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The purpose of this work was to examine the effect of the 

use the assumption tfw2K/ECM « 1 in calculating K-shell ionization 

cross sections in the plane wave Born approximation (PWBA) 

where fuo2K is the observed binding energy of the K-shell and E C M 

is the energy of the incident particle in the center of mass 

system. Avoiding this assumption produces a threshold for ioni-

zation at E c m = l^w2K. Calculations employing the assumption, 

which leads to the use of approximate limits of integration, do 

not go to zero for even the .Lowest values of the incident energy. 

This threshold effect was examined theoretically by calcu-

lating cross sections in the PWBA and perturbed stationary state 

(PSS) theories with both the exact and approximate limits of in-

tegration near the experimental limit which corresponds to 

IIiaw/E™, < 0.1. Two Coulomb deflection factors (CK and CT.) and 2K LM — jx j-> 

two relativistic corrections (R^ and Rg) were also studied. 

Cross sections for K-shell x-ray production were measured 

for protons, deuterons, and alpha particles incident on thin 

solid foils of 2QCu, 41Nb, 4yAg, and 51Sb in the same energy re-

gion for comparison with theoretical predictions. 

Cross sections calculated with the exact limits PWBA(Ex) 

were lower than those calculated with approximate limits by 



%25l at the lowest velocities for protons. Measured absolute 

values for the cross sections differed from the theoretical 

values by much more than this. In general the measured values 

were within experimental uncertainties of two theoretical calcu-

lations ( C B P S S R a and C PSSRFI) at the highest energies. Due to 

the large difference in energy dependence between measured and 

theoretical values at low energy, however, the measured values 

fell below the predictions of the CgPSSR^g and approached the 

cK p s s rA,B-

A measure of the Coulomb deflection factor derived by 

dividing the measured cross section values by the predictions 

of the PSSR shows similar disagreement with both theoretical 

calculations. Ratios of measured cross sections for deuteron 

and proton bombardment, which isolates the Coulomb deflection 

effect, shows the same disagreement with both theoretical calcu-

lations. Ratios calculated with exact and approximate limits 

differ by less than experimental uncertainties. Ratios of 

measured cross sections for ^Re and bombardment, which isolate 

the binding effect, show good agreement with the theoretical 

predictions. Ratios of relative experimental and theoretical 

cross section values normalized to unity at high velocity show 

how well the calculations predict the velocity dependence of the 

data. The two theoretical calculations which show the best 

agreement with result of experiment fail to predict the velocity 

dependence of the data. 



y AU( 

In conclusion, the threshold effect seems to be too small 

to be measured in this energy region. The two relativistic 

calculations studied are almost identical and seem to provide 

adequate results. The increased binding effect calculation 

provides good agreement with the data. The two Coulomb de-

flection effect calculations differ in both energy dependence 

and magnitude from the measured data at low velocities. 
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CHAPTER I 

INTRODUCTION 

Inner-shell Ionization produced by ion impact has been 

studied both experimentally and theoretically in recent 

years. 1 -^ The two primary mechanisms for producing inner-shell 

I V • 5 12 
vacancies are Coulomb ionization J and electron promotion. 5 

For Coulomb ionization the vacancy is produced due to the inter-

action between the nucleus of the incident ion and the target 

electron. Electron promotion refers to the transition between 

the quasimolecular states which are formed during slow colli-

sions. These two excitation mechanisms are believed to be im-

portant only for certain ranges of the parameters Z^/Z^ and 

T,/V where Z. and Z„ are the atomic numbers of the incident ion 
1 e 1 2 

and target atom, respectively, and and vg are the ion velocity 

and target electron velocity, respectively. Coulomb ionization 

is dominant for Z 1/Z 2«l or and electron promotion is im-

portant when Z1/Z2^l and V'1/Ve«l. For heavier incident ions, 

where Z ^ Z ^ l and v 1A'e^,l9 K- shell electron transfer to bound 

states of the projectile has been found to be very important in 
p jh p C 

target K-vacancy production. ' In the Z-^/Z^ and re-

gions of this work, direct Coulomb ionization, as opposed to 
22 

electron transfer or excitation, is the dominant mechanism and, 

therefore, electron promotion, electron excitation and electron 

transfer to the projectile will not be discussed. 
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Three theoretical approaches have been widely used to de-

scribe direct Coulomb ionization, the binary encounter approxi-

R 1 R 4 1 7 
mation (BEA),' the semiclassical approximation (SCA) ' and 

the plane wave Born approximation (PWBA).1'3,5,27 A 1i give rea-

sonable estimates for the K-shell ionization cross sections for 

ions with incident on high Z2 (Z^30) target atoms at ener-

gies of a few MeV.15,16 

For high Zx (Z1>4) ions or low Z2 (Z2^30) targets at lower 

velocities, however, these calculations overpredict the measure-

ments .21'2^ ' 2^ This has been attributed to Coulomb deflection 

of the incident ion by the target nucleus and also to increased 

binding of the target electron due to the presence of the pro-

jectile inside the K-shell. The BEA and the PWBA have been 
7 13 14 

modified to take Coulomb deflection and increased binding ' * 

into account. Further, the PWBA has been modified to include 

polarization of the target electron wave function by the pro-

jectile by appeal to perturbed stationary state (PSS) 

theory.10'11'^2 The PSS theory also reproduces the original 

modification for increased binding energy. 

