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Abstract

A technigque has been developed that improves the
energy resolution 1in scattering experiments that use a
highly divefqent accelarator bean.

The technique is described in the main body of this
thesis and involves shifting the usual beam waist (an
upright phase space ellipse) at the target position to a
point downstream from the target. The distance to which
the waist should be mnoved depends on the scattering
angle, target angle, and the beam properties.

The technique was tested by computer program and an
improvement in the enerqgy resolution by a factor of 4 - 8
was obtained. Experimental measurements on carbon and
hydrogen targets were performed using a position sensi-
tive detector. The results showed the technigue to be
effective, Angular resolution 1s improved as a conse-
quence of energy resolution improvenent.

The introductory chapter contains a summary of the
details and the design consideration of the momentum
analysis system of the high resolution beam 1line. An
understanding of the entire system is mandatory for the
experimental tests of the theory put forward in this

thesis.
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Introduction

The - beam delivered by the momentum analysis system of
the high resolution beam 1line of the University of
Manitoba Cyclotron will result in an angular divergence
of up +to +2°% on the target. The kinematic enerqgy
resulting from this divergence is very serious for the
lighter nuclei where the kinematic enerqy spread per
degree is large. For heavier nuclei, where the kinematic
energy spread may not be serious, this anqular divergence
may, however, be unacceptably large for measurement of an
angular distribution.

This thesis describes a technigue that improves remar-
kably the energy resolution in scattering experiments,
and results in a corresponding improvement in the angular
resolution of thé experiment. The latter point 1is of
importance in studying angular distributions that vary
rapidly with angle, while utilizing the full beam accep-
tance. The technique involves shifting the usual bean
waist at the target position to a point downstream from
the target. A similar technique, known as dispersion
matching¢1s), is well known and applied in magnetic
spectrograph detector systens which are matched to the
characteristics of the beam incident on target by appro-
priate shifting of the strengths of guadrupole singlets

in the transport system to give a dipersion such that all

3



particles (for certain reaction) are brought to the sanme
point in the focal plane of the spectrograph. The
detector system used in this work is a more comnventional
one comprising a solid state position sensitive detector
with a solid angle of up to 7 mstr, where the position
information can be used to apply kinematic correction
from the angqgular information.

The thesis is divided into 4 chapters and is conmprised
of two parts. The first is described in chapter 1 and
represents a summary of the essential design considera-
tions, beam behaviour, and the details of the nomentum
analysis system of the high resolution beam line. This
work was done mainly by P. Debenham and W. TFalk during
the period 1970 1974¢1>. Furthermore, the effect of the
second-order aberrations on the qguality of the image at
the focal plane of the analysis system has been
investigated.

The second part of this thesis then represents a
description of the technique mentioned earlier to improve
the enerqgy resclution and it is described in the remain-
ing 3 chapters.

Chapter 2 describes the theory and conditions that
should be satisfied in order +to improve the enerqgy
resolution. It also contains the theoretical calcula-
tions done to test the theory using a special computer

Frograms.



Chapter 3 contains the experimental procedure, elec-
tronics used, and description of the compute: programs
used with the position sensitive detector.

Chapter 4 describes all the experimental results
obtained for the reactions 12C{(p, )°B , and H{p,p) iH.
Alsc it gives a comparison between the measured enerqgy
resolution improvement and the energy resolution improve-

ment predicted by the theory.

@



CHAPTER 1

High Resolution Beam Analysis System



1.1 Introduction

The high resolution beam analysis system has been
designed to accept as an input a beam of emittance as
high as 15 mm.mrad {(half width times half divergence) and
provide at the targrt position a beam of intensity 1% of
the intensity on slits s1 shown in fig(1.1) , and a final
intirinsic energy resolution %?:Gle‘(l)n

The system was built on the 15nriqht beam line.For
economic reasons and space limitation the system was
choosen to consist of two 90°sinqle focusing analyzing
magnets of 30 1in. radius -.The two magnets bend in
opposite directions to each other,so in this way the
dispersions of the two magnets will add (32,
Technical data for the two analyzing magnets is given 1in

Table (1.1} . Fig(1.2)shows a schematic diagram for the

magnet pole piece .

1.2 System Layout

Fig (1.3) shows the layout of the systenr . It should
be noticed that the dimensicns indicated are measured
between the effective field boundaries ({EFB) of magnets

and centre of slits.

1.3 Uniform Field Measurement

The average fields on the <central orbit 1in both

magnets were measured using Hall probe type BHT 910 .
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TABLE (1.1)

ANALYZING MAGNET DATA

Bending radius 30 in.
Magnetic bending angle 90 °

Air gap 1.75 in.
Pole width 13 in.
Max. field 14 KG
Entrance angle 0°

Exit angle 0°
Curvature of entrance angle 30 in.
Curvature of exit edge 30 in.
EFB (inside the pole rcot) 0.52 in.
Magnetic field index 0
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The field non-reproducibility was found to be

saB/B=% 5% 5" .This yas interpreted to be due to
hysteresis.An investigation was made on the effect of
this non—-reproducibility on the guality of the image at
the focal position, but it was found that it has a
negligible effect.

The ratio Dpetween the average fields on the central
orbits in both magnets was also measured . It was found
that this ratio varies from 1.004 to 1.006 as the
excitation varies from 9.5 KG to 12.5 KG. This required
a proper adjustment of the trim coil current in order to
maintain the same value of the field in both magnets.

The most intersting result of this mapping was that
the field actually is not uniform{n=0) but it is slightly

non-uniform. If we express the field in the form :

B(RY = BT \-n (£E1°)+ﬁ(kk@‘§+z(“k? Y a1

where
B{(R, ) is the nominal field on the central ray {radius=R, )
B(R) is the field on the ray with bending radius = R
n, p,7¥ are the field indices.
Tt was found that the value of the field indices for
both magnets are not the same. these values were :

1. For the first magnet : {the upstean one)

n = ~ 9279 % a”
{2' = - 5.2 1\&—01
¥ = -. 1283

2. TFor the second magnet : {the downstream one)



n = 2.1%2% X (5°
f = .05 x(o?
T o= . 296%

This non-uniformity was found to have a negligible effect

on both the guality and the position of the image.

The actual bending radius increases steadily 1in the
fringing field, so the real and the effective edge paths
are separated by a small displacement which <can be
neglected in first order theorvy(3), But for second-order
calculations, this should be taken into consideration.

So, a mapping of +the fringing field should be done
carefully for both magnets. It was found that both
magnets have similar fringing fields for both entrance
and exit. Fig(1.4) shows the mapped median plane fring-
ing field for the entrance of the first magnet {the
upstream one) at an excitation of 11.5KG. The value of
the tail was found to vary with the excitation from 1/4%B,
at excitation 9.5 KG to 1/2%B,at excitation 13.5 KG,
where B,is the average field on the central orkit inside
the magnet. This tail value implied the change of the
object and the image distances from the ideal theoretical
values to those appearing in Fig{1.3) in order to get an
optimized image.

A theoretical fit for the measured fringing f£ield was

done, and it was found that the following Fermi function

10
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gave an appropriate fit :

Co +C S+ S 4 o tcge?

BCz) = Bo / | + e a1

where

BR{Z) = The value of the field at distance 7 measured
from the pole root of the magnet.

B = Field on the central ray inside the magnet.

S = Z-3¢, /G

G = Air gap.
Gy ¢C, +C, » G 4G, sC aTE constants.

The values of the constants co,c‘,cl,c%,cq,cgwhich gave
the best fit fcr both magnets were calculated to be as

follows :

c, = 0.135

c, = 2.0857 !
c, =-0.508

c, = 0.7223

c, = 0.0252

c, = -0.0128

Fig(1.4) shows the fringing field shape as calculated

using the above values.

1.5 Computer Programs

Several computer programs were used to study the
magnetic analysis system and the beam behaviour through
the system. So, it may be helpful to discuss these

computer codes before we proceed any further.

12



1.5.1 Program_ TRANSPORT(4)

This 1is a first- and second-order matrix multiplica-
ticn ccmputer program. At any specified position in the
system an arbitrary charged particle is represented by a

vector {single column matrix) as follows :

— v .2

where

=
H

The horizontal displacement of the arbitrary ray

with respect to the assumed central trajectory.

X =_The angle this ray makes in the horizontal plane
with respect to the assumed central trajectory.

vy = The vertical displacement of the ray with respect
to the assumed central trajectory.

y! = The vertical angle of the ray with respect to the
assumed central trajectory.

1 = The path length difference between the ray and the
central trajectorve.

d = The fractional momentum deviation of the ray fron
the assumed central tradjectory.

Any element in the beam line 1is ‘represented to the

first-order by a square matrix R which describes the

13



action of this element on the particles coordinates.
Thus the passage of a charged particle through the systen

may be represented by :

X{1) = R X{0)
where
X(1 = The final coordinates of the particle under
consideration.
X{(0) = The initial coordinates of the same particle.

If the particle has tc¢ traverse n elements so the
matrix R will be the product of the individual matrices
of the system elements 2

R = R{n).RB{(n—-1}. =2. R(1)

The program calculates this cumulative transfer matrix
and prints it out where desired.

Furthermore, the program calculates the second-order
transfer matrix by adding another +term to the above
formalism. The components of the final vector in terms

of the original , are now given by :

) 1y =2 R.. . 0y +% T. . Ay
X, (1 - R‘é Xa {0 z Tk Xé {0) XK {0) )
where RU and Tﬂkare the elements of the first- and

second-crder transfer matrices, respectively. The suf-

fixes i,j,k runs from 1 to & where X, ¢ X, X 4%, 4% ,and X,

L‘

stands for x, x; Vs y; 1 , and d respectively. The

construction of the first- and secod-order transformation
matrices is gives in appedix I.

Provision is made in this program to vary sone

14



physical parameters of the elements comprising the systen
and to impose various constraints on the beam design.
For example, varying the field strength wvalues 1in a
quadrurcle +triplet in order to get a waist at certain

position.

1.5.2 Program RAYTRACE(S)

This Fortran program inteqrates the Lorentz eguations
of motion for a charged particle moving through an
arbitrary magnetic field. Analytic expressions for the
field (fringing or central) in the median plane is used
as determined from the experimental data and/or mathemat-
ical models. A Taylor?s expansion is used to determine
the <components of the field off the median plane {up to
second-crder terms). Using the expressions for the field
the program is capable of tracing rays with arbitrary
initial conditions through the systen.

