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ABSTRACT m

An ionisation probability Py measurement was done across the 3.152 MeV resonance
in 3 Ni. A program was written to calculate Py and this was used to make a mathematical A
model of Py by compariag tie experimenta; values of Py with the calculated ones. Actual
values were calculated for the atomic amplitudes : nd values for the final energy of the

eleciron ¢; and the width of the resonance were obtained by b+ comiparison procedure.
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Chapter 1

INTRODUCTION

K-shell ionisation $akes place in au csom when an energetic projectile, such as a
proton, incident on a target nucleus, ionises the K-shell electron bafore or after hitting the
nucleus. This jonisation eveat may be identified by a coincidence between an X-ray of the
inonised atom and the elastically scattered particle.

In 1962 Gugelot (1) came up with the idea for an experiment in which it would be
possible to determine the lower limit of the lifetime of the compound nucleus.

According to him the width of a nuclear reaction can be estimaied from an equation
that describes the decay of a compound nucleus. In order to use this formula an ap-
proximation has to be made for the level densities of the cciipound nucleus as well as the |
residual nucleus. This value for the width of the reaction is of the same order of magnitude
as the width of the K-X-radiation of the heavy atom.

Tha X-radiation has io be measured before the compound nucleus has had a chance
tc emit a proton ie before the compound nucieus has had a chance to decay.

Therefore, by determining the width or the lifetime of the X.radiation one can obtain
the width or lifstime of the compound nucleus. When the compound nucleus emits a

proton and this is established too, then the compound nuclear lifetime can be determined
i accurately. This leads to the coincidert measurement of the proton and the X-ray.

of time is et by the lifetime of the K vacancy and this is generally greater than 10-18
seconds. (Mersbaclier (2)).

In 1963 Ciochetti and Molinari (3) suggested that the shape elastic and compound
alastic scattering may be determined seperately by a time delay measurement between the

’ Very short nuclear iifetimes can be measured by this technique since the standard

incoming and outgoing elastically scattered particies.

i They reasoned Lhat since the atomic electrons are so close to the nucleus, any nuclear

phenomenon such as a resonance, would cause a perturbation in the electron states.
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According to them, ionisation of the K-shell electrons occurs because of the elelctro.
magnetic interaction between the K-shell electron and the charged incident or outgoing
particle, as well as the nuclear recoil during the reaction.

Therefore the nuclear time delay associated with a resonance formed in a nuclear
reaction would be able to influence the probability for ionisation of the K-shell electrons.
(Trail (23)).

To understand this more clearly one car >0k at the quantum rechanical expression
for the jonisation probability P

A= [ " dey T 130 + (<10 616, B - B 10, )85

where

D3, (9) is the rotational matrix, 63, ba are the atomic amplitudes, f(#, E) is the elastic
scattering amplitude for the scattering angle # and the centre of mass energy E.

€y is the final erergy of the evicted electron.

If an atomic K-shell vacancy is creatad on the way into a collision, the projectile has
only an energy

E-t=FE-AF

left to initiate the nuclear reaction. If the K-shell vacancy is produced on the way out,
the full energy E will have been available to the ruclear reaction. Therefore the = -iic
scattering amplitude f will have a resonant behaviour as the nuclear resonance, due $
compound nuclear formation, is traversed. When there is no collision between the pariicle
and the eleciron then

f(0,E - AE) = f(4,E)
and Py reduces to

AwE = [ dey T D300 + (=15t T
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which is just the semiclassical prediction for a *fast’ nuclear reaction. No interference
will be detected in the probability Py.

The time delay is known from the width [' of the resonance. The magnitude of the
variation of Py across 3 nuclear rescnance depends on the ratio Up/T. Uk is the K-shell
electron binding energy and the variation in Py is expected $o be the largest for Uy = T.

Ux = AE - ¢
=M ~ ¢
~ AE

Since the K-shell electron orbiting period can be expressed as A/Uy and the width of
the resonance is I'A/7, with r the time delay of the compound nucleus. Then, if

Uy =T
Uy A = T/A
Up/B = K/tA so that
AUy =1

The orbiting period of the eiectron 'matches’ the time delay.

In 1979, Chemin (21) suggested that althougu the principle of coincidence measure-
ments are relatively straightforward, the actual experiment is rather more complicated.
The reason for this is the large number of random coincidences between X-rays and pro-
tons and the small number of true coincidences between the X-rays and protons from the

same atom.
In order to get an acceptable ratio for true to rand 8 a very closed
detection geometry is necessary (Chemin (22)) ie large solid » required for both

the X-ray and particle detectors. (Chemin (24)).

Various experiments were done where the Uy/I' parameter was investigated in order
to try and determine the varistion in Py as well as the contributions made to P by the
atomic amplitudes b,.
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In 1982 Anholt (4), and in 1983 Chemin (5) were able to display the original Ciochetti
and Molinari idea by incorporating the compound elastic scattering and the direct elastic
scattering into the expression for Pp. Thus, by first looking at the interference of the
jonigation probebility the amount of compound elastic scattering can be determined for
sny element provided one looks at a doorway state such as an isobaric analogue resonance
at backward scattering angles.

They also found that the atomic amplitudes were in phase for the direct elastic scat-
tering but as soon as the compound elastic scattering occured the atomic amplitudes were
no longer in phase due to the longer lifetime of the compound nucleus formation.

In this work Py was measured across the 3.15 MeV resonance in 38 N'i. This experiment
was originally done by Blair (9) before too m:uch was known about the theory.

Earlier it was thought that Py should be measured across a resonance previous'v found
in cobalt by Erlandsson (15). This resonance was detected by a **Co(p, po) reaction but
proved too small to ensure a dramatic effect in Pi.
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Chapter 2

THEORY AND A REVIEW OF THE LITFRATURE
CALCULATION OF THE ICONIZATION PROBABILITY INTHE D W B A

The ionisation probability is definei by

P4, E) = dow/d0) ] |f(8, E)?

where f(6, E} is the nuclear scattering amplitude evaluated at energy fata
scattering angle 4. According o the Distorted Wave Born Approximation s the dif-
ferential croes section for the ionisation of a K-sheil electron is given by

dor/ ) = - [) " deg|Ae, (6, B)?

where ¢/, A, 4, are the energy and orbital quanium numbers, E is the centre of mass
energy and 4 is the scattering ~~:2 of the proton.