All of the calculations discussed so far use non-relativ-

istic single electron wave functions. For heavy targets and low 

incident ion velocities electronic relativistic effects become 

important. Several relativistic correction factors have been 

calculated as functions of velocity and Z2 and have been applied 
*. ^ v, *.*, • 2,9,13,30,31 to the above theories. 5 5 • ' 

The PWBA modified for Coulomb deflection, increased binding, 



polarizationj and relativistic effects has, provided good pre-

dictions of measured x-ray production cross sections for 

Zl/Z2«l.^-
31-23'25'2a'29 

It has been shown that the PWBA and the PSS theories exhi-

1 il P P 

bit a universal behavior when plotted as functions of the 

reduced velocity and binding energy parameters n and 6, respec-

tively. Most of the experimental data available corresponds to 

(ri/02)>.O2. Recent works2^'^3 534 a t l o w velocities for which 

n/e2<.02 show discrepancies between theory and experiment in the 

energy dependence of ionization by protons and alpha particles 

incident on high Z2 targets. 

For protons incident on high Z2 targets with n/6
2<-02, one 

of the simplifying assumptions used to evaluate cross sections 

in the PWBA is no longer valid. This assumption is fiw2k/ECM<<:1 > 

where tfa)2k is the K-shell binding energy of the target atom and 

E_,m is the energy of the incident projectile in the center of 
\J M 

o/i 

mass system. It has been suggested that the invalidity of 

this assumption is the reason for the discrepancies in the the-

oretical and experimental cross sections observed .in this energy 
P P 

region. Basbas points out that this assumption is the reason 

for the dependence of the cross section on the projectile veloc-

ity v-̂ , and not on the energy E-j_ (no mass dependence). This 

assumption is also responsible for the absence of a "threshold 

effect" in the energy dependence of the ionization cross sections 

calculated using the approximate limits. This means that cross 

sections calculated in the PWBA while assuming ^a)2k
/'ECM<<1 d o n 0 t 



go to zero for V3.lu.6s of E-̂ , which are loss than ths binding 

energy of the target electron. 

The purpose of this work is to examine this threshold ef-

fect both theoretically and experimentally. To test the impor-

tance of this approximation, calculations were made in the PWBA 

without assuming ^a)21rc/'̂ 'CM<<1" maSn^-tuc*e e ^ e c t 

this approximation was studied in the projectile energy region 

corresponding to ^ w2k^CM £®.l. To do so, K-shell x-ray pro-

1 2 
duction cross sections for protons (^H), deuterons (1D) and 

alpha particles (^He) incident on thin solid targets of 29Cu, 

^Nb, ^Ag and 51Sb in the same projectile energy region have 

been measured. 

The reasons for using these three projectiles are as fol-

lows : 

(1) Protons and deuterons have the same and, there-
fore, at the same velocity, they have the same in-
creased binding effect; 

(2) Deuterons and alpha particles have the same charge 
to mass ratio and, therefore, at the same velocity 
they have the same Coulomb deflection effect; 

(3) These ratios allow the cancellation of certain 
experimentally measured quantities which make 
ratio values more accurate quantities than 
absolute cross section measurements. 

By taking ratios of cross sections for proton bombardment to 

cross sections for deuteron bombardment the Coulomb deflection 

effect can be isolated and compared to theoretical calculations. 

Similarly, the ratio of alpha particle induced cross sections to 

deuteron induced cross sections give a measure of the increased 

binding effect. 



Typical thin-target cross sections have absolute uncer-

tainties of about 10 — 15%j yet many published values from dif— 

. 3 5 

ferent experimenters vary by much more than this range. For 

this reason it is sometimes difficult to assess theoretical 

calculations which differ by less than the discrepancies between 

experimental values. In this regard it is sometimes more re-

vealing to test the energy dependence of theoretical models by 

normalizing theory and experiment to unity at a given value of 

the incident energy and comparing relative experimental values 

which do not include large normalization uncertainties. In this 

work both absolute and relative experimental values are used to 

test the different theoretical calculations. 

Only PWBA and PSS calculations will be discussed in detail 

and compared to experimental values because the SCA and the PWBA 

are identical for 4 q 2 K/E c m«1, and no BEA calculations in this 

energy region have been published. 



CHAPTER II 

• THEORY 

As mentioned earlier only the PWBA and PSS theories will 

be discussed in detail. Though the PSS is cast in terms of the 

PWBA with scaled variables, it is the result of using perturbed 

stationary states to describe the target atoms to account for 

increased binding and polarization effects. The first part of 

this chapter describes the origin of the PWBA. This is followed 

by a description of the evaluation of the PWBA with the relax-

ation of the approximation ^W2k/^CM<<1. A brief description of 

the increased binding and polarization effect, two coulomb de-

flection calculations, and two relativistic effects calculations 

are also included. 

PWBA 

The PWBA is a quantum mechanical description of inner-shell 

1 

ionization by fast ions derived in 1930 by Bethe. In the 

transition matrix element the exact eigenfunction is replaced 

by the product of a plane wave and an unperturbed atomic state. 

The PWBA is considered to be valid for the ionization process 

if the incident ion is in the high velocity range, where 

(Z1e
2/?lv1)<<lJ so that the initial and final particle states 

can be treated as,plane waves, and the atomic number of the in-

cident ion Z 1 is much less than the atomic number of the target 

Z2 so that the interaction is weak. 



With these conditions satisfied, the cross section is pro-

1 
portional to the square of the transition matrix given by 

V f l - <tKf(?1)*f(?2) | I * K 1 (?1)T1(?2)> (II. 1) 
rl"r2 

where is the initial atomic state of the target elec-

tron, ¥f(r?) is the final state of the electron,
 = 

e1 
f 2 ' 

1Ki*^l and = e1Kf*rl are the initial and final states 
Kl 1 

of the particle treated as plane waves, and lr]_-r2l -̂s 

separation between the ion and the atomic electron. 