Besides, the program has the option of calculating the
second-order transfer matrix and investigating higher

order effects {third-order).

1.5.3 Program_ QPTIK(s)D

This computer <c¢ode calculates first-order transfer
matrix Ltased on the same theory discussed above in
TRANSPORT. Moreover, the progranm investigates the

second-crider chromatic aberration effect,

15



1.6 Beam Behaviour

Rays were traced through the analysis system to study
beam behavicur in both vertical and horizontal planes.
The final <c¢oordinates of each ray at different points
along the system were calculated using the computer code
OPTIK described in section 1.5.3 .

1.6.1 The vertical behaviour

Fig (1.5) shows the behaviour of 42 Mev proton traijec-
tories in the vertical plane (YZ). Starting with a
vertically converging beam at slits S shown in Fig{l. 1},
a vertical waist can be formed between the quadrupole Qi
and the switching magnet. The initial values of the beanm
coordinates at the slits S were choosen such that they
refleclt the actual emittance measured there. Quadrupole
doublet QE1,0E2 forms a large vertical waist half way
between magnets. In this way the vertical beam envelope
is appreoximately parallel and passes through the analyz-
ing magnets gaps.

1. 6.2 The horizontal behaviour

The horizontal behavicur of the beam {XZ-plane)
through the system is shown in FPig {1.6}. The <quadrupole
doublet QFE1,0E2 shown in Fig{1.1) produces a horizontal
waist of width Tmm and a negligible dispersion at the
object =lits. This will serve as an obiject for the first
analyzing magnet, which forms a dispersed image half wavy

between the two magnets. The second magnet will form a

16
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more dispersed image at the image slits. The gquadrupole
triplet QE3-5 will form a horizontal waist on target.
Now, it is clear from Fig{1.6) that the bheam diver-
gence at the entrance of the first magnet is large (the
max. divergence x' = 30 mrad), so the term that depends
on x‘iin the transport eguation (eg.1.3) will be large
enocugh to form geometric aberration at the 1image slits.
To minimize the effect of this aberration, the analyzing
magnets have been designed with curved entrance and exit
edges with radius of curvature = 30 in.(3? , This has
been verified to be effective by tracing rays through the
system using the program code RAYTRACE and simulating the
horizontal rhase space ellipse at the image slits. The
resulting phase space ellipse 1is shown in Fig{i.7).
{meaning and properties of the phase space ellipse will
be given in chapter 2).
The following data were used in this tracing :

149.403 cm

i

Obiject distance

156.5 cm

it

Image distance

]

Magnetic field index those values given in sec{1.3)
The phase space ellipse at the image slits shown in
Fig(1.7) can be considered as an an upright ellipse.

This approximation is useful as will be shown in chapter

3.

1.7 Enerqy-Field Calibration

The average magnetic field (B) on the central orbit in

19
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both analyzing magnets is determined for a given proton
kinetic energy (T ,) and bending radius of 30 in. from
the relation :
B(KG) = 1ﬂJHw}[1pQMm)+\%%A1%%+11é W9
Fig{1.8) shows a plot of T vs. B as <calculated fromn
eg. (1.4) . Also shown in TFig(1.9) a plot of the trim
coils current vs. B together with a plot of B vs. the
coarse dial setting . These two Figs. are used to
excite the analvzing magnets properly for any specified

proton enerqgy T .

22
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THEORY
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In nuclear reaction experiments, the energy resolution
is deteriorated by the kinematic effect . For the high
resclution bteam line, the 15 amm.mrad beam results 1in an
angular divergence of i2° on the target if the full
acceptance of the beam is uwtulized. For lighter target
nuclei , the resulting kinematic energy spread is large
enough to nullify the advantages of the momentum analysis
system discussed in chapter 1. For example, 1in the
reaction lzC(‘}?,oc)qB at 080 ¥Mev and a scattering angle of
30° the kinematic energy spread is 109 kev/e, increasing
to 165 kev/. at 70°. For heavier target nuclei, the
kinematic enerqgy spread is less but the angular diver-
gence is still unacceptably large for measurement of an
angular distribution. This situation can be remarkably
improved by beam matching.

Fig{2.1) shows a scattering geometry for a projectile 7%
beam incident on a target, the detector is placed at a
laboratory scattering angle 6 .

It is <clear that if the scattering angle to the
detector is to have the same value © for each incident
projectile, a one =~to- one correspondence between the
position of the projectile on the target ({x,) and its
slope (x;) is implied. So, equality of the scattering

angles cbviously eliminates the kinematic energy spread,

25



. 9¢

ncident

- Beam

[—CollimGTOr

\ '- »Detector




not only for elastic scattering but for anv and all
nuclear reactions as well. Simultaneously, the uniqgue
value of the scattering angle removes the problem of the
angqular resoluticn in determining the angular

distribution.

2.2 Kinecmatic matching condition

The relation between the projectile position on the
target (x,) and its slope (x;) necessary to achieve the
one —to- one correspondence condition is derived below

for both forward and backward scattering angles.

a. _For forward scattering angles

Fig{2.2) shows a diagram of the target and detector
which has Dbeen assumed to subtend a negligibly small
horizontal angle and placed at scattering angle & ,
distance a4 away from target. For all proijectiles inci-
dent on target to have the same scattering angle 4 we
should have the focus beyond the target so that the bean
on target will be converging.

From the geometry of the fiqure we can write :

B o+~ 0 — DQ'* = qo
i@,
X = Qo + A - @ 4 :>c';f
and ‘
ro= =% |

Also we can write

27
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$ = - & stuxi [ sy CRY

x = Yy s o (z.72)
i
. ! _ d cosd 5in X

.’)C‘_ - - A CoSx Bin X - } (2.2
Sin(qo +o ~8-x) Cos ( X-@ + x()

Since x;«\ and (- « ) is generally selected by the

experimenter to be less than W4, we can write eg. {2.3)as

1
M 'JQ*”E' .-&(_QSO( . 3(*
oo (@-o) - Xy Sino-=)
’)C{' ~ — a‘(«QSN Lq_ L‘)
X! Cos CO- x, .

Eg. {2.4) gives the relation between x and ¥ in order to

achieve kinematic matching required.

b. For rackward scattering angle

For scattering angles 7 900 a waist in front of the
target is required so that we can have the same scatter-
ing angle for all the projectiles on target.This geometry
is shown in Fig{2.3). By following the same steps as in
the case of forward scattering angles, we canh easily get

-
»

s dtss
xy Cos (G- ot xy)
x - — A Cos of
t o~ (2.5)
x+‘ s (6 -

which is the same as eg. (2.4).

Egas (2. 18) gives the kinematic matching condition for_
any scattering angle. Table {2.1) shows the values of
~x+/dx; for different scattering angles and target
angles as calculated from eqg. {2.4). " Also shown in

Fig{2.4) is a plot of —x%/dx; vs. © for different values

29
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Values of -x*/dx; for different

scattering and target angles

Scattering angle

10
15
20
25
30
35
40
45
50
55
60
65
70
75

80

Table {2.1)

Target angle

10
15
20
20
15
15
20
20
25
25
30
30
35
35

40

32

—X,r/dx,r

. 385
.966
.94

- 9343



of x . This table {or set of curves) are useful as we
will see later.

0f course this unique correlation between Xy and x;
for particles from an accelerator beam can not be
achieved for all particles because of the nature of the
phase space ellipse ( see the following section}y. Hon-
etheless, it 1is vpossible +to approximate the desired
conditicn,

At this point it is helpful to introduce the following

discussion to explain what is meant by the phase space

ellipse, and to note some of its properties.

2.3 Phase space ellipse(3)

Particles from accelerator excute radial oscillations
in the horizontal (scattering ) plane about the central

path. These excursions can be represented by :

X = %Ko Sinm wt (2.6)
= x, Siw ZWNE
By
-1 2z C2.1)
= o =

where x_ is the amplitude, o is the radial angular
velocity, =2z 1is the distance travelled at velocity v in
time t, and 9 is the wave legth of the oscillation.

The slope of the path given by eg. {2.7) is given by =2

x‘: d¥x - x, ZTH g zmZ
a2z > =
' -
= Ko Cos haz
A
u)t«&wa
xo = Koo ZX 2.2
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From eg. {2.7) and {2.8) we can write :

1 "
X . x =\

xr TS 2.9

This equation represents an ellipse in the X=X plane,
called the phase space e2llipse ,as shown din Fig(2.5).
The intercept of this ellipse with the axes x and x are
the max. displacement (X.) and the nax. slope (x.),
respectively. A single particle obeying eg. (2.%) is
represented as a single point on the ellipse, and as time
and distance advances, the point moves <clockwise round
the ellipse. Particles executing oscillations of the
same anmplitude but Adifferent phase are also represented
by points moving on the same ellipse, while particles
with smaller amplitudes will move on smaller ellipses.
The distribution inside the ellipse is not uniform but

can be assumed to have a Gaussian shape .

2.4 Behaviour of the phase space ellipse(83

In this section we will discuss the behaviour of the
ellipse in the drift space {field free) only, because the
knowledge of this behaviour is important in this experi-
ment .

