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ABSTRACT 

A high current density source of D~ is desirable for making high 

energy neutral beams for injection into fusion plasmas. One promising 

approach involves H~ and D~ production on surfaces bombarded by ions 

and neutrals with energies of a few hundred electron Volts. In an 

effort to gain insight useful for the further development of such a 

source, the present experiment was undertaken to investigate the 

mechanism of surface production of H~ and D~. Measurements have 

been made of the total backscattered D~ and H~ yields from thick, 
+ + + clean targets of Cs, Rb, K, Na and Li, bombarded with H_, H^, D ? 

and D, with incident energies from 0.15-to-4.0 keV/nucleus. All of 
_9 

the measurements were made at background pressures less than 10 Torr 

and the alkali-metal targets were evaporated onto a cold substrate 

(T=77K) in situ to assure thick, uncontaminated targets. For each 

target, the H~ and D~ yields exhibited a maximum (as high as 8 

percent per incident proton or deuteron) at incident energies between 

0.3 and 1.4 keV/nucleus. For hydrogen (deuterium) incident at any 
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energy, the H~ (D") yield decreases in going from Cs to Li in the 

order given above. Also, a definite isotope effect was observed for 

every target used, withthe H~ yield peaking at a lower incident energy 

than the D~ yield and in most cases, the maximum H~ yield was higher 

than the maximum D~ yield. 

Measurements of the H~yield from various transition metal targets 

with thin coverages of alkali-metals have also been made as a function 

of the surface work function. The work function exhibited a minimum 

value as a function of the thickness of the alkali-metal coverage, and 

the H~ yield exhibited a corresponding maximum. For all of the 

alkali-metals used, the maximum value of the H~ yield w*s higher than 

for the thick targets. 

The negative ion yields are discussed in terms of the probabilities 

of reflection of the incident particles, of formation of the negative 

ion at the surface and of the survival of the negative ion leaving the 

surface. For each thick alkali-metal target, the negative ion yield 

measurements have been used in a least squares fit to determine two 

parameters in a theoretically derived expression for the negative ion 

yield. The parameters obtained from a thick Na target have been used to 

calculate the yield from a Cu target with thin coverage of Na (such that 

the surface work function is equal to thick Na). The calculated and 

measured values agree very well. 
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CHAPTER I 

INTRODUCTION 

High energy beams of neutral deuterium atoms are currently being 

used to heat and fuel thermonuclear fusion plasmas. The neutral parti

cles pass through the magnetic field used to contain the plasma and are 

ionized by low energy particles already trapped within the field. 

Presently, beams of deuterons with energies as high as 120 keV are being 

developed for fusion machines such as TFTR and projections of 

requirements for full scale fusion power plants call for beam energies 
2 as high as 1.2 Mev 

The present method of producing high energy neutral beams is: (1) 

deuterium gas is ionized by electron bombardment to give D , D„, D, 

(2) these ions are electrostatically accelerated and (3) neutralized by 

charge exchange in a D, gas neutralizer. The efficiency with which 

high energy charged particles are converted to neutrals is strongly 
3 4 dependent upon the particle energy, as can be seen from Figure 1. ' 

For positively charged deuterons with energies much greater than 100 

keV, the neutralization efficiency becomes low enough to make the 

present method of high energy neutral beam production unacceptable in 

terms of the amount of energy which must be recirculated within the 

neutral beam system. 

As can also be seen from Figure 1, the neutralization efficiency for 

D~ remains fairly high throughout the energy range shown. To take 

advantage of this high efficiency in a neutral beam system, we could use 

the same method outlined above by replacing step (1) with: D~ is 

produced in a high current density source. Unfortunately, a high-
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current, high-current-density D~ source does not exist, but there are 

two approaches to making D~ currently being investigated, either of 

whi^h may lead to the development of such a source: (1) double charge 

exchange of positive ions in metal vapors, and (2) direct extraction 

from a discharge where negative ions are produced by volume or surface 

processes. 

One way to make D~ is by double electron capture by D passing 

through a suitable vapor or gaseous target. The highest yield reported 

so far has been a D~ charge fraction of 35 percent for 300 eV D 

passing through cesium metal vapor. The conversion efficiencies in 

alkali-metal vapors are high enough to make a D~ source based on 

double electron capture feasible, and research on such sources is 

currently underway. However, there are several potential drawbacks 

associated with using alkali-metal vapors in a neutral beam system: 

1. A low-energy, high current-density beam of D must be produced 

and transported to the charge exchange cell. Transport of such a 

beam is difficult because space charge effects cause the beam to 

diverge, giving rise to large beam losses. 

2. The alkali metal in the vapor cell cannot be perfectly confined 

so it will tend to spread throughout the system. It may condense 

upon insulators and give rise to voltage breakdown problems. 

3. The alkali metal may diffuse into the fusion plasma and cool the 

plasma through bremsstrahlung. Also, it may prevent penetration 

of the neutral beams into the central part of the plasma by 

ionizing the neutrals in the fringe field. 
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A second idea for making a D~ source is by direct extraction—the 

D~ is produced in a source with a plasma discharge and extracted 

directly at high energy. Such a source might have better beam optics 

than charge exchange because the D~ ions are extracted at high energy 

and the effects of space charge may be greatly reduced. Also, such a 

source might be more compact and allow better isolation of the neutral 

beam source from the fusion plasma. 

The first direct extraction source to produce significant H~ 

currents was developed by Ehlers. It was a Penning discharge 

geometry, with H~ extracted across the magnetic field and gave 

currents up to 6 mA from a 12.7 mm x 1.5 mm slot (30 mA/cm ). 

Although the current was too small, the source had the desirable feature 

of steady state operation. The Magnetron (see Fig. 2), a direct 

extrar .n source based upon surface production, has been developed by 
7 8 Dimov et al. ' The Magnetron is one of a class of sources with a 

planotron geometry which are high current (> 100 A) pulsed discharges in 

crossed electric and magi.^tic fields. When the Magnetron is run on H„ 

gas only, it gives currents up to 17 mA (0.22 A/cm ) and when Cs was 
2 added to the discharge currents as high as 0.88A (3.7 A/cm ) have been 

reported. Enhancement of the negative ion currents from a planotron has 

also been observed when other alkali-metals were added to the dis-
9 7-11 

charges (see Table 1). The increased current is hypothesized 

to result from alkali-metal coverage of the molybdenum surfaces on the 

source, which enhances the H~ production at these surfaces (see 

Chapter II). Dimov et al. have also constructed a modified Magnetron 

source which operates in a Penning mode. This source has a quieter 
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Figure 2. I l l u s t r a t i o n of the Magnetron negative ion source. 



TABLE 1. Magnetron currents and operating parameters for different alkali-metals in the discharge. 

Optimum 
Current 
density Percentage 

Arc Arc Extraction H H"+ e current at same compared 
current voltage voltage current current density condition with Cs 

(A) (kV) (mA) (mA) (A/cm2) (A/cm2) 

Na 290 240 18.5 5.6 60 0.74 0.74 33% 

K 350 240 23.3 12 100 1.6 1.32 59% 

Cs 400 160 23.2 22 60 2.9 2.25 100% I 
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operating mode than the planetrons and a higher gas efficiency, but does 

not produce as high current densities. 

Although the current densities of the planotrons and Penning sources 

are within the range required for neutral beam sources, there are 

several undesirable features that are currently receiving attention, 

mainly limitation of the pulse length due to rapid cathode heating and 

poor gas efficiency. Prelec and Sluyters are working with both 

Magnetron and Penning sources and are trying to improve the pulse length 

and gas efficiency, as well as integrate these sources into a neutral 

beamline. 

Adapting the Magnetron for a neutral beam system may be difficult. 

However, it may be possible to exploit the mechanism by which the 

Magnetron produces such large negative ion current densities, in a 

geometry more suitable as a negative ion source. The two presently 

proposed mechanisms for negative ion production in the Magnetron are 

surface production and volume productions For volume production, the 

negative ions are produced in the plasma discharge, possibly through the 
12 interaction of highly excited states of molecular hydrogen. The 

volume production mechanism is under investigation by Bacal et al. , 

but it is too early to tell if useful current densities can be 

obtained. For surface production, the ions are produced by particles 

bombarding the surfaces in the source. 

Belchenko et al. have measured the energy distribution of H~ 

extracted from a Magnetron source to determine the H~ production 

mechanism. They found the H" energy distribution exhibited two 

peaks: one corresponding to the extraction potential and the second 

corresponding to the extraction potential plus the discharge potential. 
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They also found that the ratio of these peak heights depended upon the 

gas pressure in the discharge. These results led to their conclusion 

that the primary source of H~ was surface production at the cathode, 

which resulted in the high energy H~ peak, and the low energy peak was 

due to charge exchange between high energy H~ and thermal H° in the 

column of the plasma discharge. 
15 Dudnikov et al. have estimated the secondary electron emission 

coefficient of the cathode surface of a Magnetron and have measured the 

positive ion current density through a slit in the cathode, as well as 

the negative ion current density at the emission slit. By operating the 

Magnetron at various discharge potentials they obtained values of K~, 

(the ratio of H~ current density out to positive current density at 

the cathode), for various surface coverages of Cs on the cathode. At 

optimum surface conditions, K~ was estimated to be between 0.6 and 

0.8. This measurement does not take into account H~ produced by 

neutrals bombarding the cathode, so it must be an upper limit on the 

efficiency of surface production of H~. 

There are no measurements of reflected H~ yields from surfaces 

such as those in the Magnetron (i.e. Cs on a W or Mo substrate), and 

there is a general lack of H~ yield measurements from low work 

function surfaces. Therefore, I have measured the total backscattered 

H~ and D~ yields from various alkali-metal surfaces. The experiment 

was divided into two parts: (1) clean, thick, alkali-metal targets 

(Cs, Rb, K, Na, and Li) and (2) thin coverage of alkali-metal on various 

substrates (including Cs on W and Cs on Mo) were used as the targets. 

For the thick targets, the incident energy of the hydrogen and deuterium 
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ions ranged from 0.15- to 4.0 keV/nucleus and for the thin targets 

the range was from 0.4- to 0.9 keV/nucleus. D 2, D 3, H- and 

H, were used as incident ions for the thick target measurements. The 
+ + 
H, and D, ions were used to obtain the lowest incident velocities, 

since there was a lower limit to the energy of a beam which could be 

transported through the apparatus. The H ? and D ? were used to check 

for possible effects arising from different numbers of nuclei per 

incident molecular ion (i.e. one positive charge among two nuclei or one 

positive charge among three nuclei). The H~ and D~ yields were 

normalized to the number of nuclei per incident molecular ion to give 

H~ per incident proton, and D~ per incident deuteron because at 

these incident energies, we can consider the incident ions as sirjle 

protons and deuterons, since the molecular ions are broken up at the 

target surface. ' 

By varying the energy of the incident ions, the work function and 

the mass of the target, I have attempted to determine which parameters 

are important to the conversion of incident particles to backscattered 

negative ions and how these parameters may be varied to optimize the 

negative ion yield. As a further step in understanding the mechanism of 

surface production, the H~ and D~ yield curves from thick alkali-

metal targets have been fitted with a theoretical expression (discussed 

in detail in Chapter II) using two variable parameters for each target, 

which were determined by a least squares fit to the data. The closeness 

of the fits is very encouraging. 

Recently, several related experiments have been reported: Massmann 
18 -

et al. have measured the H yield fi-x 3 Th0 ? target bombarded 
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CHAPTER II 

PRESENT THEORIES OF H" PRODUCTION FROM SURFACES 

Belchenko st a l . 8 , 1 4 ' 2 2 and Hiskes et a l . 1 6 * Z 1 » 2 3 , 2 4 have 

proposed models based upon surface production as the principal mechanism 

for H~ production in the Magentron and similar sources. Belchenko et 

al. propose that any hydrogen atom adsorbed to the cathode surface has a 

high probability of residing as a negative ion and can be desorbed from 

the surface as a negative ion by an incident energetic particle from the 

discharge. Furthermore, addition of cesium to the discharge produces 

cesium coverage of the source surfaces; this lowers the surface work 

function, enhances the probability of escape without destruction 

(survival) of the negative ion from the surface and increases the H~ 

yield. Hiskes et al. have hypothesized that H" ions are formed in the 

collision of energetic (1 to 100 eV) hydrogen atoms with adsorbed cesium 

atoms. As a hydrogen atom approaches a cesium atom, the interaction 

potential is the sum of the image potential and the difference between 

the CsH and CsH~ molecular potentials. This interaction potential 

allows the transfer of an electron from the surface to the hydrogen 

atom, which may escape from the surface as H~. 