The doubly differential cross section in the center of 

mass system for a transition from the Initially filled K-shell 
p 

to the continuum with energy tranfer Ry and momentum 

transfer Z2K^2//ao l s § l v e n b y 

2 

^ W K - K ( f ~ ) ft I PWK«> I2 d W ;§" ( I I' 2 ) 

V 1 V l / Q 2K 

using a hydrogenic model to describe the electron states by 

hydrogenic wave function; we have; 

| Fwk(Q) |
 2 = -2Tr/k x 27Q exp{-(2/k)arctan [2k/(Q-k2+l)] } 

1-e 

Q+|(k2+l) (II. 3) 

[(Q-k2+l)2+4k2]3 



where v1 is the relative velocity between the projectile and 

target (v1=2E1/M1), E1 is the incident energy in the laboratory, 

M1 is the projectile mass, Z±e is the charge of the incident 

projectile, = W—1, a^ is the Bohr radius of hydrogen, ^2K— 

a /Z?T,, Ry denotes the Rydberg constant and Z9Ve= (Z?-0.3 )e is 
O 2K ^ 
a screened charge36 for the target nucleus. 

The differential cross section per interval of energy trans-

fer can now be obtained by integrating Eq. (II.2) over the momen-

tum transfer variable Q. The limits of the integration are 

established from conservation of energy. The assumption 

4OOX,/EPM<<1 is usually introduced in evaluating these limits. 
c. xY 0 PI 

The limits are denoted by Q m l n and Qmax-

3 

The integration over Q yields the excitation function 

IK(W), given by 
'max 

'J lPWK<(3)|2p ("•*) 
Q . 
m m 

The K-shell differential energy transfer cross section is 

now given by 

daR = 8itẐ  a^ n"1 I(W)dW (II.5) 

where 

n = (vi/z2Kvo)2 = iT " 2 ~ ( I I , 6 ) 

ui z^KRy 



and m is the electron mass, and vq = ê /li. Eq. (II.5) can now 

be integrated to give the total direct Coulomb ionization cross 

section for the K-shell, a^. 

W max 

°K = 8^Z1 ao Z2K nK 1 £ I K ( W ) d W (II-7) 
K 

where Qr, corresponds to the minimum energy transferred, the 

actual ionization potential of the K-shell and is de-

fined as 

>K = l4a>2K/(Z2KRy)- (II.8) 

It may also be viewed as a screening number since It is the 

ratio of the observed ionization potential to the ideal ioni-

2 

zation potential without outer screening, Z 2 K Ry. It has values 

between 0.5 and 1.0. The maximum energy transferred is denoted 
by W J max 

It is customary^ to define 

W max 

/ lUctA 
iK(w)dW (II.9) 

K 

and 

a o K " K a o Z~2K (II'10) 
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and to express the total cross section as 

°K = °oK V V V (11.11) 

- i h 

It has been shown that the cross sections exhibit a uni-

versal behavior when 9Kf"K/nK Is plotted as a function of the 

single variable nk/
0k l n t h e l o w v e l o c l ty region. By defining 

P K(n K/
e^ = ^0K/nK^fK^nK50K^ (11.12) 

the total cross section can now be written as 

°K = % K F K ( V e K > ( I I- 1 3 ) 

Evaluation of the Limits of Integration 

The energy conservation condition limits the momentum 

3 
transfer variable q as follows 

<^min ) 2 " 2 M ( ^ M f 1 1-"' 

and 

t ^ a x ' 2 ' + V ' 2 ( I I' 1 5 ) 

where Jiq is the magnitude of the momentum transferred, e is the 

energy transferred and M is the reduced mass of the projectile • 



11 

target system. Converting these expressions to the variables 

W = e/z^ Ry, and Q defined earlier, the following is ob-

tained; 

Snln = p2,1K ( I I- 1 6 ) 

and 

Qmax = p2riK (H-17) 

where p = M/m. 

If e<<E1, or equivalently if *™2K
<<ECM t h e n Qmin c a n b e 

3 
written for all practical purposes as 

0 . = W2/4n, (11.18) 
min k 

Similarly Q can be set equal to infinity. 
max 

For the W integration, ^ m a x can be set equal to pn^ since 

the energy transferred cannot exceed the energy of the incident 

particle. However, for all practical purposes W m a x can also be 
3 

approximated accurately by infinity. 

Values of f R (nK,6K) calculated using the approximate 

limits of integration have been tabulated by Khandewal, Choi 

and Merzbacher.6 Values of P R (nK/0^,©K) have been published
27 

for an extended range of and 0K values, also using the 

approximate limits of integration. 
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In the remainder of this work the notation PWBA(Ex) and 

PWBA(Ap) will be used to distinguish between calculations with 

exact and approximate limits, respectively. 

The use of the exact limits introduces a dependence on the 

mass through the variable p and therefore cross sections cannot 

be tabulated easily. The cross section ratio PWBA(Ex)/PWBA(Ap) 

is plotted in Figure 1 for 0 = 1.0 and several values of r)̂  

versus y = . The upper scale gives the energy in MeV for 
ECM 

protons incident on copper, where 0 = 0.8 and 0.005^ < 0.5« 

It should be noted that for small y = = ^W
2K

/ECM t h e c r o s s 

section ratio approaches unity. This is where the K-shell 

binding energy is much less than E C M as required for the valid-

ity of the approximate limits. The ratio reaches approximately 

0.75 for u = 0.1. Details of the actual numerical'..integration 

and tabulated values of the cross section ratios can be found 

^7 
elsewhere. 

Modifications to the PWBA 

As mentioned earlier discrepancies between the PWBA and ex-

perimental data have been observed for low projectile velocities. 

