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ABSTRACT 

Design and Construction of a Merging Beams Apparatus for Investigation 

of Atomic and Molecular Collision Processes in the 0.05 to 100 eV 

Energy Range 

by 

Ken A. Smith 

This thesis discusses determination of cross sections for atomic 

and molecular collision processes using the technique of merging beams. 

The design of a merging beams apparatus is outlined, and detailed design 

considerations for the beam-forming portion of the apparatus are given. 

Results of preliminary testing of the beam-forming portion of the appa¬ 

ratus show that the beams produced have the high current and low diver¬ 

gence required for merging beams experiments. 
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Background 

This thesis describes the development of an apparatus designed 

to facilitate study of atomic and molecular collision processes in the 

energy range 0.05 to 100 eV. Since the construction of this device 

is not yet complete, this thesis has the form of a research proposal 

and report on preliminary testing of portions of the apparatus. 

The distinguishing feature of the apparatus is that it employs a 

relatively unexplored technique for obtaining data on atomic collisions: 

the technique of merging beams. As will be shown, this technique has 

significant advantages over other methods of obtaining information 

about thermal and near-thermal atomic and molecular collisions. The ap¬ 

paratus is designed specifically for use as a merging beams machine, 

and the features which make it different from (and hopefully an improve¬ 

ment upon) other similar machines will be emphasized. 

Why Do Merging Beams? 

Atomic and molecular collisions in the energy range from 0.01 

to 10 eV are of great interest in aeronomy, astrophysics, chemistry, 

and (obviously) atomic physics. The aeronomical and astrophysical 

interest stems from the fact that this energy range encompasses the ther¬ 

mal energies of atomic and molecular species in many planetary and stellar 

atmospheres.. Studies in the erergy range in question are also parti¬ 

cularly relevant to investigations of chemical processes, since these 

energies correspond to the range of activation energies for many 

chemical reactions. There is evidence that in some chemical reactions 

the mechanism by which heavy particle transfer occurs changes as the 
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energy of relative motion of the reactants in increased form 0.1 eV to 

10 eV (Herman et al., 1967). Furthermore, data in this energy range 

is needed to test recent theoretical treatments of heavy particle 

collisions (Mapleton, 1971)» 

Other Techniques for Study of Low-energy Collisions 

Two broad classes of experimental techniques for investigation of 

slow heavy particle collisions have evolved since J.J. Thompson first 

observed the product of an ion-molecule reaction in 1912: high-pressure 

techniques and beam techniques. The high-pressure techniques utilize 

apparatus in which the mean free path for all types of collisions is 

smaller than the inside dimensions of the apparatus. For instance, in 

a flowing afterglow device, reactants may make dozens of elastic col¬ 

lisions with the buffer gas prior to reacting. High-pressure apparatus 

includes mass spectrometer ion sources, drift tubes, and stationary and 

flowing afterglows. High-pressure methods were the first techniques 

applied extensively to the study of ion-molecule reactions, and con¬ 

siderable experimental ingenuity has been invested in them over the past 

four decades. Through these techniques, cross sections for hundreds of 

important ion-molecule reactions have been obtained (McDaniel et al., 1970). 

However these methods generally do not yield as much detailed information 

about a spécifié reaction process as do beam studies, since the products 

in high-pressure investigations often are observed after having undergone 

more than one type of collision event,thereby complicating extraction 

of information relevant to the process of interest. For example, in 
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afterglow and drift tube experiments, a detailed analysis of diffusion 

processes occurring in the apparatus is often essential to the interpre¬ 

tation of the experimental results. Usually the high-pressure techniques 

do not yield kinematic information about the processes investigated, 

although pulsed ion source techniques which provide accurate energy 

determination of primary and product ions have been reported (McDaniel 

et al., 1970, pp. 23-28). 

Investigations of collision processes by observation of products 

resulting from the passage of a beam of particles into a chamber contain¬ 

ing gas or into another beam of particles have been quite succesful during 

the past twenty years. The use of beam techniques usually permits 

clear identification of the reactant and product species with respect 

to charge-to-mass ratio, kinetic energy, and (in some instances) internal 

energy (Chupka and Russell, I968; Turner and Rutherford, 1968; Schflttler 

and Toennies, I968). An important feature of most beam experiments is 

that they are carried out under "single collision conditions"; that is, 

the density of the gas with which the beam interacts can be made suffi¬ 

ciently small that the probability that any given beam particle will 

undergo a collision with a target gas particle is very much less than unity. 

The probability of one beam particle undergoing two or more collisions 

is therefore negligible, and the products which are detected can be 

identified as particles which have been involved in only one collision. 

