025 MeV state is primarily o« -~decaying (/?;A/99.5 + 1.1%).



The previously reported value is ﬂx £ 0.9 7%

- The 7.47 MeV state is primarily - and p-decaying state
((3,~50.7 % 1.8 2  and /,"}P ~51.3 + 2.5 %).  Considering the
uncertainties in the ol~ and p- decaying channels, an upper limit of 1-2 %

is assigned to the ¥.decaying process.
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CHAPTER 1

Introduction

The subject matter presented in this thesis consists of two major
parts. In the first part the design and construction of a small
two-dimensional position sensitive proportional counter is discussed,
suitable for providing position information 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 in 1OB is presented. The
technique of coincidence measurements in conjunction with the poéition
sensitive counter can be wused to measure the branching ratios for

¥-decaying and particle-decaying states.

The operation of proportional counters depends on the different
processes associated with the motion and the interactions of ions and
electrons in gases under the influence of electric fields, and the basic
laws of the wunderlying phenomena have been known for decades (Ch. 79),
(Ch 84). They have been used as essential tools during various phases of
nuclear science: in high-, intermediate-, and low-energy physics and in

many other fields of applied research.

Many of the present-day particle-detectors are based on the
ionization produced by the passage of a charged particle through a gas.
As a result of inelastic collisions, with a resultant transfer of energy

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



pairs, i.e., positively charged gaseous ions and free electrons, are

produced.

A widely used detector is perhaps the resistive-anode proportional
counter using charge division and drift time effects to locate the event.
The horizontal position information (position along the anode wire) is
extracted wusing resistive charge division techniques and the vertical
position information (distance normal to the wire) is extracted by
measuring the time difference between the arrival of the signal from the
counter and some timing reference, for example the signal from a surface
barrier stopping detector. Although these detectors generally do not
give submillimeter resolution, they are preferred because of their low
cost, simplicity and ability to transmit the detected particles to
backing detectors which serve to reduce background e;ents and to improve

particle identification.

Some background information dealing with the general considerations

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

Chapter 3 deals with the design and construction of the proportional
counter including the gas filling and the electrostatic field
calculations. Tests of the counter as well as a description of the
electronics used during the experiment are discussed. Finally,
calibration information, test results of the position resolution and

kinematic correction techniques, are also explained in this chapter.



Position resolution provided by the counter was a little worse than
1l mm, which was quite satisfactory for our experiment. Considering the
feature of two-body reactions, kinematic broadening will always be
present. However, it 1is possible to improve the energy resolution by

calculating the scattering angle and applying a kinematic correction.

. . . 13 10 . )
Investigation of the reaction ~~C(p,w) B, was carried out using
. .10
the counter in a coincidence study of the breakup of states in ~ B, to
separate ¥-decaying states from particle decaying ones, and to measure
the branching ratios for gamma, proton and alpha decay. The results of
some (p,y) reactions have been interpreted on the basis of the presence
of both compound nuclear and direct reaction transitions or alternatively
with a pre-compound decay model. At energies comparable to our

experiment, the (p,y) reaction of interest was considered to be direct.

Because of the small momentum carried by ¥-rays, Y-decaying states
result in nearly 100% coincidence detection efficiency between the 10B
recoil nuclei and alpha particles passing through the central region of
the X-Y counter. These ¥-decaying states were used to calibrate the
coincidence detection efficiency. A Monte Carlo simulation was carried
out in order to determine the dependence of the coincidence detection
efficiency on the various geometrical parameters of the experiment, beam
properties, and the reaction under consideration. Experimental

considerations together with a detailed data analysis and the results

achieved are described in chapter 4.



CHAPTER 2

General Considerations and Properties of Gaseous

Ionization Chambers

2-1 Energy-Loss Mechanism

A fast charged particle can undergo several different kinds of
interactions while it traverses the gaseous medium of a proportional
counter. Of the possible different interactions, the probability of
occurrence for electromagnetic interactions is much greater than the
others, and hence it forms the basis for charged particle detection.
Bethe and Bloch have developed the following relativistic quantum
mechanical expression for the energy loss due to the highly probable
incoherent Coulomb interactions which result in both excitation and

ionization of the atom of the medium (Sa 77).

2mc282Em
i”é:-%Q {n - 28%}
dx BZ 12(1_82)
_ 2mNzZe® | (2-1)

where N is the Avogadrq number, m and e are the electron mass and charge,
Z, A and (? are the atomic number and mass, and the density of the medium,
respectively, and I is its effective ionization potential; =z is< the
charge and 2 the velocity (in units of the speed of light c¢) of the

projectile. In the electrostatic system of wunits, and expressing



energies in MeV,
-1 2 . . .
K=0.154 MeV g =~ cm” for unit charge projectiles.
The quantity Em represents the maximum energy transfer allowed in each

interaction, and two-body relativistic kinematics gives

B = 2mc2R? .
m -2 (2-2)

The light elements and heavy ones have different energy losses in a
proportional counter and this difference in energy loss is used for
particle identification. The restriction for particle identification 1is
that there should be sufficient energy loss of the particles to be
detected, otherwise if the proportional counter is too thin or the gas
pressure is too low, the energy lossAFE as compared to the total energy E
will be too small and most probably particle identification cannot be
carried out effectively. (For details about this section and the other

subjects discussed in this chapter, refer to (Sa 77).)

The energy loss of alpha particles having a typical energy of 35.48
MeV, emitted from a 241Am source, while passing through the
proportional counter wasrcalculated as follows (Ja 66), (Sa 84). These
results compare closely with the wvalues given by the stopping power
tables.

- Energy loss in the entrance window 0.538 MeV

= Energy loss in the gas 0.371 MeV

- Energy loss in the exit window 0.592 MeV



Considering the above energy losses, the energy of outgoing o{-particles
will be 3.979 MeV. It is to be noted that in calculating the above
energy losses, the following points were taken into consideration:

- Since the gas was a mixture of argon and methane, the composition
law was used for the gas mixture.

— The proportional counter was operating at 0.16 atm pressure
during the experiment, therefore the energy loss calculation was based on
this reduced pressure rather than atmospheric pressure.

- An average of 6 mm was added to the internal dimension of the

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

2-2 Delta Ray Production

There are two ways by which an energetic, heavy, charged particle,
such as an alpha, produces the ionization which dissipates its energy in
its passage through matter. In the primary collision with the electrons
in an atom, the most probable of the ionizing collisions are those in
which a relatively slow secondary electron is ejected with kinetic energy
smaller than the energy necessary to cause ionizationin in subsequent
collisions, i.e. the energy required to remove electrons from atoms.
These electrons may attach themselves to neutral atoms, forming negative
ions. A small fraction of the ionizing collisions, however, produces
secondary electrons of relatively high energy (perhaps several keV )
called delta rays. The delta rays themselves then go on to produce
further ionization in the atoms of the stopping material, leading to

secondary ionization and energy loss, just as any electrons of this



energy would. The total ionization is the sum of the primary ionization

and this secondary ionization.

An approximate expression for the probability of an electron

receiving the energy E is given by

L_X

P(E) = K ®

»|

which corresponds essentially to the first term in the Bethe—Bloch

formula. If the reduced thickness x = X(® is introduced, and given in

gem , the probability will be

P(E)dE = %1‘7 ag = w && (2-3)

E E?

% [

where W=KZX/(?2A. By integration, we will get the number of S

electrons having an energy E, or larger:

o W
g P(ENIE = W - £ ~ - - (2-4)

N(E>E,)
m .

the last approximation being valid for E, << Em.

Now noting that 90% of the gas medium of the proportional counter
was argon and its thickness was X = 1.91 cm, we want to calculate the

approximate number of electrons emitted with energy above 15 eV (the



ionization potential of argon) at normal conditions by the most and the
. . . 13 10
least energetic alpha particles produced in the reaction C(p,x) B
(The proportional counter was wused for two-dimensional position
measurement in this expriment; for details refer to chapter 3 and chapter

4y,

From the relation (2-4) we have:

W _ KZx

N(E » E') N E; , where W = E;X 3 (2-5)

As mentioned before, if the calculated value of K for wunit charge
projectiles 1is equal to 0.154 MeV g~1 cm2, then the value of K for
alpha particles is
K = 0.154 x (2%) = 0.616 MeV g™+ cm®
Z(Ar) = 18
x = PX = 0.001783 x 1.91 = 0.0034 gr cm > (at NTP)

A = 39.9

According to relativistic kinematic calculations, for bombarding energy
Ep = 40.45 MeV the energy of the most energetic alpha particles is
33.70 MeV and that of low energetic alpha particles is 12.276 MeV. (9
values corresponding to these energies are (P11 = 0.1336(c) and ﬂ?z =

0.081(c) respectively.

By replacing the corresponding values in (2-5) above, we get:



4y o 0:616x18x0.003k _ ¢ ncoonc ey

(0.1336)2x39.9

W o= 0.616x18x0.9034 = 0.144 MeV.

(0.081)%x39.9

From relation (2-5)
NI(E > 15 eV)~s(0.052935 x 106)/15 = 3529
NZ(E > 15 eV)~(0.144 x 106)/15 = 9600

for the most and the least energetic «-particles respectively. It is to
be remembered that the maximum energy transfer to emitted electrons can
be calculated from expression (2-2). For example for the most energetic
alpha particles mentioned above for which 3= 0.1336(c), the maximum

energy transfer is:

(ZmC%GZ)/(l-GF)

=]
1

[2 x 0.511 x (0.1336)2]/[1—(0.1336)2]

0.01857 MeV = 18.57 keV

where mc2 = (0.511 MeV is the rest energy of the electron.
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Delta electrons, depending on their energy, will cover a certain
distance in the gas, suffering elastic and inelastic scatters from the

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

T

can be calculated integrating the Bethe-Block formula over the range RT
and requiring the integfal to equal the total available energy; however,
it gives a bad representation of the distance effectively covered by an
electron, because of the randomizing effect of the multiple collisions.
It is customary to define a practical range Rp that appears to be two
or three times smaller than the total range and in general is the result
of an absorption measurement. For energies up to a few hundred keV, a
rather good approximation for the practical range, in g cm_z, is
(Ko 68)

RP = 0,71 El°72 (E in MeV).



"

2-3 Primary and Total Ionization

A charged particle passing through a gas ionizes it and a discrete
number of primary ionizing collisions takes place which 1liberate
electron-ion pairs in the medium. However, only part of the energy goes
into ionizing the gas and into imparting kinetic energy to the electrons.
The average amount of energy required per ion formed is remarkably
independent of the charge, mass, and velocity of the particle producing
the ionization, but depends on the gas in which the ions are formed.
Table 2-1 gives the average energy spent per ion pair formed in some of

the most important gases (Se 77).

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

He Ne Ar Xe H 0 N Cco Air

42.7 36.8 26.4 21.9 36.3 32.5 36.5 34.3 35.0 Polonium
o~particle

42.3 36.6 26.4 22.0 36.3 30.9 34.9  32.9 33.8 Tritium
B rays
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As mentioned in 2-2, the electron ejected can have enough energy (larger
than the ionization potential of the medium) to further ionize, producing
secondary ion pairs; the sum of the two contributions is called total

ionization. The total number of ion pairs can be represented by:

ng = AE/Wi (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 the above discussion, we want to calculate the number of
primary, secondary and total jon pairs produced in the proportional
counter by the most and the least energetic &« —particles, discussed in
section 2-2, as well as those produced by 5.48 MeV & -particles emitted

from a 241Am source.

