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Knowledge of the atomic number (Zt) dependence of ion-induced electron 

emission yields (Y) can be the basis for a general understanding of ion-atom 

interaction phenomena and, in particular, for the design of Zrsensitive detectors that 

could be useful, for example, in the separation of isobars in accelerator mass 

spectrometry. The Zx dependence of ion-induced electron emission yields has been 

investigated using heavy ions of identical velocity (v = 2 v0, with v0 as the Bohr 

velocity) incident in a normal direction on sputter-cleaned carbon foils. Yields 

measured in this work plotted as a function of the ion's atomic number reveal an 

oscillatory behavior with pronounced maxima and minima. This nonmonotonic 

dependence of the yield on Zx will be discussed in the light of existing theories. 

Ion-induced electron emission yields from contaminated surfaces are well 

known to be enhanced relative to the yields from atomically clean surfaces. Under 

the bombardment of energetic ions, the surfaces become sputter-cleaned with time, 

and the yields from the samples are reduced accordingly. The time dependent 

reduction of yields observed are shown to be due to various effects such as the 

desorption of contaminant atoms and molecules by incident ions and the adsorption of 

residual gas onto previously clean sites. Experimental results obtained in the present 



work show the lower, saturated yield (Y») to be a function of residual gas pressure (P) 

and the fluence (<£;) of the ion. We present a dynamic equilibrium model which 

explains the increase in yields for surface gas contamination, the decrease in yields 

for contaminant desorption, and the pressure/fluence dependence of the time required 

to reach y,. The predictions of the model agree well with the observations of Y s as a 

function of the ratio of gas flux to ion flux, and the electron yields of clean and gas 

covered surfaces. 
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CHAPTER I 

INTRODUCTION 

It is a well known phenomenon that electrons are emitted when energetic ions 

impinge on solid targets [ Austin 1902, Allen 39, Schader 78, Sternglass 57, Schou 

80b, Sigmund 81]. Not only is the understanding of the processes that lead to the 

emission of electrons of fundamental interest, but also the emission has a wide range 

of applications in such areas as time of flight spectroscopy, atomic number 

identification, plasma wall effects in nuclear fusion, electron microscopy, Auger 

spectroscopy, semiconductor physics, and in photoelectric and electron multiplier 

devices. Because of the dependence of the ion-induced electron emission (HEE) yield 

on the type of incident ion, it has been suggested [Clerc 73] that electrons emitted 

from target foils can be used for atomic number (Z,) identification of ions. In 

accelerator mass spectroscopy (AMS), where trace elements in electronic materials 

may be characterized [Matteson 90], pursuing ion-induced electron emission methods 

could further help to identify elements with the same mass number but different 

atomic numbers (isobars). In some particle irradiation experiments, if not properly 

accounted for, emitted electrons complicate the absolute beam current measurement 

[Kuyat 68, Matteson 79]. 

The ion-induced electron emission (IIEE) yield, is defined as the total number 



of electrons emitted per incident ion. IIEE can proceed by two different 

mechanisms. Potential energy emission (PE) and kinetic energy emission (KE) 

[Baragiola 78, Veje 82]: For ion velocities below approximately 107 cm/s, potential 

electron emission (PEE) [Hagstrum 54, Baragiola 79] is dominant. In PEE, the 

ejection is caused by potential energy mechanisms. PEE is the most significant 

mechanism for slow ions when the neutralization energy of the projectile is greater 

than twice the work function of the target [Hofer 90]. For ion velocities above 107 

cm/s, kinetic electron emission (KEE) dominates the yield. In this process the kinetic 

energy transferred to the target electrons causes the production, transport and the 

emission of electrons from the target material. 

The processes that lead to the kinetic emission of electrons can be viewed as a 

sequence of steps classified as follows [Sternglass 57, Schou 80 a&b, Sigmund 81]: 

a) The primary ionization caused by the incoming ion while it is slowing 

down and the subsequent secondary ionization caused by the energetic 

electrons and the recoiling atoms, 

b) Migration of some of the electrons towards the surface of the target, 

c) Ejection of those electrons that are energetic enough to overcome the 

surface binding energy of the target materials. 

It has long been an acknowledged fact that IIEE depends on stopping powers, 

and this assumption is best evidenced by the semi-empirical calculations of Sternglass 

[Sternglass 57]. In this theory, ion-induced electrons resulting from the excitation of 

target electrons in hard collisions diffuse toward the surface. It has been pointed out 



[Schou 80b, Baragiola 79] that this model contains some ambiguous constants such as 

the average energy required to produce an electron. More recent calculations done by 

Schou [Schou 88, 80 a&b] and Sigmund [Sigmund 81] are based on the ionization 

cascade theory. In these theories, the energy and angular distributions, as well as the 

yield of ion-induced electrons are determined by solving a set of Boltzmann transport 

equations. However, these theories contain variables such as the low energy stopping 

power of electrons incident on atoms, which are poorly known at the present. Due to 

the complexity of the subject and the number of variables involved, there is no 

exhaustive or definitive theory that will enable us to know how the yield is related to 

the stopping power, the atomic number of the ion, the target material and the charge 

state of the ion. 

Clerc proposed twenty years ago that ion-induced electrons can be used for Z1 

detection [Clerc 73]; however no further attention has been directed to this area to 

determine if such detection is feasible. One way to test the above proposal is to 

establish if the electron emission yield is sensitive to the type of ion by using a wide 

range of projectile ions. If a meaningful difference is portrayed in the electron 

emission yield of, for example, ions differing in atomic number by at least one, then 

an ion-induced electron emission technique could be a useful tool in identifying 

isobars. 

A large and mature literature of published work exists dealing with IIEE. 

However, most of the interest of the earlier researchers was focused on variation with 

the target material while using only a few light projectile ion species [Hassekamp 90, 



Rothard 90 a&b]. Some fundamental questions in this field remain unanswered. For 

example, do existing theories agree with the experimental results of the yields induced 

by heavy ions? Which theories will give the best result? Do these theories predict 

the isobar effect? For the case of protons in a wide range of projectile energies, the 

proportionality between the yield and stopping power has been confirmed [Clouvas 

89, Hassekamp 88, Borovsky 88]. For heavier ions, others have shown [Rothard 

90b, Koschar 89, Shi 85] that in certain cases, the yield and stopping powers have the 

same velocity dependence. However, for a given energy, their yields do not show the 

same Z, dependence. 

The Zj dependence of electron yield from bulk metallic targets induced by low 

energy (< 50 keV) ions has been published in the past by other authors [Fehn 76, 

Ferguson 89, Hofer 90]. They have reported a periodic variation of the yield that is 

not correlated with the stopping power of the target. They found that the type of the 

target material effects only the amplitude of the oscillation and not the location of the 

maximum. These studies were performed in extremely low ion velocities (v < v0, v0 

= 2.19 x 108 cm/s is the Bohr velocity, the classical velocity of the electron in the 

ground state of hydrogen). The present work reports investigations at much higher 

velocity. 