With the collision event and the reactants clearly defined, it is 

possible to extract not only cross sections for atomic and molecular 

processes, but also information about the specific mechanisms by which 

these processes occur (Herman et al., I96?). 
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Recently, a number of investigators have conducted succesful studies 

of ion-molecule reactions in the range of 0.5 to 5*0 eV using gas cell 

and crossed beam techniques (Dump and Dump, I967; Giese and Maier, 1963)» 

These research efforts reveal several difficulties inherent in work with 

low energy ion beams. The main problem is the production and maintenance 

of low energy ion beams of adequate intensity with a sufficiently low 

energy spread and low angular divergence. The exact causes of these 

difficulties vary from apparatus to apparatus, but include the following. 

1) Space charge limitation of the primary beam. Due to the mutual electro¬ 

static repulsion of the ions within an ion beam, a limited current can pass 

through two apertures of diameter d separated by distance 1. For circular 

apertures, this maximum is given by 

where V is the beam energy in keV, I is the maximum current passed in 

milliampères, and m is the ion mass in amu (Klemperer and Barnett, 1971). 

2) Ion sources of insufficient brightness and/or too large an energy 

spread. All ion sources emit beams that have some angular divergence and 

a finite energy spread. Depending on the exact nature of the ion optics 

used, the consequence of this fact is that not all of the emitted current 

can be formed into a useful beam. For instance if the energy spread 

of the beam leaving the ion source is 1 eV, and one wishes to do a crossed 

beam experiment with reactants of equal mass at a center of mass energy 

of 1 eV, with an energy resolution of 10$, then more than 90$ of the > 

primary beam must be discarded. . 
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3) Ion optical difficulties arise since deceleration of a beam of 

charged particles does not alter the transverse components of beam 

particle velocities — hence the beam may diverge rapidly after 

deceleration. 

In experiments involving low energy ion beams, efficient extrac¬ 

tion of the product ions from the region of their formation is often 

difficult, because strong extraction fields alter the trajectory of 

the primary ion beam. Since slow ion beams are easily deflected by 

very small electric fields, any variation of the electrostatic poten¬ 

tial near interior surfaces of the apparatus due to surface contam¬ 

inants, contact potential variations and thermocouple effects must be 

eliminated. 

As outlined in the next chapter, the merging beams technique 

combines many of the advantages of beam techniques with the capabil¬ 

ity for studying low energy processes while circumventing most of the 

difficulties inherent in the use of low energy ion beams. 
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II 

The Merging Beams Technique 

In 1959 C.J. Cook and C.M. Ablow suggested the possibility of 

studying atomic and molecular interactions at low energies by using 

two superimposed high-energy beams traveling in the same direction 

(Cook and Ablow, 1959)* In I966 groups in the United States and in 

the Soviet Union presented preliminary reports of some symmetric 

resonance charge transfer cross sections measured using this tech¬ 

nique (Belyaev et al., 1966; Neynaber et al., I966). The Soviet group 

used a single beam method (Fig, i) in which an ion beam is partially 

converted to a fast neutral beam by passage through a cell containing 

gas at a pressure of about 10 TOIT. The beam emerging from this 

charge transfer cell consists of ions and neutrals of nearly the same 

energy. The ions in the beam are decelerated slightly, giving them a 

small velocity relative to the neutral particles in the beam. The ions 

and neutrals then travel together for some fifteen to twenty cm. At 

the end of this interaction region, all the ions in the beam are accel¬ 

erated so that the primary ions return to their initial energy. The 

result of this acceleration is that those ions formed within the 

interaction region have an energy slightly greater than the primary 

ions, and can therefore be distinguished from the primaries by energy 

analysis. 

The apparatus of Neynaber, Trujillo and Rothe (Fig. 2) is more 

elaborate and versatile than the apparatus of Belyaev et al. Neynaber 
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et al. use two separate ion sources, thereby producing ion and neutral 

beams of different species. One of the two ion beams is partially neu¬ 

tralized by charge transfer in a gas cell, and the remaining ions are 

electrostatically deflected from the beam. The remaining neutral beam 

then passes through the magnetic field which momentum analyzes the ion 

beam from the other ion source. The neutral beam and the ion beam 

merge in this magnetic field, and travel coUinearly for about fifty 

cm. The relative velocity of the two beams can be adjusted either 

by varying the potentials of the ion sources with respect to the poten¬ 

tial of the interaction region or by the deceleration technique of Belyaev 

et al. The ion beam emerging from the interaction region is then 

momentum- and energy-analyzed to separate the product ions from the other 

ions leaving the interaction region. Recently, Neynaber et al. have 

demonstrated the versatility of their apparatus, adapting it to studies 

of reactions between two neutral species by insertion of a second 

charge transfer cell downstream from the merging magnet (Neynaber et 

al., 1969). 