According $o the formula: . of Blair (6) partial wave expansions are made of the in-
corning and outgoing projectile v ves, while also taking into accorws the :oupling between
the electronic and projectile angular momenta.

The nuclear scattering is described by a spherically symum.:t-ic potential Vy(R) which
zonsists of the sum of the Coulomb and nuclear terms. The v ¢ function of the nuclear
scattering is assumed to be a function of the intc.nuclear co w2 R only, so that one

|
2 3f cau observe the contribution made by the ionisation when b - )jectile and target nuclei
3 overlap.

{
! § There is a three body system under consideration: ¢ - r.i:lant nuclear projectile
' { with charge Z\¢, 2 apin sero target nucleus with charge 2. -~  mass M; from which
. the projectile ia scattered elastically, and the electron that jei ioniged. This system is
described by
i 5
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Ao = LB e (B Ry B xR, ()

Ay
where the perturbaticn Hamiltonian is given by
B = I'Z“’; + M—"i(kr)
The first term i the Coulomb potential between the projectile nucleus and the elec-

tron. whereas the second term is the recoil term.
The K, K are the final and initial centre-of-mass momenta
v is the velocity of the projectile
7 is the electron coordinate
@ is the electronic wave function
M is the reducad mass of the projectile and target nucleus
m is the reduced mass of the electron and target nucleus
The energy transferred o the eleciron is

AE = A = Ug+ ¢y

where Uy is the binding energy of the K-shell electron.
The matrix elements of the electronic wave functions are

‘/h" (‘Pe,ku’H'|pla>

= (1730 (ol 725 + TR B Pl

"Z“’/ PR a(r)R1a(r)/ 17 - Ridr

A " Y5,(7) Yoo(F)an

H i "‘M“' f PR, a(F)Rus(r)dr / Y5, (F) Yoo ()d0

)
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with Yoo(F) = 1,V/4x

0 i
Yr-B = S 3 s 1);?1@:,,(12)%...(;)

Mz -]

{rom Jackson (7)

* R=rRcosq
and

01 = Ailcown)= Y gyt 3 YinB)in(?)

mam~-]
Su'sstiteting shis into the above equation and taking orthogonality into account one
finds

4 "Z 82 l
1/(””) (‘Pc,;\;]ﬂ’}lp;,) = -—h%-m

/ Pdrk,,;k,.%% Yo (R)
>

mMu? 5, R Vir
+ oM LT [ r“drﬁc,xﬂumyufk)

Vir Var
= {C W ¥ = s (R 1
{Cr+ A)myu(k) GA;WYA”( ) (1)
where W), is the recoil terma and C), is the term originating from the Coulomb pote: tial
part of the Hamiltonian. The nuclear distorted wave x* can be written as the partial wave

expansion

AR = 4'2:l"}’e?u(K)Y:m(R)(l/(KR))&P("&)ﬂ(K,R) (2)

m

X (K R) = 4x ‘;(-l)‘ﬁm(ff’)'f:;.(ﬁ)(l/(ff'ﬁ))m’(i&') R(K',R)

‘ m
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which is th. final state distorted wave function orresponding to the energy £’ =
E - AE.

The F} are the exact radial wave functions for the nuclear Hamiltonian Hy = Ty +Vy.

mlf}(lf', R) ~ B¥! and ;@wﬂ(& R} = sin (KR~ Ix/2 - nla(2KR) + §{E))
where

_ 552
" TR

&(E) is the sum of the Coulomb and nuclear phase shifta. We now have A,,»,.

and

- vEE,, (= Wim (R i B) /(K R) exp (i) R, )

o) T Vi (Rt (i (RWim R/ R) exp 81K, [ B

i

= —f

and from Rose (8)

Y., (6,0)Yim, (6, )

L 1
:Z ‘4* 352D Oty by by my ma)C(h 1y ,00)Yimy +ma (8, )

VAT

This important coupling rule can only be appiied when § and ¢ are in the same plane.
It is important to note that the Y;, refers to the nuclear part (equation 1) and the ),
the electronic part (equation 2). The axis chesen to apply quantum mechanics to is the K
axis (Blair (6)), sc that
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which is the final state distorted wave function corresponding to the energy E/ =
E-AE.

The F} are the exact radial wave functions for the nuclear Hamiltonian Hy = Ty +Vy.
Also

Eﬁ)ﬂ(:'f'y By~ R+ ad Jim F(K, R) = sin (KR~ Ix/2 - nln{2KR) + &(E))
where
& (E) is the sum of the Coulomb azd nuclear phase shifts. We now have A, .

vEK

4x

ir }_j(—é)m(x'm:..(k) (1/(K'R)) exp (i&r) Fi( X', R)

Gi(R) v Yi,.(R)“2:(5‘)14;(3)1’:.»(3)(1/(1(3))&?(*&)F«(K,R)fdR

= =

and from Rose (8)

yh...(avp)ylzﬂu(eﬁp)

L+ (2 +1
= 2; -L——-—m—-— Clh iz i;my m3)C s 13 1;00) Y. m, +m, (8, 0)

This important coupling rule can cnly be applied when ¢ and ¢ are in the same plane.
It is important to note that the Y, refers to the nuclear part (equation 1) and the Y3,
the electronic part (equation 2). The axis chesen to apply quantum mechanics to is the K
axis (Blair (6)), so that




Y(R) = bmo -7=—V ”4’;1
We now have

A T it ¥R

2 1 » -
- YTt

+l§i§7+i§4t 4x(20+ 1
CUA000)C(IALOup)Ye, (R
e ( )Y pYi,(R) TS

This is the coupling between the outgoing particle and the electren. Since R is the
internuclear coordinate, the above may only couple when lying in the same plage.