The energy loss of X-particles in passing through the counter were
calculated under the same conditions as were explained in section 2-1 for

5.48 MeVo - particles, and the results are shown in Table 2-2.

The values of W, the effective average emergy to produce one pair
in argon and methane are 26 and 28 eV respectively. Then by knowing the
energy loss of theX-particles in the gas (from Table 2-2), and using the

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

For 5.48 MeV&-particles:



13

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

Energy loss (MeV)

Medium

33.70 MevV 12,27 MeV 5.48 MeV

o-particle a-particle a-particle
Entrance window 0.141 0.317 0.538
(Aluminized mylar)
Gas 0.096 0.202 0.371
(P-10 at 0.16 atm)
Exit window 0.143 0.322 ' 0.592
(Aluminized mylar)
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ng = (0.371 x 10°)/(26 x 0.9 + 28 x 0.1) = 14160 pairs.

For 12.27 MeVA -particles:

= (0.202 x 106)/(26 x 0.9 + 28 x 0.1) 7710 pairs.

or

For 33.70 MeV&X -particles:

= (0.096 x 106)/(26 x 0.9 + 28 x 0.1) 3664 pairs.

Ap
(It is to be remembered that the above calculations for the energy loss
in the gas and consequently for the total ion pairs have been based on

the reduced pressure of the gas of 0.16 atm).

According to (Sa 77), the number of primary ion pairs produced per
unit length in argon and methane at atmospheric pressure for minimum
ionizing particles having energy losses 2.44 keV/em in argon and 1.48
keV/cm in methane are 29 and 16 respectively. The corresponding number
of primary and secondary ion pairs were calculated for the proportional
counter described later in this thesis (chapter 3)f The results are

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

a-particles at a reduced pressure of P = 0.16 atm.

Number of ion pairs n
. s/
a-particles n
Total (nT) | Primary (np) Secondary (ns) P
5.48 MeV 14160 4368 9792 2.24
12,27 MeV 7710 2378 5332 2,24
33.70 MeV 3664 1130 2534 2.24
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2-4 Drift and Diffusion of Electrons

The primary act of ionization results in electrons, some of which
(delta rays) have sufficient energy to produce secondary ions. The
mobility of electrons, except for very low fields, is not constant, an&
electrons, due to their small mass, can increase their energy between
collisions with the gas molecules under the influence of an electric
field. The average velocity v in the direction of the field, called the
drift velocity, is proportional to the field. The constant of
proportionality p is called the mobility. An electron bouncing between
heavy atoms, will not transfer much of its energy to the atoms unless it
can excite them by inelastic collision. 1In the case of noble gases the
required energies are of the order of 10 eV. Under the action of the
field the electron will acquire a large velocity u, which is randomized
in direction by the collisions until an inelastic collision causes a
considerable decrease in velocity. If the electric field E lies in the
z- direction and the mean free path is denoted by A, an electron will

drift in this direction in time 7 between collisions by an amount

1/2 x [(eE)/m]qj2 = 1/2 x [(eE)/m] (A/u)z,

because it is subject to the force eE. The number of collisions per

second is u/A; hence the drift velocity is

v=1/2 x (eE/m){(A/u) = RE.
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Clearly a low value of the random velocity u increases the mobility p.
For heavy ions the mobility is of the order of 1 cm sec_'1 per V cm

at STP; for electrons it is about 1000 times larger. It has been found
that the addition of even very small fractions of another gas to a pure
gas of the proportional counter can, by slightly modifying the average
energy, dramatically change the drift properties. A typical example is
given in Fig. 2-1 which gives the measured values of drift velocity in
argon, methane-argon mixtures, and methane(Bo 57). In most gases, the
drift velocity rises with the value of E/p and approaches a relatively
constant value; for E/p greater than about 1 to 10 (volts/cm)(mm Hg)_l,
the electron drift velocity approaches a constant value of about

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

Fig. 3-8 represents a two-dimensional (2-D) plot from a calibration
run obtained by the use of a 5 X 5 hole configuration collimator. Using
the information obtained from the time (vertical) projection of this 2-D
plot, it was possible to measure the drift velocity of electrons in the
proportional counter which was calculated as 3.87 cm /M sec (refer to

section 3-7).

2=5 Electric Field Dependence of Proportional Counter

If the electric field across a contained volume of gas is small
enough so that the ioms and electrons formed do not gain sufficient
energy between collisions to produce additional ionization, the apparatus
performs as an ionization chamber. The ion pairs formed by each entering

ionizing particle should be collected at the electrodes and produce a
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Pure methane

90% argon - 10% methane

Drif1 velocity, cm/usec

Pure argon
—_1 1 1 i

o 1 1 1
0 0.2 0.4 06 0.8 10 1.2 L4 16

&fp (voits/em) (mm Hg)~*

Fig. 2-1 Electron drift velocity as a function of E/p for pure
argon, methane, and methane-argon mixture.
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pulse of charge which may be counted. The current of the chamber in
ionization mode, over a certain voltage interval, is independent of V and
the current is said to be saturated; i.e., only the primary ions

(including those produced by delta electrons) are being collected.

If the applied voltage is now increased beyond the saturation
interval, the primary ions and electrons begin to produce secondaries by
collisions with the gas; consequently, the primary ionization is
multiplied by a factor that depends on the geometry of the apparatus and
on the applied voltage V, and the device functions as a proportional

counter.

Increasing the electric field above a few kV/cm, more and more
electrons can receive enough energy between two collisions to produce
inelastic phenomena, excitation of various kinds, and ionization. Noble
gases, being bombarded by the electrons, can only be excited or deexcited
through photon absorption or emission, while weakly-bound polyatomic
molecules, for example the hydrocarbons used in proportional counters as
a quencher, have radiationless transitions of a rotational and
vibrational nature. Addition of an organic vapour to noble gases will
therefore allow the dissipation of a good fraction of energy in
radiationless transition, and this is essential for high gain and stable

operation of proportional counters.

When the energy of an electron increases over the first ionization
potential of the gas (15.7 eV for argon for example), the result of the

impact can be an ion pair, with the scattering of the primary electron.



The probability of ionization rapidly increases above threshold and has a

maximum, for most gases, around 100 eV.

Consider now a single electron drifting in a strong electric field;
at a given time, it will have an energy £ with a probability given by the
appropriate energy distribution function F(€&). When, following the
statistical fluctuations in the energy increase between collisions, the
electron gains an energy in excess of_ the ionization potential, an
ionization encounter may occur. The mean free path for ionization is
defined as the average distance an electron has to travel before getting
a chance to become involved in an ionizing collision. The inverse of the
mean free path for ionization, « , is called the first Townsend
coefficient and represents the number of ion pairs produced per unit
length of drift. In a limited region one can assume the coefficient to

be linearly dependent on the energy of the electrons.

The process of ionization by collision is the basis of the avalanche
multiplication in proportional counters. Consider an electron liberated
in a region of uniform electric field. After a mean free path dml, one
electron-ion pair will be produced, and two electrons will continue the
drift to generate, again after one mean free path, two other ion pairs
and so on.

If n is the number of electrons at a given position, after a path dx, the

increase in the number will be
dn = ne dx.

and, by integration
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AKX
n=ne .
0
or M =n/n = &, (2-7)

M represents the multiplication factor. In the general case of a
non-uniform electric field, xX = X(x), equation (2-7) has to be modified

in the following way:

Xy

M = exp] fot(x)dx] .

X
(

The multiplication factor cannot be increased at will. Secondary
processes, like photon emission inducing the generation of avalanches
spread over the gas volume, and space-charge deformation of the electric
field, eventually result in a spark breakdown. A phenomenological limit

for multiplication before breakdown is given by the Raether condition

xXx~20,
8 s . . ;
or M~10"; the statistical distribution of the energy of electrons, and
therefore of M, in general does not allow one to operate at average gains

above r-'lO6 if one wants to avoid breakdown.



CHAPTER 3

Design, Construction and Testing of Proportional Counter

3-1 Design and Construction

The main design criteria for the position sensitive proportional
counter was to produce a counter of simple construction and readout, low

cost, and acceptable spatial resolution in two dimensions.

The horizontal position information (position along the anode wire)
is extracted using resistive charge division techniques and the vertical
position information (distance normal to the wire) is extracted by
measuring the time difference between the arrival of the signal from the

counter and a surface barrier stopping detector.

A perspective view of the position sensitive proportional counter is
shown in Fig. 3-1 and cross-sectional views showing its internal
structure are shown in Fig. 3-2. Its over—-all dimensions are
approximately 87 mm x 67 mm x 38 mm deep. The body of the counter was
machined from brass and was mounted on a 3.17 mm thick mounting plate so
that the center of the entrance and exit windows were 25.4 mm above the
level of the supporting arm, which corresponded to the beam level in the
scattering chamber. In the previous design of the counter, the anode
wire was 31.7 mm long, 10’4m in diameter with 46051 resistance. However,
it was realized that a shorter anode wire having low resistance did not

provide effective charge division and the position computation incurred



Collimator position indicator

Motor drive for collimator

Collimator

Fig. 3-1 Perspective view of position sensitive
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loss of accﬁracy. Therefore, in the modified version of the counter, the
anode wire was made 58.4 mm long, with 89052 resistance and it was placed
along a cavity having a rectangular shape. The sensitive area of the
counter has a circular cross section 25.4 mm diameter, and the thickness
of the gas 1is nominally 1.9 cm. In order to have good linearity for
position coordinates the problem of rapid field change in the drift
direction, when deciding the internal dimensions of the counter, had to

be considered with some care.

The top portion of the counter was made detachable from the main
body in order to facilitate the mounting of the anode wire on the
supporting electrodes. These electrodes were wire extensions of standard
high voltage vacuum feedthroughs and their lengths were adjusted so that
the position of anode wire was just above the top level of the windows.
Gas inlet and outlet connections were made through 3.17 mm polyflo tubing
connected to polyflo fittings at the top of the counter. Both entrance
and exit window frames were made removable and the windows could be
easily epoxied in place. Entrance and exit windows on the counter were
made from SOOyg/cm2 aluminized mylar and their openings were 25.4 mm
in diameter. A number of windows were carefully mounted in place and
tested destructively in order to determine the bursting pressure as well
as the bulge of the windows as a function of pressure. The Dbursting
pressure was .~ l.36 atm. Average bulge of the windows, with the vacuum
level in the scattering chamber ~ 4.0 x 10"‘6 mm Hg and the gas pressure

inside the proportional counter 0.16 atm, was , 3.0 mm.
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For field shaping purposes, wires of 20.Or1m in diameter with 3.2 mm
spacing between them were soldered onto 1.27 mm thick rings, and these
rings were mounted just inside of the entrance and exit windows
(Fig. 3-2.b). Without these wires the electric field shape is determined
by, among other factors, the aluminized mylar windows. Since these
windows bulge considerably under pressure, the field shape is distorted

to an unacceptable degree.

A remotely controlled collimator was mounted in front of the
proportional counter and different configurations of holes provided the
necessary flexibility for testing during the experiment. All holes
(except the large one) were 3 mm apart center to center and the diameter
of each hole was 3 mm on the front face and 1 mm on the back face. This
method provided good collimation and at the same time eliminated to some

extent the possibility of excessive beam scattering.