Modifications to the basic theory have been suggested which ac-

count for increased binding of the target K-shell electron, 

polarization of the electron orbit due to distant ions, Coulomb 

deflection of the projectile from the straight line path implied 

in the PWBA and the relativistic electron velocities of higher 

Z2 targets. 
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The first effect .deals with the Increased binding energy of 

the target electron. Since the slow ions have to penetrate the 

K-shell to cause ionization, the electrons become more tightly 

bound to the K-shell region, this effect is treated as a small 

perturbation to the electron binding energy as 

ee K e eK(cK)eK = ti+2(z1/z2K0K)g(5K)leK (n-19) 

where = 2ty*/Q„ and g(?„) is obtained by numerical integration 
fi.lv ^ 

but is given within 1% by the analytic expression 

: U K ) = ( l + E K ) " 5 ( 1 + 5 ? k + 7 . 1 4 ^ + 1 . 2 7 ^ 

^ (11.20) + 9.M75g) 

When the binding effect is included the cross section becomes 

°K = ( I I' 2 1 ) 

The second effect, polarization, becomes important for 

fast incident ions of charge Z-̂ e. Polarization effects have 

been studied from a classical approach^ and a quantum mechanical 

approach.^ These models treat the bound atomic electron as an 

isotropic harmonic oscillator. Only distant collisions or large 

impact parameters are considered in a multipole expansion in 

powers of the projectile target distance. The effect is incor-

porated along with the binding effect in the PWBA by modifying 
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32 
the binding energy parameter 0K by 

Ck
(?k'cK)0K = [ 1 + ig(?K'CK) ' h ( ?K j CK )il 0K C 1 1- 2 2) 

where g(£KJcK) is given by Eqs. (39) -(42) of Reference 32, and 

hU K,c R)
 l s given by Eq. (27) of Reference 32. The parameter 

cR is discussed in Reference 32. In Eq. (11.22) s(C^>c^) rep-

resents the binding effect (increasing 0R) and h(5R,cK) repre-

sents the polarization effect (decreasing 0K). The cross 

section which includes these effects has its origin in the PSS 

theory but for convenience is cast in terms of the PWBA with 

reduced variables giving 

aK(PSS) ^aOK
//?K6K^ii,<'T1K//^K0K^ ^ (11.23) 

In calculations used in this work the polarization effects are 

negligible but the PSS calculation was used for the sake of com-

pleteness in obtaining the "best" possible theoretical description 

available. 

The Coulomb deflection of the incident projectile by the 

40 
target nucleus was first treated by Bang and Hansteen by first 

order time dependent scattering theory. An approximate Coulomb 

14 

deflection factor was extracted by Brandt et al. which was 

used to modify the PWBA to include Coulomb deflection. The PWBA 

modified to include Coulomb deflection is; 
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oCoulomb = 9 E i o ( „ d q o ) O K (11.24) 

/* ~~10 —xt 
where 0<_9E1Q(X)<1 for all x_> 0. The function E1Q(x)=J t e dt 

Is the exponential integral of order 10 and can be approximated 

. 41 
by 

9E1Q(x) = 9/(9+x) e x (11.25) 

and frdqo = hirZ-̂  (m/M)0^ (ti^/9^) where d = Jg(Z^Z2e /^Mv^) is 

the half distance of closest approach in a head-on collision, 

and a - 1 = Ziv-, /iiuw is the optimum penetration distance for K-
o 1 

shell ionization.^0 The approximate form of E ^ q ^ ^ o ^ u s e d w a s 

checked throughout the range of ffdqo and was found to be ade-

quate. Hereafter, this Coulomb deflection factor will be re-

ferred to as 

CB = 9E10(Ttdqo) (11.26) 

ho 

Recently Kocbach made a calculation using nonrelativistic 

electron wave functions and Rutherford trajectories. His re-
31 

suits for the Coulomb deflection factor can be approximated by 

C K = (.22+.78e
1,9lTdqo)~1 (11.27) 

The function C K decreases much more rapidly than C g in the 

low velocity region. Incorporation of the Coulomb deflection 
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effect with the theory which includes binding and polarization 

effects is accomplished by replacing 0K with CK0K- Thus, the 

perturbed stationary state theory with Coulomb deflection (CPSS) 

is given by 

aK(CPSS) = C(iTdCKqo)aoK/(cK0K)P(nK/(CK0K)
2) (11.28) 

Here CC-rrdCî q ) represents either Cg or as defined in Eq. 

(11.26) or (11.27), respectively. 

Relativistic correction factors designed to compensate for 

the use of nonrelativistic electron wave functions have been 

2 9 13 30 31 

calculated and published by many authors. > > - 5 5 Anholt 

calculated ratios of PWBA cross sections using relativistic and 

nonrelativlstic wave functions and derived a simple empirical 
31 . . _ 

formula to fit these calculations. Defining QA = qo
aj(» the 

relativistic correction factor is given by 

R a = max(RBH,RAr ) (11.29) 

where max(R B H,R A0 represents the maximum of RgH and RA' which 

are defined by 

RBH = Qi ( 1" Y ) ( I I' 3 0 ) 

Rfl, = G(Zp)Q^
(1"1S)[i+S(Yr)(Qa-Q;

1) 

- (1-tr)(1-(7/3)Q4
2)]2 (11.31) 

siny, y>0.5 
s(y) = 

^ , y<0.5 
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y = (l-a2Zp)^, y R = (l-a
2Z2)Js, and G(Zp) and ZR are empirically 

determined functions of Z F-
3 6 Normally Z p = Z2. 

Recently Brandt and Lapicki^3 have introduced a relativ-

istic correction to the PWBA and PSS theories which is intro-

duced by modifying the velocity dependent parameter according 

to 

= [ U + B Y ^ + Y ^ K ( I I' 3 2 ) 

where B = 1.1 and YR = 0.4(Z2K/137)
2/?K- Theoretical caleu-

lations which include relativistic corrections will be denoted 

by the suffix RA (Anholt) or Rg (Brandt). 