Further
L CUA;000)C(A 0 p W)Y (R)Yim(R)
}; =20 +1 ’ ' #
¥
= w% IAL; 2 1) Brtbm
o = CUA ;0 )b
and

Yim(K")oribum = Yu(R")

so that after integrating over [ one finds A, B

- ‘/;’m;(.‘)“’expi(m ARUCET

- 4x(20 + 1

Y (RNCUAI000)CIAY;0pp)

/ dRF(K'R)F(KR)GA(R)
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Lengths of this electronic nuclear system that are of interest are
(i} The K-shell radius for the target

a(z) = AL

= chﬂm

(ii) The distance of closest approach
D= 2, 2;4°
= =

(iii) The radius of ths nuclear potential Ry
(iv) The nuciear Coulomb distortion

(= -?7/(-12- where 1/q = (K - K') ~ vjw

(v) The radius R, is between the electroric and nuclear distances so th-

1/g,8(Z3) >> Rm >> D.(1/K),Rx

By looking at R the radial integral will now be split into two parts. One part will
reflect the distance between H,, and the nuclear part while the other will be the ditance
outside Rm. The reason for this procedure is to make it possible to evalnate the radial
integral asymptotically. (Blair (8))

X0
F/(K'R)F{KR)G,dR
Ra

- - / ” (2)~3exp —i(KR - n (2K R) — ix/2 + &(E)) ~ expi(KR - nln(2KR)

-in/2+ &(E)))

(exp(~¥(K'R - nIn(2K'R) - ix/2 + §}.(E)))

10
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~(exps(K'R — nln(2K'R) - In/2 + §'V(E))) G dR

The integrals containing the rapidly oscillating terms

exp+i(K + K')R

were neglected so that only the following terms are left. (Blair (6))

o
FI(K'R)Fi(KR)GrdR
Ra

~ (1/4) L " exp(i(K' = K)R + inla(2X R) - in ln(2K" R))G(exp (i(6h — &))i"'+

o0
f expi( K ~ K')B + inlo(2K'R) L
G dR(expi( — 8 )6 " = (1/4)(b} expi(8) ~ G + by expil& — 8))i" ) 1

with i

(K-K')R-nin(2KR) +nn(2K'R) = qR-nIn(2KR) +nIn(2K'R) =~ qR~ £ In(2KR)

30 that

ba o : dRGx(R) exp (i(qK - £ In(2K R))

and

U+1

. . .
Ay = TRE L ST 1-1/,,“(1?')0(1;:',000)




~(expi(K'R - pn(2K'R) - Ix/2 + §'(E))) G dR

The integrals containing the rapidly oscillating terms 4

expi(K + K')R

were neglected 3o that only the following terms are left. (Blair (6))

ox
F!(K'R)FKR)C\dR
Rm

~ (1/4) A = exp (i(K' = K)R + inln(2KR) — in ln(2K'R) G (exp (86} ~ &))" +

o
expi(K - K')R + inIn(2K'R)
Rm

Ga dR(expi{8y — 5.8 2 (1/4)(b3 expi(8] — &)W + by expi(6 — 84 )"

with

(K -K')R-nIn(2KR) +nn(2K'R) = qR-nn(2KR)+nln(2K'R) ~ qR- { In(2KR)

so that
b= | dRG(R)exp (s(¢R - { In(2K R))
and
4 TP ..
Appp = ﬁ e YK €1 1 000)
4
‘1 "
'
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C{EM;0 1 p)(exp (3261)by + exp (2660 )83 (=1)' ") = A; + 4

whera

4= 3% “""“"%mp(ﬁ"wmr;ooo)cuu;o,‘,,)h%

{rom previous considerations:

Yo(RY5,(R) = c(ur;ooo)auu';opp)y,:,,(K')

and
vi(&) = XD peons)
D;\m(o, 0, 0) = ———\/(%zﬁy;“(K;)
one finds that

A = s(zxs)*‘pﬁo(fr')z:( !+ 1) Pi(cos d) exp (216:)bx = if(6, E)D}o(K')bx

8o that the nuclear scattering amplitude is given by

fl8,E) = (2K)™} };(2: + 1) Pi(cos ) exp (26,( E))

By using the symmetry relation for the addition of angular momenta as given by Rose

®)

S <. +1 ..
Clf1jajs; mimamg) = (~1j7+me 2;:_“ Clisgatr; —mamg —my)

1
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one finds that
CLAI;000)C(I A0 4 p)

= (= 1)MO(= 1A 5-0C(P A ;000)C( A by —p p0) Yoo 2r : 17(21’: D)
Therefore

= (-0 % 3 o) ST o, s s

C(I' AL00O)C(I' ALy~ p0)

with

l+r=1V

80 that

[ Y e e i O e G A G Ve

According to the orthogonality relation of the Clebsch-Gordon coefficients :

}; CI'AL000)C(I' ALy ~p p0) =

Since

, u
Yiu(RY) = Priost) Vo2

Ag becomes

Az = 6_40(01)*(~1)*(2K)~"b5 Z;m(mx'»(E'))ﬁ'(w'ﬂ)(?"’r 1)

1
i)
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= fuo(-M 816, £)

with

a 4

16,B) = 10, - aB) = 1 7 e (s Pricony(ai+ )

so that A, Ap

= i(f(8, E)D3(0,0,0)bx +5(~1)8u0 f(6, E')b3)

If ionisation occurs on the way into the nuclear collision with an atomic amplitude
3 ouly s = G electronic states can be populated and the projectile loses an energy AE
before reaching the nuclear potential and therefore the nuclear scattering amplitude will
be reduced by E — AE.

Should ionisation occur on the way out with an amplitude by, f will be evaluated at
the energy E. The rotation matrix will predict the direction of the projectile on its way
out.

From the definition Py becomes

Io7 deg 305, 1£(8, EYD)obs + (=1)* f(8, E —~ AE)6,03)°

P8, ) = T E

~ / " dey T 1Do(o) + (~1)¥60(18,E - AB)/ 16, BV

The scattering amplitude f conaists of a Coulomb scattering amplitude f, and a
nuclear (resonant) amplitude f,.

f=le+fa

The variation in Py is expected to be the largest for fn << f, ie. at backward
scattered angies.
It must be noted that the atomnic amplitudes

[
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[+
by = A dRG) (R)expi(gR — ¢1n(2K R))
is independent f the l-value of the nuclear resonance and is generally culy important
forA=0and A = 1.

Due to the importance of the Uy /T' parameter referred to in Chapter 1, a detuiled
analysis of this parameter now follows:

Ue/T =1

The probability for the production of K-shell X-rays by protons elastically scattered
from 3% Ni was observed to change as the proton energy was varied over ihe s;/; nuclear
resonance at £, = 3.151 MeV by Blair (9) in 1978 . The energy spread of the incident
beam was small compared to the width of the nuclear resonance. In this situation the
nuclear amplitudes of the #) /5 isobaric analogue resonance were well undersicod so that it
gave them the opportunity to study the atomic amplitudes at a laboratory scatiering angle
of § = 90°. By choosing certain laboratory angles, significant contributions of neighbouring

p or d wave resonances can be eliminated because

fa(8,E) = (2iK)"! [ (21 + 1) B(cos ) exp(2i6i(E))

with

Py(cos 8) = 1 =90
Py{cos, ) = cos § =1

Pa{cos 8){1/2)(3cos? 8 -- 1) =2

They found Pk to be very sensitive to the phase v 5. The choice of solid angle
resulted in a lurge yield for the surface barrier detector at # = 95° and for the Nal(T})

15




scintillator 0.8 cm from the target at § = ~90°. {/y was 8.3 keV and I', was 5.6 keV which
resulted in a Uy/T = l.o which in turn le. an interference of abont 50%.