Standard BNC and SHV cable fittings were used for the output signals
and high voltage power. The high voltage was applied through one of the

preamplifiers connected to the proportional counter.

3-2 Gas Filling

As far as the operation of proportional counters is concerned, a
rather Jlarge variety of gases can be used in them. However, due to some
experimental requirements and restrictions, our choice in selecting a
particular gas is limited and it is more or less restricted to several

families of compounds. Noble gases are generally preferred as the main
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component, and this is because avalanche multiplication occurs in these
gases at much lower fields as compared with complex molecules. The next
parameter to be considered in selecting a particular gas among noble
gases is a high specific ionization which is required at 1least for the
detection of minimum ionizing particles. Xenon or krypton are
disregarded due to economic reasons and as a result, argon seems to be
most suitable as a wmain component gas to be used in proportional
counters. An argon operated counter, however, does not allow gains in
3

4 . ; . .
excess of 107 - 10 without entering into a permanent discharge

operation for the following reasons (Sa 77).

During the avalanche process, excited and ionized atoms are formed.
The excited noble gases can return to the ground state only through a
radiative process, and the minimum energy of the emitted photon (11.6 eV
for argon) is well above the ionization potential of any metal
constituting the cathode. Photo-electrons can therfore be emitted from
the cathode, and initiate a new avalanche. Argon ions, on the other
hand, migrate to the cathode and are there neutralized extracting an
electron. The energy released in this process is either radiated as a
photon, or via secondary emission, i.e. extraction of another electron
from the mwmetal surface. Both processes result in a delayed spurious
avalanche: even for moderate gains, the probability of the processes
discussed 1is high enough to induce a permanent process of discharge.
Polyatomic molecules have a very different behaviour. The large number
of non radiative excited states (rotational and vibrational) allows the

absorption of photons in a wide energy range: for methane, for example,
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absorption 1is very efficient in the range 7.9 to 14.5 eV, which covers
the range of energy of photons emitted by argon. The molecules dissipate
the excess energy either by elastic collisions, or by dissociation into
simpler radicals. The same behaviour is observed when a polyatomic
ionized molecule neutralizes at the cathode; secondary emission is very
unlikely. In the neutralization, radicals recombine either into simpler
molecules (dissociation) or form larger complexes (polymerization). Even
a small amount of a polyatomic quencher added to a noble gas changes
completely the operation of a counter, because of the lower ionization
potential that results in a very efficient ion exchange. Good photon
absorption and suppression of the secondary emission allows gains in

excess of 106 to be obtained before discharge.

Considering the above discussion, the gas filling of the
proportional counter was P-10 (90% argon plus 10% methane) gas mixture.
The proportional counter was tested under different conditions of gas
pressure, bias voltage and rate of gas flow. The gas pressure proved to
be a critical parameter in improving the position resolution. The most
suitable pressure was found to be 0.16 atm for P-10 gas mixture.
Therefore it was necessary to devise a system to be able to maintain the
pressure at the required level without any noticeable fluqtuations.
After studying and testing different systems, the layout shown in
Fig. 3-3 was devised and used during the experiment. Fresh gas
continuously flowed through the counter with the pressure accurately
maintained at the required level by a manostat. The manostat had a

simple construction and its main components were a cylindrical reservoir,
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rubber membrane, needle valve and gas inlet and outlet ports as depicted
in Fig. 3-4. Pressure control was achieved via the motion of a rubber
membrane responding to the differential between the gas pressure in the
proportional counter and the reference pressure in the reservoir. In the
layout of Fig. 3-3, B, is the reference pressure in the reservoir which
is connected to or separated from the rest of the system by a needle
valve and a rubber membrane discussed before. At first, the needle valve
is opened while the vacuum pump is operating until the desired level of
reduced pressure is attained and indicated by the vacuum gauge. With the
pressure of the gas in the system (P) equal to the reference pressure
(B ), the needle valve is closed. As long as P = B, , inlet and outlet of
manostat are isolated from each other by the rubber membrane. When P >
P, , the excess pressure causes the membrane to be depressed opening the
inlet to the pumped outlet tube. Conversely, when P < B, , the membrane
closes the/ inlet and the internal pressure starts to build up until the
desired pressure is again established. This system proved to work

efficiently throughout the experiment.

3-3 Field Calculations

In order to provide rather good linearity for both position
coordinates, the geometry of the proportional counter must be considered
with some care. Position measurement with good resolution and particle
identification are among the major requirements expected from
proportional counters. The realization of these requirements depends to

a large extent on properly choosing the geometry of the electric field.
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The potential distribution in space is entirely defined by the
geometry and the potentials of the electrodes. Neglecting space charges,
the electrostatic potential distribution can be determined by solution of

Laplace “s differential equation

Although the theoretical possibility of obtaining analytical
solutions for the field is very interesting in principle, an integration
of the above equation under the proper conditions as given by geometry
and potentials of the electrodeé is generally very complicated. In the
ma jority of practically important cases, analogue or numerical methods

have to be used.

Relaxation Methods (K1 71) (Se 67)

For the three-dimensional case, Laplace “s equation is
2 2 2
DV/AXT + °V/oy®  + 3v/dzt = oO. (3-1)

For a numerical method of extrapolating the potentials off the
electrodes, let the xy, yz, and xz planes be covered by a net of
equidistant lines parallel to the three axes (a two—-dimensional
representation is shown in Fig. 3-5). The potential V, at any lattice
point should be completely determined by the potentials Vl’ V2, V3,

VS’ and V., of its neighbouring six lattice points. Calling g

6

the distance between the lattice lines, it can be shown that

V4,
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(Vo =% )/g - (% -V,)/g ~ (BV/RY), 4

- QYY) 4 ~8R7VRYD),

(3-2)
(V) - W)/g = (% = Vp/g ~Q@VAX),
- @VRX) 5 ~ g VRED),

(3-3)
(V5 = %)/g = (W = V)/g ~ @VR2), |
- QVR2), ¢ ~8(FVRZ)

(3-4)

According to Laplace “s equation (3-1); from the expressions (3-2), (3-3)
and (3-4) we get

V,-zl/6x(Vl+V +V, +V, +V +v6). (3-5)

2 3 4 5
With the help of (3-5) the potential distribution between electrodes of

known potential can be extrapolated.

Based on the theory which was discussed above, and in order to get
high accuracy in the computation and plotting of the electric field of
the proportional counter, the relaxation technique was applied to
accurate field determinations by the wuse of computer. The computer
program was the modified’version of the program which Qas initially wused

to calculate the three-dimensional electric fields by successive
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over-relaxation in the central region of the University of Manitoba
Cyclotron. A 0.50 mm mesh size was used to study the shape of the field
in different layers and a three-dimensional boundary corresponding to the

geometry of the proportional counter was specified.

Electrode geometries and the aspects of potential distribution were
studied by relaxation calculations in order to find the most appropriate
potential shape. A representative potential distribution_ produced for
the geometry shown in Fig. 3-2 with the mesh size of 0.50 mm, and
presenting a vertical plane a distance of 1.0 mm. from the anode wire,

is shown in Fig. 3-6.

3-4 Leakage Current

The counter was tested under different conditions of gas pressure,
bias voltage, and rate of gas flow. The gas pressure proved to be a
critical parameter in improving the position resolution. As mentioned in
section 3-2, the most suitable pressure was found to be 0.16 atm for the
P-10 (90% argon plus 10% methane) gas mixture which was kept constant
with constant flow of gas by the use of a manostat. Bias voltage between
680 and 720 volts gave good results at the reduced pressure of 0.16 atm
of the gas. The sudden increase of leakage current precluded the use of
bias voltage beyond 720 V at the above reduced pressure. Leakage current
was due to a discharge which occurred between the electrodes and the body
of the counter acting as a cathode, and it was noticeable at higher bias
voltages and/or at low pressure of the gas. Some of the results obtained

from the leakage current tests are summarized 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 Gas Pressure (atm)
(v) 1.00 0.50 0.33 0.16 0.12 0.10
660 *
700 0 0 0 0 *
740 0
750 0 0 0 0 %% *
760 3
770 0 0 0 0 *
800 0 0 0 0 *
840 ®
900 *

0 No leakage current
* Sudden rise beyond 1 uUA

*% Unstable condition
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3-5 Electronics

The experimental set-up consisted of two counter telescopes (for
detail refer to chapter 4). Telescope # 1 consisted of the X-Y
proportional counter, a surface barrier detector (El) and a veto
detector. Telescope x2 consisted of a surface barrier detector (E2)

backed up by a veto detector.

The outputs of the detectors as well as the right and left outputs
of the proportional counter were first sent to Ortec pre-amplifiers which

in turn were connected to Ortec main amplifiers in the circuit.

In order to observe position sensitivity using charge division, the
input impedance to the pre-amplifiers on each end of the anode wire had
to be small compared to the 89052 resistance of the anode wire.
Different types of pre-amplifiers were tested and Ortec pre-amplifiers
(model 109A) proved to give good results. It is to be noted that the
fraction of the total charge induced on the wire that is collected at one
end is linearly related to the position when low impedance pre-amplifiers
are used on each end of the wire. For the purpose of obtaining the
optimum signal to noise ratio, the pre-amplifiers gain switches were put

in the x 10 position.

The signals from the main amplifiers were transmitted to
analog-to-digital converters (ADC), which in conjunction with a data
accumulation program, BTEN, produced spectra. The energy per channel for
241Am

alpha spectra was pre-set to be approximately 34 keV using a

alpha source mounted in front of the detectors, in conjunction with a



charge terminator.

The output from the El detector provided the common start pulse to a
time-to-digital converter (TDC). The stop pulses came from the right and
left outputs of the proportional counter as well as from the E2 detector.
The outputs from ADC and TDC were fed to the interface of an on-line VAX

computer.

A block diagram of the electronics reflecting the complete singles
experiments and simultaneous coincidence experiments is shown in
Fig. 3-7. The coincidence portion (bottom part, involving telescope E2)

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

After some preliminary tests of the proportional counter using 5.48
MeV alpha particles from a 241Am source, it was used as an X-Y counter
. 13 10 . . . .
in a study of the C(p,«) "B reaction investigating the decay
properties of 10B (refer to Chapter 4). The proton beam was provided
by the University of Manitoba Cyclotron at an energy of 40.45 MeV on a

13C target.

Fig. 3-8 represents a two-dimensional plot from a calibration run
obtained by the use of a 5 x 5 hole configuration collimator. The holes
were 1 mm in diameter and 3 mm apart center to center. The surface
barrier detector used in conjunction with the proportional counter was
not large enough to cover completely the array of holes in the collimator
and this accounts for the absence of some of the corresponding peaks in

Fig. 3-8.

Fig. 3-9 and Fig. 3-10 represent respectively the time and position
one-dimensional projections obtained from the two-dimensional plot.
Noting that the holes of the collimator corresponding to the peaks
obtained from these projections were 3 mm apart, it was possible to
deduce calibration information both for time and position. Fig. 3-11 and
Fig. 3-12 show the time and position calibration curves together with the
corresponding equations which were used in the computer program for the
right output of the counter, and Fig 3-13, and Fig. 3-14 represent the

same information for the left output of the counter.
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3-7 Position Resolution

As explained before, the horizontal position information (position
along the anode wire) was extracted using resistive charge division
techniques and the vertical position information (distance normal to the
wire) was extracted by measuring the time difference between the arrival
of the signal from the proportional counter and a surface barrier
detector. Now we want to 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 FWHM
was calculated as FWHM = 4.96 + 0.14 and the average spacing between the
centroids of the peaks was 9.9 + 0.1 channels. Remembering that the
holes of the collimator were 3 mm apart center to center, the
experimental position resolution in the vertical direction Cr;xp) was

calculated as

'1‘e‘xp = [(4.96) £ 0.14)/(9.9 £ 0.1)] x (3 mm)

=1.50 £ 0.05 mm.