For proposed mechanisms of H~ production from surfaces, it is 

agreed that three processes are involved: the reflection or desorption 

of hydrogen from the surface, the formation of the negative ion at the 

surface, and the survival of the negative ion as it leaves the surface. 
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Although several treatments for calculating the H~ formation and 
23-30 survival probabilities have been presented, they all share the 

same basic approach, which is outlined below: 

When a hydrogen atom is near a surface, a potential interaction 

(image potential, molecular potential or both) between the atom and the 

surface changes the electron affinity of the atom relative to the Fermi 

level of the solid (see Figure 3). The shift of the electron affinity 

is a function of the separation and can be approximated by: 

J 
E.A.(x) = E.A.f + 3I-

where, E.A.(x) is the electron affinity of the atom at x 

E.A..p is the electron affinity of the free particle 

e is the unit of electronic charge 

x is the distance between the atom and the surface 

At some distance from the surface, x = —gj^ F — « — r , where 0 is the 
w — f' w 

surface work function, the electron affinity of H~ is at the same 

energy level as the Fermi level of the surface. For hydrogen on cesium, 
26 x„ is about 10a„ (a„ is the Bohr radius). Fo~ x < x . the o o x o ' o 

electron affinity lies below the Fermi level and an electron can 

transfer from the surface to the atom to make an H~ ion. For 

x > x , the electron affinity lies above the Fermi level and an 

electron from the H" ion can transfer back to the surface. 

To obtain expressions for the probabilities of H~ formation and 

survival, the following terms will be used. 
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N t = total number of hydrogen particles leaving the 

surface. 

N (x) = number of H° at a distance, x, from the surface 

N (x) = number of H~ at x 

P(x) = rate at which H° are converted the H" 

Q(x) = rate at which H~ are converted into H° 

v = the speed of the particle in the direction 

perpendicular to the surface. 

For H~ Production 

dN (x) 
df P(*)N0(x) (1) 

dx since dt = — and N = N. - N (neglecting pos i t i ves) , 

Nt-N_(x) = P(*'7[ 

integrating over x, from x = 0 to x = x 0 with N_(0) = 0 

An N t - *n (N t - N_)) = i-

which gives 

1 M x ) _ c- 1 / vi fo° p ( x ) ( 

(2) 

0 P(x)dx (3) 

(4) 
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N (x ) 
and, since the probability of formation is: P = — n - ^ , 

"t 

- l / v i J 0 ° P(x)dx 
P = 1 - e (5) 

For H Survival 

dN (x) 
dT Q(x) Mx) (6) 

and following the same procedure as above, we get the survival prob
ability 

N_(») 

-1/vj" Q(x)dx 
f - e ° (7) 

Therefore, the probability that a particle leaving the surface will 
escape as an H~ is given by: 

-l/vj 0° P(x)dx -1/vJ^ Q(x)dx 
P f = (1 - e ) (e ° ) (8) 
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To discuss H~ yields in terms of the incident flux to the surface, 

we must take into consideration that the reflected particles leave the 

surface with a distribution of velocities. Therefore to obtain the H~ 

yield, or Negative Ion Secondary Emission Coefficient, (NISEC), the 

above expression, (8), must be integrated over this velocity distri

bution: 

fx_ ,x 

H" y i e l d = ^ — 
- l / V j L J o ° P(x)dx - 1 / V i j o 0 Q(x)dx 

n ( v ) ( l - e )(e )dv (9) 

where n(v) i s the veloci ty d i s t r i bu t i on of the re f lec ted par t i c les 

. is the number of incident par t i c les , such that 

n(v)dv is the ref lected f rac t ion of the incident f l u x , RM. 
• v „ , 

Kishnevskiy has derived a form for the neutralization rate of 

H~, Q(x), ati.u solved for the survi al probability for hydrogen leaving 

various low work function surfaces. His results are reproduced in 

Figure 4 and, as can be seen, there is a strong energy dependence of f 

on work function only for very low exit velocities, v^. In fact, 
26 Kishnevskiy notes that almost all particles leaving a low work 

function surface with energies of the order of tens of electron Volts 

should be emitted as negative ions. 
23 24 Hiskes and Karo * have considered H formation from two kinds 

of targets: (1) targets composed of a single atomic species and (2) 

transition metal targets with a partial monolayer converage of cesium. 

A schematic drawing of the interaction potential energy used for 
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hydrogen bombarding a single species surface is shown in Figure 5a. 

This potential function has been used to calculate the survival prob

ability for H~ leaving thick cesium and potassium targets. The re

sults show that the survivial probability has a strong energy dependence 

up to at least 100 eV. The potential in Figure 5a is similar to the 

imag? force potential of Kishinevskiy, so as expected, the calculations 
23 24 of Hiskes and Karo ' agree fairly well, except at the lowest 

incident energies, with those of Kishinevskiy (see Figure 6). 

A schematic drawing of the interaction potential energy for hydrogen 

bombarding a surface with a partial monolayer of Cs coverage is shown in 

Figure 5b. The difference between the two potential energy diagrams in 

Figure 5 is the potential barrier at the surface (at -20 a in the 

Figure). This barrier is produced by the partial monolayer of cesium on 

the substrate, which creates an electric dipole layer at the surface. 

As a result of Jus barrier, the probability that an electron will 

tunnel back to the surface from an H~ ion is greatly reduced. The 

survival probability corresponding to this potential function is also 

shown in Figure 6, and as can be seen, it is essentially unity for 

energies as low as 1 eV. Therefore, for a partial monolayer coverage of 

cesium, the dominant factors determining the H~ yield are the prob

abilities of reflection and formation. 
23 24 -

Hiskes and Karo ' describe the probability of formation of H 

as an electron tunneling through a potential barrier and use a WKB 

formula to obtain an analytic form of this probability. This result, 

combined with the survival probability and the calculations of Oen and 
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C. Data Fitting 
Hiskes and Schneider have developed a technique to quanti

tatively determine the dependence of the NISEC upon R N, f and P_: 
31 

The Marlowe code was used to obtain the angular a.d energy distri
butions of protons and deuterons reflected from each of the alkali-metal 
targets. The angular distribution closely approximated a cosine distri
bution so that n(v)dv could be separated into two parts and the angular 
dependence integrated out of equation (9) of Chapter II (see Appendix 
F), giving: 

NISEC = -ji-j | V B \ l - u/v - e a / v ( l - Hli)] 

.2 » / ,»n n 
- J [T + n( B/v) + I [~1] » ] n=l nnlv 

+ (*?) [Y + JW •a + i ( - 1 ) n K B ) n

] l n ( v ) d v 

v L. nnlv J v ' 
n=l J 

where a = P(x)dx 
xo 

m ( P(x)d> 
Jo 

B = Q(x)dx o 

y = 0.57722.... = Euler's constant. 
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CHAPTER III 

EXPERIMENTAL APPROACH AND APPARATUS 

A. Approach 

A beam of D, and D, (H- and H.J ions was extracted from a hot 

filament discharge, accelerated to the desired energy and momentum anal

yzed with a 30° bending magnet before entering the experimental chamber 

(Figure 7). The apparatus within the chamber (Figure 8) was designed 

around two parallel rectangular plates, perpendicular to the beamline; 

an aperture in the first plate (the collector) allowed the beam to pass 

through to the second plate (the target), from which D~(H~), D°(H°), 

0 (H°), D (H ) and electrons as well as sputtered particles (Fig. 9) 

were emitted. The collector was was used to monitor the negative ion 

current, therefore all other charged particles had to be prevented from 

reaching it: An electric field between the target and collector plates 

prevented positive secondary ions from reaching the collector and a 

transverse magnetic field suppressed secondary electrons. Also, an 

upbeam collimator shielded the collector from the primary beam. This 

collimator was the end-plate of a Faraday cup (the collimator-Faraday 

cup) which was used to determine the total current incident on the 

target: The total incident current was determined by the difference in 

current readings from the collimator-Faraday cup when the beam was 

deflected into the cup and when it was steered through the cup by a pair 

of upbeam deflection plates. The Negative Ion Secondary Amission 

Coefficient (NISEC) was determined by taking the ratio of the collector 

current to the total incident current and dividing by the number of 

nuclei per incident molecular ion. 
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Figure 7. Block diagram of the major parts of the apparatus. 
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Figure 9. I l l u s t r a t i o n of beam impact on the target surface. 
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The clean alkal i-metal targets were deposited onto various sub

strates in the experimental chamber, which was maintained at a pressure 
_q 

less than 10 Torr. The target surfaces condit ions were monitored 

with two techniques: mass analysis of the pos i t ive and negative ions 

leaving the surface and surface work funct ion measurements. 

B. Apparatus 

A l i ne drawing of the major parts of the apparatus is given in 

Figure 7. 

1 . Accelerator 

The e lec t ros ta t ic accelerator had a hot-f i lament-discharge ion 

source (F ig . 10), which was biased to the e l ec t r i ca l potential equiv

alent to the desired beam energy. The ions were produced in a discharge 

maintained between the anode and a 0.5 mm tungsten f i lament, which was 

heated to emit electrons by passing a current of up to 25 A through i t . 

A potent ia l difference of up to 120 Volts was applied between the anode 

and the f i lament to maintain the discharge and the appropriate gas ( i . e . 

H 2 for hydrogen ion beams) was bled into the discharge through a 

needle va lve . The pressure in the area of the discharge was about 

1 x 10" 3 Torr . 

The ions leaving the discharge passed through a pumping impedance 

and were extracted and focused by an e lec t ros ta t i c lens. The acceler

ated ions then passed between horizontal and ve r t i ca l def lect ion plates 

before passing through the 30* momentum analysis magnet. The background 

pressure in t h i s area and on to the beamiine entrance was maintained at 
_c 

1 x 10 Torr by an oil diffusion pump with a liquid-nitrogen-cooled 

baffle. 
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Figure 10. Accelerator source and e lec t ros ta t ic lens. 



- 28 -

2. Magnet and Beamline 

The momentum analysis magnet was used to select the ion species 

which would continue on to the experimental chamber. The magnet had 

three exit ports: 30° East, neutral and 30° West. The 30° East port 

led to two concentric Faraday cups which were used to examine the beam 

from the accelerator. The neutral port held a Hall probe for monitoring 

the magnetic field strength and the 30° West port opened into the 

beamline. 

At the entrance of the beamline, a pumping impedance consisting of a 

tube 4 cm long and 1.2 cm in diameter was used to help maintain a vacuum 

differential between the beamline and accelerator. A manual isolation 

valve was located directly after the pumping impedance and allowed the 

accelerator to be brought up to air pressure while the experimental 

chamber remained under vacuum. The beamlime was 30 cm long and was 

terminated by another pumping impedance, consisting of a 0.15 cm 

diameter aperture, at the entrance of the experimental chamber. 

The beamline was pumped by a titanium sublimation pump, mounted in a 

right angle cross in the beamline. The beamline pressure, as read on an 
p 

ionization gage, was 5 x 10" Torr with the beam off, and about 

1 x 10 Torr with the beam on. 

3. Experimental chamber 

The experimental chamber consisted of a cylindrical shell, 70 cm 

long and 20 cm in diameter, with its axis oriented along the beamline. 

This chamber constituted the ultra-high-vacuum region of the apparatus; 

normal operating pressure is about 8 x 10~ Torr, with a base pres-
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sure of 1 x 10 Torr. Three pumps were used to attain this vacuum: 

First, the chamber was pumped by a Kinney roughing pump, through a 
_3 liquid nitrogen trap, to a pressure of 1 x 10 Torr. A vac-ion pump 

was then turned on and the roughing pump was valved off. Pumping the 

chamber with the vac-ion pump in conjunction with baking (using a quartz 

lamp inside the chamber) to a temperature of 280°C brought the base 
_g pressure down to 3 x 10 Torr. 