As shown in Pig(2.%) the beam's eanvelope widens as it
traverses a drift space, but the maximum slope remains
fixed, in cther wecrds every point on the envelope will be
displaced parallel to the x—axis while the projection of
the ellipse on the x' -axis remains constant, as shown in

Fig{2.7Y. This can be described as a shearing motion,

34



!
4><

The Phase Space Ellipse

Fig(-Z_.S)

35



accelerator— <—— field free

Fig(2.6)
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Fig (2.7 ) Effect of Field-free Region
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the intersections with the x-axis acting as fixed pivots,
while +the area of the ellipse remaining constant by the
virtue of Liouville's theorem(142>, So as a conclusion we
can say that the drift space causes the ellipse to rotate
in the clockwise direction, and undergo a shearing
deformation as indicated in Fig{2.7) =

%% %

Now return to the kinematic matching condition. Typ-
ically the experimentalist selects the parameters of the
beam optics so as to produce a horizontal waist (upright
phase space ellipse) at the target position, as shown 1in
Fig{2.8)b . At x=0 the beam has half-divergence of XJ .
If this horizontal waist is moved to a point down strean,
according to section 2.4, a rotated ellipse will Dbe
arranged on the target as shown in Fig{(2.8)a. Clearly,
the half-divergence at x=0 is reduced. This reduction
depends on the distance to which the waist is moved, i.e
the degree of rotation of the phase space ellipse.
Moreover, particles lying on the axis A-A of the rotated
ellipse of Fig(2.8)a can be arranged so that they satisfy
the kinematic matching condition set forth in eg.{2.4).
To the extent +that particles along the axis A-A are
representative of all particles in the beam, the kinemat-
ic matching condition is fulfilled. The modus operandi
suggested by the foregoing is the following :

From the knowledge of the properties and location of the
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horizontal waist at a post—-target location, the proper-
ties of the phase space ellipse on target can be
determined. i.e another expression for X+/X% can be
obtained in terms of the properties of the post-target
waist and its location. this relation will be derived in
the following section,

In the case of the backward scattering, the above
argument 1is still aplicable, except that the phase space
ellipse on the target will be rotated in the clockwise

directicn since the waist is in front of the target.

The upright ellipse {(waist) at distance L beyond {cr

in front) the target,shown in Fig{(2.8) can be expressed

as 3
Ay x* + Y X‘l =\ (2. 10y
where -
[ &9 = \ {’(m
*
Z\u = \ { X(\u

H

X, and x represent the horizontal half-width and
half~divergence,respectively.

Any point (X*,X;) in the wellipse at the ‘target
position is related to a pecint (x,i)on the waist ellipse

by the simple drift-space transport equation :

* 1 _ ‘ L Xy
x' J - o \ x;l @2.\)
where L is the distance between target and post-target

waist. Substituting eg. {2.11) into eg.{2.10} we get :
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'2_ T
«,, ;(; + 2L o« )<1 X; + o, L + ¥} 7"\, =\ (2.2

Bguation (2. 12) represents the phase space ellipse on
tarqeta The cross—-product tern zL%gﬂx} indicates that
the ellipse is tilted anticlockwise (walst bevond target,
1L positive) or clockwise (waist in front of target, L
negative) .

Introducing the dimensionless guantities :

(< = )4‘_ /xw
' (2.\3)

¢ = % K
and writing eg. {2.12) in terms of these two quantities,

we get

The orientation of +this target phase space ellipse is
best described by choosing a new coordinate system {u,v).
In Fig (2.9) let u and v be the two axes along the major
and minor axes of the ellipse, respectively. Assuming

that the ellipse is rotated by an angle € , we can vwrite

»
-

€ = V Cg © - w Sivn B
(2.13)
% - VOSw e K (U oy
sguaring both eg. (2. 15)

* “@ Y . “ .

€ = V s @ - MV SMe i@ LW Bw e
(z.10)
T
+ . . T T
¢ = \ Sin @ 4+ 2 MV Snwe C3e & U s o
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Substituting {(2.16) into {2.14), we get :

2. . “
VS e @ - 2wy Sue e W Sue +

!

2L L T . .

2L Fw (\I S ws5@ -~ W Siue <osad 4 UV S @ —~ uV s,yf@)_*_

Xw

A T T T A L
( ; C <) \_ ViSiwe wu s e 42UV Sine S“se’| = | (z.
w

For eg. {2.17) to represent an ellipse with u and v the
major and minor axes, the coefficient of uv term should

vanish, i.e.

1
S
—2L X (3iue - @) -2 Bw e s® +2 5uo C»se(f:_:?h +1) = o
Yw w

Using the double—-angle relations, the last equation can

be written as :

2L ":_'s_ s 26 - sinze + (%= U s siv ze SRS
X B
fau 2e - 2zl X / :(_“’_ u
R Bw
ye. 2 tane = - = -2 K / v (2.13)
- tadg Ay L
¥ = characteristic length of the bean

{This <characteristic legth is just a gquantity %o charac-
terize the beam waist)
L = distaﬁce {in mm) between target and waist
positicn.
Particles along axXis {A-A) in Fig{2.9) are charac-

terized by :

fow G 2.19)
—_ 143

€
S
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using eg. {2.13) we can write :

€ — X'(,- Xw X(_

- - — = (2. 20}
i )(\". X Xi)ﬁ
Substituting eg. {2.20) into eg. {2.19) , we get :
tow 0 = - T (2.21)
x"* A
Substituting eqga. {2.21) into eg. (2.18) :
-’ZX‘_/'KI‘,X _ —_2 XA (z.1%)

L= O frxY” - u
THe solution of this equation is :

Fig (2-.10) shows a piot of xf/x; vs. L for different
values of X , according to egs. {2.20) -

Equations (2.4) and (2.23) are used together in
kinematic matching as follows :

For a particular experiment with scattering angle {6)
and target angle {a) We use eg. (2.4) {or Fig(2.#)) to
calculate the guantity —xf/dx; . Knowing the target-
detector distance (d) and the beam characteristic length
X we use eq. {2.23) or Fig(2.10)to determine the distance
L . If we move the waist to this distance L the
kinematic matching is fulfilled.

It should be kept in mind +that this distance 1L 1is
calculated assuming that all the particles in the phase
space ellipse on target are represelted by particles

along the major axis AA shown in Fig{2.8)a .
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2.6 Divergence reduction ratio

The reduction in the beam maximum divergence on target
accompanied by moving the waist to a point downstream {or
‘upstrean) is expressed through the "figure of merit" R

4
yhere R = —
X

k\_:a

To get a mathematical expression for R, we set x =0

in eg. {2.12). this will give :

R -\ e LT
- P -\{.,_
R = \\ + L] 2.24)
x'\'

Fig (2.10) shows a plot of R vs. L for different
values of ¥ .From this set of curves we can calculate the
expected reducticn in the beam maximum divergence for
each distance L and henée, we can get a rough estimation

for the energy resoclution improvement factor .

2.7 Detector shape

The enerqy resclution improvement expected from theory
above is obviously of little value for a detector of
infinitesimal solid angle, as in the case of using a very
narrow collimator in front of the detector. S0, a
positicn sensitive surface barrier detector is an obvious
choice for this application , where we use the position
information to apply kinematic corrections {this will be
discussed in details in section 3.6).

Because these detectors are relatively long {typically
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25 mm) , 1t is important to satisfy the kinematic
matching condition specified Dby eqg.{(2.4) for all the
points along the length of the detector. Fig{2.11) showvs
a scattering geometry with the centre of the position
sensitive detector placed at a scattering angle & and
distance 4 away frcm the target. Taking two coordinate
axes Yt , ™M to be along the target and the normal
direction, respectively, any point A (¢,4) on the detector
surface with scattering angle ® and distance 4 'away from

the target satisfies the following relations :

5~ s (e Z (2.25)
dl

and
,1—( . i T t
— - swwm (@ _4) ¢ Vo s Ce-d) @.76)
dl

But in section ({2.2) we showed that particles along

the madjor axis of the phase space ellipse on target

[

should satisfy the following matching condition

{
X Cosg
_ v - A Co [N = dCoSD( (2.1()

X'* Cos (@ - of ) s (6~ o)

but along the major axis of the ellipse we Lhave @

- X o Comstant ¢ (2.2
7y
eqg. {2.4) can be written as :

4 - %y SCE-d) C Lo (G-4)

] = 2.2%)
Xy Gos o Cog o
substituting (2.28) into {2.25) , we get :
. \
A = (§¢/ s ) I @.29)

using eg.{2.28) and (2.29) , eg.{2.26) can be written as

T k.
/\ _ el ¥ casT - /\ _ < c‘:s‘x (2.%)

ct
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by squaring eg. {2.30)

v g < § Cosa
= 3= | -
“ S ( —=)
= 3¢ "
oSl
. k5 _ c 2 Q'L
. A o+ O3 e B (2.7%1)

The locus of pcints defined by eu.(2.31) is a circle

shown in Fig{2.12) with radius

c Cal 1)
Z Cos of - Cs (e,

and its centre lies along the ¢ -axis at a distance

C O\‘L
2 s s (6- )

from +the target position. This means that the detector
surface should be a portion of a circle in order that the
kinematic matching condition can be fulfilled for each
point on the position sensitive detector.

0f course, it is practically difficult to obtain such
a detector. Byt as an approximation we place the
detector along the tangent of the «circle defined by
eg. {2.31), as shown in Fig(2.12). Placing the detector
along the tangent means we place it at an angle (F)'
where the value of p can be determined at once from

Fig{2.12) to be :

where

@
il

scattering angle

R
i

target angle
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2.8 Theoretical calculations

To test +the energy resolution improvement discussed
above, a Honte Carlo calculations were mnmade using the

computer program XKCORR described below :

2.8.1 The computer program_ KCORR

This Fortran program has the provision to trace a
large number of ravs from the obiject slits, through the
analyzing magnets, see Fig{(l1.1), and to the waist posi-
tion in the scattering chamber. All rays in the beam at
the object slits had Dbeen assumed to have a maximun
enerqgy bite of AE sz kG Energy deviation for each
ray frem the assumed central trajectory energy was
choosen at random from that interval. The nmaxXimum
displacement (x_,) and the maximum divergence (x;) in the
horizontal {scattering) plane were given as input and the
program chooses the coordinates of each ray (x,x) at
random using a random number generator. The particle
distribution within the phase space ellipse 1is not
auniform but it was assumed to have approximately a
Gaussian shape. This Gaussian distribution 1is charac-
terized by a guantity '§' (simply 4 is proportional to
the reciprocal of the variance of the Gaussian distribu-
tion). By 1increasing the value of p the Gaussian shape
becomes narrow and vice versa. Events whose coordinates
(x,x'") were chosen at randcm should satisfy this Gaussian

shape condition otherwise they are reijected.
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In regard to the choice of the coordinates of the rays
in the vertical plane, it was shown in Fig(1.5) that the
beam in the vertical plane is almost parallel, therefore
the vertical divergence of the rays (y’) was taken to be
zero while the vertical displacenents {y } of rays were
chosen such that they clear the analyzing magnets gaps {
Typical value is 411 cm ).