Taking the finite size of the holes of the collimator (1 mm in
diameter) into consideration, the intrinsic position resolution was

calculated as follows
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For a Gaussian probability distribution we have (Be 69)

T=2.3450,

where T* represents the FWHM and ¢ is the standard deviation.

]l 1‘5010'05 mm.

s O exp = (1.50 + 0.05)/2.345

'
= 0.64 + 0.02 mm.

If the variance due to the finite size of the holes

G@z, the experimental variance, i.e.,
approximately given by
2 2 2

(a/exp) = (o‘int) + GZP *

By referring to Fig. 3-15, we will have

o

cof = 12x | (v an)x’1/a,

-a

2
(T oxp)

(3-6)

is denoted by

will be

where the numerator represents the second moment of the area with respect

to y—axis and A is the total area.

We have

g = (a2 - x2yL/2
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+a
. 2 2 2.,1/2
a0l = 2x |2 - DY L axyyma?
~a
a
= 4/1Ta2f(a2 - xz)l/2 . x2 dx.
g

By using the expression:

a

].xm(an - xn)p dx
4}

= (am+ 1+ )T [(m +1 )/n]T*(p + 1)}/

{n[(m + 1)/n+p+ 11},

where m = 2, n = 2, and p = 1/2.
We get
d@z = 32/4.

But a=1/2 om.

A U¢2 =1/16 mmz.

From (3-6)
2 _ 2 _2
(Uint) B (o"exp) 6?
= (0.64 + 0.02)% - 1/16
o Uipnr = 0.59 £ 0.02 mm
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Finally, the intrinsic resolution is

TYint = 2.345 a“int

"

2.345 x (0.59 £ 0.02)

1.38 £ 0.05 mm.

As was shown above, the contribution of the finite size of the holes

of the collimator is quite small.

b) Calculation of Drift Velocity

In the vertical time (right) distribution shown in Fig. 3-9, the
axis of 64 channels corresponds to 502 nsec. As mentioned in a) above,
the spacing in channel number between the centroids of the peaks was
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

[9.9/64 x (502 x 10°°)] x 10/3 = 0.258 x 1070 sec.

The drift velocity is

vy = 3.87 + 0.04 cm/r&sec.
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c) Horizontal Position Resolution

By referring to Fig. 3-10 (horizontal position, left), FWHM =
4.47 £ 0.13 and the average spacing between the centroids of the peaks is

9.2 + 0.1 channels.

Following the same procedure as discussed in a) above, the
experimental and intrinsic position resolutions in the horizontal

direction were calculated as

T exp = 1.46 £ 0.04 mm

T int =1.31 £ 0.05 mm.

The position resolution of proportional counters can get worse in
situations where some conditions, for example normal incident particles,
are not present. The explanation for this effect probably is that energy
loss fluctuations can lead to position fluctuations for non-normal
particles. The energy-loss fluctuation effects can be calculated by
integration of the Vavilov distributions for energy loss in the halves of

the counter (Va 75).

According to the calculations made by R.G. Markham and R.G.H.

o
Robertson, for moderate and low ionizing particles incident at 45 to the
normal, the resolution of resistive anode counters is dominated by

energy-loss fluctuation effects (Ma 75a), (Ma 75b), (Sa 75).
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Some other factors responsible for position resolution deterioration
are as follows:
= Multiple scattering in the entrance window and counter gas can be a
serious problem, especially for more heavily ionizing particles.
- Limitations imposed by beam geometry and target.
— The energy resolution of the counter 1is restricted by the energy

straggling of the ions in the entrance window of the chamber.

As far as the above calculated values of the position resolution for
the proportional counter are concerned, the deteriorating effect of the
beam geometry could be ignored. But the energy-loss fluctuations as well
as multiple scattering in the entrance window and counter gas could
deteriorate the resolution by up to ~ 0.7 mm. This value is added in

quadrature to the resolution calculated for normal incident particles.

3-8 Kinematic Correction

Fig. 3-16 shows a spectrum from the 13C(p,a<.)1OB reaction at
Ep = 40.45 MeV taken at a laboratory scattering angle of 63 = 400.
Due to the finite size of the acceptance angle of the&-—particle detector
~* é, (refer to chapter 4), kinematic broadening, which is a feature of
all two-body reactions, was large, accounting for the poor energy
resolution expected and observed. Some states like the g.s. and the
0.718 MeV state or l.74 and 2.15 MeV states were not resolved and the
FWHM of the states were large. However, by calculating the scattering

angle (refer to chapter 4) and applying the kinematic correction, which

was made possible by the use of the X-Y position information obtained
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from the 2-D proportional counter, the resolution was greatly improved,
as shown for the same data of Fig. 3-16 in Fig. 3-17. The computer
"XSYS" program, BTEN, and the subroutine "EVLSUBL" used during the

experiment and susequently improved for data analysis are attached as

Appendix 1.

The FWHM of the g.s. which was 10 channels in Fig. 3-16
(corresponding to 0.356 MeV), was improved to 6 channels (corresponding

to 0.215 MeV) in Fig. 3-17.
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Fig. 3-16 Energy spectrum (raw) of the 13C(p,cOlOB reaction at an

incident proton energy of 40.45 MeV, at a lab. angle of 400.
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CHAPTER 4

Experimental Considerations and Data Analysis on Excitation

and Decay of States in 10B from the

13C(p,o<.)loB Reaction

4~1 Introduction

The 13C(p,oc)lOB reaction was investigated with the proton beam
of the University of Manitoba Cyclotron laboratory at an energy of 40.45
MeV on a 13C target using the 71 cm scattering chamber on the R-45
beam line. The products of interest were detected 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 at the exit from the chamber and the beam current was integrated by
scaling the output of a voltage-to-frequency converter. Fig. 4-1 shows a

floor plan of the laboratory.

The experiment, reflecting the complete singles experiments and the
simultaneous coincidence experiments, used a kinematic coincidence
. . 10 . . .

technique to measure the production of B residual nuclei to various
states and to study their decay properties. It was possible to largely
separate the gamma decaying states from those states that decayed by

particle emission.
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By referring to the diagram of the electronics shown in Fig. 3-7
(chapter 3), it is noticed that two coincidence circuits were used. The
inputs to the first coincidence circuit were provided from the outputs of
single channel analyzers (SCA”"s) connected to the main amplifiers of the
El detector and the proportional counter, which were in coincidence, and
the output of the SCA connected to the main amplifier of the veto
detector of telescope #l, which was in anticoincidence. 1In addition, an
anticoincidence pile-up gate from amplifier El was also connected. This
coincidence circuit defined the logic conditions for recording of single
events. The second coincidence circuit, defining the logic conditions
for recording of coincidence events, had two coincidence and two
anticoincidence inputs. The coincidence inputs were supplied from the
output of the first coincidence «c¢ircuit and the output of the SCA
connected to the main amplifier of the E2 detector. The anticoincidence
signals were from the veto detector of telescope #2 and the pile-up
output of the main amplifier of E2. The coincidence events were
registered by connecting the outputs from this coincidence circuit to the

input register.

4-2 Target and Detectors

The 13C target in the form of a thin foil of areal density of
about 100 pg/cm2 was mounted at the center of the scattering chamber
(for target angles refer to Table 4-1). The experimental set-up (refer
to Fig. 4-7) consisted of two counter telescopes separated by an angle

determined by kinematics to detect the reaction products. Telescope %1
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consisting of an X-Y proportional counter, a 1000 pm (E1) stopping
surface barrier detector and a 1000 pm  veto detector, was used for
detecting and measuring the energy of the outgoing alpha particles. The
proportional counter, the design and construction of which was discussed
in the previous chapters, provided position information in two
dimensions. The stopping detector (El) was thick enough to stop the
alpha particles of interest and the veto detector was used to reject, by
anticoincidence, events from long range particles, primarily elastically
scattered protons. The solid angle was defined by the 15 mm diameter
aperture of the El detector. Telescope g2 consisting of a 100 pm  (E2)
surface barrier detector, backed by a 1000 pm veto detector, was used for
detecting coincidence 10B recoils or loB breakup fragments mainly

6Li and alpha particles or 9Be and protons.

The front planes of the proportional counter and stopping surface
barrier detector (El) of telescope#1 were mounted 172.4 + 0.5 mm and
216.6 + 0.5 mm respectively from the target, and the E2 detector of
telescope # 2 was mounted 152.9 + 0.5mm from the target(refer to
Fig. 4-7). Considering the 15 mm diameter apertures of El and EZ

detectors, the acceptance angles of these detectors were as follows:
— Acceptance angle of El detector:
86=1/2 [15/(216.6 £ 0.5)] x 57.29 = 1.98"

— Acceptance angle of E2 detector:
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Target angle (et)

Detector angle (deg)

(deg) o-particle detector Recoil detector
() ®,)

30 40 102

30 40 104

30 40 106

45 70 71
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(-4
Aqﬁ=1/2 [15/(152.9 £ 0.5)] x 57.29 = 2.81
For detector and target angles refer to Table 4-1.

4-3 Energy Calibration

a) Scattered X-particles

After the kinematic correction, which was required in order to
improve the spectrum resolution, and which was explained in chapter 3,
the peaks in the alpha spectrum were identified and an energy calibration
established. The centroids of these peaks were calculated and a
least-squares straight line was fitted to these points, giving the energy
as a function of the channel number. Fig. 3-17b), discussed in chapter
3, represents the expanded view of the alpha spectrum from which the
centroids of the peaks were calculated and Fig. 4-2 shows the energy
calibration curve for the scattered alpha particles. Table 4-2 contains
the information obtained from the experimental peaks, kinematics and

least-squares fitting.

Noting that the rate of change of alpha energy with respect to
angle, (dT/d®8), depends on the particular reaction taking place, the
o
calibration was carried out for two different angles of 63 = 40 and

<o
93 =70 . The values of excitation energies at the two angles were

compared and used to identify clearly those states excited via the

13C(p,o() 10B reaction. As far as resolution is concerned, the FWHM
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4-2 Energy calibration curve for q-particles.
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of the g.s. peak (Fig. 3-17b) is 6 channels corresponding to 0.215 MeV.

b) Recoil Nuclei

A two-dimensional energy spectrum, E2 VS. El’ of particles
detected in coincidence with the scattered X-particles in telescope 1, is
shown in Fig. 4-3. ¥-decaying states are expected to result in a very
high coincidence detection efficiency between the 1OB recoil nuclei and
the scattered o ~particles. Windows were set on identified peaks in the
1-D alpha spectrum and the resulting 2-D spectra corresponding to the
gated peaks were projected on the vertical, E2, axis. The centroids of
these projected spectra were calculated and used to obtain the enefgy
calibration curve for recoil nuclei. The low-lying states of 1OB,
which can only décay by ¥-emission to form a clearly identifiable major
group, were used to calibrate the coincidence detection efficiencies.
These states are shown enclosed by dashed lines in Fig. 4-3 and the
particle~decaying states are largely located outside of these bonds.
Fig. 4-4 shows the energy calibration curve and Table 4-3 contains the

information obtained from the experimental peaks, kinematics and least

squares fitting.