Since 1966 at least three other groups have reported measurements 

made by the merging beams technique (Brouillard, 1968; Aberth et al., 

1968; Weiner et al., 1970). However the apparatus of Neynaber et al. 

has been the most productive to date, and the apparatus to be described 

in this thesis bears more resemblance to Neynaber"s apparatus than to 

any of the others. The proposed apparatus will hopefully realize 

improvements in the basic design of Neynaber et al., resulting in an 

increase in the accuracy with which cross sections can be measured, 
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and in an extension of the lower limit on the size of cross sections 

which can be measured with the merging beams method. 

Lab to C.M. Energy Transformation 

To understand the basic concept of the merging beams technique, one 

must examine the relative energies of particles traveling in two collinear 

beams. The barycentric energy, W, of two particles of masses m^ and nig 

traveling with velocities v^ and Vg in the laboratory can be expressed 

_ I .. .. *2 (n-i) W 
Where fJ,the reduced mass of the system consisting of m^ and mg. 

From Fig. 3a, one can write 

W= 2/1 (V|2+ ^2 ~2V|V£ cos 6) (II-2) 
2 2 

Inserting E^ - -gm^v^ and Eg “ i nigVg, where and Eg are the lab 

energies of particles in beams 1 and 2 respectively, W becomes 

w (|U!2-2,/SS coSe) w mg V n)|m2 7 

û 92 

and for small values of C7, cosQ= and 

(II-3) 

w (Eiti2.2/51? .e2/El?\ (nJf) w /M m, m2 y m, m2 ° K±±^ nrj| m21 

Consider the sensitivity of W to changes in Eg by expressing W in terms 

of Ej_ and a reduced energy variation, AE^ where 

Aer= ^E2-E 
(II-5) 

W= /X 

Then W becomes 



Fig 3 Newton diagrams 
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W 

1 * ' *t ' c, » / (II-6) 

Eq. (II-6) reveals two important facts: first, for small values of AE^/Ej, 

W is substantially smaller than AEr; and second, W depends on AE^ through 

second and higher order terms in AE^/E^. Thus if AE^/E^ is small, a 

change in AE results in a change in W which is smaller than AE by a 
r r 

factor of 2 • Therefore for 9=0 and collision partners of 

equal mass m, Eq. (II-6) reduces to 

W = . ± (A Er)
2 = (E,-Eg^ 

8 E 8 E (n-7) 

If there is a small change in AEr,S(AEy), the corresponding changeSw 

in W is 

8w-^8(AEr)= .^^S(ErE2) t11-®) 

As seen in this example, if AE^ « E^, the difference in the lab energies 

of the two beams (E^-E^) is considerably larger than the center of mass 

emergy of collision Wy and variations in W due to variations in E^ and 

are much smaller than the corresponding variation in (E^-E^)» Neynaber 

refers to this phenomenon as the energy deamplification effect, and the 
££r 

quantity ~Çj asthe energy deamplification factor (Neynaber er al., 1966). 

It is this energy deamplification effect that renders the technique 

if merging beams a viable means of investigating low-energy collision 

processes. Ion beams of a few keV energy and one or two eV energy 
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spread are readily produced in the lab. Table (II-l) gives a numerical 

example of the way the energy deamplification factor affects the 

relation of the C.M. and lab energies of two beams for the case of beams 

of mass 1 and mass 16. 

The primary limitation on the energy resolution and minimum inter¬ 

action energy obtainable derives from the e2 term in Eq. (II-6). If 

the angle Q of intersection of the path of a particle in beam 1 with the 
path of a particle in beam 2 ranges up to some maximum angle then 

the uncertainty Aw. in W due to the range of 9 is 

Av m2 n2 F 

mi+m2C7maX I 

For a typical apparatus geometry, Aw 
0 

(II-9) 

Available Signal 

An often cited drawback of merging beams experiments is that the 

signal issuing from the interaction region is very small. The reason 

for the small available signal is two-fold. 

1) As noted in Eq. (I-i) the maximum ion beam current for a given beam 

energy and apparatus geometry is limited by the space-charge-induced 

divergence of the beam. For beam energies of a few keV, ion masses of 

a few amu, and beams of a meter in length, this space-charge limitation 

dictates that the density of particles in a laboratory ion beam be less 

6 1 
than 10 particles per cm. 

2) In a merging beams experiment, the relative velocity of the two beams 

is quite small compared to the velocities of the beams in the lab. 