32 A liquid-helium cryopump was used to further reduce the pressure 

The cryopump consists of a liquid helium reservoir surrounded by a 

liquid nitrogen shield baffle. Adding liquid nitrogen to the cryopump 
_g reduced the pressure of 1 x 10 Torr and then adding liquid helium 

reduced the pressure to 1 x 10" Torr. 

The cryopump and the vac-ion pump were used simultaneously through

out this experiment, even though the base pressure of the vac-ion pump 

is higher than 1 x 10 Torr. When a gate valve was used to enable 

isolation of the vac-ion pump, it was found that the outgassing of the 

"0" rings in the valve prevented the chamber base pressure from going 

below 1 x 10 Torr. 

The position of the pumps on the experimental chamber, as well as 

the locations of the apparatus within the chamber are shown in Figure 

11. In the following section, each part of the apparatus within the 

chamber will be presented in the order in which the incoming beam 

encounters it. 

At the entrance of the experimental chamber, an aperture of 0.15 cm 

diameter (the entrance collimator in Figure 8) served a dual purpose: 
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Figure 11. Line drawing of the experimental chamber. 
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Besides being a pumping impedance between the beamline and the chamber, 

it also serves as the first of two collimators which define the beam 

diameter. 

Twenty centimeters beyond the entrance collimator, the beam passed 

between a pair of horizontal deflection plates, which were 5 cm wide, 

9 cm long and separated by 1.5 cm. Besides being used in the measure

ment of the total current incident on the target, these plates were 

necessary to compensate for the steering effects, on the beam, of the 

stray magnetic field from the electromagnet. 

The beam entered the collimatcr-Faraday cup 5 cm beyond the 

deflection plates. This cup, which was 2.5 cm in diameter, 4 cm long 

and had a 0.15 cm diameter exit aperture, was used to measure the total 

current incident on the target, as well as shield the collector from the 

incident beam. The collimator-Faraday cup was mounted in a machinable-

glass ceramic insulator along with the collector (Figure 12). A 

grounded metal shield surrounded the insulator to prevent it from 

collecting stray charged particles, and the entire unit was supported by 

two sets of four adjustable screws to allow alignment along the beam-

line. The insulator was used to maintain the separation between the 

collimator-Faraday cup and the collecter at 0.08 cm. 

The collector consisted of two parts: a cup, 2.85 cm in diameter, 

0.6 cm deep, with a 0.25 cm wide diameter aperture on axis, and a 

rectangular plate, 7.3 cm high, 5 cm wide, with a 1.0 cm diameter 

aperture in the center and an irregular aperture (Figure 12) located 

0.85 cm below the center. The center aperture allowed the incident beam 

to reach the target and the lower aperture allowed ions leaving the 



- 32 -

V/////////?//M^ 

ADJUSTMENT 
SCREW 

GROUNDED 
SHIELD 

COLLIMATOR-FARADAY CUP 

INSULATOR 

XBL 803-8616 

Figure 12. Collector and col limator-Faraday cup with support struc

ture. 
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target surface to be analyzed by the mass analyzer. The plate was held 

onto the cup by a metal spring welded to the back of the plate, and 

could be slipped on and off without disturbing the alignment of the cup 

and the collimator-Faraday cup. The currents from the collimator-

Faraday cup and the collector were monitored on Keithley model 410 

picoammeters, as shown in the block diagram of the electronics, Figure 

13. 

The target was 1.3 cm beyond the collector plate and was also 7.3 cm 

high and 5 cm wide to ensure a uniform electric field between the two 

plates: The target could be biased to -6000 Volts to suppress positive 

ions leaving the target surface. Two target structures were used: One 

structure could be cooled with liquid nitrogen to 77K and was used for 

measurements from thick alkali-metal targets, and the other allowed the 

target to be heated to 1400K by radiation from a filament behind it, and 

was used for measurements from thin alkali metal targets. The heated 

(cooled) target was supported by two rods (tubes), 40 cm long and H.R cm 

in diameter. The rods (tubes) were mounted on insulated feed-throughs 

at the rear flange of the experimental chamber. With this geometry, the 

insulated feed-throughs are far enough from the crossed electric and 

magnetic fields to avoid charge-up problems from drifting secondary 

electrons. 

The transverse magnetic field used to suppress electrons from the 

target, the collector and the collimator-Faraday cup was produced by an 

electromagnet with a 6.5 cm gap and 5 cm diameter poles. The magnetic 

field strength at the center of the gap could be varied from 0 to 1000 

gauss, and the polarity of the field could be reversed by interchanging 

the electrical connections to the magnet. 
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Figure 13. Block diagram of the electronics used fo r measuring the 

NISEC. 
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The clean alkali-metal targets were deposited on a substrate within 
33 the experimental chamber. Two S.A.E.S. alkali-metal dispensors, 

with 1.4 cm active length, were mounted parallel to each other on a 

bellows with 7.5 cm of travel. The dispensors were 0.6 cm apart and 

could be positioned between the target and collector plates, 0.6 cm away 

from the target surface, to coat the target area. The thickness of the 

alkali-metal layer was determined by the current through the dispenser 

(6 to 8 Amperes), the evaporation time and the temperature of the target. 

The work function of the target was monitored by the electron beam 
oo_oc 

retarding potential method (see Appendix B). A tungsten 

filament, from a flashlight bulb, was mounted in a stainless steel tube, 

0.6 cm in diameter and 1.0 cm long. The tube had a mask at the exit 

with a 0.25 cm diameter aperture to limit the surface area sampled by 

the filament. The tube was mounted on a bellows, with 7.5 cm of travel, 

and could be moved between the target and collector plates to sample the 

beam impact area of the target. The filament was heated by passing a 

current of 200 mA through it, and the current collected by the target 

was recorded as a ramp voltage (0 to 10 Volts) was applied between the 

filament and the target. As the surface work function changed, the 

current-voltage curve shifted along the voltage axis, with the shift in 

voltage corresponding to the change in the work function. A block 

diagram of the electronics for monitoring the work function is given in 

Figure 14. 

Qualitative analysis of the ions present on the target surface was 

done with an electrostatic quadrupole mass analyzer." Both positive 

and negative ions leaving the target surface at an angle of 45* to the 
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Figure 14. Block diagram of the electronics f o r monitoring the work 

funct ion. 
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normal pass through the irregular aperture in the collector plate and on 

into the entrance of the mass analyzer. The entrance aperture was 0.6 

cm in diameter and 20 cm from the target surface. Within the analyzer, 

the ions pass between four cylindrical rods which are biased to produce 

a combination of steady state and oscillating electric fields. Only 

ions of the selected mass can pass along the rods to the exit aperture. 

Once through the exit aperture, an electric field accelerates either the 

positive or the negative ions into an electron multiplier 

(Channeltron). The pulses from the electron multiplier are counted as 

the ratio of the amplitudes of the steady state and oscillating electric 

fields is varied to produce a mass spectrum of the ions from the 

target. A block diagram for processing the mass analyzer ouptut is 

shown in Figure 15, and a further discussion is given in Appendix A. 
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Figure 15. Block diagram of the electronics f o r processing the mass 

analyzer output. 
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CHAPTER IV 

EXPERIMENTAL MEASUREMENTS 

The measurements undertaken in this experiment can be divided into 

two parts: NISEC measurements from thick metal targets (when the target 

is evaporated onto a substrate such that the metal layer is thick enough 

to completely mask the substrate from the incident beam), and measure

ments from thin metal targets (partial monolayer to many monolayer 

coverage of the substrate). Each set of measurements will be treated 

below. Before any measurements could be made, several experiments were 

performed to establish the dimensions and operating parameters of the 

apparatus used. 

A. Operating Parameters 

To assure that all of the negative ions produced at the target were 

collected, a series of electrically isolated masks was used to vary the 

collector width from 0.8 cm to 4.5 cm. The height of the collector was 

7.3 cm for all the masks except the one corresponding to a width of 

4.5 cm; with this mask the collector height was reduced to 6.3 cm. The 

ratio of the signal from the collector to the sum of the signals from 

the collector and the mask was measured for the various collector 

widths. The results shown in Figure 16 are for 2.5- and 6.0 ke*'/nucleus 

D 3 incident on untreated molybdenum target, and as can be seen, all 

the negative ions are collected for widths greater than 3.3 cm. Also, 

since there was no change in the measured ratio when the collector 

height was reduced to 6.3 cm, the collector dimensions of 5 cm by 7.3 cm 

were sufficient to collect all the negative ions. 
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Figure 16. Results of varying the effect ive width of the co l lec tor 

p la te. The f rac t ion of collected signal on the co l lec to r 

plate is plotted against the co l lec tor width fo r 2.5 

keV/nucleus D3 on untreated molybdenun— • , and f o r 

6 keV/nucleus D-. on untreated molybdenum— • . 
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The 0.25 cm diameter aperture which allowed the incident beam to 

pass through the collector to the target could also allow negative ions 

from the target to pass through without being collected. To investigate 

this effect, NISEC measurements were made using three aperture 

diameters: 0.25 cm, 0.50 cm and 0.70 cm. A rubidium target was used 

for these measurements and the incident energy was varied from 0.4- to 

5.0 keV/nucleus (Figure 17). The results for each aperture were 

normalized to those of the 0.25 cm diameter aperture and plotted against 

the square of the aperture diameter (which is proportional to the area 

through which the negative ions can escape), as shown in Figure 18. 

Extrapolating the data to zero aperture diameter gives the fraction of 

the negative ions which are lost, and for 0.25 cm this is less than 3 

percent. 

Positive ions produced by backscattered particles (atoms and 

negative ions) striking the collector could not be suppressed. The 

current due to these ions leaving the collector adds to the current from 

the collected negative ions and is a possible source of error. To 

investigate the magnitude of this effect, the NISEC was measured for a 

sodium target, with a stainless steel collector. Then the target was 

heated to evaporate the sodium onto the collector. The dispensor was 

used to re-coat the target with sodium and the NISEC measurement was 

repeated. Changing the collector surface from stainless steel to sodium 

changes the collector work function from 4 eV to 2.3 eV and greatly 

changes the charge distribution of the backscattered particles leaving 

the collector (very few positive ions leave the sodium surface). No 

difference was seen in the NISEC measurements using the two collector 

surfaces. 
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43 -

1.10 

u w 
C/2 

UJ 

< * 
E -
w 
2i 
s u 
CM 

u w 
to 

1.00 h 

0.90 h 

0 . 8 0 
0.1 0.2 0.3 0.4 0.5 

APERTURE DIAMETER SQUARED (CMZ) 

XBL 803-8613 

Figure 18. The NISEC data shown i n Figure 17 has been normalized to 

the values f o r the 0.25-cm-diameter aperture and extrapo

lated to zero aperture diameter. 
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Meishner and Verbeck and Eckstein et al. have measured the 

ratio of protons to neutrals emerging from various metal targets as a 

function of exit energy and angle. Their results indicate that for an 

exit energy of 1 keV, less than 5 percent of the emerging particles are 

positive ions, with the positive ion fraction dropping off rapidly at 

lower energies. These results, along with my own measurements using the 

two collector surfaces, led to the conclusion that the effect of posi

tive ions leaving the collector was less than the differences in repro

ducibility of the experimental measurements (5 percent). 