The energy loss of the ion is a function of its charge state. Therefore, 

whenever appropriate, we have examined whether the initial charge state of the ion 

has any effect on the yield — at least in the energy range in which we were working. 

Earlier results from other authors [Koschar 89, Clouvas 89] seem to suggest some 



dependence of the yield on the charge state. We shall clearly establish the relevance 

and magnitude of this effect. 

On the following pages, we present the often referenced theories and the 

experimental techniques pertaining to the field of ion-induced kinetic electron 

emission. A brief tutorial on the theory of Sternglass and the theory of Schou is 

given in chapter II. The experimental procedures for the simultaneous measurement 

of accurate and reproducible yields and the mean charge state will be fully discussed 

in chapter III. In chapter IV, the forward, backward and total IIEE yields induced by 

swift (v = 2v0, v„ being the Bohr velocity) heavy ions (C+3, 0 + 3 , F+3, Na+3, Al+3, 

Si+3, P+3, S+3, Cl+3, K+3, Ti+3, Fe+4, Ni+4, Br+5, Ru+7, Ag+7, Sn+7, I+8) incident 

on sputter-cleaned carbon foils will be presented and discussed in the frame work of 

existing theories. 

The phenomena of ion-induced kinetic electron emission is a strong function 

of the surface condition of the target [Lorenzen 89, Shi 85, Baragiola 79, Garnir 82, 

Gay 79, Hasselkamp 80]. Based on earlier observations, surfaces contaminated by 

carbon, oxygen and water vapor are expected to exhibit higher yields than clean 

surfaces. The total IIEE yield from surfaces decreases as the target is bombarded 

with swift, heavy ions [Shi 85]. The decrease of the yield has been suggested to be 

due to one or more of several factors, such as sputtering of contaminants and 

desorption of atoms from the surface layer, temperature effects [Garnir 82, Gay 79], 

an increase of the work function [Hasselkamp 80, Kirchhoff 92], and damage that 

changes the structure of the target [Matteson 76, Sander 79, Bukow 81]. 



The authors propose that the dominant factor in the decrease of y is sputtering 

by the incident ion beam and subsequent desorption of contaminant particles from the 

target surface. In this work, a dynamic equilibrium model is presented that 

incorporates the competing effects of adsorption of residual gas atoms onto the target 

surface and desorption of surface contaminants due to the fluence of incident ions. 

The model also accounts for the fraction of surface particles that desorb due to 

thermal energy. The model is developed in detail in chapter II. 

A series of experiments were performed to test the validity of the model and, 

also, to determine which residual gas atom species is principally responsible for 

increasing the yields from carbon foils. These experiments are explained in chapter 

III. The results are presented and discussed within the framework of the model in 

chapter IV. 



CHAPTER II 

THEORY 

Theory of Sternglass 

According to Sternglass [Sternglass 57], the energy lost by the incident 

particles as a result of excitation and ionization leads to the internal production of 

secondary electrons. The electrons liberated then lose energy both elastically and 

inelastically so that only a small number reach the surface with enough energy to 

escape from the solid. Projectile ions also lose energy, this occurs in two types of 

collisions, namely, close and distant collisions. Distant collisions merely produce 

small disturbances in the atoms of the target material that will give rise only to slow 

electrons. Close collisions involve a close approach between the incident ion and the 

target electron. This encounter causes energetic knock-on electrons called S rays 

which, in turn, produce slow electrons in subsequent collisions. The number of low 

energy electrons n ^ originating per unit layer dx at depth x produced by direct 

interaction, is given by 

i dE ® 
nJK'(V) - i <-±> A y , (II. 1) 

E dx 

where E« is the mean energy loss per electron formed, < dE; /dx)Xv
(1) is the mean 



energy loss per unit distance resulting in slow electrons. 

Similarly the number of low energy electrons produced by S rays 

n J-2) along the track of the ion can be written as: 

i dE ® 
M ) - , (II.2) 

Ea dx A v 

where (dE; /dx)Av
(2) is the mean energy loss per unit distance resulting in the 

formation of S rays. The quantity f(vitx) is a factor that represents the fraction of 

(dE,/dx)Av
(2) available for the formation of electrons in higher order collision at 

depth x. 

According to the theories of Bohr and Bethe [Bohr 48, Bethe 53], for 

projectile velocity vp>2ZiV0 ( Zx is the atomic number of the incident ion, vp is its 

velocity and v0 is the Bohr velocity) one half of the total energy loss goes into each of 

the two kinds of collision process. 

dE, W dE, <*> i dE, 
_J> = <_J> = i£ f<> , (II.3) 
dx Av dx Av 2 dx Av 

where (dE; /dx)Av is the total energy loss per unit path length. The total number of 

ion-induced electrons can be found by combining equations (II. 1), (II.2) and (II.3). 

Thus, 
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Excited electrons diffuse in the solid with some of the electron population migrating 

towards the vacuum-solid interface. A spherically isotropic distribution of excited 

electrons is assumed with the diffusion governed by a characteristic inelastic mean 

free path X s . The probability P(x) that an electron formed at depth x will be able to 

escape is given by 

P ( X ) = A e x v i - x / X ) , (II.5) 

A.s being average mean free path of emitted electrons. 

The number of emitted electrons per incident ion, y, can be found to be: 

Y = n u ( v i y x ) P ( x ) d x (II.6) 

Using equations (II.4) and (II.5) and summing over all layers gives: 

"c 1 1 . d E , . (II. 7) 
Y = / ^ 1 + M j ) ] A e x p ( - x / k j d x , 

0 Z E0 ax 

where 

f ( y ^ ) = 1 - exp(-x/Lf) , ( H ' 8 ) 

where L5 is the depth of the region over which the S rays diffuse while losing their 

energy. 

For high ion velocity, ions lose a small fraction of their energy over the mean 
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electron escape depth. As a result of this, the energy loss can be considered as 

constant over this region. Integrating equation (II.7) leads to 

. l l A A X l l . f W <"-9> 
2 E q dx A y * 

where 

/ ( v , ) » a • y-t1. (n.io) 
LS 

The constant A is the product of the transmission probability and a constant 

corresponding to the initial velocity distribution of liberated secondary electrons. In 

Sternglass's semi-empirical calculation Eo = 25 eV and A = 1/2 while Xs can be 

determined from the area of the outermost filled shells. 

For Ls > A,s, the quantity A = AXs(l+f(v))/2Eo = AAg/2Eo is a constant 

independent of the type of incident ion and its velocity but dependent only on the type 

of target material. The quantity A is often called the material parameter. Therefore, 

equation (II. 9) states that, the ion-induced electron emission (IIEE) yield is 

proportional to the electronic stopping power. 