Table II-l 

Energy deamplification effect 

E^ (mass 1) E^ (mass 16) r 
W W 

AEr 

■&w 
3>AE 

r 

637 eV 10,000 eV 12 eV .05 eV .0042 .0088 

642 eV 10,000 eV 17 eV .10 eV .0059 .0125 

646 eV 10,000 eV 21 eV .15 eV .0072 .0155 

648 eV 10,000 eV 23 eV .20 eV .0087 .0166 

652 eV 10,000 eV 27 eV .25 eV .0093 .0195 

663 eV 10,000 eV 38 eV .50 eV .0131 .027 

679 eV 10,000 eV 64 eV 1.0 eV .0185 .044 

749 eV 10,000 eV 124 eV 5.0 eV .0248 .079 
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Therefore, during the time that a particle in beam i is in the interaction 

region, the distance it travels with respect to the particles in beam 2 

may be quite small compared to the length of the interaction region. At 

low interaction energies this apparent shortening of the effective inter¬ 

action region results in small signals and in an increase in the fraction 

of the measured signal arising from collisions in which the relative 

velocity of the collision partners is not parallel to the direction of the 

primary beams. 

Relation of the Collision Cross Section to Measurable Parameters 

From the definition of a cross section for a collision process 

—2 «1 taking place between an initial flux density j (partides-cm" -sec"* ) 

traveling along the z axis and a gas of density n ( parti des-cm“^) situated 

along that axis, the expression 

dis= jo^n dZ (11-10) 

relates the incident flux to di , the flux of particles having undergone s 
2 —1 the reaction with cross section CT (cm -particle” ) in the distance dz. 

By Eq. (II-10), dS(x,y,z), the number of product particles generated 

per second in the volume element (dx dy dz) at position (x,y,z) in the 

interaction region, is related to the beam parameters by 

dS (x,y,z) = i|(x,y,z )n2(x^) <r dx dy dz (il-ll) 

Where j^(x,y,z) is the flux of beam 1 (particles-cm -sec" ) at (x,y,z), 

is the density (particles-cm”-^) of beam 2 at (x,y,z), and dl is the 

average distance a particle in beam 1 travels relative to the particles 

in beam 2 during the time required for the particle in beam 1 to travel 
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a distance dz in the lab parallel to the beam axis. That is, 

dl = dt 

while 

dz = (tf|’ z) dt 

Combining these two expressions gives 

di = l?i-(yflz| 
dz ?. S 

Where z is the unit vector along the z axis 

particles in beam 2 is 

j2{x.y»z) n2(xt
y,z,= 

(11-12) 

The average density of 

(II-13) 

Where the brackets indicate an average over all paths of beam 2 particles 

passing through (x,y,z). The total signal S generated in the interaction 

region can then be expressed 

S = & s dx dy dz 

volume of 
interaction 
region 

| 3) z| 
-» A 

all possible 
paths of 
particles in 
1 and 2 

(11-14) 

If one temporarily ignores differences in the directions of v^, Vg» and 

z, then Eq. (11-14) becomes 

S 
O- lv|-v2l F 

V| v2 

(II-15) 
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where the quantity F is defined 

(11-16) 

Eq. (11-15) can be rearranged to give an expression for the cross section 

in terms of measurable quantities* 

(Note that this expression is derived under the assumption that the 

differences in direction in v^ and Vg are negligible. For interation 

energies so low that as defined in Eq. (II-9), an adequate 

relation between S and W is best obtained by carrying out the integrals 

in (11-14).) 

The quantity F in (II-16) is called the overlap integral of the 

two beams. The determination of the cross section using the merging 

beams technique thus requires a careful evaluation of this overlap 

integral. 

Kinematic Considerations 

Examination of conservation of energy and linear momentum for 

the reaction m^+ -* m^+ + AH shows that the velocities of the 

products in the c.m. frame are related (see Result 1 Appendix A) by 

collision 
Where the u^'s are the velocities of the E'S in the c.m. frame, AH 

is the energy released to the products in the reaction, and E^ and 

are the initial and final internal energies of the products. From Eq. 

(11-18) and Fig. 3 b the range of angles of allowed product velocity 

S v.v? cr = j—L—j- 
IV,-V2IF (ii-i?) 
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vectors in the lab can be calculated. Result 2, Appendix A indicates 

W before II- , DCIWIO /"k . 