After choosing the rays parameters at the object slits
{x,x ,¥, 7V ,ap ) , the program traces each ray individu-
ally through the two analyzing magnets and calculates the
coordinates of each rayvy at the image slits, shown in

Fig{1. 1) using the second order transfer equation :

X: Oy = r-. . Vet . - (1-73)
\ Y /i oy K‘) (o) —+ %K {yx X\\(c) XKC‘

The coefficients R, were precalculated wusing the

3! T{;\v.
computer code RAYTRACE described in section 1.5, and they
were given to KCORR as input data. The reason that the
transfer matrix for the analyzing magnets was calculated
using RAYTRACE code tvather than the widely used TRANSPORT
code is that RAYTRACE permits the use of the analytic
expression of the fringing field while TRANSPORT assumes
a standard fringing field function for all magnets .
After that the program traces the rays through the
guadrupcle triplet QE3, QE4, QE5 to the target and the
waist position. The final coordinates of each ray at the

target position (x*,x;) Wwere calculated using the second

order transfer egquation with the <coefficients ‘R., T
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precalculated using the computer code TRANSPORT. The
target coordinates (xf,x;) for each ray were used to
calculate the exact scattering angle (8+x). The expres-
sion for @, can be easily seen from Fig(2.13) to have the

following form

Gl = avctanm d S 0y + Xy
d Gs @o—xt’mv\d
wherse
0, = scattering angle for the central

ray with momentum P and divergence= 0
d = target-detector distance
« = target angle
o= final displacement of the projectile
on the target.

Finally , the program calculates the enerqgy of the
outgcing particle (E3)of the reaction under investiga-—
tion, and hence, calculates a histogram for the number of
particles vs. (E3-EQ0) where E0 1is the energy of the
outgoing particle with scattering angle ¢, .

The FWHM of the resulting histogram is a measure for
the energy resclution. So by running the program twice,
once with the «coefficients R and T“Kof the transfer
equation (1.3) from the image slits to the target
position corresponding to a waist at the target position,
+hen rTun 1t once more using the coefficients Rﬁ and T‘_j_k
corresponding to a waist distance L away from the target

, the resulting energy distributions can be used to test
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the theory and determine the factor of iwmprovement 1in
energy resclution.

The uncertain factor in these calculations was the
characteristic length X, since this was found to depend
on the fine tuning of the cyclotron. A value was
selected for each run which consistent with the con-
strains of the divergence limiting slits at the entrance
to the first magnet.

One more difficulty was encountered in using this
program, namely, assigning numerical values for the
quantitiy £ mentioned above. To overcome this diffi-
culty we chose for each rtun a value for p which gave an
energy distribution whose FWHM value was equal to that
measured experimentally for the case L = 0 , then used

the same value for the run with L#0.

2.8.2 Calculation results

As a preliminary test for the theory , we considered

the reaction ‘H(P,P)'H with the following simulated data

e

Incident proton enerqgy =42.5 Mev
Lab scattering angle =40°
Target angle =20°
Target detector distance =180 mm
Beam characteristic length =50 mm/rad
P = 0.9

The distance 1L for the kinematic matching was calcu-
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Tabhle (2.2)

The coefficients of the transfer eg.

from object to image slits

First order

1.05857 0.00132 0,004 0.006 0.0 -4,6871
13.12818 0.39613 0.2932 0. 03104 0.0 -29.914
0.0 0.0 1. 42283 0.7147 0.0 0.0
0.0 0.0 1. 41174 1.3334 0.0 0.0
0,0 0.0 0.0 0.0 1.0 0.0
0.0 0.0 0.0 0.0 0.0 1.0

Units are cm for coordinates and mrad for divergences

56



Seccond order

5.294D1

1.758D~1

-1.56D~1

6.564D2

4.939D1

-2.59D~1

1.337D-4

-4,43D-2

4.870D~-2
-2.63D-2
0.0

0.0

2.93D-1
-1.28D-1
0.0

0.0

57

5.006D-3

2n SBD-Z

—-2.34D2

~%.49D3



Table (2.3)

. Coefficients of the transfer eg.
from the image slits to target position

(case of L = 0)

First order

1.04952 0.0 0.0 0.0 0.0 ~-46.997
0.00131 0.95281 0.0 0.0 0.0 ~0-0299
0.0 0.0 1.0 217.768 0.0 0.0
0.0 0.0 0.0 1.0 0.0 0.0
0.0 0.0 0.0 0.0 1.0 0.0
0.0 0.0 0.0 0.0 0.0 1-0

Units are mm for coordinates and rad for divergences
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Seccnd order

~-8.17D-6

-2.22D-2 -1.69D1

0.0 0.0
0.0 0.0
0.0 0.0

~-5.19D-2 -1.37D2

-4,24D-9

-1.28D-5 -1.102Dp-2

0.0 0.0
0.0 0.0
0.0 0.0

-5.23Dp-5 -8.81D-2

8.084D-3

4.95D1

0.0

0.0

5. 15086

2.83D-2

0.0

0.0
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Coefficients of the transfer eg.

Table (2.4)

from

image slits to target position {L=167mm)

First order

-.65628

-/0058

221,938

-1.3289

Units are am for coordinates and rad for divergences
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Seccnd order

0.0

0.0 0.0

0.0 0.0 0.0

0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0 0.0

7.185D-3 2.88D1 0.0 0.0 0.0 0-0
0.0

0.0 0.0

0.0 0.0 0.0

0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0

-7.765D-6 1.33D-1 0.0 0.0 0.0 0.0
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100 +
—
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cHANNELSS NUMBER

Fig (2.14)
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lated as follows :

(e
From Fig(2.4) for 6=udi « =20 we can find that ~x*/x;d=

1 i.e. —xt/x; = 180.Using Fig{2.10) we can get at once
that L =167 mm. - The computer program KCORR was run
twice., Once for the case L = 0, the coefficients of the

transfer equation from the object slits to the image
slits and from the image slits to the target position are
shown in tables ({2.2) and ({2.3). The second run of the
program was for the case L = 167 mm . The coefficients
of the transfer eg. from the obiject slits to the image
slits and from the image slits to the target position for
this case are shown in tables (2.2) and {2.4),
respectively.

Fig (2.14) shows the resulting energy distributions.
For the «case of L=0 the energy resolution is 630 Kev
FWHM, while it is 185 Kev FWUHM for the case of L=167 un
i.e. the energy resclution has been improved by a factor
of 3.4 .

Before we tested the theorv experimentally, we had to
know if the distance L calculated as described 1is the
optimum one. PFor this purpose similar runs for the sanmne
reaction were done for different values of L {greater and
smaller than the calculated one ).

Fig(2.15) and (2.16) show the energy distributions for L
= 130 mm and L = 200 mm , respectively. The energy

rescluticn for both cases is more than that for the case
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of LT = 167 mm . After similar runs w%ith different
distances we conculded that the distanpnce L calculated as

described above is the optimum one within +1 cm .
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Fig (2.16)
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CHAPTER 3

EXPERIMENTAL PROCEDURE
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3.1 Cyclotron, External Beam Facility

The high resolution beam line shown in Fig{l.1) was
nsed 1in this experiment. The proton beam used was
produced by the University of Manitoba 42" sector focused
cyclotron(9®3, A recently installed axial injection sys-
ten injects a beam of negative hydrogen ions into the
centre of the cyclotron at 11 kevi?), The dions are
deflected into the median plane by an electrostatic
mirror and accelerated by a 28 kev RF voltage. Extrac-
tion 1is achieved by stripping the two electrons from the
negative hydrogen icns using a thin Aluminium foil, the
magnetic force reverses, sweeping the beam out of the
cyclotron field. Changing the stripping foil radius and
angle by the use of small magnetic field (the combination
magnet) allows extraction of proton beans varying in
energy frcm 20 - 50 Mev.

Setting up the beam through the high resolution bean

line was described in details in section 1.6 .

3,2 Scattering Chanmber

The 22" scattering chamber of the high resolution bean
line was used 1in this experiment. The chamber has a
rotating table which has qrodves 10° apart for mounting
detectors, There are 12 vacuum sealed connectors for
detectors connections. the top of the chamber carries a

vacuum Jock and the target ladder slides through this
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lock into the chamber,

The target ladder can hold 3 targets at the same time,
although one place is normally occupied By a BeO screen
used to observe the beam spot size through a T.V. closed
circuit. Target angle and scattering angle are control-

able from outside the chamber.

3.3 Targets

Carbon and Hydrogen targets were used in this experi-
ment. The carton target used was a self supported carbon
foil with thickness 0.1 mg/cn?2 prepared by evaporation by
Atomic Energy of Canada LTD - Chalk River Lab . TFor the
hydrogen target we used a Mylar foil with thickness 0.8%

mg/cme .

3.4 Detectors

The detector wused in this experiment was an ORTEC
P-series position sensitive ion implanted detector. This
detector is capable of simultaneously measuring the
energy of the incoming particle and its position of
interaction on the detector.

The detector used has the following measured specifi-

cations :

Alpha resolution 30 kev FWHH
Noise resolution 18.2 kev FWHH
Pcsition resolution 0.3 nnm

Length 25 mm
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Width 7 mm
Depth 1000micron at 125V

FPig(3.1) =shows a sketch for the position sensitive
detector. One end terminal should be earthed, the middle
terminal will give a pulse proportional to the enerqgy of
the dincoming particle, the third terminal will give a
pulse proportional to XE where X is the position of the
impact of the incoming particle measured from the earthed
end.

According to the discussion ig section(2.7), the
position sensitive detector {PSD) should be rotated to an
angle which depends on both the scattering angle and
the target angle. Hence , it was necessary to design a
special detector mount that could be rotated and con-
trclled from outside the scattering chamber. Fiqg(3.2)
shows a photograph  for the PSD mount used for that

purpose.

3.5 Electronics

A block diagram for the electronics used and a diagranm
for the relative timing of the pulses are shown in
Fig{3.3) and (3.4) respectively. The pulses proportional
to E, XE,and 6E -if any - were fed to 3 amplifiers then 3
single channel analyzers (SCA). By adjusling the levels
of SCA we permitted only pulses with the required enerqy
tc pass. The outputs of. the SCA's were fed to a

coincidence unit.
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ADC
E AMP SCA
ADC
| ADC
AE , AMP SCA COIN. G &D|—=
ADC i
1
XE o> Amp sca
TFA CFD PU G&D
TFA CFD PU G &D —-
Delay TAC G&ab
SCA= Single channel anaiyzer
CFD= Constont fraction discriminator
COIN= Coincidence unit
G&D= Gate & Delay
PU = Pile up gate
TAC= Time to amplitude converter

Fig(3.3) Electronic circuit diagram
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A pile up reijection circuit was used to reject the
overlapring pulses - for aE and E 1lines only - which
resulted in distorted pulses. The outputs from the
constant fraction disc. {CFD) units were used to impose
a fast coincidence on the pulses going to the ADC?'s.