In 1981 Chemin (10) measured the depeiacnce of the 38Sr K-shell ionisation proba-
bility on the projectile energy in the vicinity .f the d wave (J = 5+/2) isobaric analogue
Tesonance at 5060 keV in the reaction: *Sr(p,po). T', was 19 keV and Uy = 16.1 keV 50
that this ratio was equal to 0.8. The protons were elastically scattered at a lab angle of
90%. The surface barrier detectors as well as the Nal scintillators were placed -t 90° to
the beam direction. The angular aperture of the particle detectors was approximately 15
degrees. The solid angles for the two scintillators were 3.45 sr. Fj wa:. insensitive to the
phase of 5, and gave a variution of about 20%. The 38§y isobaric analogue resonance is

made up of many narrow resonances in order to see the effect on Py.

LT <1

In 10%2 Chemin (11) measured Py across the 6.06 MeV s wave elastic scattering
resonance in H+ +%8 8r for which Uy /T = 0.24. The variation in Py in the vicinity of the
resonance energy was of the order of 10%. They found that a comparison between the
values of the maximum excursions of Py(f, E} and the values of Ux/T' does not lead to
any simple relation. They also showed that the Py at the resonance energy did not only
depend on the resonance width but also on the Coulomb scattering.

U/l << 1

In 1980 Duinker (12) made coincident measures on 3C between KLL Auger electrons
and elastically backscattered protons 3t 125°. P, was measured across the 0.46 MeV
{1 = 0) resonance in the 3C(p, py} reaction. I' was 35 keV and Uy = 0.28 keV which
gave a ratio of 0.008. They then succeeded in obtaining a 70% variation in P, which was
not in accordance with the theory. In 1982 Meyerhof (14) also measured P for the same
resonance. Instead of u.mg a carbon target they used a methane gas jet target whick
the proton beam had to traverse. They conciuded that they did not see any time delay
effect at all. The spurious results from Duinker were most likely due to proton scattering

s
9
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external to the target accompanied by ~econdary electrons.

Up/T >> 1

In 1983, Chemin (5) presentad a new experimental method to extract the compound
elastic (CE) scattering cross section. This method can be used where the nucleur excitation
takes place through a doorway state suck as an isobaric analogue state. T:is state has
the property that the total width is the sum of the partial width I, corresponding to the
decay through the continuum and a width ['cx which corresponds to decay through the
complicated compound nuclear statea. When the elastic scattering takes place the CE
fraction would be delayed with respect to the direct elastic (DE) scattering. Therefore the

measnrement of Py across an IAR would reflect quantitively the amount of CE scattering.

The nuclear reaction amplitude can be written as

f6,E) = [+ 1

where f consists of f, and the part of f, which varies slowly with energy, whereas
f/"is the part of ;" which fluctuates rapidly with energy due to the influence of compound
nuclear levels in the IAR.

The parameter under consideration is thus the compound nuclear level width oy
which is very much smaller than Uj. The slowly varying part of f has a resonance shape
with a width Ty4r. The spread of the bea energy is assumed to be very much larger
thar the spacing between the CN levels 30 that the average is over hundreds of zompound

nuclear leveis. Since /7' depends on the energy, one finds

(fr).=0

The averaged scattering cross section is defined as




"-q

(do/dB) = {|7])
= &+ (e
do/d0)pg 4 1ar + (do/dD)cy

=
= 0pg + 0Ceg

The direct elastic differential cross section opp contains the Coulomb scaitering, the

potential scaitering as well as the decay of the isobaric analogue resonace through the
continuum.

By finding an expression for the scaitering matrix

(st (B) s:2(B))
h one can find the expression for (\ 1l ‘(E)\_2> which is the compound nuclear contribu-
tion to the scatiering cross section.

According to King (13) the expresson for the scattering matrix is:

off ot \ _ : : B
<5ecf4 !Scl"c;> = expi(de + b} exp ~i(6, + Ee;)(m)
¥ I«cllﬂrc'll’l rcllﬁ rc,‘l/Q
(E-Ep)p + (1/4)17
H for scattering between channels coupled to the [AR, with
_ FI FU
PO = F=Ea) + (/AT

the eigenvalue obtained form the resovant part of (5).

8 is the real optical model phase shift.

For resonances below the (p,n) threshicid one can assume # ~ 1 and for those 600
keV abrve this threshold £ increases approximately to 1.2. The ¢,¢’, ¢, ¢] are the physical
chaanels coupled to the IAR. The channels not coupled to the resonauce are denoted by &.

According to Anholt (4):

13
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OcE ™ bl
pr~ Y. pe{Er - EP + (T/2)

when £ = Eg, p1 >> ¥, ps,0¢ z becomes

" 3

o A

with #o(8) a constant, ie the peak cruss section at the scatiering angle. [i is well known
that for scattering angles less than 90° the CE contribution in the ionization probability
one should ook at backward scatiering angles.

By becomes, from Chemin(5)

-F / " deg (8, EYADA,(0) + 116, E — A (=102 /(do/d)
™

> / % deg(if(EVrDR + (~1)6p0(E - AE)P +
(1B DYy + fHE - AEMA(-1)*840*))(1/(0DE + ocE))

=y [, " de; (F(EYDLJ(E - AEV) +

»

> [ " deg (B + |f1(E - AEYA) (/{005 +acE))

The first term refers to the elastic cross section of Blair (9) with by and 4} in phase.
The second term

¥ [ trlbPlecs(E) + ocs(5- aB)

is the creation of a K-vacancy by a particle that has been scattered by the compound
nucleus. The time delay due to this reaction is therefore long and the ionigation amplitudes

by are no longer necessarily in phase, ie no longer add coherently. Also the imaginary part
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of by falls away compactely. For op = 0, P reduces to the usual Blair-Anholt formula.
Anholt (4) founu that, when co_ipound elastic scattering only is considered, at large
scattering angles, the dip normally associated with Py was filled in, so that Pi is almost
independent of the projectile energy at these angles.