CHAPTER III 

EXPERIMENTAL PROCEDURE AND DATA ANALYSIS 

4 + 

The incident beams of protons, deuterons and 2He ions were 

produced by the High Voltage Engineering Corporation 2.5 MV 

Van de Graaff Accelerator at the Regional Atomic and Nuclear 

Physics Laboratory at North Texas State University. The ion 

beams were energy and mass analyzed to an accuracy of 1% by a 

calibrated bending magnet. The analyzed beam was collimated by 

two 2 mm diameter tantalum apertures located approximately 75 cm 

before the target chamber and by a 3 mm diameter Carbon aperture 

at the entrance of the target chamber. The targets were mounted 

on a ladder which was rotated to position the targets at 45 

degrees to the incident beam. The targets used ranged in thick-

ness from 16 to 200 yg/cm2. Some were self-supporting and 

others were mounted on 10-50 yg/cm2 carbon backings. Measured 

target thicknesses are listed in Table 1. All target thick-

nesses were measured using Rutherford scattering with 1-2 MeV 

protons at an angle of 150 degrees. Calculated target thick-

ness uncertainties are +J%. An ORTEC intrinsic Ge detector 

with a resolution of 225 eV FWHM at 5-9 KeV was positioned in-

side the target chamber approximately 2 cm from the target and 

at 90 degrees to the incident beam direction. A Si surface 

barrier detector was mounted at 150 degrees to the incident 

beam direction to detect the elastically scattered particles. 

18 
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After passing through the target the incident particles were 

collected in a Faraday cup behind the chamber which was equipped 

with a -300 V electron suppressor to allow accurate current 

integration. 

The Ge detector was calibrated for efficiency and solid 

icc: 241 

angle using calibrated sources of Zn, Eu- and Am by pro-

cedures described in the literature.^ A 0.66 mm Mylar foil 

was placed between the target and the beryllium window of the 

detector to suppress low energy L-shell x-rays and to keep 

scattered particles from entering the x-ray detector. 

The Si surface barrier detector was equipped with a 1 mm 

collimater to prevent high count rates from the large Ruther-

ford scattering cross sections at low incident energies. The 

surface barrier detector had a FWHM resolution of 18 keV and 

was calibrated for efficiency and solid angle using a calibrated 

244 
Cm source. 

The x-ray and elastically scattered particle spectra were 

stored in 1024 channels of both Tennecomp and Tracor Northern 

multichannel analyzers. Beam currents of up to 150 nanoamperes 

were obtained to keep dead time corrections to 2% or less. 

After background subtraction was performed, x-ray and scattered 

particle yields were extracted from the respective spectra. 

Each target was bombarded by all three projectiles before 

being moved to insure that detector geometries and target thick-

nesses did not change from one projectile to the next. For each 

element data was taken for several different target thicknesses 

so that dependence on target thickness could be determined. 
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Experimental x-ray production cross sections were deduced 

from measured quantities via the following equation 

/ Y Y \ dn — - ( s + 2 ) 

( xa . x b \ _ R f, A E n D T X ( I I I N 
a
Kexp M — + F T / aR "fT" V1- e T ) d W (III.D 

\ xa x 8 / R 1 

where Y = the measured x-ray yield xa a 

Yxg = the measured x-ray yield 

e = the Ge detector efficiency for the IT x ray 
xa a 

e . = the Ge detector efficiency for the Kfi x ray x8 p x8 
27 ( ^1^2 1 cm^ _ Rutherford 

1f._ (MeV)« 
cross section 

aR - 1.296 x 10 yE (MeV)| il . Sr scattering 
1 siri'lo./̂ l p-pnsFi spnti 

dfl„ = solid angle subtended by the charged particle 
detector in sr. 

Y_ = Measured yield of incident particles scattered from 
the target atom at angle 0 

AE = Average energy loss in passing through the target 

foil (=3g (pt)) 

E1 = incident particle energy 

DTX = dead time correction for x-ray yield 

DTR = dead time correction for scattered particle yield 

2 
pt = target thickness in yg/cm 

dE/dX = stopping power for target element and incident 
projectile in (MeY»cm^/yg)45 

s = slope of the cross section curve as a function of 
El evaluated at E-» using the theoretical/predictions 
of the CPSSR. 
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It should be noted that (l-AE/E)~(s+2) Is a correction to the 

x-ray and Rutherford yields to compensate for the energy loss 

In the target.^ Because of the large slope of the x-ray cross 

section as a function of energy in the region studied (3<s<7) 

and the large energy losses encountered for low energy ions 

passing through the thickest foils (AE/E<.075), values of this 

correction factor were as large as a factor of 2. To test its 

validity, cross section measurements made for several different 

target thicknesses at the same incident energy and corrected 

according to Eq. (III.l) were found to agree well within experi-

mental uncertainties. 

Sources of experimental uncertainty are tabulated in Table 

2. The largest uncertainty in the x-ray cross section derives 

from the strong energy dependence of the cross section 

so, 

s 
YaaxaE^ 

,v dEn 
= s - (III.2) 

y Ex 

where dE1/E1 is the uncertainty in the incident projectile 

energy. Thus, with s as large as 7 and dE^/E^ = 0.01, uncer-

tainties of 1% in the measured x-ray yield for incident energy 

E 1 could be introduced. Due to lack of calibration points for 

the magnet system in the low energy region (<0.l6 MeV) this 
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uncertainty may be even larger for the lowest values of E-̂  due 

to the extrapolation of the energy calibration into this region 

(expect dE-^/E^ 0.02 at 0.1 MeV). 