Theory of Schou 

Based on sputtering theory and a generalized power law cross section, Schou 

[Schou 80b, 88] has solved a system of Boltzmann transport equations and obtained 

an approximate expression for electron- and ion-induced yields. The yield is basically 
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determined by the surface value D(O,E,cos0j) of the deposited energy. D (x,E,cos0) 

is the spatial distribution of the deposited energy. The deposited energy consists of 

both energy deposited by direct interaction and by the recoil ionization. From this 

model, the total IIEE yield is then given as 

Y = DCO^cosO^A, ( I I U ) 

where E is the kinetic energy of the primary particles, 0; is the angle of incidence and 

A is the material parameter given by 

A = £ ? d E ° ( 1 - H i ) , (11.12) 
4^ dE E \ 

where U„ is the surface barrier energy, and (dEo/dx) is the low energy stopping power 

of electrons. 

If the recoiling target atoms do not play a major role, then D(O,Eo,cos0;) is 

given by 

£><<>,£,cos8) = fiA. , (11.13) 
ax 

where p is a very slowly varying function of the primary energy, the type of the ion 

and the angle of incidence. (dE/dx)e is the electronic energy loss of the ion. 

The total IIEE yield is then given by 
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ft ,dE. a (H.14) 

dx 

Similar to Sternglass's model, the proportionality between the yield and the 

electronic stopping power is once again evident from equation (11.14). This 

assumption was to be tested rigorously in the following experiment. 

For thin foil targets, according to equation (11.14), the forward (yf), the 

backward (yb) and the total ( y j ion-induced yield is given as 

V ' A P / < f >. • n - AP t ( ^ ) . , Y, - A ( ^ ) , (II. 15) 

[ Note that j3b = (1 - jSf) * P.] 

An often computed quantity is the ratio of the forward to backward yield. This ratio 

is called the Meckbach parameter (R) given as 

r = h = i n * ) (H.16) 
Y b P 

Contamination Model 

For a surface exposed to the residual gases in a vacuum, a steady-state flux is 

quickly established between residual gas atoms adsorbing onto surface sites and 

surface gas atoms desorbing from the surface due to excess thermal energy. The 

steady-state condition then corresponds to an initial coverage of contaminant gas 

particles on the surface of 0O. When the surface is exposed to an energetic ion beam, 
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some of the energy of the incident ions goes into removing surface adatoms (adsorbed 

atoms), the process commonly known as ion sputtering. Figure 1 represents the 

pictorial form of the process. If we consider each surface particle that is sputtered 

from the surface to occupy a site on the surface, then the incident ion cleans an area 

<7;. Each cleaned site then becomes a candidate for adsorption by a residual gas atom, 

and the probability is governed by the cross-section for adsorption, ag . Depending on 

the ion and residual gas fluences and ag , the fraction of the surface covered by 

adsorbed atoms is given by 0, which is a solution of the rate equation 

dQ d<bg n m
 d$i 

— = — - s o (1-0) 
dt dt * & 

f*og( 1-0) - -370,0 - x f i , (H.17) 

where Kd = rate of thermal desorption (s'1); <t>\ = incident ion fluence (ions/cm2); o-

= the ion desorption cross section (cm2); <t>g = fluence of residual gas in the vacuum. 

The absorption site area is ag = n_2/3, with n the number density of lattice sites. 

d0g/dt = E-, 3.506 x 1022Pi/(MiT)1/2 in cm"2/s from the kinetic theory of gas [Reif 65], 

with Pi in Torr. M: is the molecular weight in amu, and the temperature is T in °K. 

The quantity s is the sticking coefficient. Kd is given by Kd«K0e~Ea/RT [Atkins 82], 

where E# is the adsorption energy - the energy that a molecule must acquire from the 

surface in order to desorb. KQ is of the order of molecular vibrational frequency 

[Colthrap 68] ( ~ 1012 s"1), while R is the gas constant. 

Subject to the initial condition 0 = 0O, the solution of eq. (II. 17) is given by: 
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Figure 1 Schematic of adsorption by residual gas molecules, ion desorption and 
thermal desorption process. Such processes compete to establish a 
dynamic equilibrium that determines the surface coverage of the sample 
in vacuum. 
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0 = 0, + ( 60 ~ 6, ) e~ct , (11.18) 

where c = scrgd0g/dt + dt) + Kd , and 08 = [sag(d0g/dt)]/c. Note that 6S is 

the saturation coverage for a very large time. 

If there is no beam on the target [i.e., d<pjdt = 0 in equation (11.17)], there is 

a dynamic equilibrium between the rate of adsorbed molecules from the residual gas 

and the rate of thermal desorption from the target surface. This effect is often 

referred to as the Langmuir isotherm [Langmuir 18]. Accordingly, equation (11.17) 

can be expressed as 

I = 0 = s o ^ a - e.) - e 0 . (11.19) 

Solving for Kd gives 

d s i - e0 
- n - M — — ! ) , (II.20a) 

ut 0Q 

while solving equation (11.19) for 0O gives 

di> di> 
00 - W (k, + SO -J&y1 (II.20b) 

' dt a ' dt 
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The yield at any time can then be written as 

Y(0 = 0Y, + ( 1 - 0 )YC , (H.21) 

where yg corresponds to the contribution to the yield from the gas covered surface 

and yc corresponds to the contribution to the yield from clean carbon surface. 

Substituting equation (11.18) into equation (11.21) we get 

Y(t) = Yc + ( Y, " Yc X 6, + (0O - e x * } • (n-2 2) 

The boundary conditions for equation (11.22) are y = Yo = 0oYg+(l-0o)Yc at t = 0 

Y - Ys
 a t t = °°- The saturated yield, yg, at t = oo is then given by 

Y, = 0,Y, + ( 1 " 0^YC • (11.23) 

Substituting equation (11.23) into equation (11.22), the yield can be expressed as 

0 ° " 0 ' w - • (11.24) Y (0 = Y, + ( Y* ~ Y ^ C' • 

However, instead of using time as an independent variable, one may use the fluence 

0i (ions/cm2 ) and introduce a dimensionless quantity ($) for the ratio of gas flux to 

ion flux. Then equation (11.24) becomes 



where 

sagZ r O, Kj d$, , 

* = y ' ~ c r *y'[~c>* ~£>{~dy 1 • 

and C' is given as 

C' = o, + safi + x4 (^)-» = c (fjh)-» 
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Y(<t\) = Y, + (y-J- j^XY, - Yy C ' * 1 , (11.25) 

(11.26) 

(11.27) 

A few qualitative observations at this point will be illuminating. The model 

predicts that either higher ion flux, gas flux, or surface temperature will result in a 

shorter relaxation time to attain a coverage of 0,. The saturated yield obtained will 

depend on 0S as well as the species of adatoms on the surface. These predictions will 

be compared to experimental results and the implications discussed in chapter IV. 



CHAPTER m 

EXPERIMENT 

The experiments were done using the National Electrostatic Corporation 9SDH 

3 MV tandem accelerator in the Ion Beam Modification and Analysis Laboratory, at 

the University of North Texas in Denton, Texas. Figure 2 shows the schematic 

diagram of the tandem accelerator. 