Chemin (5) measured the 5.06 MeV #* Sr(p, py} resonance at 160° by using an annular
detector with a mean angle of 155 - 160 degrees. Ty using a value

00{160°) = 40 = 1O mb/sr

their thesictical curve fits their experimental data very well, unlike the ¢ == 0 value.
They therefore concluded that for a dy;; resonance there is an important elastic contribu-
tion to Fi at large scattering angles.

The usual way of measuring compound elastic scattering is by looking at the interfer-
ence of partial waves in the entrance channel, ie by looking at polarized and unpolarized
heams. Therefore s wave resonances cannot be detected by this method. According to
Chemin (5) this restriction need not apply to this new experimental method. They mea-
sured the Py across the 6.02 MeV s wave resonance of #35r(p, py) at 1559, For this reaction
the total width [ was 34 keV and I', was 11.5 keV. The best fit to their experimental data
was when they used the value 0 = C and not oy = 40, thereby indicating that compound
elastic scattering is not an important factor for s wave resonances at any angle. In conclu-
sion, it can be said that the ionization probability Py is affected by the compound nuclear
structure of the IAR.

In 1985 M Dost (19) et al extended the parameter range to 2 = 56 and | = 3 by
observing P for the fr/q isobaric analogue resonance seen in the H*+ 3% Ba collision at
10.003 MeV.

Py was measured at two different scattering angles, approximately at 60° and 113°%. An
annular particle detector was placed at 170° which served to locate the nuclear resonance
in the elastic cross section. The solid angle for the particles were 2.8 sr and for the X-
rays, 4.2 sr. Theee large solid angles resulied in a good yield. The detector geometry was
optimiged for maximum solid angles and all the detectors were placed in the same plane.

A




The value for U is 32.9 keV and yoraz is 68 keV, which resulted in a Py variation
of 50% at backward scattered angles and 10% for the 450 < § < 80° interval.

In 1987 Spooner (26) detected a large resonance effect in Py whilst measuring it very
accurately. They cooled down their surface barrier detectors and ensured reproducibility
of their data by mezsuring each point for 30 hours. By using this method they got a
coincidence peak with a very short rise time even though their beam current was relatively
high. A high beam current usually resuits in a more noisy spectrum. They fitted their data
with a least squares fitting routine and by using values for the cross section instead of P,
They did not gain any information about the imaginary parts of the atoriic amplitudes,
and gave the atomic amplitudes the values of mostly 1.00. An interesting conclusion they
reached was that the value 09 = 40 mb represented an upper limit to the CE croes section.

THE RATIO R

Ever since Blair (9) defined the coincidence to singles ratio R, ie

R = (Imby/ Reby)

others have also locked at similar ratios. R is treated as a parameter and by fitting R
to the exrerimental curve they obtain a value for R and thus the b, content. This leads
to information about the incoming and outgoing atomic ionissation amplitudes in Py.

Blai /9) found that there was a large difference when R was varied from -0.6 to 0.6.
Chemin(10) found variations of only 10% when they changed from -6 to 6.

Chemin (11) defined R as the following:

R = Pu(8,E - En)/Pu(6,/E >> Eg)

and found that there was no simple dependence between R and the parameter

y =2U/T

Later Chemin (5) defined the relative excursion

R




R(8) = (Pe(8)(on resonance))/( Pi(d)(ofl resonance) - 1)

and looked at 6 = 90° and 4 = 155, 160 degrees.

They found that the values of R(#) were 0.09 £ 0.14(¢ = 90°) for the & wave resonance
and -0.24 £ 0.14(8 = 155° — 160°) which is in accordance with the general Blair-Anholt
formula. Their R(#) value for the d wave rescnance was in accordance with the compound
elastic theory and differed from the general Blair- Anholt formula. The values were:

-0.34 £ 0.17 9 = 90°

0.05 + 0.14 9 = 155° - 160°
Dost {19) defined

R,\ = ImbA/Rebx
and caiculated a value

Ry = ~0.30 £ 0.30

by choosing [m b from on resonance data and Reby, Redy from off resonance data.
R, was treated as the f.tiing parameter. The value for Ry obtaired were a¢ the angles of

450 — 1359, A lot of approximations were made in order to calculate by f.
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Chapter 3

COMPUTATION OF THE [ONIZATION PROBABILITY

This program was written in order to make a comparison between the theory and the
experimental results. In previous publications (Chemin (10}, Dost (20}) various methods
of calculation were done in order o determine Pe. In this work Py was calculated very
accurately using different functions for R, and calculating Ry instead of using it as a
parameter and then irying to fit it with the data (Blair (9)), thereby assuming the data is
the reality in the first place.

What was done in $his work was a completely theoreticai calculation of Py independent
of the experimental results. Actual values of the atomic amplitudes by were obtained as
well as values for the scattering amplitude f, and also Py. By using this program it was
possible to calculate a value for the Ratio R, for both A = 0 and A = 1. It also shows
what Py actually looks like. By inserting values for the partial widths T, and the total
width T the amount of elastic scattering can be determined. A value for [', was given as
5.8 keV by Browne (27) for the nickel resonance. According to Browne (27), the ', /T ratio
should be close to one for the %8 Ni(p, py) reaction. For example: the values chosen for [,
and for I, that resulted in the best model for Py, were 7.0 keV and 9.0 keV respectively,
so that the ratio is approximately one thereby indicating thas only elastic scattering took
place.

What now follows is the mathematical description of the differect functions that were
used in order to calculate Py.

The Ionigation Probability Py

°°d D: O,Eb "1&5 9’E_A b-?
Pu6,E) = Jo. der 35 1D £( l)f?aflfgg? 1*8u0 f( E)b3)

consists of the scattering amplitude given by Blair /6):

J6,8) = = (15 (3) exp (inla((1/ sin)*(3)) + 2ie)
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+(2K)‘1 exp(2Wl) [ (—E;T%—_tf‘ﬁ}

as well as the rotation matrix D), acd the ionization amplitudes by, 53} with

AE:U},+€[

THE FUNCTION o = arg [(A + 1 + i)

The o5 can be rewritten as {Abramowits (18))

) MA+) | & n S
{ = -
arg (A + 1 +in) "r(,\“)*;’(uxm aretan s )
_ T+, SR !
+§°:( 1 — arctan )
LA H 1+ Atl+n
with
o) / St et Inzda
T + DA + 1))
and
WA+D) = =0+ P (A - i)
- ;::o""H A+1l+m
from Gradshteyn (17).