3 Analcg to Digital Converters {ADQC) were used ,
interfaced to the PDP 15/40 computer which displayed the
data and applied kinematic ccerrection, as will be dis-

cussed in the following section.

3.6 Data processing

Two computer programs (one off-line and the other
on—-line) were used to process the data collected . Each
event recorded by the position sensitive detector gives
twvo pulses, proportional to E and XE respectively ,
besides we wmay have a £ signal. The aim of using these
computer programs was to collect an energy spectrum at a
specified position {(X,) on the detector {corresponding to
scattering angle e ). Particles arriving along the detec-
tor at positions different than that specified for
collection should be corrected kinematically.

By wusing these programs we have the provision either
to collect a single energy spectrum by Specifying only
one position on the detector to which the energy of alil
events should be corrected, or to collect several enerqgy
spectra by dividing the detector into a number of

segments. For each segment we specify a single point to
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which we correct the energy of other events in the
segment,

Treating the detector as one region is useful in the
case of low cross—section scattering experiments, while
dividing the detector into segments is wuseful when one
needs energy spectra with 2-3° intervals.

The off-line computer program POSEDEC12) yas used to
calculate tvwo two—dimensional kinematic correction coef-
ficient matrices of positicn on the detector vs. excita-
tion energy. These coefficients - as will be seen below-
were used to correct the energy of all events recorded
along the segment under consideration. The size of these
matrices was limited to 10X10 due to <computer core
limitation, i.e. the maximun number of segments to which
we can divide the detector is 10.

The matrices calculated by POSEDE were then inco-
rporated into the on-line data taking program and appro-
priate corrections to the data were made on an event-by-
event basis.

In the following sections we will give a brief descrip-

tion c¢f these programs

3.6.1 The off-line program_ PCSEDE(12)

This Fortran program gets as input detailed informa-
tion about the masses of the particles involved in the
reaction , the proijectile enerqgy, gecmetrical arrangement

(target angle, detector angle, ...), ADC offsets, number
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of segments desired on position sensitive detector,
number of enerqgy intervals, a reference peak to calibrate
the position, the gain factor between E and OE -if any-,
and the angles to which the data in the segments have to
be corrected {one angle for each segment). The conmputer
program uses this informations to calculate first-order
correction coefficients as follows :

Consider a segment on the detector with position
limits X ,X,.. Suppose that we want to collect data at
the positicn x,.

The relation between the energy {E) of an event arriving
in this interval at position x (i.e. with scattering
angle @) and the energy {(E,) of an event arriving at the
{corresponding to scattering angle ) can be

positicn X,

written as : {to the first order)

= Eo -+ ;\-:: (_)(-—)(0)
i.e. Eo - E _ 2(\__7%_ C )(_7(0)

According to the last equation, if we add the correction
tern —%éCX#&tO the enerqgy of the event arriving at x its
energy will be kinematically corrected as if it arrived
at x_.

Taster computation made it necessary to write the last

equation on the following form :

E, = E + Z Cr - %y &7
where
Z = —,O.\E’. T = ’_c:\’é_ CX =%

At ! Ax
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The program calculates these coefficients Z, Y for each
positicn interval, recalculate them for each energy
interval corresponding to different states of excitation
of the final nucleus.

Te show that the above 1linear correction used in
calculating the coefficients Y, 2 gives results with
enough accuracy, we consider the following example 3

Consider the reaction h'C{P,o()qB with an incident
proton energy of 35.2 Mev . A PSD (25 umm long) is placed
normaly at 180 mm away from the target position with its
centre placed at a 1lab scattering angle of 40°., The
length of the detector will subtend a range of scattering
angles = 8°.

first, consider the whole detector as one region and
suppose that the enerqgy specrum will be collected at the
position corresponding to scattering angle @:&Oa, As
mentioned earlier, the energies of all events arriving
alsewhere on the detector (i.e. with scattering angle #
&Oo) should be corrected using the linear relation :

Eo = £ - é% C® -4

If we consider the worst case, namely the case of an
event arriving at the edge of the PSD with scattering
angle = 44°., TFrom the kinematic curve shown in Fig{3.6),
E{e=44° ) = 22.6945 Hev,and

dE _ ’
e 0.1177 Mev/
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E{0=40") = 22.6945 + .117 (44-40 )=23,1625 Hev
i.e. the program will correct the energyv of this event
to be 23.1625 Mev while it is actually 23.1764 Hevw
according to Fig{(3.6). That means that the error is 14
Kev in the worst case.

0f course, by dividing the detector into several
regions this difference will decrease significantly.
e.g. consider the above example when we divide the
detector into U4 segments. FEach segmrent will subtend 2 .
Again , cosider the segment whose centre is placed at &6
scattering angle . For an event arriving with scattering
angle = 41°, its energy will be corrected as follows :
E(6=40) = 23,0586+.117X1 =23.1756 Hev
The errcr in this case is 1 Kev .

From the above examples we conclude that the 1linear
correction adopted by the program is reasonable. The
greater the number of divisions on the detector the
better the accuracy of the kinematic corrections. Also
it is preferable to choose the correction refrence points
to be in the middle of each segment, in this way the

correction will be more accurate.

3. 6.2 The op—-line computer progranm

{ mirad+ adcmlp* possen )

This program receives from the ADC's 3 signals for
each event :
signal A : proportional to & E
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signal B : proportional to E

signal C : proportional to XE

The prcgram performs the following data reduction :
i. «calculates D = A / N
where N 1s the ratio of +the gain used on E and
amplifiers.

ii calculates G = C*K /{B + I)

where
G = position X in a 500 channel spectrun
(channel 500 corresponde to 25 mm)
I = offset on the energy ADC

=
i

rescaling factor, depends on XE-signal
amplification.
iii. «calculates F =D + B
After these calculations the aguisition program selects
the appropriate matrix elements calculated by POSEDE by
searching through position and energy interval arrays in
which the event falls , as shown in Fig {3.7) then uses
the numbers Y({i,j) and Z{i,J) to calculate the corrected
enerqgy E' of the event :

E'= F o+ Y(i,9) + 2(i,9) (6 - X(i-1))
where
X{i-1 = the lower boundary of the positicn interval in
which the event falls.

All the gquantities A, B, €, D, G, ¥, E can e

displaved by MIRAD.
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Programs listings, loading procedure, and the required

assignments can be found in ref. {12} .

3.7 Quadrupocle triplet setting

The major difficulty in the experimental measurement
was the determination of the guadrupole triplet QE3,0QE4,
QE5 field strengths for waist condition at the target and
post—target positions.

Since at the time of performing this experiment there
was mno apparatus‘available in the lab for beam scanning,
we depended on calculations to determine the guadrupole
triplet strengths for waist conditions.

As we have seen in Pig{1.7), thé phase space ellipse
at the image slits is almost upright in the horizontal
plane. So the method described by Resmini(i1) for
waist-to-waist transfer can be used.

Before we used this method we tested the accuracy of
the calculated values as follows :

We started with the design values of the field strengths
B3 and B4 of the guadrupolés QE3 and QE4¢22 and used the
method mentioned above to determine the field strength B5S
in the quadrupole QE5 corresponding to a waist condition

at the target position. The data used was as follows :

B3 = 1.59 KG
B4 = 3.74 XG
Ep= 42 HMev

P
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Following the procedure described by the Resnini we

got the plot shown in Fig{(3.8) for K L)2 vs. X

where
B5
K2 =
6(56 ~ x".j{d“hj of qu\*:c(es
I = length of QFE5

X = characteristic length of the bean.

For a beam with typical characteristic length X =
0.016 mm/mrad Fig(3.8) shows that the value of the field
B5 of the gquadrupole QE5 should be 2.72 KG in order to
get a waist while the design value 1is 2.74 KG . The
effect of this difference was investigated and it was
found that by using this method the actual position of
the waist will Dbe uncertain by 1 ¢cm . ¥We considered
this error reasonable and we used this method to deter-
mine the field strengths corresponding to a waist at any
required position.

Fig (3.9) shows a plot for the values of the field B5
VS. the waist distance L. This curve can be used to
calculate the value of B5 corresponding to a waist
conditicn at any distance L. The curve shown in Fig {3.9)

was calculated using the following data :

B3 = 1.975 KG
B4 = 3.275 KG
E? = 42.5 Mev

X2 2.6 x@“(mm/mrad)2
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Fig{(3.9) and other similar curves were used in determin-
ing the guadrupole settings for a waist condition during

the run of this experiment.

3-8 Experimental contribution to the resolution

The experimentally measured energy resolution is not
due to beam divergence omnly, but there are several
coatribﬁtions which have to be calculated and substracted
frecm the measured values before any proper judgement on
the theory or comparison with the theoritical calcula-
tions can be made.

A brief discussion for these contributions is given

below.

{i) Instrumental resolution of the detector systen

The PSD used for this experiment has an energy
rescluticn of 30 Kev FWHM. Besides, the electronic
modules used {(amplifiers) contribute also to the energy
resolution. The overall «contribution of the detector
system to the energy resolution was estimated to be 35

Kev .

{ii) Contribution due to detector position resolution

The PSD used has a position resolution of 0.3 mm, this
will result in an angular uncertainity. The contribution
of this position resolution to the energy resoclution
depends on the target-detector distance and the kinematic

energy spread of the reaction under investigation. .7,
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if the detector is 180 mm away from the target, then the
rosition resolution will result in angular resolution of

0.3/180 rad. .