The energy calibration was established without the energy Lloss
corrections in the target. The intercept noticed in the energy

calibration curve is mostly attributable to neglect of this energy loss.
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Fig. 4-3 Two-dimensional spectrum of recoil nuclei energy vs. scattered

x-particles energy at a lab. angle of 40 and recoil detector angle of

o

106 .
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Fig. 4-4 Energy calibration curve for recoil nuclei.
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4-4 Calculation of Scattering Angle

For kinematic correction of the spectrum it was necessary to

calculate the scattering angle and use it in the following relation

T. (B, ) =T, (@B -
3 3 ’‘corrected 3 3scat:t)measured (dT3/d93 A ,

where

T, 1s the energy (in MeV) of the scattered particle,

3

e 3 is the angle of the corresponding detector (in radians) with

respect to beam,

dT3/d9 3 is the scattered particle energy change as a function
of angle (in MeV/rad),

and

&66-6 3~ O scattered’

One of the main features of a two-dimension position sensitive
proportional counter is the ability to calculate the scattering angle on
an event by event basis. By referring to Fig. 4-5, the calculation of
the scattering angle proceeds as follows. In this calculation, s,z
denote the coordinates of a detector element in horizontal and vertical
directions respectively on the plane of the proportional counter. The
x—y coordinate system is defined by the beam which is in the =x-direction
and its origin located at the center of the target. The y-axis is in the

scattering plane and the z-axis perpendicular to this plane. The
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definition of the other elements are explained in Fig. 4-5.

Xp = dl cosg 4 + s sine3.

Yp = dl 51“63 - 5 cos@s,.

—
Then, the position vector, Iq, of the scattered particle can be written

as follows

From Fig. 4-5

- A
cos (@ ) = (r3.i)/r3 = xP/rB,

scatt

where

R (C R LR O L CI R R

) ccatt = cos t {(dl cos § . 2 2 2.1/2
3 +s sing 5 )/[(XP) + (yp)~ + (2p) }e
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4-5 Theoretical considerations

Many nuclear reactions at low energy are of the type

A+a ———————me- >B+b+0Q, (4-1)

with b =a + x.

where A is a target nucleus, a is the impinging particle, and B and b are
the products; b is wusually a light nucleus or a gamma ray with x
referring to the transferred particle(s). The reaction represented in

eq.(4-1) is often described in a very convenient notation

A(a,b)B.

The Q of the reaction is the rest mass difference multiplied by c2 of

the left side minus that of the right side of the equation. For
endothermic reactions, |Q| is the minimum center-of-mass kinetic energy

required for the reaction to take place.

We may consider the target nucleus, as seen from an incoming
particle, as a region with a potential and an absorption coefficient.
When the incoming particle hits the target it may be diffracted by the

potential without losing any energy (elastic scattering).

If the incoming particle enters the nucleus, it may hit one nucleon
and 1lift it to a higher energy state or even to an unbound state and
still preserve enough energy to leave the nucleus. This process is

called inelastic scattering.
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The incident particle may lose so much energy that it cannot escape
the struck nucleus. If this energy is transferred to a nucleon leaving
it bound, however, we have the case of formation of a compound nucleus.
The energy is distributed among the nucleons and no nucleon can leave the
nucleus until, by further collisions, the energy reconcentrates in one
nucleon. The compound nucleus gives rise to a typical energy spectrum
for the emitted particles, having a nearly Maxwell distribution of
velocities and a practically isotropic angular distribution. In
contrast, the direct-interaction mechanism gives strong angular
dependences, and characteristic maxima of the cross section as a function
of energy. Between these two extreme cases there is also "preequilibrium
emission”, in which a nucleon is emitted after some collisions, but
before thermalization. The preequilibrium emission is recognizable from
its energy and angular distribution; (p,y) and (n,«) reactions exhibit

characteristics of preequilibrium reactions.

Diffraction scattering and direct interactions are expected to occur
. . ~-22 .
in periods of the order of 10 sec., the time a nucleon takes to
travel the nuclear diameter. The compound nucleus, on the other hand,

reaches thermal equilibrium in times very much greater than this period.

Excited levels have 1lives strongly dependent on the excitation

energy. Their level widths,
AE =T = h/7T.

go from a small fraction of an eV to several MeV.
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The probability that the reaction will take place rapidly and

involve fewer target nucleons increases at higher energies (Ma 71).

The results of some (p,y) reactions have been interpreted on the
basis of the presence of both compound nuclear and direct reaction
transitions (Bl 63), or alternatively with a pre-compound decay model (Gu

71).

At energies comparable to our experiment the primary interaction
occurs in times roughly equivalent to the transit time across the nucleus
of the incident particles (ﬁvlo-zz sec.). Assuming the reaction to
involve only a few target nucleons, and if there is a good overlap
between the initial and final state wave functions, the (p,a) reaction of
our interest 1is considered to be direct. For details about direct
reaction formalism, refer to (Ma 71), (Hi 67), (Au 69), (Gl 71) and (Sat

64).

4-6 Data Analysis

Energy levels of 10B are shown diagrammatically in Fig. 4-6a) and
in tabulated form in Table 4-4 (Aj 79) and (Aj 84). Each nuclear energy
level is specified by excitation energy E, nuclear spin (total angular
momentum) J, parity TV , lifetime €, and isospin T. Because of the small
momentum carried by ¥-rays, d-decaying states (low lying states) result
in nearly 1004 coincidence detection efficiency between the 1OB recoil
nuclei and alpha particles passing through the central region of the X-Y

counter. Particle decaying states, on the other hand, result in lower
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Fig. 4-6 Energy levels of " B.
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E, (MeV £keV) T raorl., (keV) Decay
8- 3*:0 stable
- 0.71835+0.04 1:0°  |7,=1.020=0.005 nsec b4
g=+0.63=0.12
1.74015=0.17 0*;1 7=3fsec : y
2154305 17:0 2.13=0.20psec ¥
3.5871=05 2*:0 153 =12fsec b4
4.7730=05 3*:0 | I=87z22ev v.a
5.1103=0.6 27:0 093 =0.07 keV Y. a
5.1639+0.6 2% Tm <6 fsec r.a
5.180=10 1°:0 - F=110=10 v, a
5919506 - 2°:0 6=1 Yy, @
6.0250£06 4 0.05:0.03 . ra
6.1272+0.7 3~ 236=0.03 - a
6.561=19 (OB 25.1+1.1 ] a
6.873=5 17:0+1 126=5 v.p.da
7.002%6 (1,2)": (0 100=10 p.d a
- 743010 27 0+1 100=10 7.p.d a
7.467+10 e 6510 p
7.4719=2 2*:1 74=4 : 7p
7.5607=09 0*:1 2.65=0.18 %P
(7.67=30) (1*:0 250=20 p.d
7.819=20 1- 26030 p
8.07 2* 800200 7»pd
(8.7) (.27 (~200) p
8.889=6 37:1 84=7 ,n.pa
88952 2%:1 4=t vp.a
9.7) (T=1 (~700) n.pa
10.84= 10 25,3%.49 300=100 rnp
11.52=35 500+ 100 )
125630 | {07, 17,29 100=30 %P
1349=8 '} (07, 1%,29 300=50 7P
10

Table 4-4 ©Energy levels of "~ B.
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coincidence detection rates because of the much larger solid angle into
which the breakup fragments are emitted. Fig. 4~7 represents a schematic
view of the experimental set-up and the detection system. The breakup
cones correspond to the 5.16 MeV excited state of 10B producing & and
6Li fragments. In this experiment, in addition to the coincidence
study of the breakup of states in 10B to measure the branching ratios
for gamma and particle decay, particular emphasis was placed on
investigating the excitation region of the doublet consisting of the 5.11
MeV, 2-, T=0 and 5.16 MeV, 2+, T=1 states, Fig. 4-6b). These states

are of interest from the point of view of parity mixing.

4-6-1 Resolution Improvement in the &~particle Singles Spectrum

As discussed in section 3-8; due to the finite size of the
acceptance angle  of the ol-particle detector (~+ 2 ), kinematic
broadening was large, accounting for the poor energy resolution expected
and observed in the &-particle spectra. Some states like the g.s. and
the 0.718 MeV state or 1.74 and 2.15 MeV states were not resolved
(Fig. 3-16). However, by applying the kinematic correction, the
resolution was greatly improved as shown in Fig. 4-8 (Fig. 3-17 repeated)
at lab angle of 46’ and in Fig. 4-9 at lab angle of 70°. The width
(FWHM) for the g.s. which was 0.356 MeV in Fig. 3-16 was improved to

0.215 MeV in Fig. 4-8.
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Fig. 4-7 Schematic view of the experimental set-up.
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4-6-2 Investigation of Energy Levels in 1OB

Levels were examined in the recoil nucleus (lOB) up to 7.47 MeV in
excitation. The two-dimensional spectra of recoil nucleus (or breakup
fragment) energy vs. scattered «-particle energy at a lab angle of 40°
are shown in Fig. 4-10 and that at a lab angle of 76, is shown in
Fig. 4-11. The corresponding angles for detector 2 were 106’,102 , and

[ (-]
102 for Fig. 4-10 and 71 for Fig. 4-11 (refer to Table 4-1).

a) Gamma Decaying States

Because of the small momentum carried by Y-rays, VLdecaying states
rapidly 1lead to 10B recoil nuclei in their ground states, whose
direction deviates only by a small amount (for example, max. deviation

-}
for 1.74 MeV state is 0.47 ) from the initial direction of emission of

the lOB nuclei. The result is that the coincidence detection

efficiency between the X-particle and the detected lOB recoil is very

high, if the two detectors are set at corresponding kinematic angles
(refer to Fig. 4-7). The low lying states in the recoil nucleus, up to
and including the 3.59 MeV state, can decay by ¥Y-emission only, and these
states were used to calibrate the coincidence detection efficiency. For
the purpose of examining these states, gates were set on the
corresponding peaks in the improved one-dimensional X-spectrum and the
resulting 2-D spectrum for each state was projected vertically (on
Ez—axis) to calculate and verify the corresponding energies for recoil

nuclei. As an example, and in order to clarify the procedure, Fig. 4-12

represents a 1-D alpha spectrum with a gate set on the 1.74 MeV state.
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Fig. 4-10a) A two-dimensional spectrum of recoil nucleus (or breakup
fragments) energy vs. scattered a-particle energy at a lab. angle of

40° (telescope El) and recoil detector angle of 106 .
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Fig. 4-10b) A two-dimensional spectrum of recoil nucleus (or breakup
fragments) energy vs. scattered o—~particle energy at a lab. angle of

40 (telescope El) and recoil detector angle of 104 .
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Fig. 4-10c) A two-dimensional spectrum of recoil nucleus (or breakup
fragments) energy vs. scattered x~particle energy at a lab. angle of

40 (telescope El) and recoil detector angle of 102 .