In the accelerator system, negative ions of 70 keV were injected and 

accelerated to MeV energies, arriving at the stripping canal of the tandem accelerator, 

where they were stripped to a positive charge state. After further acceleration, ions 

were mass analyzed by a magnet and were directed into the 55° beam line where the 

ion-induced electron emission (IIEE) experiments were performed. 

The IIEE chamber has an ultimate pressure below 10"9 Torr maintained by two 

differential pumping sections, evacuated by turbo-molecular pumps. The target 

collector system shown schematically in Figure 3 consists of a grounded aperture slit, 

two suppressors, each having a negative potential of -2500 V, forward and backward 

collectors, each having a positive voltage of +100 V, a Faraday cup biased to +40 V 

and a self supporting carbon foil target. The whole apparatus sits in a stainless steel 

cylinder of diameter four inches and height five inches. The target, collectors and the 

19 
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Figure 2 Schematic diagram of UNT tandem accelerator. Shown in the figure are 
ion source (SNICS), the switching 30° magnet, object slit (OS), 
Faraday cup (FC), analyzing 90° magnet, image slit (IS), tandem 
accelerator, Quadrupole (Q), 55° HVEC magnet and the IIEE chamber. 
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Figure 3 Schematic diagram of experimental set-up for IIEE measurement. 
Included in the figure are an aperture slit, entrance and exit 
suppressors, backward and forward collectors, target holder and a 
Faraday cup. Note that four charge integrators are used to 
simultaneously measure the forward (Qf), backward (Qb), the target (Qt) 
and the Faraday cup (QFC) charges. 
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suppressors are all insulated from one another and ground. The purpose of a 

backward suppressor is to suppress any stray electrons emitted from the aperture slit, 

as well as to repel the emitted electrons escaping backward through the backward 

collector. In a similar way, the forward suppressor repels electrons back to the 

collector and returns potentially lost energetic electrons to the Faraday cup. The 

Faraday cup is biased to +40 V, a value that is large enough to suppress any low 

energy electrons that might be liberated by the ions. The initial voltage values 

applied to individual parts of the apparatus were first optimized using computer 

simulations that were performed using the SIMION program [Simion 84], Later, the 

values were further improved after a preliminary experiment was performed with the 

apparatus. The backward collected charge (Qb), the forward collected charge (Qf), 

the target collected charge (Q,) and the charge at the Faraday cup (QFC) were all 

measured simultaneously by four digital current integrators (Ortec 439). The current 

integrators were checked against a known current source before and after each run 

and found to be reproducible to within ± 0.1%. 

Figure 4 shows the collected charge of emitted electrons induced by 5 MeV 

F+3 ions as function of suppressor voltage. It was found that saturation of the 

collection is not reached until the suppressor voltage exceeds 2 kV. 

Similarly, the collectors were tested to determine if they were actually 

collecting all electrons emitted from the target. To accomplish this task, a variable 

positive DC voltage was applied to the target while maintaining +100 V on the 

collectors. Figure 5 shows the collected electron charge as a function of target 
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Figure 4 The forward and backward collected electron charge as a function of 
suppressor voltage for 5 MeV F+ 3 ions on 15 /xg/cm2 carbon foil. Note 
that saturation of collection is not reached until suppressor voltage 
exceeding 2 kV. 
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Figure 5 Collected electron charge as a function of target voltage for 5 MeV F+3 

ions on 15 ng/cm2 carbon foil. While maintaining the collectors with 
+100 V, collected charges decrease with target voltage (Vt) to zero. 
But, for Vt > 100 V, positive charges are registered at the forward 
collectors. 
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voltage. As expected, the collected charge decreased as the target voltage increased, 

since electrons are repelled back to the target. For a target voltage exceeding +100 

V, all the low energy electrons were returned to the target, thus confirming that a 

+100 V at the collector is enough to collect the majority of the emitted electrons. 

However, positive currents were registered at the forward and backward collectors 

under the foregoing conditions. The positive current measured at the forward 

collector was much higher than the current measured at the backward collector. 

Calculations to estimate the number of scattered ions from single and multiple 

collisions could not account for the positive currents that were observed, especially 

the relatively large currents at the forward collector. In the present apparatus, ions 

scattered up to 8.5° at the target were collected in the Faraday cup. Similarly it has 

been shown [Krueger 78] that the yield of secondary ions produced by energetic ions 

is of the order of 10"\ a negligibly small effect, also insufficient to account for the 

positive current observed at the collectors. 

Another possible mechanism that could cause the currents at the collectors is 

the emission of tertiary electrons produced at the forward collector by high energy 

secondary electrons emitted from the target. One way to test this effect is to bias the 

target with a large positive DC voltage. At a sufficiently high positive bias, the high 

energy electrons would be suppressed. Figure 6 shows the collected positive charge 

at the collectors normalized to the cup current (tertiary yield) as a function of target 

voltage. As the target voltage was increased, the tertiary electron current from the 

stainless steel indeed decreased, since fewer high energy electrons struck the 
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Figure 6 Normalized positive charge at the collectors as a function of target 
voltage for 5 MeV F+3 ions on a 15 u g l c m 2 carbon foil. The decrease 
of the collected positive charges with the positive target voltage 
indicates that tertiary electron yields caused delta rays was responsible 
for the positive charges registered at the forward collector in the 
preceding arrangement. 
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collectors. For a target voltage exceeding 1 kV, all the high energy electrons were 

attracted back to the target, and the charge collected at the forward collector (the 

forward scattered ions) saturated to a minimum (positive current) which was less than 

1 % of the original positive charge. Similarly, the positive charge collected by the 

backward collector went to zero. This analysis demonstrates that a small number 

(< 1 %) of backscattered ions and the positive current observed earlier were an artifact 

of the abnormal biasing arrangement. In the normal arrangement, the yield of 

electrons induced by the high energy electrons is of no consequence since these 

tertiary electrons are attracted back to the collectors. However, ions scattered onto 

the collectors still cause a negligible (<1%) systematic error in our results. The 

foregoing source of error was ignored because it was negligible and not precisely 

known. In order to correct for this one must know accurately the scattering cross 

section of heavy ions on carbon at forward angles, a topic of study in itself, and the 

average charge state of the ion, which was measured in this work. 