_3 _ ^ collision , Q j 

before 4 
collision 

m- m- 
(II-19) 

Where v^ is the lab velocity of m^. Since for v^ >> u^, the maximum 

possible scattering angle <f) of the product mu in the lab is given 
.1 “ i 

approximately by tan the dependence of on W and Q is apparent 

from (11-19). An evaluation of (11-19) for a few practical cases is 

shorn in Table II-2. It should be noted that <f>m is merely an upper 

bound for the laboratory scattering angle of m^* and that the actual 

range of scattering angles of depends on the mechanism by which the 

reaction proceeds. 



Table II-2 

Angular scattering 

m. % 

m 1 m. 

16, ■■ 1, E^ • 650 eV 

1, 

i, 

Q » 0 Q - .1 eV Q * 1 eV 

w 
before 4> m<rad) $ m(rad) ^(rad) 

.05 .008 .014 .037 

.1 .012 .016 .039 

.2 .016 .018 .040 

.5 .02 5 .028 .045 

mg " “ 2, E^ ■ 5000 eV 

Q - 0 Q » .1 eV Q - 1 eV 

^before 4> (rad) r m 4> m(rad) 1 m 
<f> (rad) 9 m 

.05 .0005 .0008 .0023 

.1 .0007 .0010 .0025 

.2 .0010 .0012 .0026 

.5 .0015 .0016 .0029 

« 2, E^ - 5000 eV 

Q - 0 Q - .1 eV Q - 1 eV 

^before 
(rad) ' m' 

^ (rad) 
in 

$ (rad) 
HI 

.05 .002 .003 .0091 

.1 

O
 

O
 • .004 .010 

.2 .004 .005 .0105 

.5 .006 .006 .0116 
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III 

Accuracy of Cross Section Measurement 

The feasibility of any measurement of an atomic collision cross 

section is largely determined by the signal-to-noise ratio obtaining 

for a given set of experimental conditions. Here the term noise 

refers to the uncertainty in the quantities measured due to random 

fluctuations in their values. For instance, if the measured quantity 

(the signal) is a count rate, the noise can be thought of as the standard 

deviation of the set of measured count rates. Of course, an acceptable 

signal-to-noise ratio does not ensure that the signal is representative 

of the process under investigation — it is also necessary to design 

the experiment so that the measured signal yields information relevant 

to the process of interest. 

This chapter will show how the design of the proposed apparatus 

permits measurement of cross sections for some collision processes 

and will discuss computations of expected signal-to-noise ratios for 

a specific reaction. 

Eq, (11-17) gives an expression for the cross section in terms 

of measurable quantities. 

S v,v2 

. |V,-V2|F (HI-
1
) 

Hence, the quantities that must be measured are S, the rate at which 

product particles are generated in the interaction region, the difference 

in the velocities of the two beams, and the ovelap integral. It would 
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be desirable to measure each of these quantities to about the same degree 

of accuracy. It is relatively easy to measure v^ and Vg by measuring E^ 

and Eg with a single retarding field analyzer. The quantity |v^ - Vg| , 

however, is quite small; for the case of H + 0+t |v^ - Vgl is on the 

order of 0.01 v^ for W of 0.05 eV. Therefore, accuracies required in 

measurement of v^ and Vg are on the order of 0.1$. Since the beams are 

well collimated, it should be possible to achieve this degree of accuracy 

using a retarding field analyzer (Simpson, I96I). The remainder of this 

chapter concerns the problems involved in measuring F and S correctly. 

Signal-to-Noise Ratio 

For the purpose of signal-to-noise calculations, the overlap integral 

F - ^i^g dxdy dz, can be put in a simpler, though approximate form by 

assuming that one beam (say beam 2) has a uniform current density and 

completely envelopes the other beam. Then the overlap integral becomes 

F= dxdy)dz = i| ^j2dz (III"2) 

■Where 1^ is the total current in beam 1. Since beam 1 is contained 

within beam 2, 1^ is independent of z, the distance along the beam axis. 

In spite of the fact that beam 2 is collimated prior to its passage 

through the interaction region, it contains paths with a finite range 

of angles with respect to the beam axis; thus, it seems reasonable to 

expect that j0 will decrease as -—!—-9, taking the entrance of the inter 
* (l_2+zr 

action region as the origin. Ig is a constant related to the distance 

traveled by beam 2 before its entry into the interaction region. 
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As indicated in Eq. (I-i) the maximum space-charge limited beam 

current obtained in the interaction region varies as the three-halves 

power of the beam energy. Therefore, for a given aperture dimension, 

3/2 
the beam current densities can be expected to vary as E ' , and the 

expression for S from Eq. (11-15) can be rewritten: 

Where c^ and are constants, and L is the length of the interaction • 

region. One advantage in working with high energy beams is now apparent: 

the current generated by the interaction of the beams varies as the 

product of the energies of the two beams. The drawbacks to indefinitely 

increasing the energies of the reactant beams are twofold: first, there 

are engineering difficulties in avoidance of electrical breakdown and 

in magnet construction as one exceeds beam energies of ten to fifteen 

keV; second, the uncertainty AW^ in the barycentric energy due to 

a more careful calculation of S that assumes a cylindrically symmetric 

L 

0 

(III-3) 
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Gaussian current density distribution for each beam. The result of 

Appendix B's calculation is equivalent to (III-3). 