(iii) Multiple scattering

Due to multiple collisions in the target, the origin-
ally collimated beam will broaden and the emergent bean
will exhibit scme angle straggling, as shown in Fig (3.
10)-. This straggling can be described by the mean angqgle

o . The valne of can be calculated for a particle of
energy E and charge Ze from the expression given by
Marmier(10)J,

The problem in calculating accurate value for was
whether to assume that the nuclear reaction took place at
the begining of the target, or after the projectile had
traversed part or the yhole target thickness., For this
experiment, we calculated the value of e for bhoth
extreme cases, then we chose a value for @ which lies

between these two extremes. As an illustration, consider

. es . . .
the reaction C{P, d)ﬁB with the following data :

Target thickness 0.1 mg/cm?
Target angle 200
Scattering angle QOO

Incident proton energy 35.2 HNev
Using the expression mentioned above, the value of

will be 2.78 %6 if the reaction takes place at the end of
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the target thickness, while +the value of will be
8,3x&$° if the reaction takes place at the Dbegining of
the target. In our estimation the value of we would
consider is 5 . The contribution to the enerqgy
resolution is then readily determined from the kinematics
of the reaction.

The same procedure was done for all the reactions

investigated in this experiment.

{iv) Energy straggling(iod

The enerqgy loss of the <charged particles 1is caused
mainly by discrete , random c¢ollisions with atomic
electrons. The statistical nature of this ©process pro-
duces fluctuations o¢f energy losses from an initially
monoenergetic beam as it passes through the target. This

will lead to a statistical distribution of the end

enerqy. The parameter which describes this straggling
{ ) —-shown in Fig(3.11) - can be <calculated from the
expression given by HMarmier(1od As in the case of

nultiple scattering, the actual value of energy straggl-
ing we considered was a value between the two extremes.
As an illustration consider the same example as in (iii}
If we assume that +the incident proton will suffer the
energy sraggling , the straggling parameter {a&) will be
3.1 Kev 1i.e. the contributionito the energy resolution

due to energy straggling is 7.32 Kev FWHM. On the other
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hand, if the reaction takes place at the begining of the
target the straggling parameter « will be 6.2 Kev i.e.
the contribution in this case will be 14.6 Kev FWHM . 1In
our estimation we would consider the contribution to the
energy resolution due to energy straggling as 11 Kev

FWHM -

{v) Energy loss in target

The ©proper value of energy loss for each reaction was

obtained from special tables{(i3),



CHAPTER 4

EXPERIMENTAL PROCEDURE
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4.1 Run set up

Experimental measurements were carried out for the
reactions l7‘C(P,o{)c‘B and ‘H(P,P)\H to demonstrate experi-
mentally the theory discussed in chapter 2.

The Dbeam extracted frcm the cyclotron was 1-2 A at
the stripping foil. This resulted in a 5-15 nA beam at
the Faraday cup. The correct beam energies were main-
tained ty setting the analyzing mwmagnet field strengths
according to Fig{1.8). The gquadrupole triplet QE3,0E#4,
OES5 field sstrengths corresponding to a waist condition
were calculated wusing the method described in section
{(3.7Y. A closed circuit television camera was used *to
observe the beam spot as it struck a flourescent BeD

SCreen.

4.2 The ‘C{P,a ) B

Bxperimental measurements were carried out on the
reaction cC{P, ) B to test the theory described in
chapter 2. Data was collected for different scattering
angles, different incident proton energies , and dif-
ferent number of detector segments.. Table (4, )T showus
the data selection for this reaction.

Fig (4.1), (4.2); {4.3) show the experimental results
obtained for the ground state peak only. Each of the
figures displays the measurements for L=0 and L% cases .

The beam used in these measurements had a characteristic
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Table ({4.1)

Data Selection and Experimental

for‘kC(P,d )qB Reaction

I. DATA SELECTION

Scattering angle

Target angle

Proton enerqgy {mev)

Detector-target distance (mm)

Number of detector segnments

Beam characteristic length X{(mm/rad)

L {mm)

II. EXPERIMENTAL RESULTS

{resolution FWHHN Kev)

Waist at target position
Waist at distance L ({as in I)

Improvement factor

95

4o

20

35.2

192

186

60

30

42,°

170

30

166

3590

175

30

186

220

65
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1
50~

/L
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CHANNEL NUMBER
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Fig (4.1)
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2C(P,q)°B, 42.5 Mev, 6=60°

Experimental

L=0 L=167 mm
2501 f -
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50
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Fig (4.2)
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COUNTS PER CHANNEL
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length of X=30 mm/rad, and the kinematic wmatching dis-
tance L was calculated on this basis from Fig{2.4) and
{2.10) . The measured enerqgy resoclution values are tabu-
lated in table (4.7)II togather with the improvement
factors. It should be noticed that this improvement
factor is the one before substracting the expefimental
contributions mentioned in section (3.8).

It may be noticed that in some measurements , as in
Fig{4.1) the background in the case of L#0 is greater
than that in the case of L=0. The reason for this 1is
that by moving the waist to a certain distance beyond the
target, the ©physical size of the beam spot increases to
the extent that the beam may hit the target frame and

causes this background.

L,3 The IH(P,PL‘H reaction

Data selection for this reaction is shown in table
{#.2)I. The beam used had a characteristic 1length X=50
mn/rad, and all kinematic matching distances were calcu-
lated on this Dbasis. Figs{4.4) and (4.5) show the
results obtained which are tabulated as well in table

(4.2)1I1.

4,4 Comparison of the theoretical calculations _with

Before ccmparing the energy resolution improvement

measured experimentally with those the theory predicts,
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Tabl

Data selection and experimental results

for the 'H(P

I. DATA SELECTION

Scattering angle

Target angle

Proton energy (Mev)
Detector~target distance {un)
Number of detector segments
Beam characteristic length

L {mm)

11, EXPERIMENTAL RESULTS

{resclution FWHM Kev)

Waist at the target position
Waist at distance L {as in 1I)

Improvement factor

100

e {4.2)

,P)'H reaction

60
30
42.5

170

50

155

63

30

42.5

165

50

155

740

280
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Fig (4.4)
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PER CHANNEL
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we have to substract all the experimental contributions
to the energy resclution discussed in section ({3.8).

Tables (4.3)I and {4.4)1I show the experimantal contri-
butions to the wenergy resoclution for the reactions
‘zC(P, w)qB and lH(P,P)‘H, respectively. These contribu-
tions were added in guadrature and substracted from the
measured energy resolution 1in order to get the energy
resolution due to bheam divergence only. The results are
shown in tables (4.3)II and (4.4)I1,

Theoretical calculations of the energy resoclution for
the two reactions mentioned above had been done using the
computer program KCORR described in section {2.8.1) using
the same experimental data shown in tables (4.1 and
{4.2)1. {scattering angle, target angle, beam charac-—
teristic length,...). The value of the guantity [0 was
assigned as described in section {2.8). The results are
shown in Figs{4.8), (4.7}, (4.8), and (4.9).They are also
tabulated in tables (4.5) and (4.6) for the reactions
"c(p,x)*B and 'H(P,P)' H, respectively.

Now, a comparison can ke made between the results of
the theoretical calculaticns and the measured energy
resoluticn due to beam divergence only. The best way —-in
our opinion- to do such a comparison is through the
improvement factor i.e. the energy resolution for L#0
divided by the energy resolution for L=0. Such a

comparison is shown in tables (4.7) and {4.8) for the two
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Table (4.3)

Experimental contribution to the measured

energy resolution for the reaction nC(P,dan

I. Parameter 0=4Q =70
1. Detector and electronics (kev) 35 35
2. Detector angle 11 12.5

3. Energy loss in target +multiple

scattering+energy straggling 40 43

Total of above contributions

{added in guadrature) Kev 54.3 56,8

II. Measured energy_resolution due

to beam divergence only {Kev)

L =0 ' 198 213

I = Matching ‘ 32 32
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Table (4.4)

Experimental contribution to the measured

enerqgy resolution for ‘H(P,P}‘H reaction

I. parameter =60 =63
1. Detector and electronics (Kev) 35 35
2. Deictor pcesition resolution 65 60

3. Energy lcss in target + multiple

scattering + energy straggling 152 152

Total of above contributions

{added in guadrature Kev) 169 167

Measured_energy rescolution due

to _beam divergence only {Kev)

L =0 700 721

b
li

Matching 198 225
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Table (4.5)

Calculated enerqgy resclution for the

reaction PC(P, N)qB

Scattering angle 40 70
Target angle 20 35
Proton enrgy (Mev) 35.2 34.6
Detector-target distance (mm) 192 . 192
Beam charac. length {mm.rad) 30 30
" .01 - 01
Energy resolution FWHM (Kev):

L =0 185 200
L = Matching 23 25
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Table (4.6)

Calculated enrgy resolution for

the reaction 'H(P,P)'H

Scattering angle

Target angle

Proton energy

(Mev)

Detector—-target distane {(mm)

Beam charace.

" ﬁﬂ

length (mm/rad)

Energy resolution FWHI (Kev) :

1 = Matching

111

&0

30

42.5

590

180

63

30

42,

ul

165

50

683

165



Table (4.7)

Comparison between the measured and the
calculated enrgy resolution improvement

factor for the reaction |’LC(P,N )qB

Scattering angle Target angle Impr. fact. Impr. fact.
{calculated) {measured)

4o 20 8.0 5.2

70 35 8 6.5

112



Table ({4.8)

Comparison between the measured and the
calculated energy resclation improvenment

factor for the reaction 'H(P,P)'H

Scattering angle Target angle Inpr. fact. Impr. fact.
{calculated) {measured)

60 30 3.8 3.2

63 30 4,1 3.5
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reacticns under consideration .

Discussion

From tables (4.7) and (4.8} we noticed that although
ye improved the measured energy resolution by a factor of
3.5-6.6 , the theory still predicts a slightly higher

improvement factors. There are several reasons respons-

ible for this :

1. The approximation used in the derivation of the
Xinematic matching condition {2.4).

2. The assumption that all the particles in the phase
space ellipse on target are represented
by those along the axis A-A in Fig{2.8)a .

3. The approximation made in section {2.7) regarding
‘the shape of the position sensitive detector.

4., The uncertainity in determination of the waist
condition at different positions.

5. The uncertainity in the determination of the value
of the bteanm characteristic length X and J

6. The first-order approximation used in calculating
the kinematic correction coefficients in the

computer program POSEDE.