Finally, the total ion-induced electron emission (IIEE) yield (Yt) can be 

experimentally computed by equating the net charge at the target [Schader 78] to the 

sum of incoming and outgoing charge. The backward, forward and the total yields 

are given as follows [Kroneberger 88]: 

V b = If = ( I I U a ) 

VfC V/rc 

where qj is the incoming charge state of the ion, and qf is the mean charge state of 
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Yr = (7^")?/ + (?/ " «<>' a Z s o Yr = yb
 + If (III l b ) 

Qfc 

the ion after exiting the foil. Note that the quantity (QFC/qf) is equal to the number of 

incident ions multiplied by e, the electronic charge. Thus, Yb and Yf are equal to the 

number of electrons collected per incident ion. Q, Q,, Qf and QFC are the measured 

target, backward, forward and the Faraday cup charges, respectively. The total yield 

can be determined by two independent means as seen in equation (III. lb). In this way 

a check of the internal consistency of the results can be made. The difference is 

typically < 0.3%. The mean charge state can be determined from our experimental 

result using the following relation: 

q, - (III.2) 
"ion 

In the present work, Qrc and Qion are the beam charges, respectively, measured in the 

Faraday cup with and without the foil in the beam. However, due to degradation and 

instabilities in the beam, a random error in qf can result if QFC and Qion are not 

simultaneously measured. To compensate for this, we proposed to measure QFC and 

Qion simultaneously while the foil was in place. The charge of the ion (Qion) is then 

the algebraic sum of all charges given by: 

<?„, = |Q r e | • 10,1 - |<?»| - 10/1. (III.3) 

It has also been observed that fluorine ions are stripped to higher charge states 

than the initial charge while passing through the carbon foil. We have measured the 
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final mean charge state of fluorine ions of initial charge state +3 and compared it to 

previously published results. Figure 7 shows the final mean charge state as a function 

of the ion's incident energy. Our results show a fairly good agreement with empirical 

result of Shima et al [Shima 82, 89a]. Preliminary IIEE yields determined in this 

work using light ions (H, He and Li) are given in Figures 8-10. Also shown in those 

figures are data from other authors [Rothard 90, Clouvas 89]; these data are in good 

agreement with our results. 

In our initial experimental arrangement, a problem became apparent. For a 

heavy ion incident on a thicker foil (50 Mg/cm2), we have observed that the charge of 

the ion (Qion) measured while the foil was in place was smaller than the charge of the 

ion (Qi0n) without the foil in place and this effect was seen to increase with the mass 

of the ion. Furthermore, measured qf was not consistent. Discrepancy between our 

data and the previously reported work can be partially attributed to scattering of 

heavier ions which was higher than that of lighter ions in which the system was 

calibrated. To fix this problem, we opened the suppressor hole a little wider and 

brought the Faraday cup closer to the suppressor so that all forward scattered ions can 

be intercepted. 

After we changed the geometry of the equipments, we tested the collection and 

saturation schemes of the apparatus once again by using a 13.4 MeV I+8 ion. Iodine 

has a very high atomic number, therefore any scattering will be evidenced more 

readily. Figure 11 shows forward, backward and target charges as function of 

suppressor voltage. By examining Figure 11, we can see that saturation of collection 
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Figure 7 Mean charge state of F+ 3 ions as a function of projectile energy 
incident on a 15 mg/cm2 carbon foil. Also shown are the empirical 
results of Shima et al [ Shima 82,89a]. 
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Figure 8 Total IIEE yield (yt) of H+ ions incident on a 15 Mg/cm2 carbon foil as 
a function of the incident energy of the ion. Also shown are data from 
Clouvas et al [clouvas 89]. The full line is a single parameter fit to the 
stopping power as given by TRIM [Ziegler 90]. 
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Figure 9 Forward (yf) and backward yield (yb) of He+ as a function of incident 
ion energy. Carbon foil thickness is 15 jug/cm2. Also shown are data 
from Rothard et al [Rothard 90]. The full line is a single parameter fit 
to He+ stopping power as given by TRIM [Ziegler 90]. 



40 

"t r "• r 

^ C6 X 

T3 ^ +* 

"o %** & t* 2 d <" u " 
X3 o on 
0 « gfc 
« .0, . 

,T3 
b § b £ >» a £ co ? 
C o C o o> 
0 (S O «0 43 
CcfflbOH 

CO 

CM 

> 
Q) 

fclO 

<D 
a 

w 

+ • x <3 

CO CO lO CO C\2 

( u o t / a ) p p i A 



41 

Figure 10 Total IIEE yield (y,) of Li+ and Li+ + as a function of incident energy 
of the ion. The carbon foil thickness is 15 jug/cm2. Also shown are 
data from Clouvas et al [Clouvas 89]. The full line is a single 
parameter fit to the stopping power as given by TRIM [Ziegler 90]. 
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is obtained at a lower voltage (500 V) than the previous configuration. Similarly, by 

supplying a varying positive voltage to the target while still maintaining the positive 

bias voltage at the collectors Figure 12 shows the collected charge as a function of 

target voltage. After these modifications in the apparatus, one may conclude from 

these observations that the integrated currents accurately reflect reality. 
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Figure 11 The forward and backward collected electron charge as a function of 
suppressor voltage for 13.4 MeV I+8 ions on a 50 Mg/cm2 carbon foil. 
Note that collection is not reached until suppressor voltage exceeds 
400V. 
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Figure 12 Collected electron charge as a function of target voltage for 13.4 MeV 
I+8 ions on a 50 Mg/cm+2 carbon foil. While maintaining the collectors 
at +100 V, collected charges decrease with target voltage (V,) to zero. 
But, for V, > 100 V, positive charges are registered at the forward 
collectors. 
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Qualifying the Target 

Yield measurements obtained at a pressure above 10"9 Torr vacuum condition 

are known to be higher than yields obtained under ultra-high vacuum conditions. The 

enhancement of the yield, we maintain, is mainly due to the presence of adsorbed 

species on the surface of the target. In order to measure a consistent and reproducible 

yield we have studied the yields from contaminated as well as in situ sputter-cleaned 

surfaces using argon gas as the sputtering agent. To clean the target, we slowly and 

continuously leaked argon into the evacuated chamber until the pressure stabilized 

around 10"5Torr. We then biased the collectors with +500 volts while measuring the 

current on the target. A plasma was created above the sample surface. We then used 

a plasma current of 50 to 100 nanoamperes to clean the surface for 3 to 4 hours. The 

procedure removed all gross contamination. To contaminate the surface of the foil in 

a controlled manner, after an ultimate pressure of 10"9 Torr was reached, N2, 02 , 

H20 was slowly leaked into the chamber using a specially designed needle valve to 

obtain the desired pressure. The gas flow was constantly maintained during the run. 

The surface was allowed to reach equilibrium for approximately one to two hours 

before the ion irradiation was begun. 

We have performed surface analysis of the carbon foil using some of the 

techniques that were at our disposal. Hydrogen depth profiling of the target using the 

nuclear resonance 1H(19F,CKY)160 has confirmed the presence of some hydrogen on the 

surface but its concentration was relatively small. We have also examined the TEM 

micrographs of the target before and after bombardment. There were no noticeable 
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structural or crystallographic changes in the foil as revealed by electron diffraction; 

however, a slight increase in the number of voids was observed. X-ray photoelectron 

spectroscopy (XPS) analysis of a fresh carbon foil was also performed. The XPS 

spectrum revealed the presence of a large amount of oxygen. Target qualifications 

and the variables that effect the IIEE yield will explored in the succeeding chapter. 