THE FUNCTION D},(0,4,0)

From Rose (8) we have

e - » ‘ [P~ T e [ Ay

-
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d{n'm(ﬁ) = m(cug)ﬂj+m—-m'(~ sin g)m’—m 4
Vis+mii(g-m7l )

gFy(m' - §,~m~j; m' = m+ 1; - tan? g—)

— B

.8
aFi(p— A=A p+ L5 ~tan® 5)

A is assumed io be important for A = 0 and A = 1 only and was calculated for both
these values. The program snbsequently showed that this is a valid assumption since the
equation for A = 1 is a few orders smaller than that for A = 0.

THE IONIZATION AMPLITUDE

by is assumed to be independent of the proton energy E, and is evaluated for eight
different ionisation energies ¢;, at the resonance energy Ep.
The Coulomb part of 5, is given by Blair (6).

b = / exp (~igles)R) Cr(R) 4R
with
- Uk+e£
4= (=)
and
—Z;c

Y - ~1/13




i - ‘-Zlc -1/3

T R Rt [ R AR ‘
(R " Rega vy r + A AR XY +i) (1)
and
- (B =%
Rlu = (“0) ZQXP( ao )

is the radial wave function for the bound eleciron.

THE FUNCTION R, s

This function represents the unbounded electron and several functions can actually

be chosen to describe this unbounded state. The function for R, was chosen for the
computation by observing the following:

The Coulomb potential acts in the exterior region of the atom for which the Schrédinger

equation is:

(577 + V) = Ev(r)

with the wave functicn given by

¥(F) = 2 Rx(r)Py{cos 8)

This can be rewritten as

It w4k -y =0
with
- 21 Zj c’
"= ho(es)
n and k = 2uE/A? is the waverumber.
‘ 26




The radial equation is given by Jackson (7) as

14d d
;a‘;("g g;)R»\(")*‘

r 2nk A+ 1
ik - —?;" - -—L’f,——llﬂx(r) =0

with the asymptotic form of tk» radial wave function for a large r given by Jackson
(7) a2

v~ 1/2(2ik)* exp (~nw/2)0(A + 1 +19)

Ry(r) ~

Ay
g exp (nx/2)exp (i02) (21 + 2) , .
| L TR T 1+ i7) () (sin (kr — Ar/2 ~ nla(2kr) + 03)
i A
A o VTexp (o)t A ) ka2 - in(2kr) 4 03)

(kr)
The asymptotic form of the confluent hypergeometric function Fa{n(es), k(er)r) is

given by Jackson (7) as

Fx(n, kr) ~ sin(kr — Ar/2 ~ nln(2kr) + o))

so that Ra(r) can be written as

) = 2 o (io) A+ )

The function Fi(n, kr} is also the regular Coulomb function. Putting kr = 5 one i

FA(’,»kr)

finds from Abramowitz (17):

Fa(n.p) = Caln) g™ MM+ 1~ in, 2A + 2, 24p)

with

_ 22 exp (=nr/)I(A + 1 +1in)]
Cln) = I +2)




The radial equation is given by Jackson (7) as

1d,,d
- R <o

with the asymptotic form of the radial wave function for a large r given by Jackson
(7) as:

—1/3(9q _ .
Bar) = ’(2"‘)*0"?((2;)’;/2)1‘0 +1+in)

exp (nr/2) exp (ig)) T(2) + 2)
(2K)AT(A + U+ 3n) (kr)

{sin (kr ~ Ar/2 — nln(2kr) + a))

_ v 3expliy) i (20 +1)
- (kr)

The asymptotic form of the confluent hypergeometric function Fi(n{es), k(es)r) is

(sin (kr — Ax/2 — nln(2kr) + 0a)

given by Jackson (7) as

Fa(n,kr) ~ sin(kr — Ax/2 — nin(2kr) + o))
so that Ra(r) can be written as

v~ T exp(igy) i (24 + 1)
(kr)

The function Fy(n, kr) is also the regular Coulomb function. Pusting kr = p one
finds from Abramowits (17):

Ri(r) = Fx(n, kr)

Fa(n,p) = Ca(n) p**' e M(A + 1 = in, 2A + 2,2ip)
with

_ Zrexp(=nm/2)T(A +1 +1n)|

Galn) T2h+ )




_exp () DA + L+ in)[(2p)* M{A + L+ 40,20 + 2, - 24p)
i (ZA+ 1)t

FA("’ B

which is the form given by Jackson {7)
The evaluation of the regular Coulomb wuve functior Fi(n,p) is accomplished by
using the subroutine RCWFF. (Barnett (19)).

‘['he subroutine used for the integration is called QTFE. (IBM System/360 Scientific
Subroutine Package) This subroutine evaluates the trapesoid rule. By using this subroutine
it was easy to manipul~te R to go from R — oo in the first integral in equation 1, and then
from 0 — R in the second integral , as well a4 taking other functions of & into account. It
was important that the same R be calculated at the same time for the different functions
of R.

This program is accurate for values of 73 > 25 and for ¢y < 290 V. In order to

increase the accuracy for other values of Z; the dimensions will have to be increased in
the CLAMBDA subroutine.
¢ The program assumes that the projectile is a proton since the theory was developed

for this situation.
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Chapter 4

THE EXPERIMENTAL EQUIPMENT

A. THE COINCIDENCE EXPERIMENT

The research obtained in this work was done by using the Wits Tandem Van De
Graaff Accelerator. The proton beam ottained from the ion source of the accelerator were
deviated to the 30° West beam line in the target room. The "pancake” iarget chamber
which is of a design to optimise the solid angles of the detectors involved, in situated on
this beam line.

The experiments performed on this beam line includes the coincidence experiments as
well as the 3.151 MeV nickel resonance determinations. A cobalt resonarce determination
was also done on this line as well as the 30° East line.

1. The Target Charaber and Detector Arrangement.

The target chamber consisted of a steel § cm wide cylinder with a diameter of 26 cm.
{FIG 1) The lids were made of aluminium in order to reduce the X-rays that might scatter
off iron if steel were used. The targei bolder was lowered into this "pancake” chamber
from an aperture at the top of the tube. The target ladder consisted of a thin aluminjum
rod which was fastened onto the target holder and then tilted at 45% with respect to the
beam direction.