If one requires that be 0.01$ of the primary beam energy, 

then for collision partners of equal mass, Eq. (II-9) requires that the 

beams must be collimated over a distance of 70 beam widths. The beam 

width is determined mainly by the requirements that the beam 

be large enough for maintenance of a reasonable degree of overlap 

between the two beams in the interaction region and large enough that 

the beam density profiles are easily measured, but small enough that the 

required collimation can be obtained in an apparatus of reasonable size. 

A beam of diameter between 0.5 and 0.7 cm appears to satisfy these 

demands. 

If one assumes an interaction region length of 70 cm, beam current 
-7/2 -15 2 densities of 10 amps/cm , and a cross section of 10 ^ cm , an eval¬ 

uation of (III-3) yields product ion currents ranging from a few to a 

few hundred particles per second, depending on E^, Bg, and W. The 

expected product ion currents for the reaction H + 0+ -*• H+ + 0 are 

given in Appendix B. 

Since the product ion currents are determined by single particle 

counting, the "noise" consists if statistical fluctuations in the 

measured count rates. However, there are almost always some processes 

other than the process of interest which result in a current at the 

detector. This spurious current may be due to interactions of the 

primary beam particles with the background gas in the vacuum chamber, 

"dark" current of the particle multipliers, and secondary particles 
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emitted when primary beam particles strike surfaces in the apparatus. 

If the number of counts registeredby the detector in a given time 

interval follows a Poisson distribution, the standard deviation of 

a measurement of a count rate R is where T is the tin» for which 

counts are accumulated during that measurement. Given the sources of 

spurious counts listed above, it should be possible to separate 

the detector current due to the interaction of the two beams from that 

due to the other sources by measuring four count rates: Rq, the count 

rate with both beams off; R^ and R^, the count rates with beams 1 and 2 

on separately; and R.^, the count rate with both beams on simultaneously. 

If one assumes that the background due to each beam is independent of 

the presence of the other beam, then the current due only to the inter¬ 

action of the beams is then 

S = R|t2+ R0" RrR2 
Applying standard methods of calculating the propagation of error 

(Bevington, 1969) the standard deviation in the measured count rate 

is given by 

•J~T VR
I*2*

R
CT

R
I*

R2 <m‘5) 

The most important source of spurious signal depends on the 

specific process under investigation. For instance, in the observation 

of a charge transfer process, 

A+ + B B+ + A (III-6) 

using the merging beams technique, it is difficult to distinguish 

between the B+ ions formed by collisional ionization of the neutral beam 
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by the background gas in the interaction region. Clearly it is desirable 

to keep the residual pressure in the interaction region as low as possible. 

Estimates of the magnitude of spurious currents from all of the 

sources mentioned above for the proposed apparatus are as follows. 

Measured dark currents of focused-mesh particle multipliers are around 

two to three counts per minute. The expected detector current from beam 

particle- metal surface interactions is, at most, 100 counts/second. 

If the neutral beam is produced by charge exchange in a gas cell, one 

can identify three components of the pressure in the interaction region: 

(1) the component proportional to the amount of gas being leaked into 

the vacuum system through the ion sources and the charge-exchange cell, 

(2) the component due to evolution of gas from the interaction chamber 

walls and seals, and (3) the component due to the thermal energy beam 

of gas effusing from the charge-exchange cell. The magnitude of each 

of these components can be estimated from extant data on the amounts 

of gas required by the sources and charge-exchange cell, the config¬ 

uration of the differential pumping system between the gas sources and 

the interaction region, and from the measured outgassing properties 

of the chamber materials. 