Error Analysis 

There are two kinds of errors with which we need to concern ourselves when 

computing the yield through the measurement of charges: 

a) Systematic error may be introduced by a faulty calibration of the charge 

integrators. We have attempted to reduce this error by calibrating the integrators with 

a known current source before and after each run, then an appropriate factor has been 

multiplied to correct the measured charges. The current source had been measured 

using Keithley electrometer (Model 617) to reproducibility of 0.25%. In the present 

experiment the absolute accuracy of the integration is not essential since the data are 

computed by a ratio of charge. The relative accuracy of the integrators, however, is 

the accuracy-determining parameter for the result. 

b) Random errors occur due to beam fluctuations or the statistical fluctuations of 

counting a finite number of events. The magnitude of the random errors are extracted 

from the yield equations. Later these obtained errors will be compared to the standard 

error involved in repeated measurements of the same experiment in order to establish 

the reliability of the estimates. 
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From equation (II. 1) 

QFC 

the differential of y is given as 

Qn -
V* = qf <in-4) 

VFC QFC 

therefore the estimated mean error in the yields is given as 

<sv. f - * 4-1 o2,,, <««/ f *«/ (»<?. t )2 + a. p (iH.6) 

where 

a , ( - ) . 
*<FC 

In a similar manner the error in the total yield and the mean charge state can be found 

from equations (III.2) and (TO. lb). 

< S Y t ~QT ( 5<?- * * < Q> * QFC >2 (»«/ )J + A, ) <»"> 
£FC 

where 

QT FY & QFC -V2 A2 , ( - v ^ ) 

V f c 

< 5<?/ » = * 7 ^ t <7,2 (8<? r e )2 + ( ^ - ) 2 ( 5 ( ? ^ )2 ] 5 (III. 8) 

where from equation (III.3) 



<5<?U,„>
 = ±[ W , f + (6<?rc )2 + ( 5 ^ )2 + ( 6 ^ )2 ] 2 . 
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(HI. 9) 

In terms of the electronic stopping power (Se), the error in material parameter from 

equation (II. 9) is given by 

< h h b > = f ( S Y / t / + ( ^ ) 2 (6Sf ] 2 

« \ (III. 10) 

< S C<> " t T 7 m 1 t A 2 ( z i> * ( A ( Z , ) 6 A ( f f > )2 ]5 . (III. 11) 
MH) 1 A(tf) ' J 

The differentials in the forward (SQf), backward (<SQb), target (6Qt) and Faraday cup 

(SQrc) are the standard deviations determined from the following relation 

( S & 2 ' (i*1- ( Q i ' 5 > ( I 1 I 1 2 ) 

where N is the number of observations. 

The differentials < 5 y f > , < f i Y b > , < f f Y t > , <*A,> , < S \ > , <«SAt>,and 

< <SCt> will be the error bars shown in our results. A typical experimental 

measurement for 2 MeV F+ 3 ions is shown in table I. 

Ion-induced emission yields from 2 MeV F+ 3 ions have been repeatedly 

measured over a period of four months under similar experimental conditions. No 

systematic change in the mean values have been observed in that period. Moreover, 

the random errors remained consistent. The average forward, backward and the total 

yields from a large number of measurement (N=7) are respectively equal to 25.8 + 
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0.28, 15.7 ± 0.29, and 41.4 ± 0.53. Corresponding to estimated standard error of 

1.1%, 1.8% and 1.3%. 
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CHAPTER IV 

RESULTS AND DISCUSSION 

Target Qualification 

At a given pressure, the parameter C' in equation (11.25) can be extracted 

from our experimental data by plotting ln[(y-yJ/(YK-Y»)] versus fluence(0,). The 

quantity C' is the absolute value of the slope of the resulting straight line. For 

various pressures, Figure 13 shows the total yields in N2 as a function of fluence. 

The solid curve corresponds to our desorption model given by equation (11.25) and 

agrees well with the experimental points. The significance of C' can be understood 

by performing a linear least squares fit of C' with two variables £ and (d0i/dt)"1 as 

suggested by equation (11.27). As shown in table II, the intercept and the slopes are 

equal to o h sag, and Kd respectively. The intercept at is the effective area cleaned by 

the projectile or can be thought of as the ion desorption cross section. The value 

found in this work corresponds to approximately one surface adsorption site. 

Similarly, sag is the adsorption cross section. If the adsorption cross section (ag) is 

determined from the number density of carbon, the quantity sag predicts sticking 

coefficients of 4xl0"3, 2xl0"3, and 4X10"4 for 02 , N2 and H20 vapor, respectively. 

The sticking coefficient of water vapor is an order of magnitude lower than that of 

54 
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Figure 13 Total IIEE yield of 2 MeV 19F+3 on a 50 Mg/cm2 carbon foil as a 
function of ion fluence (0;) and the quantity $ which is the ratio of 
residual N2 flux to ion flux. The ion current for all measurements were 
3-4 nA. The time required to make 3 measurements was less than 2 
minutes, the average of which appears as a single point. Note that the 
relaxation time and the saturation value are functions of the gas and ion 
fluxes. 
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Table II Measured values of desorption and adsorption cross sections, Kd, the 
clean and gas covered yields. 

Gas a; [cm2] so [cm2] Kd [sec1] yc [e'/ion] y [e'/ion] 

N2 2.45 xlO-16 8.61x10"" 1.79X104 42.8±1.32 52.1 ±4.55 
H20 3.80X1016 1.70x10"" 9.07 XlO"5 42.4±0.62 41.5+3.35 
0 2 1.11 XlO"'5 1.88x10" 2.64x10* 43.1±0.44 50.6±2.65 



58 

nitrogen gas. This is consistent with previously reported results [Kato 91] which 

showed that H20 does not readily adsorb on carbon surfaces. On the other hand, the 

sticking coefficient of 0 2 is twice that of N2, suggesting that oxygen may be the major 

cause of contamination of the carbon surface. Indeed, surface analysis of the foil 

using x-ray photoelectron spectroscopy (XPS) revealed that the carbon surface was 

covered with oxygen which was characterized by the signature of the C-0 bond. 

The quantity Kd in table II predicts a dwell time, r « l/icd equal to 

approximately 5000, 10000 and 4000 seconds for N2, H20 and 02 , respectively. 

These large dwell times indicate that desorption is slow and that adsorption may be 

due to chemisorption. With a known Kd, the activation energy at room temperature 

can be estimated to be about 90 kJ/mole assuming KQ- 1012 Hz [Atkins 82]. This 

energy is of the order of the chemical bond energy, which further supports the above 

observation. Physisorbed species have smaller activation energies and shorter resident 

times. On the other hand, incident ions can activate the surface by breaking some of 

the carbon bonds, making it easier for residual atoms to chemisorb onto it. 

The quantity C'- K^d^/dt)"1 is expected to be a linear function of The plot 

of C'- KjCd^j/dt)"1 versus \ for various gases is shown in Figure 14. There is a good 

agreement between the model and the experimental points. However, at very low 

values of \ (for pressures - 10"9Torr), there is some scatter of the N2 data. At this 

pressure and below, the flux of nitrogen molecules is at its minimum, and the 

contamination is mainly caused by other residual gases such as H20 and 0 2 present in 

the chamber. Therefore, at very low pressures, a three component model might be 
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Figure 14 Quantity C'- Kd (d0i/dt)"1 as a function of 5 (the ratio of gas flux to 
ion flux) for 0 2 , N2 and H20 gases. The model described in the text 
describes a linear dependence on I . The slope of the line has the 
significance of being the adsorption cross section and the intercept is 
the effective area cleaned by the projectile. 
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more appropriate. 