Fig. 4-11 A two-dimensional spectrum of recoil nucleus (or breakup
fragments) energy vs. scattered ®-particle energy at a lab. angle of

76 (telescope El)and recoil detector angle of 71 .
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Fig. 4-13 shows the resulting 2-D spectrum for this state picked out from
the 2-D plot shown in Fig. 4-10a. By projecting the spectrum in
Fig. 4-13 onto the vertical axis, Fig. 4-14 was obtained. The energy
corresponding to the centroid of this peak was calculated and compared
with that obtained from kinematics. The same procedure was repeated for

the other states.

By referring to the 2-D plot shown in Fig. 4-10, it is concluded
that the 0.718, 1.74, 2.15, and 3.59 MeV states are ¥-decaying(as they
must be, since this is the only channel allowed energetically), the 5.16
MeV state is primarily ¥-decaying, but the other states of interest are
particle~decaying. 3Ldecaying states, forming a major group, are shown

within dashed lines in Fig. 4-10.

b) Particle decaying states

Particle decaying states result in low coincidence detection
efficiencies because of the rather large solid angle into which the
breakup fragments are emitted. On the basis of the detailed E2 VS.
E1 2-D energy plots and the coincidence detection efficiency, it was
possible to separate particle-decaying states from gamma decaying ones.
The following states are primarily particle decaying states:

- 4.77 MeV state, mainly alpha decaying.

- 6.025 MeV state, wainly alpha decaying.

- 7.47 MeV étate, mainly proton and alpha decaying.
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Fig. 4-13 2-D plot of E, vs. E1 for the 1.74 MeV state.
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Fig. 4-14 Projection on the vertical axis of 1.74 MeV state.
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In order to be able to present a good description of the above
states and to study their branching ratios, it was necessary to calculate
their detection efficiencies by wusing the efficiencies of the known
Y-decaying states as a calibration. This subject is explained in detail

in the following sections.

4-6-3 Efficiency Calculation

For the efficiency calculation it was necessary to separate random
coincidence events from true events, to make background corrections, and
then to verify the calculated values of efficiency by comparing these

values with those obtained from a Monte Carlo simulation.

a) Effect of Setting Gate on the E2-TAC

The first attempt to remove a considerable fraction of random
coincidence events was to set a gate on the time spectrum of the recoil
nucleus, E2~TAC. Fig. 4-15 shows a two-dimensional spectrum of recoil
nucleus energy vs. alpha particle energy (kinematically corrected) while
Fig. 4-16 represents the same spectrum with a gate set on EZ—TAC. A

comparison of these two spectra immediately indicates the removal of a

considerable portion of the random events in Fig. 4-16.

In addition to improving the two-dimensional spectrum, E2 VS.
El’ as previously noted additional timing improvements could be made in
the EZ—TAC spectrum by setting a gate on the respective peak in the
alpha spectrum. As an example Fig. 4-17 and Fig. 4-18 show the energy

and time spectra for E2 and EZ—TAC respectively for all coincidence
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events, and Fig. 4-19 and Fig. 4-20 represent the same spectra with an
additional constraint of a gate set on the g.s. alpha peak. In addition
setting a prompt coincidence gate on the EZ—TAC for each state under
consideration, results in still further improvement. Fig. 4-21 shows a
spectrum of E2 for the g.s. when a gate was set on the EZ—TAC
spectrum in Fig. 4-20. A comparison of the E2 spectrum in Fig. 4-21

with that in Fig. 4-19 indicates the removal of some random events,

especially in the region below channel 200.

Referring to Fig. 4-20, E,-TAC (g.s.), the FWHM of the peak was 8

2
channels. Noting that a full scale of 1024 channels corresponds to 502

nsec, the timing resolution calculated is then 3.9% 0.1 nsec.

The frequency of the RF of the cyclotron producing the proton beam
was 28 MHz, which corresponds to a period of T = 35 nsec. With a 1024
channel time scale of 502 nsec, one RF period thus corresponds to 71
channels. The spectrum of EZ—TAC, shown in Fig. 4-18 was expanded
vertically by a factor of 200 with the intention that the peaks
corresponding to random events for each beam burst be revealed
(Fig. 4-22). Although the random coincidence background was too low to
reveal this structure a timing gate of the same width as the prompt gate,
but displaced by 71 nsec, was set on the EZ—TAC spectrum in order to
display purely random events. Fig. 4-23 shows the resulting plot; it was

found that the number of random events was negligible.
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Fig. 4-23 Random events in a time window displaced by an RF period from

the prompt coincidence window.
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b) Background Correction

Figures. 4-24 through 4-27 represent the spectra of &-particles for
single and coincidence events for the various scattered o-particle
detector angle (93) and recoil detector angle (94) pairs of

o [ ° [ °
(§3=40, 8,=104), (By=40,0,=106), (8, =40,
-] -] Q
64 = 102 ) and (63 =70 , 64 =71 ). The channel by channel
information from these spectra is given in Appendix 2 in which the
(-} (-] (-] °
subscripts 1,2,3 and 4 refer to 64 =104 , 106 , 102 and 71

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

events), the AR values represent the uncertainties in the R values.

Using the information obtained from the spectra in Figs. 4-24
through 4-27 and Appendix 2; Tables 4-5 through 4-8 were developed. In
these tables, the corrected efficiency, £, is calculated by taking the
effect of Dbackground into consideration. The background in this
calculation is assumed to be smooth and continuous. Some 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 the

10

different states of B. The definitions of the terms used in these

tables are as follows.

NS total single events under peak

(ﬁ;)b average background for singles per channel
N2 = (no. of channels under peak) x (ﬁ;)b
N1 = Ns - Nz.

N total coincidence events under peak
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(-ﬁc)b average background for coincidences per channel
(Nc)b = (no. of channels under peak) x (ﬁ;)b
N’C =N, = (N -
(f)exp. experimental efficiency( = Nc/Ns)
(£7) corrected efficiency(= N'C/Nl)
DE” uncertainty in (£7),

2.1/2

- . e N2 -
At = (AN /v )%+ an /DAY x e

where ¢5N’C and A;Nl are the statistical errors in N’C and Nl

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

4-6-4 Monte Carlo Simulation

A Monte Carlo simulation, assuming isotropic c.m. breakup for Y-
and particle-decay, was carried out which took into account beam spot
size, beam energy resolution and geometric acceptance of detectors. This
was used to calculate the theoretical coincidence efficiency. In this
effort, special emphasis was laid upon determining optimum values for
beam parameters etc. by comparing the calculated efficiencies for gamma
decaying states with the experimental ones. After numerous trials, the
following values were assigned to respective parameters in the Monte
Carlo program. The Monte Carlo program used was a modified version of
the program which was used in the experiment "Measurement of the Recoil
Polarization of 6Li* (2.186 MevV, 3+) Following the 9Be(p,q)6Li

Reaction” (Ar 86).
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FWHM of beam energy spread 0.140 MeV
Half width in the horizontal plane 0.8 mm
Half divergence in the horizontal plane 7.0 mrad
Half width in the vertical plane 1.2 mm
Half divergence in the vertical plane 7.0 mrad

Effective collimator radius of telescope
at plane of proportional counter collimator 6.0 mm

Effective radius of recoil detector 7.8 mm

Table 4-9 displays the results obtained from the Monte Carlo
simulation for efficiencies at the specified angles. Measured
efficiencies (Tables 4-5 through 4-8) can be compared with the above
Monte Carlo values (Table 4-9) and both interpreted in 1light of
Figures. 4-28 and 4-29, which represent diagrammatically the coverage
provided for different states by the angular range of the detectors.
Tables 4-10 and 4-11 show the calculation of the range of the recoil

o

9
detector at 6:3==40 , and 70 based on kinematics at Ep = 40.45 MeV.

Table 4-12 indicates the comparison between the experimental and the
Monte Carlo efficiencies for the }Ldecaying states at the specified
angles. The ratios between the two results are calculated. The
discrepancy between these calculations is mostly related to background
and particularly to the dead time effect which was not included in the
calculations. The average ratios for the first three }Ldecaying states

at the pairs of angles épecified below were calculated and the results



115

are as follows. The g.s. was not included in these calculations due to

the background events underlying this state (refer to Fig. 4-30).

Pair of angles AZMC/ A?exp
-4 -]
63=40,64=102 1.10 + 0.04
[} v
B, =40, @, = 104 1.03 + 0.02
o [\
63—40, 64=106 1.01 + 0.02

The grand average for the above three results was calculated as
1.03 £ 0.01 and this value will be used as the normalization factor for
Monte Carlo output when discussing the branching ratios for the

particle-decaying states, i.e.,

'YMC(normallzed) =”7Mc(calculated)/ (1.03 + 0.01)
It is to be noted that in the above average calculations, the results
were weighted according to the corresponding error bars (refer to section

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

4-6-5 Study of the Existence and the Effect of Impurities in the Target

The different states of lOB from the proper reaction

13C(p,a)loB were shown in Fig. 4-10. Existence of impurities in the

3C target could initiate some other reactions and affect the wvalidity



Table 4-9 Monte
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Carlo Output

State Mode of 63 64 Efficiency
(MeV) decay (deg.) (deg.)
g.8 stable 40 102 .048 £ 0.001
40 104 .354 £ 0,004
40 106 .748 £ 0.006
0.718 Y 40 102 .100 + 0.002
40 104 444 £ 0,005
40 106 .822 + 0.006
1.74 Y 40 102 .202 + 0.003
40 104 .580 %= 0.005
40 106 .847 + 0.006
2.15 Y 40 102 .252 = 0.003
40 104 .636 * 0.006
40 106 .823 £ 0.006
3.59 Y 40 102 <447 * 0.005
40 104 .797 * 0.006
40 106 .637 £ 0.006
4,77 Y 40 102 .616 + 0.005
40 104 .779 + 0.006
40 106 447 £ 0,004
4,77 a 40 102 .042 + 0.001
40 104 .041 £ 0.001
40 106 .045 £ 0.001




Table 4-9 (continued)
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State Mode of 83 64 Efficiency
(MeV) decay (deg.) (deg.)
5.16 Y 40 102 .668 £ 0.006
40 104 .739 = 0.006
40 106 .384 + 0,004
5.16 o 40 102 .019 + 0.001
40 104 .020 + 0.001
40 106 .020 + 0.001
6.025 Y 40 102 .742 + 0.006
40 104 .617 + 0.006
40 106 .253 + 0,003
6.025 o 40 102 .0110 + 0.0007
40 104 .0110 £ 0.0007
40 106 .0110 + 0.0007
7.47 Y 40 102 .677 = 0.006
40 104 .366 * 0.004
40 106 .086 = 0.001
7.47 P 40 102 .063 £ 0.001
40 104 .069 + 0.001
40 106 .082 + 0.001
g.5. stable 70 71 .574 £ 0.005
0.718 Y 70 71 .629 + 0.006
1.74 Y 70 71 .802 £ 0.006
2.15 Y 70 71 .865 £ 0.006
3.59 Y 70 71 .978 + 0.007
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State Mode of 63 64 Efficiency
MeV) decay (deg.) (deg.)