CHAPTER IV 

DISCUSSION OP RESULTS 
* 

The measured K-shell x-ray production cross sections for 

incident protons, deuterons and alpha particles are presented 

in Tables 3 to 5, respectively. Also tabulated are calculated 

values of the PSS theory with Coulomb deflection effects 

(CK and Cg) and relativistic effects (RA and Rg) • These the-

oretical values have been converted from ionization to x-ray 

production cross sections using the fluorescence yield values 

(oj„) of Bambynek et al.^ The fluorescence yields used are for 
K 

single vacancies and should be valid for all experimental work 

presented here. 

It was noted earlier that the difference between the the-

oretical calculations of ionization cross sections with exact 

and approximate limits reaches about 25-30% for the lowest inci-

dent energies measured. Figure 2 shows these two calculations 

for protons incident on 29^u al°nS with the measured absolute 

values of this work and others.33'311,48 The agreement between 

this work and that of Reference 3^ is well within experimental 

uncertainties. Cross section values from the other studies are 

higher than the present ones by more than experimental uncer-

tainties. Experimental values for the other projectile-target 

combinations agree with the published values of Reference 29, 

23 
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but are generally higher than those In Reference 33 and 3^ for 

protons and alphas on jĵ Ag by as much as 50%• 

The theoretical curves in Figure 2 include the Coulomb de-

1 il 

flection factor of Brandt et_ al. n 0^ con"':a^n a n^ 

correction for relativistic effects. It is evident that the use 

of the exact limits does not account for the difference in energy 

dependence between theory and experiment. The inclusion of rela-

tivistic effects will raise both the predictions of the theories 

above the experimental data at the lowest energies and improve 

the agreement at the higher energies. The data for protons on 

other target elements show similar tendencies. The difference 

between the calculations with exact and approximate limits is 

smaller for the heavier projectiles at the same velocity but the 

relationships between theory and experiment are similar. 

Figures 3 to 6 show comparisons between theoretical and ex-

perimental values of absolute x-ray production cross sections 

for all three projectiles and all four target elements used. 

Theoretical calculations employ the exact limits of integra-

tion. The four different theoretical calculations represent 

the PSS including combinations of the two Coulomb deflection 

calculations (CK and CB) and the two relativistic corrections 

(Ra and Rb) discussed earlier. 

The effect of the two relativistic calculations are almost 

identical; Anholt's calculation gives slightly lower values at 

the lowest energies, with the difference being larger for higher 

Z2 and larger Z]_. The largest difference between the relativis-

tic treatments Is ^2.0% for !jHe on at 0.2 MeV/amu. 
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The two ca.lcu.lcitions for the Coulomb deflection effects 

are quite different. Although they converge at the highest 

energies for ^He + ^Cu, the difference grows for the lighter 

projectiles and heavier targets at lower energies. Kocbacfr's 

calculation is always lower and decreases much more rapidly 
14 

at lower energies than the calculation of Brandt et_ al_. The 

2. 

two calculations differ by a factor of ^6 for on 29CU 

0.1 MeV/amu. 

In general, the experimental data do not agree with the 

energy dependence of any of the four theoretical predictions. 

The majority of the absolute data agree with the CgPSSR (here 

R = R or Rd since they are identical) from the highest energies 
A B 

down to the middle of the energy range within experimental un-

certainties. At this point the data decreases more rapidly than 

the CgPSSRA and reaches the predictions of the CKPSSRB at the 

lowest incident energies. With the exception of the ^Nb data, 

this tendency is present for all three projectiles and all four 

targets. For ^Nb the experimental data seems high relative to 

the theoretical predictions but exhibits the same relative 
energy dependence. 

Since the effect of the exact versus approximate limits is 

small compared to discrepancies between theory and experiment, 

and since the numerical difference between the two relativistic 

treatments is also relatively small, it is reasonable to examine 

the two Coulomb deflection calculations more closely. An ex-

perimental Coulomb deflection factor can be derived by dividing 
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the experimental cross section by the theoretical prediction 

of the PSSR. If the theoretical calculation accurately ac-

counts for binding, polarization (negligible here) and relati-

vistic effects, the data are an experimental measure of C(irdq0). 

Figure 7 shows the plot of these data for all projectiles and 

targets versus the Coulomb deflection variable 7rdq0). The data 

exhibit universal behavior although the spread in the data is 

considerably larger than the experimental uncertainties. The 

locus of the data points is a line on the semi-log plot which 

crosses Cg(Trdqo) = and has a slope close to that of 

CK(irdq0) but is displaced from it by a factor of ^2.5 at 7rdq0 = 

2.5 and v L . 3 at Trdq0 = 0.5. 

To investigate further the Coulomb deflection effect, ra-

tios of cross sections for x-ray production induced by deuter-

ons to those induced by protons were calculated, and are plotted 

in Pig. 8. The targets are the same for each projectile. Since 

and have the same Z± but different charge to mass ratios, 

the increased binding effect is the same for both while the Cou-

lomb deflection is not. In addition, experimental normalization 

factors cancel so that the ratio of measured cross sections are 

more certain than the cross sections themselves. The difference 

between calculations made with exact and approximate limits is 

smaller than experimental uncertainties. The ratios of experi-

mental data fall between the predictions of the CKPSS(Ex) and 

the C-cPSS(Ex) as in the case of absolute cross sections. The 
JD 

experimental ratio values differ from the theoretical pre -
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dictions by as much as a factor of 2 at the lowest energies 

while good agreement with the CgPSS is found at the highest 

energies. Relativistic effects are not included because the 

calculations give the same result for projectiles at the same 

velocity bombarding the same target. 
u 2 

The ratio of cross sections for 2He
 an<^ projectiles at 

the same velocity bombarding the same target shows the velocity 

dependence and relative magnitude of the increased binding ef-

fect. The ratio is divided by four to take into account the 
4 2 

dependence given in the PWBA. Since £^0 and have the 

same charge to mass ratio the Coulomb deflection effect is the 

same for both except for the Z-̂  dependence introduced through 

the variable in the argument of the Coulomb deflection fac-

tor. Figure 9 shows both measured and theoretical values of 

this ratio for 29Cu and ^Ag. The agreement between theory and 

experiment is quite good and usually within experimental uncer-

tainties. The theoretical ratio values calculated with approx-

imate limits deviate from those calculated with exact limits by 

less than experimental uncertainties. 