The electric field used to suppress positive ions from the target 

was produced by applying a negative voltage to the target. The magni

tude of the applied voltage was determined by the beam species and 

energy. As an example, a 5.0-keV beam of L~ required a target bias 

of at least -2.5 keV. The taryet bias adds to the incident energy 

giving a total incident energy of 7.5 keV; assuming that the energy is 

divided equally between the three deuterons as the incident ion breaks 

up at the surface, the maximum energy that a reflected D ion can have 

is 2.5 keV, which is not sufficient for it to reach the collector 

plate. In this experiment, no measurements were made using D or H 

as incident particles because the maximum reflected energy would always 

be greater than the retarding voltage, so that the high-energy 

backscattered positive ions could not be prevented from reaching the 

collector. 
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A transverse magnetic f i e l d was used to suppress secondary electrons 

from the t a r g e t , the col lector and the collimator-Faraday cup. The 

suppression o f secondary electrons is i l l u s t r a t e d in Figure 19, where 

the "apparent" MSEC is p lot ted vs the magnitude of the magnetic f i e l d 

for Do inc ident energies of: 1 keV/nucleus, 2.5 keV/nucleus and 

4 keV/ nucleus. At low magnetic f i e lds the signals are dominated by 

secondary e lect rons, but as the f i e l d is increased, the electrons are 

suppressed—first for the lowest incident energy and then for 

successively higher energies. For the lowest incident energy in Figure 

19 (1 keV/nucleus D,, E = 0.91 kV/cm) 140 gauss is su f f i c ien t 

for complete electron suppression, whereas for the highest incident 

energy, (4 keV/nucleus, E„ 3_ = 3.6 kV/cm) 360 gauss is necessary. 
gap 

Calculations for trajectories of H~ ions emitted from the target show 

that all negative ions (even those emitted with zero energy) reach the 

collector for all electric and magnetic fields used in this experiment 

(see Appendix C). 

Because the gap (6.5 cm) between the electromagnet poles is greater 

than the pole diameter (5.0 cm), the magnetic field produced by the 

magnet is non-uniform. To determine if this non-union field affected 

the NISEC measurements, the collector, the target and the collimator-

Faraday cup were moved to center the target-collector gap at the edge of 

the magnet poles. NISEC measurements were made using 1.0- and 2.5 

keV/nucleus D 3 on untreated molybdenum with this geometry, and were 

compared to measurements made with the collector-target gap centered in 

the magnet poles. No difference in the NISEC was observed, but as can 

be seen from Figure 20, a much higher magnetic field strength (as 
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Figure 19. The apparent NISEC vs the magnitude of the magnetic f i e l d 

used to suppress secondary electrons f o r D, incident 

on an untreated molybdenum target . Inc 'Jent energy = 1 

keV/nucleus, 11" 1=0 .9 kV/cm— A , incident energy = gap 

2.5 keV/nucleus, |E | = 2.3 kV/cm— • , incident 

energy = 4 keV/nucleus, |E |= 3.6 kV/cm— O . 
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Figure 20. Apparent MSEC vs the magnitude of the magnetic f i e l d f o r 

suppression of electrons f o r 2.5 keV/nucleus D, on 

untreated molybdenum, and two posi t ions of the apparatus 

in the magnetic f i e l d : col lee to r - ta rge t gap centered in 

the f i e l d — # , and col l ec to r - ta rge t qap moved 1.6 cm 

toward the edge of the f i e l d — O . 
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measured at the Hall probe at the face of one of the poles) was required 

to suppress the electrons when the collector-target gap was moved to the 

edge of the magnet poles. This concluded the investigation to determine 

the dimensions and operating parameters of the apparatus. The next step 

was to measure the NISEC for thick alkali-metal targets. 

B. Thick Targets 

NISEC measurements were made using thick alkali-metal targets before 

thin targets because the procedure for establishing thick targets is 

much simpler. A thick target is established whenever the alkali-metal 

layer is so thick that the measured NISEC is due to particles inter

acting with the alkali-metal layer, and not with the substrate. A thick 

target is established by measuring the NISEC between successive evapor

ations of the alkali-metal until the NISEC no longer changes as more 

alkali-metal is deposited (see figure 21). However, if only one 

substrate is used, the NISEC may also remain constant as more alkali-

metal is evaporated from the dispensor because an equilibrium thickness 

has been reached, i.e., the rate of evaporation of the alkali-metal from 

the target surface is high enough that competition between the incident 

flux and evaporation prevents the alkali-metal layer from becomming 

thicker. If a second substrate is used and the above procedure 

repeated, a thick target will give the same values for the NISEC for 

both substrates, whereas an equilibrium target give different values for 

the NISEC because of the different reflectivities of the two substrates 

Therefore, Cu and Ta substrates were used for the thick alkali-metal 

target measurements. Cu and Ta were used because of the large differ

ence in nuclear charge (29 for Cu vs 73 for Ta) and in mass (63.5 
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for Cu vs 180.9 for Ta), which should give rise to significant differ-
31 ences in the reflected fraction of the incident beam. The procedure 

for measuring the NISEC from a thick sodium target is presented below as 

an "example of the technique for obtaining the NISEC measurements for 

thick alkali-metal targets. 

The liquid nitrogen cooled target was used for all thick target 

NISEC measurements. This target provided a copper substrate, which was 

cleaned by abrasion and washed with water. Two S.A.E.S. sodium dispen-

sors were spot-welded together at one end and onto support rods at the 

other end, and were installed in the experimental chamber. The end 

flange, on which the target structure was mounted, was bolted into place 

to seal against a copper gasket. The chamber was then evacuated accord

ing to the procedure outlined in Chapter III. 

The sodium dispensors were outgassed in the retracted position, by 

passing 6.5 Amps through them for 4 minutes and then 7.5 Amps for 1 

minute. During outgassing, the pressure in the chamber reached 
-7 9 

1 x 10 Torr, but quickly dropped back to less than 1 x 10 Torr. 

At this time the target cooling was turned on and allowed to run for 

5 minutes. An 8.0 keV beam of Ar was tuned onto the target and the 

quadrupole mass analyzer was used to scan the positive and negative ions 

leaving the target surface. 

After the mass scan, the accelerator gas was changed to deuterium 

and a 0.9 keV beam of D 3 was tuned onto the target (the beam cur-
_g 

rent was about 1 x 10 Amps). The NISEC was measured for the bare 
copper substrate with target biases of -0.4, -1.4, -2.4, -3.5, and 

-4.4 kV. The sodium dispensors were moved into position and sodium was 
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evaporated at a current of 7.5 Amps for 45 seconds. The NISEC measure

ments were repeated, and then more sodium was evaporated. This proce

dure was repeated until the NISEC values remained constant as more 

sodium was deposited (six evaporations). The beam energy was then 

varied to measure the NISEC for incident energies of 0.2 to 4.0 kev/ 

nucleus, and for D, as well as D... Once the NISEC measurements 

with deuterium were completed, the accelerator gas was changed back to 

argon, and a 4.0 keV beam of Ar was tuned onto the target (the cur-
—8 rent was about 3 x 10 Amps). The target was biased as -4 kV to give 

a NISEC corresponding to 8 keV Ar incident. The argon measurement 

was used to determine the contribution of sputtered (as opposed to back-

scattered) negative ions to the NISEC, and running the accelerator on 

argon between running on deuterium and hydrogen prevented cross-

contamination of these isotopes. After the NISEC measurement with 

argon, an 8.0 keV beam was used to repeat the positive and negative ion 

mass scans. 

At this time, the cryopump was heated overnight to drive off the 

liquid nitrogen and liquid helium. The experimental chamber was then 

filled with dry nitrogen gas and opened. A tantalum plate was attached 

to the copper target with two screws and the used sodium dispensors were 

replaced with new ones. The chamber was closed and the above process 

was repeated to establish a thick sodium target and obtain NISEC mea

surements. Ar was used again for NISEC measurements, and then the 

accelerator gas was changed to hydrogen. To complete the NISEC measure

ments for a sodium target, H„ and H, were used over the same incident 

energy range as deuterium. 
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After completion of the sodium measurements, potassium, rubidium, 

cesium and lithium were also used as targets, before measurements from 

thin targets were undertaken. 

C. Thin Targets 

The first measurements of the NISEC for thin alkali-metal coverage 

were made using a heatable copper target. The copper target was chosen 

because within the limits of the heating system, (temperatures less than 

1400K), the copper could be heated to a high enough temperature to 

evaporate the target material and thus give a repeatable surface for a 

reference work function measurement. The procedure for measuring the 

NISEC for sodium deposited on the copper substrate is presented below as 

an example of the technique used. 

An oxygen-free copper target and the sodium dispensore were 

installed and the chamber was pumped down to a base pressure of 

1 x 10" Torr, as previously described. The copper target was heated 

to about 1250K for one hour. By looking at the collector plate through 

an observation port, I could see it change color from steel gray to 

copper as the copper was evaporated from the front of the target and 

deposited on the collector. After one hour, the heating was turned off 

and the target was allowed to cool overnight. 

The current-voltage (I-V) curve of the work function diode was 

recorded using the copper surface as the collector (see Appendix B ) . 

Then, a 1.0 keV beam of H, was tuned onto the target surface and 

then detuned to an intensity of 2 x 10 Amps to minimize the 

sputtering of the target surface due to the beam. NISEC measurements 
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were made for target biases of : -0.3, -0.6, -09., 1.2, -1.5 and -1.8 

kV. The I-V curve was measured and then sodium was evaporated with a 

dispensor current of 8.0 Amps for 25 seconds. Another I-V curve was 

recorded and the NISEC was measured for each of the above biases. After 

the NISEC measurements, another I-V curve was recorded to measure any 

change in the work function resulting from these measurements. More 

sodium was evaporated, and this procedure was repeated after each 

evaporation for a total of fourteen evaporations. Upon completion of 

this set of NISEC measurements, the target was again heated to 1250K to 

drive off the Na and evaporate more copper. After the target cooled 

over-night, the above procedure was reported. The maximum NISEC values 

decreased with successive sets of measurements and when the copper 

target was taken out and examined, there was obvious growth of the 

crystal grains in the copper. Most of the grains were larger than the 

beam diameter, so that it's possible that during the course of heating, 

the area of the copper target seen by the beam changed from amorphous to 

single crystal or polycrystaline, with a corresponding decrease in 
21 reflectively, which would explain the decrease in the NISEC values. 

Since reproducible NISEC measurements could not be obtained with the 

heated target, and since a cooled target would allow deposition of thick 

alkali metal coverages, useful for referencing the work function mea

surements, all of the NISEC measurements for thin alkali-metal coverage 

were made using the liquid-nitrogen-cooled target. Rectangular plates 

with the same dimensions as the collector were bolted onto a cooled 

copper disk to serve as the substrate for alkali-metal deposition. The 

plates were cleaned by abrasion and washed with water before entering 
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the vacuum chamber. The procedure for the NISEC measurements was the 

same as outlined above, but the work function measurements could no 

longer be normalized to the bare substrate since this could not be 

deemed in situ. Therefore, the NISEC measurements were carried out 

until the values for thick alkali-metal coverage were obtained and at 

this point the work function was assigned the value of the thick alkali 

metal. 

Measurements were made for Cs on Ni, Cu, Mo and W and for Li on Cu 

and W and for Na on Cu. 
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CHAPTER V 

RESULTS AND DISCUSSION 

A. rhick Targets 

Figures 22 through 31 show the measured values of the NISEC for Cs, 

Rb, K, Na and Li targets bombarded by hydrogen and deuterium ions, as a 

function of the incident energy of the ions. The estimated uncertain

ties (±10 percent) indicated in the figures are discussed in Appendix D. 

The identity of the collected negative ions could not be determined 

directly: the quadrupole mass analyzer showed serval mass peaks corres

ponding to negative ions other than H~ or D~ leaving the target 

surfaces (see Appendix A). In Appendix E, arguments are given which 

lead to the conclusion that the measured NISEC is actually due to 

reflected particles and that the sputtered negative ions including H~ 

and D~, contribute at most a few percent of the NISEC. 

There are several features worth noting in Figures 22 through 31: 

(1) All targets show a maximum in the NISEC vs incident energy, for 

both H and D incident. 

(2) The higher the maximum value cf the NISEC, the lower the 

incident energy at which it occurs. 

(3) The value of the NISEC decreases in the order: Cs, Rb, K, Na 

and Li at any given incident energy. 