4,77 Y 70 71 .988 * 0.007

4.77 o 70 71 .072 + 0.001

5.16 Y 70 71 .982 + 0.007

5.16 o 70 71 .033 + 0.001
6.025 Y 70 71 .929 + 0.007
6.025 o 70 71 .017 £ 0.001

7.47 Y 70 71 .704 £ 0.006

7.47 P 70 71 .137 + 0.002
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Table 4-10 Range of 94 for 63 = 40°, Ep = 40.45 MeV.
State 8, a8, /d6, Aea(l) Range of 64(2)
g£.8 106.18 1.346 2.665 103.51 - 108.84
0.718 105.72 1.344 2.661 103.06 ~ 108.38
1.74 105.03 1.342 2.657 102.37 - 107.69
2.15 104.74 1.342 2.657 102.08 - 107.40
3.59 103.69 1.338 2.649 101.04 - 106.34
4.77 102.76 1.333 2.639 100.12 - 105.40
5.16 102.45 1.331 2.635 99.81 - 105.08
6.025 101.72 1.327 2.627 99.08 - 104.35
7.47 100.41 1.318 2.609 97.80 - 103.02

(1) A64 = (d64/d63) X (A63)

where A8

3

(2) Range of 6

+1.98°.

= 0

t AD

4
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Table 4~11 Range of 64 for 63 70°, Ep = 40.45 MeV.

State 8 dea/dG3 AGA(I) Range of 84(2)
g.s 73.04 0.925 1.831 71.21 - 74.87
0.718 72.67 0.921 1.823 70.85 - 74.49
1.74 72.12 0.916 1.814 70.31 - 73.93
2.15 71.90 0.914 1.810 70.09 - 73.71
3.59 71.08 0.906 1.794 69.29 - 72.87
4.77 70.36 0.898 1.778 68.58 - 72.14
5.16 70.12 0.895 1.772 68.35 - 71.89
6.025 69.56 0.889 1.760 67.80 - 71.32
7.47 68.58 0.879 1.740 66.84 - 70.32

(1) 28, = (d6,/d0,) x (28.)

where A63

(2) Range of 6

4

+1.98°.

=0

4

* AB

L
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of the calculated efficiencies for the proper reaction. As a first step
to verify these impurities, different possible (p,d) reactions having
comparable alpha energies were investigated by studying the corresponding
kinematics. The energies for scattered particles and recoil nuclei
related to probable reactions were extracted from kinematics and were
compared with those for different possible impurity groups in Fig. 4-10.
The information obtained from this study showed that 14N impurity was

. 11 .
the dominant one. The different states of C from the reaction

14N 1'1C are shown in Figs. 4-30 and 4-31 for different angles.

(P:Dl)

Alpha fragments resulting from the reaction

12 . . . - -
due to the presence of C impurity in the target is also shown in

Fig. 4-30. In addition, some states of 12C from the reaction

N(p,3He)120 as well as the g.s. of 13N from the reaction

13 14N

16O(p,,() N due to and 16O impurities respectively were

investigated and are shown in Fig. 4-32.

While the number of coincidence events for the above reactions were
rather negligible as compared with those for the proper one,
nevertheless, Monte Carlo calculations were carried out in order to
obtain their efficiencies and determine the corresponding number of

single events by performing “inverse calculations"”. The information



125

obtained from these Monte Carlo calculations verified that the effect of
these impurities could be neglected. For example and in order to clarify
the procedure followed, the Monte Carlo efficiency for the reaction
14N(p,,,()llc was calculated as P(,= 0.859 at 63 = 46 and

@4 = lOg . Referring to Fig. 4-30, the highest number of coincidence
events for the same pair of angles was calculated as 45 events for 6.48
MeV state of 11C. Then the number of corresponding single events using
the above efficiency 6f 0.859 becomes 52 which is quite negligible as
compared with the proper events. However, as was mentioned in section

4-6-4, the g.s. was not included in normalizing the Monte Carlo output

due to the background events underlying this state (refer to Fig. 4-30).
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2.0 MeV

z > 4.319 MeV |

2> 4.809 MeV |

=2 5 6.48 MeV ]

Fig. 4-30 States of 11C from the reaction 14N(p,a) 11C due to the

° °

14N impurity in the target, ( 63= 40 , @4 = 106 ). Also 88e
fragments resulting from the reaction 12C(p,a)gB
1

'——-—-———————) p+ gBe,
is shown.
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i b= g.s.

::' = 2.0 MeV

Z oy 44319 Mev

“— 4.809 MeV

Z > 6.48 MeV

L » 8.420 MeV

Ty
x.' : .l-: ‘ L
RS ~
RS :
' 14 11
Fig. 4-31 States of 11C from the reaction ~ N(p,a) C due to the
lZI'N impurity in the target, (63= 70 , 6, =71 ).
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_—L——»”N(g-s.)

P S PIT

.4-—;-120(4.439 MeV state)

Fig. 4-32 Some states of the 12C from the reaction 14N (p?HQIZC

14

due to the N impurity and the g.s. of 13N from the reaction

]

160(p,&)13N due to the 160 impurity in the target, ( 63= 70 ,
6,=71)
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4-6-6 Branching Ratios

The excitations, spin-parity assignments and previously reported
modes of decay for 10B nuclei are given in table 4-4., Levels of 10B
up to 7.47 MeV in excitation were examined and shown in two-dimensional
spectra in Figures. 4-10 and 4-11. As was mentioned in section 4-6-2,
the low-lying states consisting of 0.718, 1.74, 2.15 and 3.59 MeV, are
purely )Ldecaying states and these formed a major group in Figures. 4-10
and 4-11. 1In this section we discuss the particle-decaying states and
their branching ratios in more detail.
It is to be noted that the symbol 1? represents full width at half
maximum intensity of a resonance excitation function or of a level, and
the subscripts when shown, indicate partial widths for decay, via the
channel shown by the subscript. In addition, the branching ratios are

represented by the symbol ﬁ? followed by the appropriate subscript

identifying the decay mode.

a) 4.77 MeV State

As far as the electromagnetic transitions are concerned, the 4.77
MeV state deexcitation mode in 1OB has large probabilities to cascade
through the 0.718 MeV first excited state (Ne 85). According to
Ajzenberg-Selove (Aj 84),
T" (total) = 0.020 + 0.004 ev

(3 = 0.23 + 0.03 % ,
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Fig. 4-33 shows a one-dimensional d~spectrum with a gate on the 4.77
MeV state and, as the result of the gate, the corresponding
two—dimensional spectrum shown in Fig. 4-34. The events contained in the
middle gate correspond to the locus formed by the purely 7Ldecaying
states described before. Now to measure the branching ratios of this
state quantitatively, we refer to our experimental values of the
efficiencies (Tables 4-5 through 4-8) and the Monte Carlo efficiencies

(Table 4-9).

At 63 = 46 and 64 = 102° ; from the Table 4-7 the experimental
efficiency (f7) 1is equal to 0.059 + 0.022. Now from the Table 4-9, the
Monte Carlo calculated efficiency, for the same angles, assuming the
state to be Y¥-decaying is 0.616 + 0.005 and the efficiency assuming the
state to be d-decaying is 0.042 + 0.001. Taking the normalization factor
for the Monte Carlo efficiencies into account (refer to the section

z “()["[al|zed = ? (:al(:ulale{l I.()3+ (’.“I

Then the normalized Monte Carlo value for %Y-decaying channel will be

0.598 + 0.007 and that for o{—-decaying channel will be 0.041 + 0.001l.

Based on the above discussion we have

(ﬁ%,) x (0.598 + 0.007) + (ﬁ& ) x (0.041 + 0.001) = 0.059 + 0.022

By + (@) =1
with the constraint /33, 1 and/.?& £1.
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From these equations we get

ry
By

96.8 + 4.3 %

3.2 + 4.3 %

Following the same procedure, the branching ratios for the 4.77 MeV

state at the other pairs of angles were calculated:

-]
Fore3 = 40 , 64 104 ,

DR
X
[

96.6 + 4.6 %

w
o
il

3.4 + 4.6 %

I
'——‘
[e=]
o
-

[
For@3 = 40 ,64 =

D
|-
i

= 104.6 + 8.1 %

By = 4.6 +8.1%

Noting that the uncertainties in the above results are different,
the mean values for the branching ratios,i? , should be obtained by
weighting the results according to the corresponding error bars. We
apply the following equation (Be 69) to calculate the mean values for the
branching ratio

2
7 (xi/Oi_) ’ (4-2)

u =
5 (1/0.%)
1

where G is the uncertainty in the data point Xi.

The uncertainty,c}’, in the mean V is obtained according to the equation
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0 s —— (4-3)

By inserting our results in the relation (4-2), we get

/7, = [0.968/(0.043)% + 0.966/(0.046)% + 1.046/(0.081)%]/
[1/(0.043)% + 1/(0.046)% + 1/(0.081)2]

or 3, = 0.977

From the relation (4-3),

Cy, = [1/00.063)% + 1/(0.046)% + 1/¢0.081)%1 72

u

Therefore, our final values for the branching ratios of the 4.77 MeV

state are,

By =97.7+2.9%
By =2.3+2.97%

Hence, it is concluded that the 4.77 MeV state is primarily
o~decaying ( /szﬁ'tat ). However, by taking the uncertainty of + 2.9 %
into consideration, an upper limit of ~ 5 % can be assigned to ¥-decaying

channel.



M-4ZCOoN

133

E1-GOOD

6000

S

4200

30001

2e0"

1@9°“w~\x/\

. 1 k \/\u___/\/\_.,/\JLL

&b 650 oo >S50 s00 85 Soo 950
CHANNEL NUMBER

Fig. 4-33 1-D @X-spectrum with a gate set on the 4.77 MeV state.
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Fig. 4-34 2-D plot of the 4.77 MeV state.
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b) 5.16 MeV State

An alpha spectrum with a gate on the 5.16 MeV state is shown in
Fig. 4-35 and, as the result of the gate, the corresponding
o
two-dimensional spectrum shown in Fig. 4-36 at 6£3= 40 and @ 4=

L]
106 . Fig. 4-37 shows the projection of the 5.16 MeV state of Fig. 4-36

on the E2 axis.

The major group at the central portion of Fig. 4-36 represents the
Y-decaying channel of the 5.16 MeV state and it is located on the ¥Y-locus

formed by low-lying states described before.

At § 4 = 48 and § 4= 105 , from Table 4-7 the experimental
efficiency (£7) is equal to 0.505 + 0.015. From Table 4-9, the
corresponding Monte Carlo efficiency for the above pair of angles
assuming the state to be ¥-decaying is 0.668 + 0.006 and the efficiency
assuming the state to be d-decaying is 0.019 + 0.00l. Following the same
procedure as in a) above and applying the normalization factor for Monte

Carlo calculations, we have

(ﬂ%) x (0.648 + 0.008) + (ﬁ&) x (0.018 + 0.001) = 0.505 + 0.015

(@) + (3 =1

with the constraint /33(\( 1 and ﬁa £ 1.