The velocity dependence of theoretical models can be tested 

most easily by comparing relative cross section values. To do 

so, the measured values of the cross sections for each projec-

tile-target combination are normalized to the measured value 

of the cross section at the largest velocity. 
Exp Exp Exp 
a ( vT) = a (vi)/a (vmax) (IV.1) 

n . . Kx Kx 
relative 
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Similarly, the theoretical values are normalized to the theo-

retical value at the largest velocity. 

Theor Theor Theor 
o (V]_) = cr (v1)/a (^max^* (IV. 2) 

relative 

Figure 10 is a plot of ratios of measured cross section values 

normalized in this way to theoretical cross section values nor-

malized in this way. The deviation of these ratios from unity 

is a measure of the difference in the velocity dependence of 

the measured and theoretical values for the cross sections. 

The two theoretical calculations used give the best agreement 

with results of experiment. The plotted ratio values which are 

greater than unity indicate that the theoretical prediction 

decreases more rapidly as a function of decreasing velocity than 

the measured values. Ratio values below unity indicate that the 

measured values for the cross sections decrease more rapidly 

with decreasing velocity than the theoretical predictions. 

The plotted ratios for protons on 2gCn show that the rela-

tive values of the C-^PSSRg underpredict the relative values of 

the measured cross sections by almost a factor of three at the 

lowest energies. This discrepancy in the velocity dependence 

between the C^PSSR*, and the measured values decreases system-
K o 

atically with increasing Z 2 and the ratio values for protons on 

Sb are within 20% of unity for all velocities. For alpha par-
51 

tides, however, the Z2 dependence of the ratios is reversed 

with the best agreement for 2gCu and the worst for 51Sb. For 

deuterons there is no obvious Z2 dependence in the ratios and 
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the deviation from unity is ;+40% f01* an<^ + 20$ for the 

other elements. 

The relative values of the CBPSSRA overpredict the rela-

tive measured values of the cross sections for protons on ^Ag 

and TSb by a factor of ^2.5 the lowest velocities. This 
51 

deviation of the ratios from unity decreases with decreasing 

an<3 the velocity dependence of the measured cross sections 

for protons on 2g^u predicted by the CgPSSR^ within 20to. 

For alpha particles and deuterons the Z2 dependence of the de-

viation of the ratios from unity is reversed. The agreement 

is not nearly as good as it is for protons at the lowest veloc-

ities . 

To summarize Figure 10, the deviation from unity of the 

ratios of relative measured values of the cross sections to 

relative theoretical values shows the inadequacy of either the-

oretical model to predict accurately the velocity dependence of 

the experimental data. 



CHAPTER V 

CONCLUSIONS 

Th6 primary purpos6 of this work was to d.6t6rmin.6 th6 mag— 

nitude of the effect of the approximation ^U
2K

//ECM<< 1' w h i c h 

is used in calculating ionization cross sections in the PWBA 

and PSS theories. Calculations without this approximation give 

values for the ionization cross sections which are lower by 

^25$ at ^w2K/Ecm = 0.1, than values from calculations in which 

the approximation is used. Avoiding this approximation also 

introduces a threshold effect which forces the ionization cross 

section to zero when Experiments designed to explore 

the low velocity dependence of ionization cross sections for 

signs of this threshold effect were carried out using three 

different projectiles (^H, i[D, ̂ He). T h l s Permitted an exami-

nation of the data through the formation of cross section ra-

tios whose values are free of the uncertainties of the various 

normalization factors which determine absolute cross sections. 

As a result, an assessment of the theory could be made more 

sensitively than by a simple comparison of absolute cross sec-

tions. Discrepancies much larger than the 25$ effect of the 

approximation were found between theory and experiment in both 

the magnitude and energy dependence of the absolute cross sec-

tions. At these energies, the threshold effect is apparently 

too small to be seen. 

30 
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Since both relativistic and Coulomb deflection effects are 

very large in this energy region, comparisons were also made 

with two different calculations of each of these effects. The 

two relativistic calculations give similar results, but the 

Coulomb deflection factors are quite different in both magni-

2 1 

tude and energy dependence. In the ratio where 

relativistic and increased binding effects cancel, leaving only 

the Coulomb deflection effect, neither theory provides an ade-

quate description of the experimental data. A measurement of 

the Coulomb deflection effect, derived using the theoretical 

predictions for both increased binding and relativistic effects, 

shows the same disagreement with both Coulomb deflection factors 

This suggests that the theoretical predictions for the binding 

and relativistic effects are at least adequate in both magnitude 
h 2 

and energy dependence. The ratio a^HeJ/^crC^D) which tests 

only the binding effect shows good agreement with theoretical 

predictions. 