(4) The ordering of the alkali metals given in (3) is according to 

increasing work function and decreasing target mass and atomic 

number. 
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Figure 22. MSEC vs ircident energy per proton for H2 -- • and 
H, -- O , bombarding a cesium target. X — results of 
MSEC least squares fit described in Chapter V, part C. 
The NISEC's wero obtained using Eq. (3) of Chapter V, 
with a = 0.387 and B = 0.479. 
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Figure 23. NISEC vs incident energy per deuteron, for D« — • and 
D- ~ o , bombarding a cesium target. X — results of 
NISEC least squares fit, with a = 0.387 and p = 0.479. 
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Figure 24. NISEC vs incident energy per proton, for FL — • and 
H- -- o bombarding a rubidium target. X « results of 
NISEC least squares fit, with a = 0.434 and 3 = 0.578. 
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Figure 25. NISEC vs incident energy per deuteron, for D 2 — • and 
D 3 — O bombarding a rubidium target. X — results of 
NISEC least squares fit, with a = 0.434 and B = 0.578. 
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Figure 26. NISEC vs incident energy per proton, for H_ -- • and 
+ 
H 3 — o bombarding a potassium target. X — results of 
NISEC least squares fit with a = 0.50 and B = 0.65. 
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Figure 27. NISEC vs incident energy per deuteron for D 2 — • and 
D- — o bombarding a potassium target. X -- results of 
NISEC least squares fit, with a = 0.50 and g = 0.65. 
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Figure 28. NISEC vs incident energy per proton for H ? -- • and 
H. --o bombarding a sodium target. X — results of 
NISEC least squares fit, with a = 0.940 and 0 = 0.944 
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Figure 29. NISEC vs incident energy per deuteron for D 2 — • and 

D 3 -- O bombarding a sodium target. X -- results of 

NISEC least squares fit, with c = 0.940 and 6 = 0.944. 
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Figure 30. NISEC vs incident energy per proton for HL -- • and 
H- -- O bombarding a lithium target. X — results of 
NISEC least squares fit, with a = 0.332 and p = 0.966. 
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Figure 31. NISEC vs incident energy per deuteron for D„ — • and 
D» — o bombarding a lithium target. X — results of 
NISEC least squares fit with a = 0.322 and 0 = 0.966. 
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(5) The NISEC for a given target is the same for different molecular 
+ + + ions of the same isotope (i.e, D- and D_ or H,, and 

PL), but not for the different isotopes (i.e, H vs D). 

(6) The isotope effect of the NISEC becomes more pronounced in going 

from one target to another in the same order given in (3). 

(7) The NISEC for both H and D on Li is significantly lower than for 

the other four targets. 

For discussion of points (1) through (7), we shall attempt a quali

tative understanding of H~ formation at surfaces: Let us consider the 

processes described in Chapter II. For a given exit velocity, the NISEC 

is the product of a formation probability, (P ), and a survival prob

ability (f), and the number of particles emerging *;". that velocity, 

(n(v)), normalized to the number of incident nucleii, (N-). The NISEC 

is given by equation (9) of Chapter II: 

o _i 
o P(x)dx v x j x Q(x)dx 

NISEC = i - I n(v)(l - e ) (e ^ )dv 

For the sake of discussion, we assume that the terms are separable: 

NISEC = R NfP_ (1) 

where, 

FL is the total particle reflection coefficient 

P is the (velocity averaged) probability of H~ formation 

f is the (velocity averaged) probability of H~ survival 
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To discuss the NISEC measurements in terms of equation (1), we need 

to know the dependences of R N, f and P_ on the incident energy. 
31 21 

Using the Marlowe code, Hiskes has shown that for H incident 

upon the alkali metals on the energy range of these measurements, R,, 

is monotonically decreasing function of the incident energy. A similar 

result is true for D incident (see table 2). 

From its functional form, it is clear that P_ is a monotonically 

decreasing function of the perpendicular exit velocity of the particle, 

which in turn decreases with decreasing incident velocity. Simil?rily, 

f is a monotonically increasing function of the incident velocity. 

Therefore, the fact that all of the NISEC curves have a maximum (1) at 

incident energies of a few hundred electron Volts indicates that the 

NISEC is strongly influenced by the survival probability at incident 

energies below a few hundred electron Volts. This is true because the 

survival probability is the only one of the three factors, in equation 

(1) which decreases with decreasing energy. Similarly, at high incident 

energies the probabilities of formation and reflection dominate the 

NISEC. 

Features (2) and (3) above can be explained by considering the 

significance of (4): As the target mass and atomic number decrease, the 
?1 probability or reflection decreases. Also, the lower the work 

function, the larger the survival probability at lower incident 

energies, thus shifting the maximum in the NISEC to lower incident 

energy. 
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The isotope effect (5), arises from the fact that R N, f and P_ 

have different energy dependences: R N depends upon the incident 

energy, while f and P depend upon the incident velocity. In most 

cases, R N is almost the same for H and D incident at the same incident 

energy, but the average reflected velocity will be higher for H than for 

D. At low incident energies, where the survival probability dominates, 

H will have a higher survival probability than D, and thus a higher 

NISEC than D. On the other hand, at high incident energies, where 

formation probability dominates, D will have a higher formation prob

ability than H and thus a higher NISEC. This argument also explains the 

crossing over of the H and D NISEC curves. 

The fact that the isotope effect becomes more pronounced as the 

target mass and atomic number become smaller is due to the mass differ

ence between H and D (1 a.m.u.) becoming more significant compared to 

the target mass (133 a.m.u. for Cs to 7 a.m.u. for Li), thus giving rise 

to different velocity distributions and reflected fractions of H and D 

leaving the target. 

Finally, the very low value of the NISEC from Li can be explained by 
21 the low probability of reflection from LI as calculated by 

31 Marlowe: The reflection from Li is almost an order of magnitude 

lower than for Na (the alkali metal with the next lowest reflectivity). 

Also, the velocity distribution of the reflected particles is peaked at 

the low energy end of the distribution, so that higher incident energies 

are required for the reflected particles to have the optimum exit 

velocity for negative ion production. However, as the incident energy 

is increased, the reflected fraction drops rapidly (from Table 2, 
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RN=0.064 for 250 eV/proton incident energy to 0.026 for 1000 eV/proton 

incident energy), so that the NISEC will always be much smaller for Li 

than for the other alkali metals. 

B. Thin Targets 

Figure 32 shows the NISEC and work function measurements as a 

function of Na evaporation number as the Na is deposited on a Cu 

substrate which was cleaned by heating in the vacuum chamber. The work 

function measurements were normalized to the value for thick Na 

(2.3 eV) which then gave a value of 4.2 eV for the bare Cu surface, 
40 compared with 4.5 eV from the literature. From Figure 32 it is 

clear that the work function goes through a minimum value, which is less 

than the value for thick Na. Work function minima for various alkali-

metal coverages of transition metal substrates have been reported in 
41 42 43 the literature, ' ' so this result is not surprising. The NISEC 

goes through a maximum value, corresponding to the work function 

minimum, but even when the work function has increased again to the 

value for thick Na, the NISEC is still higher than that for thick Na 

(0.040 vs 0.024). The higher NISEC is probably due to enhanced 

reflection from the Cu substrate. In fact, if we compare the NISEC 

values corresponding to a work function of 2.3 eV on either side of the 

work function minimum, we see that they are the same, indicating that 

the increase in Na thickness in going through the work function minimim 

is not enough to change the backscattered distribution from the Cu 

substrate. Typically, only one atomic layer of alkali metal is required 

on a clean substrate to establish a work function corresponding to that 

of the alkali m e t a l . 4 1 ' 4 2 ' 4 3 
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Figures 33 and 34 show NISEC and work function measurements for Li 

coverage of Cu and W substrates at liquid nitrogen temperature (77K). 

In both cases, there is a minimum in the work function, but for Li on 

Cu, the maximum in the NISEC does not correspond to the work function 

minimum. Also, if we compare the work function corresponding to thick 

Li (2.5 eV), on either side of the work function minimum, we see that 

the NISEC to the right of the minimum is much lower than the one to the 

left for both substrates. These results can be explained if the Li 

layer is thick enough to affect the backscattered distribution and 

reflected fraction of the incident ions: As the Li coverage is 

increased, the gain in the H~ production due to decreased work 

function is nullified by the loss in the number of particles leaving the 
31 target due to decreased reflection from Li. From the Marlowe code, 

the average range for protons in Li at the energies of this experiment 

is hundreds of atomic layers, therefore, coverage thick enough to affect 

the backscattered distribution and reflected fractions would have to be 

tens of atomic layers thick. Since it generally only takes one atomic 

layer to establish a thick alkali-metal work function on a clean 

substrate, these Li results indicate that the substrate was not clean 

and that possibly a complex surface of Li and impurity oxygen was 

produced. Complex surfaces of Cs ?0 ? can be hundreds of atomic 

layers thick before the minimum work function is reached and this 
45 minimum is lower than that of thin Cs on a clean substrate. 

The maximum value of the NISEC for Li on Cu is about 0.12 while the 

maximum for Li on W is only 0.08. Based upon reflectivity arguments, we 

would expect the Li on W target to give a higher NISEC. That this is 
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not the case may be due to the different work functions for Li on Cu 

(1.7 eV) and Li on W (2.0 eV) or there may also be an effect due to 

different Li thicknesses corresponding to the work function minima. 

NISEC and work function measurements for Cs coverage of liquid 

nitrogen cooled Cu, Ni, Mo and W substrates are shown in Figures 35 

through 38. As before, there is a work function minimum for all four 

cases. The work function measurements were normalized to a value of 
40 1.9 eV for thick Cs coverage, which was obtained when the NISEC 

values reached those previously obtained for thick Cs. The lowest value 

of the work function was obtained for Cs on Mo (1.3 eV), then Cs on Ni 

(1.35 eV), Cs on W (1.5 eV) and Cs on Cu (1.7 eV). The value of 1.5 eV 
45 for Cs on W agrees well with the literature while the value of 1.35 

for Cs on Ni is the literature value for Cs on Ni oxide. 

The NISEC measurements for Cs on Cu and W show a maximum corres

ponding to the work function minimum for both incident energies. The 

maximum NISEC for Cs on W is 0.10 and for Cs on Cu it is 0.09; the 

higher yield from W is expected based upon work function and reflec

tively arguments. It is interesting to note that the NISEC of 0.10 for 

Cs on W is less than the NISEC of 0.12 for Li on Cu; why this is so is 

not clear. The maximum NISEC for Cs on Ni occurs after the minimum in 

the work function and it appears as if the maximum NISEC for 900 eV/d 

incident energy occurs after the maximum for 400 eV/d incident energy. 

A similar result was obtained in the measurements from Cs on Mo, but in 

this case the effect was more pronounced: The 400 eV/d incident energy 

NISEC showed only a slight maximum and the 900 eV/d incident energy 

NISEC showed no maximum at all. 



- 85 -

~i r 

o 

o 

A O 

A 

A A 

O A A 

6 6 6 
• • • 

A A 
A 

n I i i — i — T — r 
8 9 

o 

-5 

O-4001 -j 
. - 9 0 0 f EV/D Dj CS/NIC77K) | 

A 
A 

A A A A 
A A 

A A 
A A 

k 

5 10 
CS EVAPORATION NUMBER 

15 

> 
z o 

u. 

(X 
o 

UJ o 
Q: 

XBL 7912-13638 

Figure 35. Surface work f u n c t i o n — A , and NISEC f o r 400 eV/d—O 

and 900 e V / d — • , D, inc ident vs evaporation number 

f o r Cs deposited on a Ni substrate cooled by l i q u i d 

n i t rogen. 



86 

.08 

.OS 

z o 
I -o cr o. 

z 
LU 

e 
z 
a 
_i 

O 

.02 

.01*-

A 
A A 

A 

8 

A 
A 

k 

O 

A 
A 

I I I I I L 

o % 
o • • 

* 0 O 

O - 2 7 0 EV/P H%\ 

• - 4 1 0 EV/P H p 
CS/CU (77 K) _ 

J I L 
10 

o 
i~ 
o 
2 
U. 
:*: a: o 

LU 
a 
cc 

CS EVAPORATION NUMBER 

XBL 7911-12674 

Figure 36. Surface work f u n c t i o n — A , and NISEC f o r 270 eV/p— o 

and 410 e V / p — # , H, i n c i d e n t vs evapora t i on number 

f o r Cs deposi ted on a l i q u i d - n i t r o g e n - c o o l e d Cu subs t ra te . 