4,5 Measurements at backward scattering _angle

A single - experimental measurement was perfornmed for
the reaction '"C (P, « ) B at backward scattering angle of

110°. The waist was moved to a point in front of the
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o
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—

Fig (4.10)
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target,as discussed in section {2.2). The target angle
was 325°,the detector-target distance =192 mm , proton
energy = 35.2 Mev. The bheam used had a characteristic
length of 30mm/rad. The kinematic matching distance was
calculated to be —-186 nm. {the - sign means that the
waist is in front of the target).

Fig{L4.10) shows the result of the measurement. The
measured energy resolution is 63 KevFWHM, while for the
case of L=0 we predict an enerqgy resolution of about 200
Kev FWHM. This shows that +the kinematic matching 1is

effective also for backward angles.
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SUMMARY AND CONCLUSION
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First part of this thesis included a summary of
details of the momentum analysis system of +the high
resoluticn team line,

In the second part a technique was described for
improving the energy resolution of scattering experiments
by shifting the horizontal waist at the target position
to a point downsrtean. This has been tested by a
computer program which traces rays through the analysis
system and calculates the energy resolution. An improve-
ment in the energy resolution by a factor of 4-8 had been
obtained.

The technigue has been tested experimentally using
Carbon and Hydrogen targets. The results showed the
technique to be effective , hence improvement by a factor
of 3-6 has been observed.

The slight difference between the calculated and the
observed improvement factors came from the error accom-—
panied with shifting the waist to a certain distance, the
detector shape approximation , and the first-order appro-

ximations used 1in performing the kinematic corrections.
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a., First order matrix R

The first order transformation matrix used by TRANS-

PORT has the following comnstruction :

Ry, Rip R R\q Ris Ry
Rz\ R,., R,o R, Ezs R,
R R R R R R
R R R R R R
Rél Ré‘l- RCS RCH Rés Réé

where the subscript 1 refers to x, 2 to xi 3 toy, 4 to

v, 5 to 1, and 6 to d.

b. _Second order matrix T

The second order transformation matrix has the follow-
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ENERGY RESOLUTION IMPROVEMENT IN SCATTERING EXPERIMENTS
USING HIGHLY DIVERGENT ACCELERATOR BEAMS

W. R. FALK, O. ABOU-ZEID and L. PH. ROESCH

Cyclotron Laboratorj, Department of Physics, University of Manitoba, Winnipeg, Canada

- Received 14 June 1976

A method of improving the energy resolution in scattering experiments that employ a highly divergent accelerator beam is
discussed. The technigue involves displacing the usual beam-waist at the target location to a point-downstream from the
target. Angular resolution is improved along with the improvement in the energy resolution.

1. Introductidn

The high resolution beam analysis system') at the
Cyclotron Laboratory of the University of Manitoba
has been designed to accept as input a beam character-
ized by an emittance (half-width times half-divergence)
in the horizontal plane of xx’=15 mm-mrad. Typi-
" cally this results in an angular divergence of up to
+2° on target if the full acceptance of the system is
utilized. Kinematic energy spread resulting from this
divergence is very serious for the lighter target nuclei,
to the extent that use of the-momentum-analyzed beam
is completely negated. For example, in the '*C(p,
®)°B,, reaction at 40 MeV and a scattering angle of
30°, the kinematic energy spread is 109 keV/deg,
increasing to 165 keV/deg at 70°. For heavier targets
where the kinematic energy spread is less serious, the
angular divergence may still be unacceptably large for
measurement of an angular distribution.

In this paper a technique is described that greatly
reduces the kinematic energy spread (by a factor of
3-8), and results in a corresponding improvement in
the angular resolution, while at the same time utilizing
the full beam acceptance into the system. A similar
technique, referred to as dispersion matching, is well
known and applied in magnetic spectrograph detector
systems®-®), which are matched to the characteristics
of the beam incident on target. The present detector
system is a more conventional one comprising & solid
state position sensitive detector. A solid angle of up
to 7 mstr can be achieved with the detector employed.

The momentum analysed beam is characterised by a
fractional energy spread of AE/E=5x10"%, or 25 keV
at 50 MeV incident proton energy’). This energy spread
is thus considerably smaller than that arising from
kinematic effects, and hence in the discussion following
we concentrate solely on improving the latter contri-
bution to the overall energy spread.
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2. Deseription of techhique

Fig. 1 illustrates a typical scattering (or reaction)
geometry for a projectile beam incident on a target, and
a detector placed at a laboratory scattering angle 0.
It is at once clear from the diagram that if the scattering
angle to the detector is to have the same value 6 for
each incident projectile, a one-to-one correspondence
between position and slope of the particle trajectory on
target is implied. The position and slope are denoted by
x, and x| respectively. Equality of the scattering angles
obviously eliminates the kinematic energy spread, not
only for elastic scattering but for any and all nuclear
reactions as well. Simultaneously, the unique value of
the scattering angle removes the problem of the angular
resolution in determining the angular distribution.
The detector of fig. 1 has been assumed to subtend a
negligibly small horizontal angle as seen from the
target.

The relation between x, and x; to achieve the above
conditions is readily shown to be

d cosa

d cosa
X [xp = — — R — > ¢y
cos(f—a—xp) cos(f—a)
/—Torgel
Incident
Beam
——Colimator

»Detector
&

Fig. 1. Scattering or reaction geometry of a beam incident on a
plane target to yield identical scattering angles for all projectiles.
The position and slope of a projectile trajectory at the target are
denoted by x, and x; Tespectively. ’
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since x;<1 and (0—u«) is generally selected to be less
than 4m. Here 4 is the target-detector distance, « the
target angle, and 0 the scattering angle as previously
noted. Eq. (1) can be readily applied for cases 0>4n
by simply reversing the direction of the incident beam.

Of course, this unique correlation between x, and x;
for trajectories of particles from an accelerator beam
cannot be achieved. It is possible nonetheless, to approx-
imate the desired condition. Consider the phase-space
ellipse of the beam in the horizontal plane as depicted
in fig. 2. Typically, the experimenter selects parameters
of the beam-optics so as to produce a horizontal
waist at the target position, i.e. an upright ellipse, as in
fig. 2b. At x=0, the beam has a half-divergence of
x'. If the ellipse is rotated to the position shown in
fig. 2a the half-divergence at x=0 is clearly reduced,
this reduction depending upon the degree of rotation.
Particles lying on the axis A-A of this rotated ellipse
are characterized by the condition x/x;= --constant,
satisfying the condition set forth in eq. (1). To the
extent that particles along the axis A—A are represen-
tative of all the particles in the beam, the kinematic
matching condition is fulfilled.

The two ellipses shown in fig. 2 are simply related:
a drift space rotates the ellipse in the clockwise direc-
tion*). Hence if the ellipse orientation shown in fig. 2a
is arranged on target, a horizontal waist (an upright el-
lipse) will be produced at a point downstream. The
modus operandi suggested by the foregoing is the
following: from a knowledge of the location and prop-
erties of the horizontal waist at a post-target location
the properties of the ellipse on target can be determined.

Details of these calculations are presented in the next .

section.

3. Target ellipse properties -
deduced from the post-target waist

In the following discussion we adopt much of the
notation and the conventions found in ref. 4. The
ellipse at the post-target waist can be expressed as

2 12
Ay X™ X = 1:

@

where o, =1/x%2 and y,=1/x}?, and x, and X,
represent the half-width and half-divergence respec-
tively. Connecting the ellipse coordinates x, and x; at
the target to x and x’ at the post-target waist is a simple
drift space transformation matrix. Thus, for a drift

space L
| G
t

©)

0

W. R. FALK et al

Combining the results of egs. (2) and (3), the target
ellipse can be expressed as

ax? + 2Bxxi +yxl =1, 4)

where a=0a,, f=a,L, and y=o,L*+7,. Solving
eq. (4) for x, and x{ in turn permits determination of
the intersection points 1/,/a and 1/\/)) on the x, and x}
axes respectively, and the half-width and half-diver-
gence as \/§xwx",, and x!, respectively, as shown in
fig. 2a.

The relative reduction in divergence for an on-axis
particle is defined by the ratio

R =1y +x, =[1+ LX), ®

where X=x,/x., is referred to as the characteristic
length®). This ratio gives an indication of the improve-
ment in resolution to be expected due to reduction
of kinematic effects.

At the target the beam width is greater than at the
waist by the ratio \/yx,xp/x,=1/R.

The orientation of the ellipse on target is best
described by first expressing eq. (4) in polar coordi-
nates, x,/x,=r cos 0 and x;/x}, = r sin 0, to yield

(6)

The major and minor axes of the ellipse are then defined
by dr/df=0, with the result that

P21+ (pxty — 1) sin® 0 + fx,x,, sin 260] = 1.

2 fxy Xy,

tan 20 = — 0

2

VX -1 '

Along the axis labelled A-A in fig. 2a one then finds,
using eq. (7) :

—3L{L+ [1+ 2X/L)°TH- ®)

Thus if X is known, the drift space L can be selected to
yield a ratio x/x{ equal to that given by' eq. (1).

x,/x{ =

TARGET
(a)

POST-TARGET
WAIST
(b)

Fig. 2. Phase space ellipse in the horizontal plane for two
locations separated by a drift space. The quantities « and y are
defined in section 3.
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Curves of —x,/dx; as a function of 0 for different
values of «, calculated from eq. (1), are shown in fig. 3.
It is to be noted that for 0=2¢, this ratio is always
unity. In a typical experimental situation the target-
detector distance 4 has been fixed and a scattering angle
0, together with the target angle o, selected. The
quantity x,/x; is then obtained cither from eq. (1) or
the curves presented in fig. 3. The required value of L
for a given X can then be read from the graphs of fig. 4,
which were calculated from eq. (8). Also shown in this

8 (deg)

Fig. 3. Relationship between projectile trajectory slope and
position on target to scattering (0) and target (¢) angle. The
target-detector distance is d.

T T T T v H T T

3200~ _ —o8

- —07
G

2401 —os

m)
‘
N
|

CH ‘// Joa o
SO

70 70
80~ s0 ¢ -2

—%,/ %
g x
L

30 50
40
- 10 30 0.}
20
9
1 1 1 ] 1 1 1
0O 80 160 T 240 320 00

L (mm)

Fig. 4. Ratio x,/x; for a projectile-at the target as a function of° L,
the drift space to the post-target waist. R is an effective figure of
merit indicating the reduction in the beam-divergence contribu-
tion to the resolution. :
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TaABLE |

Nuclear reaction and experimental parameters for the calculated
and measured encrgy distributions.