Signal-to-noise calculations for the charge-transfer reaction 

H + 0+ H+ + 0 appear in Appendix III. From the results of these cal¬ 

culations shown in Table III-l, one can see that the counting times 

required for measurement of a cross section become quite long as the 

barycentric energy of the reactants approaches zero. Also, it appears 

that if the stripping background were not present, then one could 



Table III-l 

Counting times V 

w Ej (mass 1) Eg (mass 16) r* RS 

.05 eV 637 eV 10,000 eV 7.1 hrs 40 cts/sec 

.10 eV 64-2 eV 10,000 eV 3.6 hrs 54 cts/sec 

.15 eV 646 eV 10,000 eV 2.4 hrs 66 cts/sec 

.20 eV 648 eV 10,000 eV 1.8 hrs 76 cts/sec 

.25 eV 656 eV 10,000 eV 1.4 hrs 86 cts/sec 

.5 eV 663 eV 10,000 eV .7 hrs 120 cts/sec 

1.0 eV 679 eV 10,000 eV .38 hrs 166 cts/sec 

5.0 eV 749 eV 10,000 eV .08 hrs 354 cts/sec 

* Z is calculated assuming 2 x 10^ background counts/sec. Since 

if <T- .22^ and IL. ■ 20 cts/sec. the same set of counting times 

is obtained, 
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-17 2 measure cross sections on the order of 10 cm in reasonable lengths 

of time. 

Overlap Integral 

As mentioned earlier, one must measure the three-dimensional 

current density profile of both beams in order to determine the over¬ 

lap integral F « dx dy dz. A flying spot scanner, pictured in 

Fig. 4, will be rotated through the beams periodically to determine 

their density profiles. Each segment of the scanner has an array of 

small holes arranged so that only one hdLe is in the beam at any given 

time. As the scanner is rotated, each hole passes through a different 

area of the beam as shown in the insert in Fig. 4. Both beams will 

be on during the scan, and the currents passed by the scanner will be 

monitored. As shown in Fig. 5t the currents measured during the scan 

will be amplified, multiplied together in an analog multiplier, and 

integrated. The quantity actually determined by this arrangement is 

~r - J i| i?_ F 
J Ii,d* Jÿ» ' h h L‘ 

where L is the length of the interaction region. Provided that the 

rate of rotation of the scanner is constant and that the scanner 

segments are equally spaced, this quantity is directly proportional 

to the desired overlap integral. Therefore, the actual quantities 

which need to be determined are 7, 1^, Ig, and L . The accuracy 

with which T can be determined depends on the magnitude of the 

spatial variations in the current densities and jg. The scanner shown 
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Fig 5 Overlap calculator 
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in Fig. 4- will measure the beam current density on five lines passing 

through the beam at seven positions along the beam axis. Making reasonable 

assumptions about the spatial derivatives of the current densities, this 

method of measuring the overlap should yield 1 to better than + 1052. 

The ion current 1^ can be measured quite accurately (± 3$) with 

a calibrated electrometer, but an accurate measurement of I2 requires 

an absolute measurement of the neutral beam current. This determination 

can be accomplished by measuring the power delivered by the neutral 

beam to a thermocouple or a pyro-electric device (Berkner et al., I968). 

The error of such a measurement should by less than 5$« 

Summarizing, the cross section is given by 

^ v, v2 S v, (0.1%) v? (0.1%) S(I0%) , 
|V,-V2|F 

=
 |vr^|(IO%) 1(10%) 1,(3%) 1215%) C(l%) 

Therefore the maximum expected error in a determination of <Tis on the 

order of 40$, and the RMS error is about 20$. 
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IV 

Apparatus Layout 

Fig. 6 is a schematic of the proposed merging beams apparatus. 

The neutral beam originates as an ion beam extracted from a medium-pressure 

magnetically-confined arc ion source ISThis ion beam is accelerated 

and focused by a set of electrostatic cylinder lenses and momentum 

analyzed by two oppositely-bending 15 cm radius 60° sector magnets. The 

magnets are arranged so that the magnet pair has (to first order) no net 

focusing effect on a parallel beam entering and leaving the pair perpen¬ 

dicular to the pole face edges. In this way the beam delivered to the 

interaction region has a minimum divergence. A portion of the ion beam is 

then converted to a fast neutral beam in the charge-exchange cell T^. The 

ions remaining in the beam are removed and collected by the deflection 

assembly and ion collector C^. Five stages of differeùtial pumping 

between the chamber containing the gas cell and the interaction region 
_9 

ensure an interaction region pressure of 10 torr even though the gas 
-2 cell pressure is 10 torr. The relatively long distance between the gas 

cell and the interaction region is aècessary for adequate collimation of 

the fast neutral beam and for attenuation of the slow neutral beam 

effusing from the chafge-exchange cell. The neutral beam passes through 

aperture Ag, through the interaction region and into a secondary emission 

detector FC^ where the flux of neutral particles is monitored. 

The ion beam (beam 2) is produced, accelerated and focused by an 

ion source/lens system similar to that used for beam 1. The ion and 
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neutral beams merge in the second of the ion beam momentum analysis 

magnets , travel together through the interaction region, and are 

electrostatically de-merged in the detector chamber. Plates deflect 

the product ions into the detector EMj while the Faraday cup FC^ monitors 

the parent ion beam current. 