- 87 -

.oaf— „ ° u ° ^ » • o T aH8 
ft 

T^~T 

o 

Ld 
Q 

.01* 

O o ° ° 
^ w ° « • • o T a-
o • , - _ • • 9 * 

A 
o 

A A 

O-400 EV/D D" 
• - 9 0 0 EV/D D"£ 

M— CS/M0C77K] 

A A £ * A A 

A 

g 
i— o z 

O 

bJ 
C5 

< 

A ^ A 

A A 

5 " 10 15 
CS EVAPORATION NUMBER 

XBL 7911-12673 

Figure 37. Surface work funct ion— A , and NISEC f o r 400 eV/d—o 

and 900 eV/d— • , D, incident vs evaporation number 

f o r Cs deposited on a l iqu id nitrogen-cooled Mo substrate. 



- 83 -

.50r i—i—r 

A 
A 

i—i—i—i—;—r "1 i i~ 

Z 
o 
cc 
UJ 
I -
Z> 
LU 
Q 

O 

•s. 
Q 

.10 

h 
^ . 0 5 r 

& A 
A A 

A 4 A 
A . A 

A A A A & A 
A A A A 

& A &k & 

- , 5 

- 4 

- 3 

-2 

^ o ° 2 a 

o o 

o 
O-400 EV/D D, 

• - 9 0 0 EV/D 
CS/W C77K] 

,01§ 1 1 1—1 I I i I 1 1 1 I i i I I I I L 

> 
LLJ 

I— 
O 

cc o 

CD 

or 

5 10 
CS EVAPORATION NUMBER 

15 20 

XBL 7911-12693 

Figure 38. Surface work funct ion—A , and NISEC fo r 400 eV/d— o , 

and 900 e V / d — • , D, incident vs evaporation number 

for Cs deposited on a liquid-nitrogen-cooled VJ substrate. 



- 89 -

The Cs on Mo and Ni results could be explained in the same way as 

the Li results: Assume that the Cs coverage at the work function 

minimum is thick enough to influence the backscattered distribution and 

reflected fraction. As the Cs coverage is increased, the losses in the 

NISEC due to increased work function would be compensated by the 
31 increased reflection from Cs (Marlowe results show that at these 

energies, Cs reflects about 25 percent more particles than Mo and 40 

percent more than Cu, which is comparable to Ni). If the reflection 

from Cs increases over the entire range that the work function 

increases, there would not necessarily be a maximum in the NISEC, as is 

the case for 900 eV/d D, incident on Cs on Mo. If the Cs thickness 

masks the substrate before the work function has attained the value of 

thick Cs, the NISEC will decrease as more Cs is deposited until the work 

function reaches the thick Cs value, giving rise to a NISEC maximum as 

is the case for the lower incident energy in Figure 35 (the range of 

400 eV/d deuterons is less than the range of 900 eV/d deutrons, so a 

thinner layer of Cs equired to mask the substrate for the lower 

energy particles.) 

Because a method for measuring the alkali metal thickness on the 

target was not available and since the coverage of Li on Cu and W and 

the coverage of Cs on Mo and Ni could be many atomic layers thick, it is 

not known what thickness the coverage of Cs on Cu and W was at the work 

function minimum. 
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C. Data Fitting 
Hiskes and Schneider have developed a technique to quanti

tatively determine the dependence of the NISEC upon R N, f and P_: 
31 

The Marlowe code was used to obtain the angular a.d energy distri
butions of protons and deuterons reflected from each of the alkali-metal 
targets. The angular distribution closely approximated a cosine distri
bution so that n(v)dv could be separated into two parts and the angular 
dependence integrated out of equation (9) of Chapter II (see Appendix 
F), giving: 

NISEC = -ji-j | V B \ l - u/v - e a / v ( l - Hli)] 

.2 » / ,»n n 
- J [T + n( B/v) + I [~1] » ] n=l nnlv 

+ (*?) [Y + JW •a + i ( - 1 ) n K B ) n

] l n ( v ) d v 

v L. nnlv J v ' 
n=l J 

where a = P(x)dx 
xo 

m ( P(x)d> 
Jo 

B = Q(x)dx o 

y = 0.57722.... = Euler's constant. 
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The reflected energy distribution was divided into ten equal parts 

and converted into a velocity distribution. The resulting velocity 

distribution was divided into ten equal increments and the number of 

particles in each increment was determined. Then the integral in 

equation (2) was replaced by a sum over the velocity increments. 

1 0 r - e / v i - ° / v i ft+ 
N1SEC = I k j e J [ 8 / V j - e J (1 - - ^ )] 

j - l j 

n..n 
( e / v , ) 2 [Y + n B/v, - I ( ~ 1 } B J (3) 

J J n=l nn: v , n " 

+ ( ° + B ) 2

 r , + islii + ? ( - D n (« +B) n i 
2 L T v . , , n J 

v . 3 n=l nn!v-
J J 

where A. = the total number of reflected particles in the j 

velocity increment, normalized to N. 
th v. = the average velocity in the j velocity increment. 

J 

For each alkali-metal, the A- values were calculated tor various 

proton and deuteron incident energies, and are tabulated in Table 2. 

The measured MSEC values were used for the left hand side of equation 

(3) and a least squares fitting program was used to determine a and B. 

The infinite series in Equation (3) were carried out to 130 terms; fits 

were made using 50, 75, 100 and 130 terms and the differences in the 

values of o and e obtained with 75 and 130 terms was less than 1 

percent. Also, some fits were made using five velocity increments as 

well as ten and again, the values of a and B changed by less than 2 

percent each for both cases. 
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Usually, ten or more data points were used to determine a. and B. 

Since only two parameters were determined by ten equations, they were 

over-determined and a good fit to the data is unlikely unless the 

functional form of the expressions is correct. The closeness of the 

fits indicate that this is the case. 

The a and a obtained for each of the alkali metals are given in 

Table 3. (Note that these a and B are based upon a normalization of 

velocity such that the velocity corresponding to a 200 eV proton is 

unity). The NISEC values based upon these a and s are plotted in the 

overlays to Figures 22 through 31. It is encouraging to see that the 

same values of a and B fit the NISEC curves for both H and D incident on 

a given alkali-metal target. This result is expected because the prob

abilities of formation and survival should only depend upon surface 

properties of the target, the binding energy or the negative ion, and 

the exit velocity of the ion. 

With values for a and B, we now have analytical expressions for the 

probabilities of formation and survival of H~ and D" as a function 

of exit energy. We can compare expression for the survival probability 

obtained with this fit to the theoretical calculations of Hiskes and 
23 Karo . From Figure 39, we see that the agreement is very good in 

terms of the shape of the curves. 

The probability that a particle leaving the target at a given 

perpendicular exit velocity will be detected as H~ is the production 

probability and is given by the product of formation and survival 

probabilities. The production gives the upper limit of the NISEC for a 

given surface: If all the incident particles were reflected with the 



TABLE 3. Summary of the results of the least squares fits to the NISEC data. 

Target a B 
Work 

function 
* w(eV) 

* 
Eexit ( f P-U , t a/n e a / n ^ - 0 . 7 5 ) 1 5 

Cs 0.387 0.479 1.86 85 0.215 2.09 2.24 
Rb 0.435 0.578 2.08 120 0.204 1.85 2.15 
K 0.500 0.649 2.24 150 0.207 1.72 2.11 
Na 
Li 

0.940 
0.394 

0.944 
1.09 

2.28 
2.42 

370 
325 

0.249 
0.113 

1.71 
0.394 

2.13 
0.52 

- 
95 -

* 
Ê x'it is the perpendicular exit energy of a proton, corresponding to the maximum 
in the production probability. 

+ 
n e is the conduction electron density normalized such that n is unity for Li. 
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Figure 39. H~ survival probabi l i ty vs perpendicular e x i t energy, 
23 as calculated by Hiskes and Karo f o r a surface work 

funct ion of 2.25 eV—, and as calculated using the 6 = 

0.65 from the f i t to the potassium NISEC (Work function 
40 of 2.24 eV ) obtained in this paper . 
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optimum exit velocity the NISEC would equal the maximum production 

probability. The production probability at the optimum exit velocity is 

tabulated in Tcble 3 for each of the alkali metals. It is interesting 

to see that Na has the highest production probability of all the alkali 

metals. 

Na has the highest production probability because it has the highest 

value for a, even though it has the second highest value for B: The 

high B gives a low probability of survival, but is compensated by the 

high a which gives a high probability of formation. Based upon work 

function considerations, we would expect Cs, with the lowest work 

function, to have the largest a. Since this is not the case there muet 

be other factors in o. In fact, it was discovered that if a was divided 

by the conduction electron density, n , (assuming one conduction 

electron per atom), the ordering became as expected based only on work 

function considerations (see Table 3). Note how close the values of 
40 a/n are for K and Na, whose work functions only differ by 0.05 eV. 

When a/n was multiplied by the square root of the difference between 

the target work functions and the H~ binding energy, the resulting 

value was the same for four of the five alkali-metal targets, Li being 

the exception (see Table 3). 

Since a and B depend upon surface properties of the target and not 

bulk properties, we should be able to predict the NISEC for H bombarding 

a Cu target with just enough Na (~1 monolayer) to give a surface work 

function of thick Na (2.3 eV): Tlie a and B which were obtained from a 

thick Na target were used, along with the n{v) from the Marlowe-" c o d e 

for a Cu target. The measurements of the NISEC from a Na on Cu target 



- 98 -

are shown along wi th the predicted values in Figure 40. As can be seen, 

the agreement i s good, which is fu r ther indicat ion of the v a l i d i t y of 

t h i s analysis. 

ft 
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Figure 40. NISEC vs incident energy f o r H3 incident on a Cu 

target with thin Na coverage, such that the surface work 

funct ion is the same as that of thick Na. The experimen

tal measurements are given by — O, and the predictions 

using the a = 0.940 and B = 0.944 obtained f o r thick Na, 

along wi th the backscattered d is t r ibu t ion from Cu are 

given by — X. 
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CHAPTER VI 

APPLICATION OF RESULTS TO CONTROLLED FUSION 

There are currently two types of negative ion sources for neutral 

beams which would use surface production: (1) The converting surface 

(where H and H are converted to H~) is within the discharge and 

(2) the converting surface is expernal to the discharge. The first type 
7 R Aft 

includes the Magnetron ' and the Self Extraction Source. In 

these sources a sheath potential exists between the discharge (the 

source of the particles to be converted to H~ and the converter 

surface. Positive ions are accelerated through the sheath, and because 

the potential drop across the sheath is large compared to the ion 

energy, the ions are incident normal to the surface. In this case, the 

results of the present experiment have a direct bearing. Because less 

than 10 percent of the incident particles are converted to H~, a large 

flux to the conversion surface is required to achieve sizeable H~ 

currents from the source. The required flux will be even larger when we 

cake into consideration that once the H~ is produced it must still 

traverse the plasma before it can be extracted, so only a fraction of 

the H~ ions will make it out of the source. 
21 31 Computer calculations * of reflection of particles with 

energies greater than 100 eV, normally incident on surfaces show that 

less than 50 percent of the incident particles are reflected and even 

less of the incident energy is reflected (see Figure 41). Therefore, as 

a result of the large incident flux, the converter is heated by the 

deposited energy, and this energy must be removed to preserve the 

surface—this is the reason the Magnetron is operated in a pulsed mode: 
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Figure 41 . P a r t i c l e and energy-ref lected f rac t ions f o r hydrogen and 

helium incident on a Cu target , as a func t ion of the 

angle of incidence, as calculated by the Marlowe Code 31 
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to allow cathode cooling between pulses. Converter heating will always 

be a problem, even if all the emerging particles were H~, at least 

half of the incident energy is still deposited in the converter and must 

be removed. 

Another problem arising from a high flux to the converter is the 

sputtering away of the converter surface. The low work function 

surfaces used to enhance the H~ yield from the converter are made up 

of a thin coating of Cs on W or Mo, so that a means for replacing the Cs 

coating is necessary to maintain the H~ production. The presence of 

Cs in the discharge allows the establishment of an equilibrium between 

sputtering and condensation of Cs at the converter surface. But if some 

of the more exotic surfaces with lower work functions (i.e., BaO—$ = 
w 

1.4 eV, Cs o0„—$ =1.1 e V ) 4 4 , 4 9 are used to enhance the Z Z w 
conversion efficiency, they will be sputtered, and it may not be 

possible to replenish the surface by condensation of constituent species 

from the discharge because of the complex nature of the surface. 