The protons elastically scattered from the target were detected by a surface barrier
detec:or. This detector was fastened onto one of the aluminium lids of the chamber so
that it was situated at 90° with respect to the beam direction in the horizontal plane.

The X-rays resulting from the iomsation of the K.shell, were detected by a 7.62 ¢cm
diameter x 0.6 cm thick codium iodide scintillation detector with a 0.025 ¢cm thick Be
window, placed at 909 to . - m direction. The X-ray detector was mounted in an
alurainjum tube which fastened onto the other aluminium lid of the chamber so that both

the detectors were housed inside the vacuum of the target chamber. (TG 2)
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This resulted in the two detectors being very close to the target and in the same
horizontal plane. The solid angles were 2.23 sr for the particle detector aud 3.81 sr for the

X-ray detector.
2.Target Thickness and preparation.

The cobalt and nickel metal targets were vacuum deposited onto 10ug/em? carbon
films. The cobalt metal was spectrographically pure. The nickel was enriched *3Ni. The
cobalt/nick .l was placed into an eleciron bombardment crucible inside a glass vesse] which
was kept at a pressure of around 5 x 10~ torr. The filament was set at a temperature of
abcus 1800° C and then a high voltage supply was adjusted to the crucible, until all the
nickel/cobalt was evaporated onio the carbon films. (Rose (16,).

The cobalt evaporated onto the carbon had a thickness of 15ug/cm?, whilst that of
the nickel was 10pg/cm?. These thicknesses were found to be sufficient to determine the
resonances in both the cobalt and the nickel.

3.The Electronics Circuit.

The nickel and cobalt K-shell ionization probabiiities were measured by a fast coinci-
dence timing circuit. The actual circujt used is shown in Figure 3.

The energy signals of both the particle as well as the X-ray detectors were fed info
prezmplifiers. The energy signals were then amplified (SA) and sent through to the multi-
channe] analyzer (MCA) to interpret the spectra.

It was found that, by not sending the timing signal fiom the X-ray detector through
a preamplifier, better timing resolution was obtained. The timing signal from the particle
detector wen* through the same preamplifier as the energy signal. The $iming signals were
amplified (FFA) and then sent through constant fraction discriminators (CFDD). The tim-
ing eignals still contain energy information 80 that the CFDD enables one to discriminate
between different erergy peaks from inspection by the oscilloscope. By adjusting the FF4A,
the rise time of the timing signals can be varied. This leads to optimisation of the co-
incidence rate between the particle and the X-ray signals, since all the signals then have
similar rise times.

The pulses coming from the output of the CFDD were fast logic pulses and had to
be delayed by 2 gate and delay generator in order to coincide with the slow pulses coming

32
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1
2.

Surface Barrier Detector. ORTEC/EG and G. BA 25-450-100
Preamplifier. Canberra 970D: Surface Barrier Detector. ORTEC 112: X-ray

Detector

3.

Spectroscopy Amplifier. Canberra 1413,

4, Fast Filter Amplifier. ORTEC 579.

5. Constant Fraction Differential Discriminator. ORTEC 583.
6. Delay Box. ORTEC 425A.

7.
8
9

Gate and Delay Generator. ORTEC 416A.

. Multichannel Analyzer. Nuclear Data.
. Analogue to Digital Converter. Nuclear Data.

10. Time to Pulse Height Converter ORTEC 467.
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1. Surface Barrier Detector. ORTEC/EG and G. BA 25-450-100
2. Preamplifier. Canberra 970D: Surface Barrier Detector. ORTEC 113: X-ray
Detector
3. Spectroscopy Amplifier. Canberra 1413.
4. Fast Filter Amplifier. ORTEC 579,
5. Constant Fraction Differential Discriminator. ORTEC 583.
6. Delay Box. ORTEC 425A.
7. Gate and Delay Generator. QRTEC 4164,
8. Multichannel Analyser. Nuclear Data.
9. Analogue to Digital Converter. Nuclear Data.
10. Time to Pulse Height Converter. ORTEC 467.




from the energy signal from the SA. After adjusting the CFDD one could clearly observe
the effect in the various peaks on the MCA by switching the gate on or off on the ADC.

The start signal to the time-to-puise-height converter (TAC) was assigned to the
particle pulses because they come at a lower rate than the X-ray pulses; the latter were
assigned as stop signals. The TAC display on the MCA is a time scale distribution unlike
the SA display which is an energy scale. The TAC displays the coincidences between the
signale coming from the X-rays and those coming from the particles within a pre-selected
coincidence resolving time.

The nickel resonance was determined by counting the number of particles in the proton
energy peaks as the resonance was traversed. The beam energy was changed each time by
adjusting the magpet on the accelerator.

There are many random coincidences. Consider the following approximations for the

count rates

v

“les were caloulated using the formula

The count: races for the varticles

N, = niz(60)(do/dD).

The differential cross section for Nickel is almost the same as ihe Rutherford crose

section so that

o B 1
dfi ~ 16sic 3(6/2)
with
b= Z'que’
By

n; is the number of ions in the beam per second and is given by

beam current
ME

60} is the solid angle

z is the target thickness in atoms per area:
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z= target thickness x Avogadros number
N Mass of the Nickel

This leads to a value of 58 particles per second for Np. The countrate in the X-ray
detector is given by

N, = N, P(b) %;'uk

with wy the fluoressence and {2, the solid angle.

P(b) is an approximasion for the ionisation probability

P(b) = PO){1 + 1.962' + (7/16)r )¢~

P(0) representa the ionisation probability at sero impact parameter

P(0) = Ad(1 + 0.062 ¢ + 1.238(¢)%)

Ad is the adiabatic limit
Ad = 7S¢
7 ao (K-shell binding energy)
and
‘- Ao(Z; - 0.3)
{K-shell binding energy)ao
o = by (K-shell binding energy)
- Kv
with b; taken from
9 b
tani = m

The value for N; was calcuirted to be 0.021153 particles per second.
The total X-ray countrate
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Nrore = nizo, %r{ = 348415 particles per second

0 = zx/ P(b)bdb

which is the summation of the = tion probability over all impact parameters .
Therefore the total X-ray count: rate :onds to randem as well as true coincidences

The true coincidences will, due to the geometry, (Chemin (2)) be in the majority and
bappen at the same time which will be visible on the time scale aud therefore produce a
peak.