Predicted saturated yields (Y») for various beam current densities have been 

computed from our model using the constants in table II. Figure 15 shows ys 

normalized to the clean yield (ye) as a function of residual gas pressure. At a 

pressure of 10"8 Torr and below, the yield saturates to the clean yield value regardless 

of the ion current density for currents greater than 1 nA/mm2. However, as the 

pressure increases so does the saturated yield. For instance, at a pressure of about 

10"7 Torr for N2 and 0 2 , there is about 5% systematic error in the saturated yield. 

The error is even higher for pressures above lO7 Torr. For pressures above 10"8 

Torr, as expected, saturated yields decrease with increasing beam flux, since 

desorption due to ion impact dominates the adsorption of the residual gases. Other 

authors [Garnir 82, Gay 79] have suggested that an increase in foil temperature due to 

beam currents is responsible for the decrease in the yield. While there is a small 

beam current dependence in the yield at higher pressures, our model predicts that this 

effect disappears under ultra-high vacuum conditions. Dehaes et al [Dehaes 86] have 

also given a strong argument against the temperature increase as being a fundamental 

cause of the decrease in the yield. The present work suggests, however, that an 

increase in temperature may result in an increase in desorption for more modest 

vacua. 

Presented adsorption, desorption model explains the observations quite well 

and suggests that for pressures less than 10"8 Torr the saturated yield differs from the 

clean yield by less than 1 %. The present framework provides a clear picture for 
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understanding the formerly bewildering variation in results reported by various 

groups. 
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Figure 15 Saturated yield of 2 MeV 19F+3 ions normalized to the clean yield for 
various currents as a function of gas pressure. These curves have been 
prepared from a fit to a large set of data and demonstrate that for the 
vacuum conditions used in this experiment (better than 10"8 Torr) the 
saturated yield is equal to the yield of clean carbon. 
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Z, Dependence of the yield and the Material Parameter 

In order to measure the Zx dependence of the IIEE yields we have used a wide 

range of ions, namely, C+ 3 , 0 + 3 , F + 3 , Na+ 3 , Al+ 3 , Si+ 3 , P+ 3 , S + 3 , Cl+3 , K+ 3 , Ti+3 , 

Fe+ 4 , Ni+ 4 , Br+5, Ru+7 , Ag+ 7 , Sn+ 7 and I+ 8 , of identical velocity (v=2v0 , where v„ 

is the Bohr velocity) incident normally on a 50 uglcm2 sputter cleaned carbon foil. 

By yield we mean the saturated yield obtained when the ion beam is allowed to 

sputter the foil for 3 to 4 hours. We have already established in the preceding section 

that the saturated yield ( y j is the clean yield (yc) under the experimental conditions 

of this work [Arrale 93]. The forward (Yt)> backward (yb) and the total IIEE yield 

(Yt) obtained from equation (III. 1) are shown in Figure 16. Measured yields as a 

function of the ion's atomic number reveal an oscillatory behavior with pronounced 

maxima and minima. In addition to the small hump near atomic number 11, there are 

maxima of the yield at Zx equal to 26 and 47, while minima seem to occur around 

equal to 35 and 50. Also included in Figure 16 are data from F + 2 and Cl+ 2 as a 

check of any incident charge state dependence of the yield. No significant difference 

is observed. However, the q f = 2 data is slightly smaller than the F + 3 , Cl+3 data. 

Nevertheless the data falls within the experimental uncertainties of the yield. 

In Sternglass's theory [Stemglass 57], the ion-induced electron emission yield 

is proportional to the electronic stopping power, (dE/dX)e, and the proportionality 

constant is known as the material parameter (A = Y / ( d E / d X ) J . The material 

parameter obtained from the ratio of the present measured yield and tabulated 

electronic stopping powers [Ziegler 90] as a function of projectile atomic number (Z,) 
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Figure 16 Forward (yf), backward (yb) and total (Yt) ion-induced emission yields 
of ions of identical velocity (v=2v0, v0 is the Bohr velocity) incident on 
sputter cleaned 50 ng/cm1 carbon foils as a function of ion's atomic 
number (Z^. Data from Ti+3, Fe+4, Ni+4, Ru+7, Ag+7, Sn+7 are 
taken at a pressure of 1 x 10"9 Torr. The other data were taken at 
pressures ranging from 8xl0"9 to 2xl0"8 Torr. The solid curve is drawn 
to guide the eye. 
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is shown in Figure 17. Contrary to the predictions of existing theories [Sternglass 57, 

Schou 80], A is not constant but rather oscillates as a function of Zx. Indeed, the Z, 

oscillation observed is not correlated with oscillations in the electronic stopping 

power. Present results are also in disagreement with that of Clouvas et al's [Clouvas 

91], who concluded recently that for 1< Z, <26 at high vacuum (lO^orr) the 

material parameter (A, = yt /(dE/dX)e) saturates for Zx > 6. According to Figure 

17, the material parameter oscillates for Z1 values well above 26. Fastrup et al 

[Fastrup 66] had measured the stopping cross section in carbon of 6 < Z, < 20 ions of 

constant velocities ( v = 0.41vo, 0.63vo, 0.91vo, and l . l v 0 ) . Even though his 

projectile velocities are much smaller than those of the present work, his measured 

electronic stopping cross sections as a function of Zt show an oscillatory features that 

are not present in the tabulated bulk stopping power cross sections [ Ziegler 90]. One 

possible explanation for the oscillations in A might lie in the lack of accurate tabulated 

bulk stopping powers. It may be that the tabulated bulk stopping powers are not 

accurate enough to reveal all the projectile-dependent features such as screening and 

charge exchange. Simultaneous measurement of the yield and the electronic stopping 

powers might shed some light into this phenomena. 

A projectile nuclear charge dependence of the material parameter (Af b) has 

been noticed earlier by Rothard et al [Rothard 90, 92]. They suggested the need to 

have a true material parameter independent of Zx. In the context of the transport 

theory [Schou 80b, 88], they have introduced empirically Zrdependent factors Ct<Z,), 

Cb(Z,) and Ct(Z,) into the yield equations (11.14); thus: 
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Figure 17 Ratio of ion-induced electron emission yields (y) to electronic stopping 
powers (Se): Af = yf /Se, At = yb /Se and A, = y, /Se as a function of 
Z[. Se is the tabulated stopping power [Ziegler 90]. The solid curve is 
drawn to guide the eye. 
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Y/ = A(Z2) (1-p) C, (Z,) ' A(Z2) P C, (Z,) ( ^ ) , . (IV. 15) 

At sufficiently high projectile velocity, 0 does not depend on Z,. But in reality, as 

we can see in Figure 18, this statement is a crude approximation at best. In terms of 

the material parameter for protons of the same velocity as the ions, the projectile 

dependent factors are given by 

Cb = - M - , c, = , c, - (IV. 16) 
' A, (Z,-l) ' Ay (Z,«l) ' A,(Z,=1) 

The parameter C is claimed to account for several mechanisms such as charge 

exchange, screening effects, projectile ionization and even molecular orbital effects. 