Finally, the converter produces not only H~, but also electrons 

which also get accelerated across the sheath and may be extracted along 

with the H~. These electrons are usually suppressed with a magnetic 

field, but this field must affect the H~ beam optics to some extent. 

In the second type of H~ source, the converting surface is 

external to the discharge. A system using this concept has been 
50 presented by Anderson . In Anderson's scheme, a low energy (about 

20 eV) beam is produced in a separate source and transported to the 

"Venetian blind" converter. The beam is incident on the converter at a 

grazing angle, and a fraction of the reflected particles emerge as 
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H~. Before looking at the relative merits of this concept, we can 

look at the required incident energy of the incident particles, in light 

of the results of the present experiment. 

The NISEC measurements for the alkali-metal surfaces show maxima at 

incident energies on the order of several hundred electron Volts (higher 

for D, which is the isotope to be used for fusion, than for H). The 
21 31 computer simulations ' show that the energy distribution of the 

reflected particles is strongly peaked at an exit energy slightly lower 

than the incident energy, in which case, the optimum exit energy 

(corresponding to the optimum v^ in equation (9) of Chapter II) would be 

approximately half of the incident energy for deuterium. Thus, the 

optimum value for the perpendicular component of the exit energy would 

be of order of 200 eV (for D). Now, going back to the incident energy 

of the particles to the converter, we see that 20 eV is much too low. 

In fact, if we take as an example, a perpendicular exit energy of 200 eV 

and an angle of incidence of 80° to the surface normal, the total beam 

energy would be 6.6 keV, and if the positive beam is made up of D ? or 

D,, this energy would be doubled or tripled. 

With this higher energy in mind, we can now look at the merits of 

Anderson's approach: 

(1) The grazing incidence onto the converter has several advantages: 

(a) The NISEC should be as much as three times larger than 

measured in this work because of the increased reflected 

fraction alone (see Figure 41). 
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(b) The energy distribution of the emerging particles will be 

more shaprly peaked, so that a larger fraction of the 

reflected particles will be H~. 

(c) Because of the much larger fraction of the incident energy 

and the incident particles which are reflected, the heat 

deposited in the converter will be minimized. 

(d) The sputtering rate will be much lower than for normal 

incidence because a much smaller fraction of the incident 

energy is deposited in the surface, so hybrid surfaces 

will last longer, and becasue the converter is outside of 

the discharge, the converter is more accessible. 

(2) Although secondary electrons are produced at the converter, 

their energies are below a few hundred electron Volts, so they 

can be separated from the beam, either electrically or 

magnetically, using field strengths too low to affect the beam 

significantly. 

(3) The "Venetian blind" structure serves as a gas flow impedance 

to separate the relatively high pressure D source from the 

low pressure fusion reactor. 

The above considerations make this approach look promising, but more 

information is needed about the energy distribution perpendicular to the 

beam direction, as well as measurements of negative ion yields for 

grazing incidence. 
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CHAPTER VIII 

SUMMARY AND CONCLUSIONS 

The negative ion secondary emission coefficients (NISEC) have 
+ + + • + been measured for H ?, H 3, D„ and D 3 bombarding thick, clean 

targets of Cs, Rb, K, Na and Li, with incident energies from 150-to-

4000 eV/nucleus. When normalized to the number of nuclei per incident 

molecular ion, the NISEC curves are identical (within experimental 

errors), for incident ions of the same isotope (i.e=, H~ and KL), 

but there is an isotope effect between H and D ions incident. The 

isotope effect is weakest for a Cs target and becomes more pronounced in 

going from one target to another in the order: Cs, Fb, K, Na and Li. 

All targets show a maximum value of the NISEC, for both H and D ions 

incident. The higher the maximum value of the NISEC, the lower the in

cident energy at which it occurs, with the highest NISEC (0.08) result

ing from 300 eV/nucleus H ions on Cs. Also, the value of the NISEC 

decreases in the order: Cs, Rb, K, Na and Li, at any incident energy 

for either H or D ions incident. For all targets except Li, the NISEC 

curves for H and 0 ions incident cross over. 

The NISEC has also been measured for 8.0 keV Ar ions bombarding 

all of the alkali-metal targets, and based upon the results, arguments 

have been presented which indicate that for H and D ions incident, the 

collected negative ions are reflected incident particles rather than 

impurity negative ions spurrered from the target. 
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The NISEC and corresponding surface work function have also been 

measured as a function of thickness for Na, Li and Cs coverages of Cu, 

Ni, Mo and W. In all cases, the work function exhibited a minimum value 

and the NISEC exhibited a maximum value as the thickness of the alkali-

metal coverage was increased, For Na on Cu, even when the Na coverage 

was thick enough to result in a work function equivalent to thick Na, 

the NISEC for the Na/Cu target was twice as large as for thick Na. 

The NISEC measurements for thick alkali-metal targets, along with 

computer calculations of backscattered particle energy-and angle distri

butions, have been used in a least squares fitting program to determine 

two parameters in a semi empirical treatment of negative ion production 

from surfaces. The fits obtained agreed well with the NISEC measure

ments over the entire range of incident energies, as well as for all of 

the alkali-metal targets. 

In conclusion, the following topics are suggested for further 

experimental investigation: 

(1) Since the reflected fraction is important to the NISEC 
238 experiments using massive targets such as U as a substrate 

with a thin coverage of alkali-metal are necessary. 

(2) NISEC measurements using glancing incidence rather than normal 

incidence of the bombarding ions may show increases by a factor 

of two or three. 

(3) Surface analysis apparatus, e.g. Auger spectroscopy, LEED, 

should be added. 
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(4) Single crystal targets should be used so that the target 

conditions can be better defined. 

(5) Targets consisting of metal solutions may enhance the reflected 

fraction. 
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APPENDICES 

A. Impurity Analysis 
37 A residual gas analyzer was modified to enable identification of 

positive and negative ions sputtered from the target. The analyzer 

consisted of three parts: (1) The ionizer head (2) the mass filter and 

(3) the ion detector. Since the particles to be analyzed were already 

ions and operation of the ionizer would ionize background gas, the 

ionizer head was removed, leaving only the mass filter and the detector. 

(1) The Mass Filter 

The mass filter considered of four rods, mounted with their cylin

drical axis on a circle, as shown in Figure 42. These rods were biased 

with a combination of RF and DC electric field, also shown in 

Figure 42. The frequency of the RF was 1.8 MHz and its amplitude could 

be varied from 0 to 2400 Volts RMS to sweep through masses up to 300 

a.m.u. The amplitude of the RF voltage determined which mass would have 

a stable trajectory through the filter and emerge at the exit aperture. 

All other masses would be ejected from the central region of the filter 

and would not pass through to the ion detector. The DC/RF ratio is kept 

constant as the RF voltage is swept, and determines the resolution of 

one mass peak from another. A complete discussion of ion trajectories 
CI CO 

through a quadrupole mass filter is available in the literature. ' 
(2) The Ion Detector 

The ions which passed through the exit aperture of the mass filter 

entered the ion detector, which consisted of a Channeltron {see Figure 

42). The Channeltron multiplied the incident charge by a factor of 
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Figure 42. I l l u s t r a t i on of the components of the quadrupole mass 

analyzer, showing the connections to the channeltron f o r 

both posit ive and negative ion detect ion. 
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10 , and the emerging charge pulses were counted using the electronics 

shown in Figure 15. The voltages applied to the Channeltron had to be 

rearranged when converting from positive to negative ion detection, and 

the appropriate circuits are shown in Figure 42. 

(3) Mass Spectra 

Positive and negative ions were sputtered from the target using 8.0 

keV Ar ions, and only those ions leaving the target at an angle of 

45° entered the mass analyzer. Because of the limited acceptance angle 

of the mass filter and because the efficiency of the detector varied for 

different ion species, the mass scan results were only a qualitative 

measure of the impurity ions from the target. In other words, a given 

mass peak indicated the presence of that mass on the target, but gave no 

indication of the concentration. 

A copper target, which was cleaned by abrasion before entering the 

vacuum changer, was used as a reference surface for the mass analysis. 

Both the positive and negative ion mass scans for this target are shown 

in Figures 43 and 44. The positive ion scan shows the presence of all 

of the alkali metals, as well as, both isotopes of copper and an Ar 

peak due to reflected incident ions. The broad plateau at the low mass 

end of the spectrum is due to the inability of the mass filter to 

separate out higher mass ions with high energy (> 150 eV), because the 

RF and DC fields are almost zero at this end of the sweep. The negative 

ion scan also shows several peaks, mostly carbon compounds with 0~ and 

H~ also present. 
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Figure 43. Mass scan of positive ions sputtered by 8.0 keV Ar 

ions bombarding a Cu target. 
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Figure 44. Mass scan of negative ions sputtered by 8.0 keV Ar 

ions bombarding a Cu target. 
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Figures 45 and 46 show positive and negative ion scans of the same 

copper target with a fresh layer of Na deposited on it. The only peak 

present on the positive ion scan is that of Na which shows that Na 

was indeed evaporated and that the other impurities have been buried 

beneath the Na layer. The negative ion scan still shows some impurity 

peaks, although the relative heights of the peaks have changed and some 

have disappeared altogether. The presence of these sputtered negative 

ions from the target make it necessary to determine the magnitude of 

their contributions to the NISEC (see Appendix E). 

Positive and negative ion mass scans were recorded for all the 

alkali-metal targets and the results were similar to those of Na: The 

positive ion scans showed only one peak, corresponding to the 

alkali-metal present and the negative ion scans showed a few low mass 

peaks. 

B. Work Function Measurements 

Work function measurements were made using the electron beam ver-
36 14 35 

sion of the retarding potential method. ' A diode is made with 

a tungsten filament (the emitter) and the target surface (the col

lector). The difference in the work functions of the emitter (d ) and 

the collector (A ) is known as the contact potential, V = — (0 - d ). 

When the emitter is heated, the electrons which are emitted have a 

Maxwell-Boltzmann energy distribution, so if V > 0, all the emitted 

electrons reach the collecter. If V < 0, then only that portion of 

the Maxwell-Boltzmann distribution with energies greater than eV will 

reach the collector. A voltage applied at the emitter (V ), subtracts 
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XBL 804-9053 

Figure 45. Mass scan of posit ive ions sputtered by 8.0 keV Ar 

ions bombarding the same Cu target as above, wi th Na 

coverage. 



115 

CjHg OH' 0- CH-C" H" 

XBL 804-9051 

Figure 46. Mass scan of negative ions sputtered by 8.0 keV Ar 

ions bombarding the same Cu target as above wi th Na 

coverage. 
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from V„ to give a total voltage, V = V" - V a, between the emitter and the 
0 O a 

and the collector. If the collector current is monitored as V is 
a 

varied, an I-V curve similar to the one shown in Figure IB will be 

generated (see Figure 14 for a diagram of the electronics used to obtain 

the I-V curve). 

V, 

Figure IB. I-V curve for the work function diode, <b > $ . 
e c 

If the work function of the collector decreases by an amount, -A0, then 

V = -V + V* = - (0 -a o e v c <t> ) - V = -V + V *e' a a o :Ut), 
where - — ( A # ) is a positive quantity because •jj is negative for 

electrons. Therefore, the point where the knee in the I-V curve occurs, 
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V, = V„, has been shifted to the right, as shown in Figure 2B, by an a o 
amount equal to the change in the work function of the collector. 

A v =A<f> 
Figure 2B. The shift in the 1-V curve due to a work function change. 

This procedure gives only changes in the collector work function. 