Parameter "H{p,p)'H '*C(p,0)°B,

I Reaction and geometrical details

Incident proton energy (MeV) 42.5 35.2
Target thickness (ug/cm?) 860 (mylar) 100 (carbon)
0, scattering angle 63 40
o, target angle 30 20
f, detector rotation 33 20
d, detector distance (mm) 165 192.5
E5,outgoing particle energy (MeV) 8.6 23.2
dE/d0, kinematic spread (keV/deg) 600 108
X *, characteristic length (mm/rad) 50 30
L, target—post-target waist distance 155 187
(mn)

R, figure of merit 0.307 0.158

II Monte Carlo calculations:
resolution fwhm (keV)
(a) Waist at target (L =10) 720 192
(b) Waist beyond target 125 18
(L = value given above)

1T Experimental contributions to the
measured resolution (keV)

(a) Detector and electronics 35 35
(b) Detector angle® 60 11
(©) Energy loss, energy straggling 141 43

and multiple scattering in
the target
Total of above contributions® 157 57

1V Experimental results:
resolution fiwhm (keV)
(a) Waist at target (L = 0)

Measured resolution 720 © 205
Beam divergence 703 197
contributiond

(b) Waist beyond target
(L = value given above)
Measured resolution 260 63
Beam divergence 207 27
contribution?

x, = 0.5 mm for all measurements and calculations.

Position resolution of the PSD is 0.3 mm.

Contributions added in quadrature. :
Experimental contribution subtracted from the measured
resolution in quadrature.

o

figure is the ratio R, defined by eq. (5), an effective
“figure of merit” for the reduction in the beam-diver-
gence contribution to the resolution.

-4. First-order transport calculations

A Monte Carlo program KCORR was written using
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first order beam transport equations for the analysing
magnets and quadrupoles, and energy distributions in
the detector for given nuclear reactions were calculated.
Details and parameters of the magnetic analysis system
are given in ref. 1. Briefly summarized, the analysing
system is comprised of two single-focusing 90° bending
magnets of 76.2 cm bending radius. ‘An intermediate
image is formed between the two magnets which are
symmetrically arranged with respect to the object and
image distances. The energy resolution (fwhm) using
I mm object and image slits is 25 keV at 50 MeV
incident proton energy.

For the reactions investigated, 'H(p,p)’H and
12C(p,a)° By, energy distributions were obtained for the
cases L=0 (i.e. waist at target position) and for L#0.
In the latter case the appropriate value of L was cal-
culated from egs. (1) and (8), given the other param-
eters 0, o, d, X, etc. These quantities are summarized
in table 1. The uncertain factor in these calculations
was the characteristic length X, since this was found to
vary from experiment to experiment, depending on the
fine-tuning of the cyclotron. A value was selected that
was consistent with the constraints of the divergence-
limiting slit at the entrance to the first magnet, and one
that yielded approximately the same resolution as that
measured experimentally for L=0.

A further uncertainty was the distribution of par-
ticles over the area of the phase-space ellipse. Calcu-
lations were performed assuming Gaussian distribu-
tions that ranged from an essentially uniform distribu-

"Hip,p)'H, 42.5MeV, §-63°
Monte Carlo Calc.
apof- L=0
300keV/ch
FWHM=720keV
__, L L=155mm
% 75keV/ch
gt FWHM=125 keV
X
(&
o 2004
i
o
w
l_
=
2
o L
O
0 | I H v | L1
28 32 10 125

CHANNEL NUMBER
Fig. 5. Monte Carlo calculations for the energy distributions in

the detector for a horizontal waist at the target position (L = 0),
and for the waist displaced downstream by 155 mm.

125
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tion, to one where the particle density at the extremities
of the ellipse was 30% of the central density.

These enesgy distributions are shown in figs. 5 and 6;
for the *H(p,p)'H reaction the resolution (fwhm) is
reduced from a value of 720 keV for L=0 to a value of
125 keV at the appropriate L of the post-target waist,
an improvement of a factor of about 6. In the case of
the *?C(p,2)°B,, reaction the corresponding numbers
are 192 keV and 18 keV, an improvement of almosta
factor of 11. For comparison, the ratios 1/R are approx-
imately 3 and 6 for these two cases respectively.

5. Experimental measurements
with a position sensitive detector

The improvement in resolution demonstrated theor-
etically in the previous section is of limited practical
value with a vanishingly small detector solid angle. A
rather obvious solution is to replace the tightly colli-

%Clp,a)’Bys., 35.2MeV, 6 =40°
400+ Monte Carlo Calc.
L=I87mm
I0keV/ch
iy FWHM=I8keV
w
Z -
z L=0
5 50keV/ch
o« FWHM=I92 keV
w
& 200}
w
l._
<
2
o)
(&)
o} ! 1 ) | 1
460 466 230 - 2325

CHANNEL NUMBER

Fig. 6. Monte Carlo calculations for the energy distributions in
the detector for a horizontal waist at the target position (L = 0),
and for the waist displaced downstream by 187 mm. i

Target

1 Incident
a f / Beam
&

8+A8

Position Sensitive
Detector

Fig. 7. Position sensitive detector geometry for kinematic -
matching conditions.
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mated detector with a position sensitive detector (PSD)
and use the position information to apply kinematic
corrections from the angular information.

In order to use a larger portion of the length available
in such detectors it is important to show that the con-
dition specified by eq. (1) can be fulfilled for all points
along the length of the detector. Referring to fig. 7, we
require that

d' cosu d cosa
= 9

cos(8+ 40 —a) - cos(0~oc)'

This condition can be satisfied, if 40 is small, by ro-
tating the detector from the normal position by the
amount f=0-a. [The actual locus of points defined
by eq. (9) is a curve whose gentle curvature can be
approximated by a straight line.]

A PSD counter 7x 30 mm? and 1000 um depletion
depth was used in performing measurements for the
two reactions just discussed. Pertinent experimental
details are given in table 1. An off-line fortran program
was used to calculate a two-dimensional kinematic
correction matrix of excitation energy vs angle 0.
-This matrix was then introduced into the on-line data-
taking program and appropriate corrections to the data
were made on an event-by-event basis.

Several contributions to the experimentally measured
resolution have to be subtracted before a comparison
with the theoretical calculations can be made. These
are the instrumental resolution of the detector system,

800
| Hip,p H, 42 .5 MeV, 6=63°
Experimental
600
m L=0 L=155mm
E | 20keV/h 20keV/ch
:5 FWHM=720keV FWHM=260keV
o
W 4001
w
B [
=
g L
(@)
(&)
200}
) ot |
o t P 1 i

/4

1
500 600 500 600
CHANNEL NUMBER

Fig. 8. Experimental measurements of the resolution for the
*H(p,p)'H reaction for L =0 and L = 155 mm.
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the finite angular uncertainty due to the position reso-
lution (0.3 mm) of the PSD, and energy loss, energy
straggling and multiple scattering in the target.
Contributions of 157 keV and 57 keV due to these
effects are found for the 'H(p,p)'H and '*C(p,0)°B,,
reactions as shown in the table.

The major difficulty in the experimental measure-
ments was in the determination of the quadrupole field
strengths for waist conditions at the target and post-
target location. A quadrupole triplet located between
the image slits and the scattering chamber in the present
system provides a variable magnification lens system.
Initially, detailed calculations using the code TRAN-
SPORT®) had been carried out') for the entire magnetic
analysis system and the results for the final quadrupole
triplet elements were used in subsequent calculations of
waist-to-waist transfer according to the prescription
given by Resmini’). (The image slits correspond very
closely to a horizontal waist, and hence waist-to-waist
transfer calculations from the image slits to the target
or.post-target waist form a quick and simple prescrip-
tion for determining the quadrupole field strengths.)
The calculated quadrupole settings were further inves-
tigated visually by observing the beam on a fluorescent
BeO screen. Good qualitative correspondence between
visual observations and calculations was obtained.

Experimental measurements for the !H(p,p)'H
reaction are shown in fig. 8, with resolutions of 720
and 260 keV for the L=0 and L=155mm case
respectively. Subtracting the experimental contribu-
tions of 157 keV discussed above, leaves contribu-
tions of 703 and 207 keV respectively for L=0 and
L=155mm due to the beam divergence. The improve-

7] 9 ’
wsol- Clp,a)” B,35.2 MeV, 8=40° .
r Experimental
w1t L0 L=187mm
<Z[ 3.5 keV/ch 31.5keV/ch
T FWHM =205 keV FWHM=G3keV
< 00~
o
Lt
a
175) -
‘._.
=
2
o
O 501
)
670 700 670 700

CHANNEL NUMBER

Fig. 9. Experimental measurements of the resolution. for the
12C(p,o)°By, for L =0 and L = 187 mm.
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nent is a factor of about 3} compared to 6 in the cal-
:ulation.  Similarly, fig. 9 displays the '>C(p,«)°B
neasurements with the results of 205 and 63 keV for
L=0 and L=187 mm respectively. Subtraction of the
57 keV experimental contribution leaves 197 and 27
keV as the contributions due to the divergence of the
“beam. Here the improvement is a factor of 7 compared
“to the calculated value of 11. For both these measure-
ments the PSD was divided into six 5 mm long sections
and appropriate kinematic corrections were applied
within each section.
Second (and higher) order effects are known to be
important?) in the magnetic analysis systemn and hence
“it is not surprising that the improvements in the
“measured resolutions are less than those predicted by
simple first order calculations.

6. Conclusions

The method outlined for improving the energy
resolution by shifting the horizontal waist to a point
downstream from the target (for §<im) has been
demonstrated to be effective, although the experimental
results show smaller improvements than the calculated
values. Higher order effects in the beam preparation

. W. R. FALK et al.

system (analysing magnets, quadrupoles, etc.) and
detailed knowledge of the initial beam characteristics
are clearly important in making more quantitative
comparisons. '

The method described in this paper should be of
value in those experimental situations where the beam-
divergence contribution to the energy resolution is lar-
ger than the intrinsic energy resolution of the beam
itself, and where the detector either subtends a very
small angle in the scattering plane, or provides position
information.
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