The parameter Ct as a function Zx obtained from present work is shown in Figure 19. 

The proton material parameter used to compute Ct is obtained from Meckbach's yield 

data [Meckbach 1975]. Also shown are data from other authors [Clouvas 1991, 

Rothard 1992]. The data from these authors show a decrease of Ct with Zv 

However, the data from Clouvas et al obtained at vacuum (lO^orr) reach an 

equilibrium value Ct(Z,>6) = 0.57 in contrast to the data from Rothard et al obtained 

at an ultra-high-vacuum (10"9Torr) which converges to Ct(Z[ > 6) « 0.4. Rothard 

attributed the difference in the absolute value of C, to the strong dependence of 

electron emission on surface contamination and structure. Our data obtained at 

pressures at or below 10"9 Torr show C, to be a non-decreasing function of Zx but 

rather to have a non-monotonic dependence on Z,. The data from Clouvas et al 

seem to be close to our average in the interval 6<Zj < 26. According to Equations 
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Figure 18 The dimensionless parameter p plotted as a function of Z{. In the 
transport theory, 0 describes the energy transport by recoiling electrons 
away from the entrance surface or into the exit surface. For protons it 
is expected to falls in the interval 0.25 < 0 <0.5. The solid curve is 
drawn to guide the eye. 
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Figure 19 The parameter Ct (Z,) = A, (Zj) /A (Z, = 1) plotted as a function of Z,. 
A (Z, = 1) was obtained from the result of Meckbach et al [Meckbach 
75]. The solid curve is drawn to guide the eye. 
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(IV. 15) and (IV. 16), Ct is a function of Z, alone, and - contrary to Rothard's 

assessments ~ no vacuum condition effect that should manifest itself on the surface of 

the target is expected to influence the magnitude of Ct. 

Experimentally, the ion-induced electron emission yield computed using 

equation (III. 1) is proportional to the equilibrium mean charge state (qf) of the ion. 

Therefore, an accurate knowledge of qf is essential to computation of a correct yield. 

Prior to the present work, instead of measuring qf, most of the previously reported 

yields [Rothard 90,92, Clouvas 89,91] relied heavily on a monotonic empirical 

formula [Shima 82,89a] for qf. However, for ions of identical velocity (v=v0) 

incident on carbon foil, it has been reported [Lennard 80] that qf increases strongly 

with Z[ with a broad peak at Zx ~ 15. Similarly Shima et al [Shima 89a,89b, 92] 

reported oscillations of qf as a function of Zx for ions of 0.55, 1 and 2 MeV/u with 

maxima of oscillation occurring for closed shell ions. In the light of these findings 

about qf, yields of ions exhibiting qf oscillations are expected to be in error if qf is 

obtained by smooth extrapolation. 

In order to avoid the above mentioned discrepancies, we have measured the 

IIEE yield and the mean charge state simultaneously. Measured mean charge states 

as a function of Zx is shown in Figure 20. Also shown are other extrapolated data 

from the literature [Wittkower 73, Lennard 80] and the empirically computed qf 

[Shima 82, 89a]. We have also measured the mean charge states of incident charge 

state 2 (F+2 and Cl+2), as shown in Figure 20. No incident charge state dependence 

of qf is observed. During the sputtering of the foil, the mean charge state did not 
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Figure 20 Measured equilibrium charge plotted as a function of Z, for ions 
passing through carbon foil. Also shown are Shima's empirical data 
[Shima 82], data from Lennard [lennard 81] and data from Wittkower 
and Betz [Wittkower 73]. Solid curve is drawn to guide the eye. 
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change with the beam irradiation. Our measured qf, which is not correlated with the 

ionization potential, exhibits an oscillatory behavior with a strong peak at Zx ~ 26 and 

a relatively small one at around Z, ~ 47. In general, data from Wittkower and Betz 

[Wittkower 73, Betz 72] agree well with our results except around the qf peaks, 

where the difference can be very high. 

Our projectile velocity is lower than the range in which reported shell effects 

[Moak 67] reportedly can play a role in the oscillations observed in qf. However, it 

should not be surprising to observe oscillations in the mean charge state as a function 

of atomic number, since such oscillations have been observed at much lower 

velocities and much higher velocities as well. The exact origin of the oscillations is 

still controversial and unclear, but the present data would suggest that the mean 

charge state of the ion after the foil is the representative of the ions charge state in the 

foil. The significance of the non-monotonic dependence of qf should be emphasized, 

since it is the source of a significant systematic experimental error in most of the 

published data. 

In Figure 21 the ratio of our measured qf and that of obtained using Shima's 

empirical formula ( /qShimJ has been plotted as a function of Zx. In the 

projectile range, 10 < Z, <20, the ratio of the mean charge states is near unity. 

However, outside this range, deviations from unity show up, and the percentage 

difference between mean charge states can be as high as 50% at the major peak 

(Z, — 26). 

As a consequence of these new findings, one must conclude that all previous 
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Figure 21 The ratio of our mean charge to Shima's empirically computed mean 
charge is plotted as a function of Z{. The solid curve is drawn to guide 
the eye. Note that inside the range 10 < Zx <20 the ratio is close to 
unity. But outside the range percentage difference between the two 
mean charge states can be as high as 50%. 
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published work that relied on semi-empirical % data are potentially in error. The 

absence of peaks in previous data may be a masking artifact of the mistaken use of 

Shima's erroneous tabulated values. Only by the simultaneous measurement of qf and 

the electron currents can one hope to make accurate measurement of y. 

The implications of the results of this work for isobar detection are significant. 

In order to distinguish between isobars of differing in atomic number by kZx using 

IIEE, the standard error in the measured atomic number &ZX must be significantly 

smaller. The quantity SZX is related to the standard error in the yield by 

6Z = ^ 
1 dy_. ' (IV. 17) 

dZx 

It is clear upon reflection that the highest resolution (minimum SZX) will occur where 

dy/dZ is highest and <5y smallest. All the maxima of the y vs Zx curve little if any 

discrimination will be possible. On average 6y can be as low as 1% of y. with 

(dy/dZj) > 2 e/ion/atomic number, a resolution of better than 0.5% for SZX/ZX could 

be expected. On the other hand, the expected fluctuation in electron yield for single 

events should be much larger. This fact may limit the utility of the proposed 

discrimination procedure. The subject of the statistics of the process promises to be a 

fruitful area for further investigation. 

The issue of the correlation of energy loss, electron yield and equilibrium 

charge state is also a potential topic for future work. The conclusions of this work 

suggest that, rather than being a dead field with few unanswered questions, IIEE is an 
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active and exciting topic with the promise of new discovers ahead. 
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