By solving the above, we get the following branching ratios for the pair

o °
of angles@3 = 40 anda4 = 102 ,

By

Ry= 77.3 + 2.8 %

22.7 + 2.8 %
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Fig. 4-36 2-D plot of the 5.16 MeV state.
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4-37 E2 projection of the 5.16 MeV state of Fig. 4-36
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o °

Pursuing the above steps as for 53 = 40 and 6‘4 = 102 , the

branching ratios for the other pairs of angles were calculated

© -
For@, = 40 ande4 = 104 ,
Bu

Ay = 82.1 + 3.0 %

1l

17.9 + 3.0 %

-] o
Fore3 40 and @4 = 106 ,
ﬁa.= 23.4 + 3.1 %

RBy=76.6 3.1 %

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 respective values and doing the calculations, the final

values for the branching ratios of the 5.16 MeV state were calculated as

(3= 21.3 + 1.7 %

By=78.7 + 1.7%
Previously reported values are (Aj 84), (Ke 79), (Al 66)

T (total) = 1.5 + 0.1 ev

3= 87.0 + 4.0 %
As noted above, there is ~ 8 7 discrepancy between the two results and
our calculated value for /38 is by this amount smaller than the reported
one. In verifying this discrepancy, similar calculation was carried out
for the pair of angles at 633 = 78 and § L= 7i' and the following

results were obtained,

(3,=21.3 + 3.9 %
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3, =78.7 +3.9 %
which confirms the results obtained for the pairs of angles at 6 3
°
= 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 to the 5.16 MeV state and are nearly 100 % alpha-decaying. If we

1]

assume the previously reported value of /33 87.0 + 4.0 %, we can
calculate the contribution due to the 5.11 and 5.18 MeV states as

follows:

Let f be the fraction of contribution due to the 5.16 MeV state
and f-1 be the fraction of contribution due to the 5.11 +5.18 MeV states.
Assuming the 5.11 and 5.18 MeV states to be 100 % alpha decaying we have
: (fore3 = 48 and@4 = 102 )

f x (0.87 £0.04) x (0.648 + 0.008) + [f x (0.13 + 0.04) + (1 - £)]

x (0.018 £ 0.001) = 0.505 + 0.015.

From the above we get

f =0.888 + 0.039
By carrying out the similar calculation for the other pairs of angles and
taking the average, the average value (f) of the fraction of the
contibution due to the 5.16 MeV state is f = 0.899 + 0.027 and the

fraction of the contribution due to the 5.11 + 5.18 MeV states is

1 - f =0.101 + 0.027.
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Then it is concluded that these alpha-decaying states contribute

approximately 10 7 to the excitation in the region of the 5.16 MeV state.

c) 6.025 MeV State

A two-dimensional spectrum with a gate on the 6.025 MeV state is
shown in Fig. 4-38 at g 3 45 and 64 = 108 , and the projection
showing the corresponding peaks is represented in Fig. 4-39. The weak
group of events at the central portion of the gate in Fig. 4-38 is due to
the Y-decaying channel of the state and the energy of the peak labelled
gamma in Fig. 4-39 is consistent with the energy calculated from
kinematics for 1OB decay to the final g.s. The strong group is related
to the particle-decaying channel and the energies of the two distinct
peaks in Fig. 4-39 correspond very closely with the max. energies
obtained forol, (5.318 MeV), and 6Li, (5.901 MeV), from the kinematics

for the breakup:

195 (6.025 Mev state)

At @ 3 = 45 and 8 4= 105 , from Table 4~7 the -experimental
efficiency (£7) is equal to 0.008 + 0.002. From Table 4-9, the
corresponding Monte Carlo efficiency for the above pair of angles
assuming the state to be ¥-decaying is 0.742 f 0.006 and the efficiency
assuming the state to be «-decaying is 0.0110 + 0.0007. Following the

same procedure as in a) above and applying the normalization factor to

the above Monte Carlo efficiencies we have
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Fig. 4-38 2-D spectrum of the 6.025 MeV state.
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Fig. 4-39 E2 projection of the 6.025 MeV state of Fig. 4-3§ on the

E2 axis.
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(ﬁr) x (0.720 + 0.009) + (ﬁd) x (0.0107 + 0.0007) = 0.008 + 0.002

(B + (B = 1.

with the constraint/G} £ 1 and ﬁ& £ 1.
By solving the above, we get the following branching ratios for the pair

] 4
of angles 05 = 40 and@4 = 102

/3, = 100.4 + 1.8 %

By = -0.4 + 1.8 %

Following the previous procedure, the branching ratios for the other

pairs of angles were calculated
o -4
Forg, = 40 and 8, = 104 ,

3,=99.3 + 1.9 %

o

[
40 and @, = 106 ,

For @3
Ba=98.2 + 2.4 %

3,=1.8 % 2.4 %

By using the relations (4-2) and (4-3), the mean value and the

corresponding uncertainty of the above results were calculated as follows

o
Similar calculation was made for the pair of angles 03~ 70  and

o
64 = 71 and the following results were obtained.

/3 =100 + 7.3 %
(3, +
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B=0.0+7.32
Hence, the 6.025 MeV state is primarily ( ~100 %) a o—decaying state.
It should also be noted that since there are other closely spaced levels
in the neighbourhood of the 6.025 MeV state (refer to Fig. 4-6), the
above branching ratios can be attributed to the region of the 6.025 MeV

state rather than purely to the 6.025 MeV state.

Previously reported values are (Aj 84)

T (total) = 0.11 + 0.02 eV

B, < 0.9%

d) 7.47 MeV State

A two~dimensional spectrum of the 7.47 MeV state is shown in
Fig. 4-40 at @3 = 40° , 64 = 1060; and the projection showing the
corresponding peaks is represented in Fig. 4-41. By comparing the
corresponding efficiencies assuming the state to be ¥-decaying and those
assuming the state to be p-decaying (refer to Table 4-9) with the
experimental efficiencies (refer to Table 4~5 to Table 4-8), it is
noticed that the experimental efficiencies are much lower than the former
ones. Hence it can be concluded another process providing a lower
efficiency might be involved. The results obtained from the Monte Carlo
calculation as well as the energy analysis of the spectrum confirm the

o ~decay to be the third process.
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Table 4-13 shows the Monte Carlo calculation for the o~ and
p-decays. In this table (Ytot represents the total coincidence
efficiency for the process concerned and the 7low and"(high indicate
the backward and forward scattering efficiencies for the breakup

fragments.

The branching ratios for the Yj;p— and o -decay for the 7.47 MeV

state are calculated as follows:

(BY X nY) + (Bp X np) + (Ba X na) = nexp-

The group labelled (3) in Fig. 4-41 represents the d&-decay and
energetically it corresponds to the forward scattering of the o and 6Li

(g.s.) fragments. By using Table 4-6 and Table 4-13 we have

ﬂ%kx [(0.0043 + 0.001) + (0.0028 + 0.001)] = N3/singles.

1

(6 + 2)/(13842 + 118).
< (ﬂ% )(6Li to the g.s.) = 5.6 + 2.7 %. (1)

The group labelled (1) in Fig. 4-41 represents the p-decay and it
corresponds to the backward scattering of 9Be. By using Table 4-6 and

Table 4~13 we have

( ﬁ% X %CP ) = Nl/singles.

ﬁ% x (0.0324 + 0.001)

(211 + 14)/(13842 + 118)

]

0.015 + 0.001.

- /?P = 0.463 + 0.034. (2)
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The group labelled (2) in Fig. 4-41 represents the p-decay (forward
scattered 9Be), A —-decay with both « and 6Li (first excited state)
forward scattered and possibly ¥-decay.

By using the Tables 4-6, 4-9 and 4-13 we have

ij x (0.086 + 0.001) + (3,,(0.0475 + 0.001) +{3d[(o.oo97 + 0.001)
+ (0.0048 + 0.001)] = (430 + 21)/(13842 + 118) (3)

The constraint is

3, +/3P+(3d(6Li to the g.s.) +/S’°L(6Li to the first excited
state) = 1. (4)
From (1), (2), (3) and (4) above, for@3 = 4(; ,64 = 106° , we get

[Sp ~46.3 + 3.4 %
3, OLi to the g.s.)~5.6 + 2.7 %
[%J(6Li to the first excited state)V46.9 + 1.6 %

ﬂ% ~ an upper limit of 2 Z.

Similar calculations are made for the other pairs of angles and the

results are as follows
Q -]
For@3 = 40 and@4 = 102
3, ~60.0 + 5.8 %
/)
6 s [+/
(3d ("Li to the ges.)~6.2 + 2.6 7

igd (6Li to the first excited state) ~35.7 + 6.4 %
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BYAJO.
(44 °
Forg, = 40 and @, = 104
3, ~55.8 + 4.9 %
P

6 . o)
{QA( Li to the g.s.)~ébd.1 + 1.4 7
ﬁ;’(6Li to the first excited state)~43.6 + 5.6 %

/3{h}0.

Finally, the grand average for the above results is calculated with

the following results:
B, ~51.3 + 2.5 %
p
- 6 . g
ﬁh( Li to the g.s.)~4.7 + 1.1 %
Z%(6Li to the first excited state)~ 46.0 + 1.5 %

Considering the uncertainties in the above values, an upper limit of

1 to 2 % can be assigned to the ¥-decaying process.

No previous information seems to be available for the branching
ratios of the 7.47 MeV state, but the previously reported values for the
neighbouring 7.479 MeV state measured at Ep = 0.992 MeV in the reaction

9Be(p,X)lOB are as follows (Aj 84)

T = 25.8 ev.
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Fig. 4-40 2-D spectrum of the 7.47 MeV state at 63= 40 and 64 = 106 .
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Fig. 4-41 E2 projection of the 7.47 MeV state.
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Table 4-13 Monte Carlo calculation for the o~ and p—decays
(7.47 MeV state)
n(6Li)g's' n
% Mtot low high low high
o~decay 102 .0083 |0.0001 | 0.0046 0 0.0034
Li6(g.s.) 104 .0075 ]0.0001 | 0.0040 0 0.0032
106 .0071 |0.00005 | 0.0043 0 0.0028
o~decay 102 .0162 j0.0011 | 0.0081 .0002 0.0051
6Li(lst 104 .0169 [0.0016 | 0.0094 .0004 0.0049
excited 106 .0170 10.0020 | 0.0097 .0004 0.0048
state
0 n "Cpe) "
4 tot
low high low high
p-decay 102 .0628 |0.0200 | 0.0398 .0001 0.0012
104 .0688 [0.0233 | 0.0424 .00005 | 0.0024
106 .0823 10.0324 | 0.0475 .00005 | 0.0024
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CHAPTER 5

Conclusion

The X-Y position sensitive proportional counter, having a simple
construction and low cost, provided an acceptable position resolution in
two dimensions. The measured intrinsic position resolution of the
counter in vertical and horizontal directions was as 1.4 and 1.3 mm
respectively which were quite satisfactory for our experiment. 1In order
to obtain a good position resolution it was necessary to calculate and
experimentally to optimize the reduced electric field, E/P. The gas
pressure of 0.16 atm and bias voltage between 680 and 720 volts were
optimum values in the case of our counter. The position resolution of
proportional counters can get worse in use where some conditions such as
normal incident particles are not present. The explanation for this
effect probably is that energy loss fluctuations can lead to position
fluctuations for non-normal particles. The energy-loss fluctuations as
well as multiple scattering in the entrance window and counter gas could
have deteriorated the resolution up to 0.7 mm. In addition to position
information, it was possible to measure the drift velocity of electrons

in the counter as v, = 3.87 % 0.04 cm/ S sec.

The proportional counter was succesfully used in a coincidence study
.10 . .
of the breakup of states in "B to measure the branching ratios for'y.

and particle (alpha and proton)-decay.
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The energy resolution in the reaction 13C(p,«)loB was greatly
improved by calculating the scattering angle and applying the kinematic
correction. The FWHM of the g.s. which was 0.356 MeV in the raw

spectra, was improved to 0.215 MeV.

In this work, the levels of 10 B were examined up to 7.47 MeV in
excitation and it was possible to separate the ¥~decaying states from the
particle- decaying ones. The summary of the results for branching ratios

are shown in Table 5-1.
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