CHAPTER VI 

SYMBOLS AND DEFINITIONS 

__ g 
a - Bohr radius of hydrogen = 0.529x10 cm 
o 

E1 
- Energy of incident particle in laboratory system 

E - Energy of incident particle in center of mass system 
CM 

f, (nTr,6K) - Dimensionless integral proportional to cross 
k K' 

section defined in Eq. (II.9) 

F r(rw/62,6) - Tabulated universal function = 0fK/nK 
K K 

_ Observed binding energy of K-shell 
2K 

IK(W) - Excitation .function, Eq. (II.4) 

m - Electron mass 

- Mass of incident particle 

M - Reduced mass of projectile - target system 

2 2 2 /2 
Q - (Momentum transfer) x aQ/(

 Z2K ^ 

Ry - Rydberg = 13-6eV 
2 

W - (Energy transferred to ejected electron)/( z2KRy) 

Z-ĵe - Charge of projectile 

2 e - Screened nuclear charge as seen by electron in 
2K 

K-shell (Z2K=Z2-0.3) 

*K - (V1/Z2KV0>2 " "lE1/("l
Z2KRy> 

v - Bohr velocity = e /li 
o 

32 
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v-ĵ  - Velocity of incident projectile in laboratory system 

0K - K-shell screening number = ]4w2K/(Z2KRy) 

(g - Factor multiplied by 0^ to include increased binding 

effect 

C - Factor multiplied by 9R to include increased binding 

and polarization effects 



TABLE I 

TARGET THICKNESSES 

Element Z„ Thickness 
^ (yg/criK) 

Cu 29 47.1 
68.3 

155-0 (SS) 

Nb 41 16.5 
25.3 
58.7 

ftp; 47 82.0 (SS) 
131.0 (SS) 
152.0 (SS) 

Sb 51 6 1- 2 

207.0 

* The target thicknesses given were measured, with the target 
positioned in the beam at an angle of 45° with respect to 
the incident beam direction. 

** (SS") indicates self-supporting targets, all others were 
mounted on 10-50 yg/cm^ carbon foils. 
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TABLE II 

EXPERIMENTAL UNCERTAINTIES 

Source Range 

Relative Uncertainty 

Counting Statistics and Background 
Subtraction 

K and K 0 X-Ray Yields 
a 3 

Back-Scattered Particle Yields 

1-456 

1-456 

Uncertainty in X-Ray Yield Due to 
Uncertainty in Incident Energy* 3-7% 

Total Relative Uncertainty <9? 

Normalization Uncertainty 

Absolute Efficiency Calibration 

Source Strength 3% 
Source X-Ray Yields 1-2% 
Source Relative Photon Intensities 3% 

Particle Detector Solid Angle 5% 

Rutherford Differential Cross Section 
due to Uncertainty in Angle 0 5% 

Total Normalization Uncertainty <8.5% 

TOTAL ABSOLUTE UNCERTAINTY ....<12, 

'This assumes a 1% uncertainty in the incident energy 
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VDCO HOOOOĈCMOMDCM • • • • • • • • • • 
t>~!—i -̂d~ t—I OO VO i—I C\i LOi \—! 

m^r oo oo oo oo CM 
I I I I I I I I 

ocvii>-Lr\cvjro-=frH 
HH^3VD(MiAOLn 
•=3" OJ VO H CO LT\ CTN H 

-=r^rcococoooc\icvi 
I I i I I I I i 

MSOCAHOON 
rHOJrHCOOOOrHO-• • • • • • • • 
H^r H CM-̂r ISH H 

j3--=d--=3-OOOOOOC\]C\JC\JrH 
I I I I I I I I I I 

H on^- mvo h i s d oon H -=f CM CM OO CM LT\ LH-=f OO • • • • • • • • • • 
CM CO CM -=t CT\ rH CM VO rH 

CO 
-=r 
D— 
o 
II 
w 

3 
rH -=d" 
II 
OJ 

IS] 

3 •H 
rQ 
o 
•H 

LH-=r T̂OOOOOOOJCMCMH 
I i I I I I l I 1 I 

O LH 0*\ OO CT\0O OOOO CT\ LH 
c^oj o o inm-=r 

• • • • • • • • • • 

VD CMVO CM-̂r CT\H CMV£) H 

OOC^OCM^VDOOOinO OOHHHrlrlCMOJ OO • • • • • • • • • • 
o o o o o o o o o o 

in-̂ r -̂ r oooooooocm 
I I I I I 1 I I 

t— oo m oo a\ oo-=d-
mcr\CMLnoLnom « • • • • • • • 
OOrHVOHOOLT\CT\H 

OOOOOOOOCM CM 
I I I I I I I I 

o j c o m o j - ^ o o o 
OOOOCMHOHCO • • • • • • • • 
v—1 OO rH CM t>~ rH rH 

m-̂ r oo oo oo oj cm cm 
I I I I I I I I 

Q\ OO LA CM O OO CM LH 
OVOOOOVOO LPv OO • * * • * • • • 
Ln-̂ r H OOLAH H CM 

\D O-d-OO OJVO O Ln 
H C\J cm CM rooo-^r-^ 
o o o o o o o o 

m 
I 
o 

XS 

o 
CT\ 

vo 
03 
0 
-P 
O 
£ 
0 
n3 

Lf\ 
I 

O 
OY 
VQ 
C 
o 
•rH 
-P 
-P 
O 
0 & 
Eh 



39 

m 
& M CO 
CO 
P-H 

PQ 
O 

PQ 
PC 

X CO 
b co Pn 

PQ 
O 

p£ 
x co 

t ) CO 
PH 

W 
o 

Q 
EH 
!z; 
o 
o 

> H 

w 
1-1 
PQ 
<u 
Eh 

<d 
pa 

x co 
t> CO 

PM 
PQ 

O 

fc> 

rQ 
CD 
U 
3 
m 
cd 
0 

rH S 
S Cd 
\ \ 

r-1 l> 
W 0 

m-^r jzt -=r onmonoocM 
I 1 I I l I I I I 

OO rH O SISHVD OOÔ  
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