The efficiency of the X-ray detector as well as the particle detector were determined
by using a 34! Am 0.114321 4 C1 alpha, gamma and X-ray radiating source. oincidence
spectra were obtained for the 59 keV gamma and alpha coincidences, the L-shell X-ray
and alpha coincidences as well as the M-shell X-ray ana alpha coincidences.

The energy spectra for the various gamma and X-raye were also used for calibration
purposes. Since the energy of the K-shell X-ray 's 7.7 keV for the cobalt and 8.3 keV
for the nickel, it was very useful to optimige conditions for the 6.12 keV M-shell - alpha
coincidence peak of 74! Am. The L;-shell and L-shell peaks of 24! Am are located at 23.7
and 22.9 keV. (FIG 4)

B.THE COBALT RESONANCE DETERMINATION EXPERIMENT

The proton beam from the accelerator was deviated to the 30° East beam line which

was more suitable for crarged particle resonance detection work. The target chamber
consisted of a 75 cm diameter aluminium drum with a perspex lid. This chamber housed
several surface barrier detectors located at various angles.
The energy signals coming from the particle detectors were fed through preamplifiers
to the spectroscopy amplifiers so that the energy peaks were clearly visible on the MCA.
The number of elastically scattered particles in each detector was determined as the

resonance was traversed. 4
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A resonance suggested by Demeter (21} situated at 2.448 MeV in the reacticn
89Co(p, 7)% Ni was locked for but not located.




Chapter 5

RESULTS AND DISCUSSION

The results for the nickel conicidence experiment are given in Table 1. The time taken
for each point ranged from five to six hours. This accumulation {iwme resulted in errcrs
ranging from 11% to 15%. The beam current was kept rt<ady a¢ 0.1 x 10~% Amperes. In
order to determine the size of Py, P/Py.a Was calculate” for every energy. A variation
of abont 50% was obtained just like Blair {9) and accordin; to the theory this was to be
expected.

The results of the nickel resopance determinaiion experiments are given in Table 2.
In order to obtain a high accuracy measurement of the resonance the beam current was
kept 2 10- 50 nA. Run # 1 was measured during the coincidence run while Run # 2 was
measured later. T'he resonance occured at 3.152 MeV. (FIG 6 & 7)

The results of the cobalt resonance determinations are given in Table 3. This resonance
was originally measured by Erlandsson (15} at 2.100 MeV iu the reaction *9Co(p, 7)3Ni.
This cobalt resonance determination was a *?Cu(p, 1) reactior and since the energy of is
30 low the maximum beam cur ent obtained was only 30 - 40 nA. In order to determine
where the resonance occured the machine was calibrated by measuring a well known carbon
resonance at 4.8 MeV. [ concluded that the cobalt resonance ocrured at 2.090 Mev. (FIG
8 & 9)

The resulis of the program that calculated the ionization probability Py are given in
Table 4. Eight values of <; were calculated. At around 10 eV the by, 6} were at their
largest so that it might not be necessary to calculate ¢f ‘or values cl~se to Us. (Spooner
(26))

The ratio R is equal tc 0.9 for{ = 0 and R, isequalto- 3.5 for! = 0. The first value
seems to indicate that there are equal amounts of real and imaginary ionization amplitude
contributions to Py at 90°. At backward scattering angles a value for By was calculated
to be -0.3. (Deat (20)). Blair (9) tried to it his four points of the nickel coincidence by

using the following values for Ry:

N
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TAHLE 1 THE CONCDENCE EXPERMENT

ENERGY (MEV) PARTICLES FROM TRE STARTS CONCD PARTICLES AFTER CONC ERRORS X P¥ X0 -4 P/ OFF
CFDD ENCES SPASM NTER
SPASM
kSt ] 2202777 2207701 42 2003489 383 s 196 00
3u2 728496 1733257 448 58449 350 °s5 225 ¢
Iu4 2058974 208300 367 1780842 382 o4 202 w3
3uE 2203544 227436 m 2198555 573 ns 261 3
ius 2338450 2345337 20 %5257 508 w3 207 157
3860 2199650 2209774 s 1774925 50 54 87 6
354 2096355 2096451 987 tje5ne s7€ B2 e 166
1%60 15090298 BRI 453 B77054 364 n2 264 135
i

s ey o e, e 4




1:

Vq'

y T - T

F (T TR I _— . v . "

. FIG 6 Nickel Resonance Run #1
14%10 : : : : ../ _ .
[
- ./\Q\/ 4
®
[
12%10* |- -
[2]
= ‘
3
3 .
10%10* F . .
\e
8x10* . 1 A L X 1 : J
3.3 3.14 3.15 5.16 3.0

Proton Energy MeV)




}g

bq'

Counts

w
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TABLE 3 THE COBALT RESONANCE

ENERGY (MEV)

PARGICLES FROM CFDD

COUNTS FROM DETECTORS SITUATED AT

2.070
2.075

2.080
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150 DEGREES

4467
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10 DEGREES

120 DEGREES

5653 8708 3682 12052
5911 8619 761 12217
5896 8655 3275 12219
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6180 8057 5218 12082
6074 8963 5375 12030
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» | TABE 4 RESIUTS FROM THE PROGRAM OF PK
BPUT: GAMEA = 9 BV, CAMMA P = 7 KEV, ER = 1152 MEV, BOM = 9222629 MEV, SWALLM = OS5I MEV, I2 = 28
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Ry = ~0.6;0;0.6

The shape of the calculated Py is shown in figure 5. It is similar to Spooners (26)
experime.tal one. The calculated Py is compared to the experimenta!l values of Px obtained
in the coincidence run. The best model was obtaine<’ when I', was taken to be 7 ke'V rather
than 5.8 keV. I' was chosen to be 9 keV 8o that I', /T = I which is au indication of elastic
scattering.

Blair {9) concluded that the best fit to his four points was with X, = . The
coincidence run in this work was done across the same resonance as Blairs (9). Since twice
the amount of data points were obtained and my theoretical curve fits my experimental
data so well 1 conclude that the value of Ry is closer to one.

‘ The value R, = —3.49 indicates a lot of imaginary ionization amplitude contributing
, to Py for A = 1, although the contribution to Py is the largest for A = 0. This is the first
calculation of R;.

A better comparison with the data was obtained than Chemin (10) did with theirs

when they measured Py across the 5060 keV resonance in % Sr.
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