To obtain absolute values of the work functions, and I-V curve must be 

generated for a surface of known work function. In general, when the 

alkali metal coverage exceeds one monolayer, the work function of the 

surface becomes that of the alkali metal, * so the alkali metal 

work function was used as a reference value. 
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C. Particle Orbit Calculations 
The region between the target and the collector plates is permeated 

by perpendicular electric (E) and Magnetic (B) fields. To calculate the 
effects of these fields on a particle at the target surface, we start 
with the non-relativistic equation of motion of the particle: 

m = q[E + I ( v x B ) (1) dv 
BT - 4 L C T c 

if we transfer to a reference frame moving perpendicular to both E and 
B, with velocity, v D, where, 

v = v' +"v D , v D . L i ! , v D 4 c z (2) 

equation (1) becomes 

m dv' _ 
W ~ c 

= ? v ' x l (3) 

which is simply the equation of motion of a charged par t ic le in a 

constant magnetic f i e l d , with no e lec t r i c f i e l d present. This 

motion is a circular orbit, with orbital frequency, u = jjL , 

and radius r. = J1H 
L ~ « 
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To determine if the ions produced at the target reach the collecter, 

we can apply equations (2) and (3) to two example cases: (a) the ion is 

at the target surface with no initial energy and (b) the ion leaves the 

target surface with the maximum possible energy, parallel to the drift 

velocity, v^. 

Case (a): 

For v = 0, v' = - |£z = - v D . 

As a worst case example, let E = 100 Volts/cm and B = 350 gauss. 

v' = 2.86 x 10 7 cm/sec. 

w = 3.4 x 10 radians/sec for hydrogen; 

therefore, r. = 8.5 cm. 

This value of the particle orbit radius, r. = 8.5 cm, is large 

compared to the gap between the target and collector plates, but in the 

laboratory reference frame, the particle has a velocity component in the 

z direction, and depending upon the time required for the particle to 

get across to the collector, it may have drifted up so far as to be 

above the collector plate, and miss it completely. To examine this 

possibility, we need to know the angle, a, (see Figure 1C below): 

,.„r-V 8' 5 cm - 1.5 cm\ n c v. aj^ a„ r © = cos ( o c ) = 0.6 radians \ 8.5 cm / 

therefore, the time required for the particle to get across is 

- = 1.8 x 10~ 7 sec 
til 
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In this time, the particle has moved in the -z direction in the drifting 

reference frame by 

AZ = r, sin e = 4.8 cm 

and in the laboratory reference frame, the gryo-center (the point about 

which the particle orbits) has moved in the +z direction by 

V D x time = 5.15 cm 

so the net motion of the particle in the z direction is 0.35 cm, which 

is small compared to the height of the collector plate (3.65 cm), and 

the ion will be collected. 

t A z V 
• ^ 4> 

Az 

Figure 1C 
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Case (b): 

ThD conditions are the same as case (a), except this time the 

particle has an energy of 100 eV, which corresponds to a speed of 
7 1.37 x 10 cm/sec, and is directed along +z. 

v' = v Q - v = 1.5 x 10 cm/sec 

u = 3.4 x 10 radiams/sec 

therefore r. = 4.4 cm 

We repeat the same steps as above to determine whether the particle 

passes over the top of the collector, or is actually collected. 

Referring again to Figure 1C: 

© = c o s " 1 ^ ' 4 ^ 1 , 5 ) = 0.85 radians 

the time required to get across to the collector is 

t = - = 2.5 x 10~ 7 sec u 

in this time the particle has moved in the -z direction in the drifting 

reference frame by 

AZ = r. sin © = 3.3 cm 

and in the laboratory reference frame, the gyro-center has moved in the 

+z direct ion by 

v n x t = 7.15 cm 
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so the net motion is 3.85 cm in the +z direction, which is slightly 

higher than the top of the collector plate, so the particle will not be 

collected. Since this is an extreme case, we can be sure the particles 

coming off the target with less energy or moving with a small component 

of velocity directed toward the collector will be collected. Further-

more, the experimental measurements indicate that those particles 

leaving the target and satisfying the extreme conditions used above are 

too few to affect the results. 

D. Error Analysis 

A summary of the possible sources of error in this experiment is 

presented below: 

(1) Incident Particle Energy 

The accelerator voltage was periodically calibrated with an electro

static voltmeter, over the entire range of operation, but the digital 

voltmeter display of the voltage could only be read to an accuracy of ±2 

percent. The energy spread of the ions leaving the source was less the 

2 eV and did not contribute measurably to the uncertainty. However, the 

total incident energy was the sum of the accelerator energy and the 

target bias. The bias supply was also calibrated with an electrostatic 

voltmeter and found to be accurate to ±5 percent. Finally, there was 

the possibility that accelerated ions could be neutralized before 

striking the target, and thus have a lower incident energy. Any such 

effect was cancelled out by taking readings of the collected negative 

ions with the charge component of the beam steered onto the target and 

with the beam steered into the collimator Faraday cup. 
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(2) Incident Ion Species 

Since all of the ions from the accelerator have the same energy, and 

since the momentum analyzing magnet is sensitive to the ratio of charge 
+ + 

to mass only, a beam of H« could be contaminated with D and a 

beam of H 3 could be contaminated with HD . To minimize cross-

contamination, the accelerator was run on Ar gas between switching from 

H ? to D ?, then the relative magnitudes of the mass 1 through 6 peaks 

were compared. The results showed three dominant peaks (1,2, and 3 for 

H„ and 2,4, and 6 for D ?) which were two to three orders of magni

tude larger than the three remaining peaks. 

(3) Uncollected Negative Ions 

A discussion of the loss of negative ions due to the collector 

geometry is given in Chapter IV, and is summarized below: 

From Figure 16 and Appendix C, it can be seen that less than 1 

percent of the negative ions pass beyond the boundary of the collector 

plate. The loss of negative ions through the aperture in the collector 

plate is shown in Figure 17 to be less than 3 percent. Therefore the 

total uncollected negative ion signal is less than 4 percent. 

(4) H leaving the collector 

Neutral and negative ions striking the collector can be reflected as 

positive ions, which are accelerated back to the target. The net effect 

would be the same as if an extra negative ion reached the collector for 

every positive ion which left. This effect was investigated by 

measuring the NISEC from a Na target with a stainless steel collector 

and with a Na covered collector. Although the work function of the 

collector was varied from 4 eV (stainless steel) to 2.3 eV (Na), 
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and the charge distribution of the particles leaving the collector was 

correspondingly altered, no change in the measured NISEC was observed. 

Since no change was observed, the effect of H leaving the collector 

must be less than the uncertainty of the measurement (± 5 percent). 

(5) Electronics 

The signals from the collector and the collimator-Faraday cup were 

read by picoammeters, whose output was displayed on digital volt 

meters. The Picoammeter-DVM units were calibrated with a standard 

source within one percent, but fluctuations in the beam resulted in an 

uncertainty of ± 5 percent in the DVM readings. 

(6) Work Function Measurements 

The change in the target work function was obtained from an I-V 

curve (see Appendix C), by extrapolating two lines to their inter

section. The uncertainty resulting from errors in the estimated slopes 

of these lines was ± 5 percent. 

(7) Impurities 

The impurity contribution to the NISEC was less than 5 percent of 

the signal, as explained in Appendix E. 

E. Sputtered Negative Ions in the NISEC 

To determine what fraction of the NISEC was due to negative ions 

sputtered from the target, 8.0 keV Ar ions were used to measure the 

NISEC 5 3 from each alkali-metal target. The results of the Ar + NISEC 

measurements, as well as the hydrogen NISEC measurements for each 

alkali-metal target are summarized in Table IE. 
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The Ar NISEC is fairly constant for all of the alkali-metal 
54 targets. Since Ar is not known to exist, the NISEC must be due 

to negative ions sputtered from the target. Since Ar sputtering rate 

is fairly constant from one target to another, we would expect similar 

results for the hydrogen sputtering rate. However, the NISEC measure

ments for hydrogen vary by two orders of magnitude from Li to Cs. To 

estimate the fraction of the hydrogen NISEC which is due to sputtered 

negative ions, assume that for deuterium on Li, all of the collected 

negative ions are sputtered and that there are no reflected D~. The 

ratio of the D-NISEC to the Ar-NISEC can be used as a scaling factor for 

the other alkali-metal targets, for example. 

Sputtered D-NISEC for Na = S r ^ f l | c
f f o r

L U X A r ~ N I S E C f o r N a 

The sputtered negative ion contributions to the NISEC 1s, as calcu

lated above are also shown in Table IE. It can be seen that they are 

less than 10 percent of the total NISEC. Furthermore, if the NISEC for 

D on Li is compared to that of H on Li, it can be seen that the H-NISEC 

is about three times larger than the D-NISEC. If it were true, as 

assumed above, that the NISEC for D on Li were due to sputtered ions 

only, then it would be larger than the H-NISEC on Li because at the same 
55 56 incident energy, D sputters more efficiently than H. ' Since the 

reverse is true, at least some of the H-NISEC on Li must be due to 

reflected negative ions, so some of the D-NISEC must also be due to 

reflected particles. Thus the procedure used above gives an upper limit 

of the sputtered ion contribution to the NISEC. 



TABLE IE. HISEC measurements for D and Ar beams bombarding the same targets. These measurements 
were used to determine an upper bound for the sputtered-impurity-negative-ion 
contribution to the NISEC. 

Target 1 keV 0-NISEC 8 keV Ar-NISEC D-NISEC for Li 
Ar-NISEC -or Li 

0.0012 

0.00082 

0.00080 

0.00163 

0.00200 

x Ar-NISEC 
Maximum 
impurity 
fraction 

Li 0.0012 0.0130 

Na 0.019 0.0089 

K 0.034 0.0087 

Rb 0.055 0.0183 

Cs 0.076 0.0217 

1.0 

0.043 

0.024 

0.031 

0.026 
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F. Derivation of the NISEC Fitting Function 

We start with Equation (9) of Chapter II: 

NISEC = 1_' 
-a/V -B/V 

n(v)(l-e ) e dv (IF) 

where P(x)dx 

B = Q(x)dx 

For a cosine distribution of backscattered particles, we can write: 

n(v) = n(v)Acos(e)d(cos(e))d0 

where A is a normalization constant given by: 

2* 1 
Acos(&)d(cos(e))d0 = l = 2nA (cos e)' 2TTA 

2 
o o 

Also, n(v) is isotropic in 0, so that the integral over d# gives 2*, 

which is cancelled by the 7-=—r-factor resulting from normalization. 
(2-rr) 

Equation (IF) becomes: 

-a/vcos(e) -e/vcos(e) 
NISEC = —\ n(v)cos(e)[l-e ]e d(cos(e))dv 

1 v 0 

i 
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If we look only at the integration over ©, and let a/v = a and B/V = b, 

we get: 

1 
f -b/cos(e) -(a+b)/cos(e) 

1(e) = 2 (cos(e)e - cos(e)e )d(cos(e)) (3F) 

Let 

C0S(9) = U, 

then 

so Eq. (3F) gives: 

d(cos(©)) - 4 " 
u 

1(e) = 2 C e du - I -(a+b)u 
du] 

Both intecrals are of the same form, with different constants in the 

exponents. The integrals can be found in the Handbook Mathematical 

Functions as number 5.1.4 and are given by 

-bu _bu 
du = -

\ "" 2u< 
b e -bu 
2 u 

b 2
 r , .... . v (-l)V - §- [ T+ bib + I 

1 n=l nnl 

where Y = Euler's constant = 0.57722. 

-bu -b . -b .2 » / •. %n. n 
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Therefore, 

1(8) = 2 [Sg-tl-b) - §- [y * an * I ̂ A - ] - S-g (l-(a+b)) 

• i i | b ) 2

[ Y + i n ( a + b ) + 1 Hn^f 3 ] 

n=l 

substituting B/V for b and a/v for a, and re-arranging the terms we get 

I(o) = e - e / v [ l - 6 / v - e a / v ( l - ^ ) ] 

- (£)[Y + *n(B/v) + I ( " 1 } ^ / V ) n ] n=l 

+ (SlS.) r Y + in Sii ? (-l)"[(«+B)/v1n
1 v v ' L Y * n v i. nn: J 

n=l 

The NISEC is given by 

NISEC = j - ( 1(e) n(v)dv 
1 v 

which is Eq. (2) of Chapter V. 
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