The deflection plates Dg and serve to define the interaction 

region by providing two paths for charged particles to take through 

the interaction region. The overlap integral of the beams cannot easily 

be measured outside the interaction region; thus in order to measure a 

cross section, one must arrange to identify and measure the current of 

product ions formed in the region of known overlap. The current S as 

defined in (III-4) is measured for each of the beam configurations 

shown in Fig. 7» The difference current S^-Sr^ can be attributed 

only to interactions between particles of beam 1 and particles of beam 

2 occurring within the region of known overlap. A scheme for gating 

the counting equipment so that the appropriate sums and differences 

will be accumulated appears as Fig. 8. 

In experiments in which the background count rate greatly exceeds 

the signal count rate, there must be absolutely no systematic differences 

in the lengths of the counting periods used to measure signal and 

signal plus background. The most effective way of dealing with this 

possibility is to interchange the phases of the beam modulating pulses 

at regular intervals (Dance et al., 1966), 
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Fig. 8 Counting scheme 
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V 

The Ion Source 

The ion source chosen for the initial work with the proposed 

apparatus is of the medium-pressure, magnetically-confined arc type 

shown in Fig, 9» The source was purchased from Extrion Corporation, 

Peabody, Mass. This device can produce relatively intense (50 - 500^A) 

ion beams with a fairly narrow ( A* 1 eV ) energy spread. 
-2 The pressure inside the source anode is maintained between 10 

_3 
and 10 Torr by controlled admission of gas through orifice 0. The 

anode A is biased 200 volts positive with respect to the filament F. 

The filament is heated and begins to emit electrons which produce enough 

ionization in the arc chamber that a stable arc discharge is formed 

between the filament and the anode. The stability of the arc is main¬ 

tained by a servo that controls the filament current to maintain a 

constant anode current. The magnetic field produced by the solenoid 

C serves two functions: it confines the electrons — and therefore the 

plasma ~ to the axis of the anode, and it lengthens the paths of the 

electrons passing through the arc chamber by causing them to follow 

helical paths. The confinement of the arc near the axis of the anode 

results in an enhancement of the ion density in the region from which 

the ions are extracted, and the lengthening of the electron paths simply 

increases the probability that each electron emitted will produce an 

ion. 

The arc plasma fills the axial space between the filament and the 



Fig 9 Ion source 
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anode, and virtually all the ions that make up the beam are formed 

within this plasma column. Since the electrostatic potential is 

essentially constant throughout the plasma, the ion beam emitted by 

the source is expected to have a small energy spread. (Momentum 

analysis of an beam produced by this source indicates that the 

energy spread of the beam is <vl eV.) In the case of atomic ions 

formed by dissociative ionization of molecules (eg. H+ from Hg) the 

ions may be formed with appreciable amounts of kinetic energy (Rapp 

and Golden, 1964), and the energy spread in the atomic ion beam will 

depend on the degree to which the atomic ions become thermalized by 

collisions before they leave the source. 

The energy of the ion beam in the interaction region does not 

necessarily correspond to the potential difference between the ion 

source anode and the interaction region, since the potential of the 

plasnia column will generally be different from that of the ion source 

anode. The potential difference between the anode and the plasma is 

determined by the fact that for a given electron temperature T , the 

electrons have a much greater average velocity than the ions; therefore, 

the rate at which plasma electrons reach the vicinity of the anode wall 

is much greater than the rate of arrival of ions at the wall. In order 

for the plasma to remain electrically neutral, the net rates of electron 

and ion loss at the wall must be equal. Therefore the plasma column 

must assume a potential sufficiently positive with respect to the wall 

that only electrons in the high-energy tail of the electron energy 

distribution can reach the wall. The potential difference between 
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the plasma column and the wall can be approximated if the electron 

temperature and the rate of arrival of ions at the wall are known. 

The ion flux j arriving at the wall has been shown to be (Bohm, 19^8) 

where k is Boltzman's constant, and n+ and m+ are the density and 

mass of the ions. Bohm also reports that typical electron temperatures 

in magnetically-confined arc discharges are on the order of 3 to k eV. 

Assuming this electron temperature, the potential difference between 

the plasma column and the wall is found to be on the order of 10 Volts. 

Using the measured ion current produced by the ion source, the 

measured orifice size, an an assumed electron temperature of 3 ©V, 

Eq. (V-l) indicates that the ion density near the extraction hole in 

i0 3 
the anode is on the order of k x 10 ions/cm. The density of neutral 

gas in the source is approximately 5 x 10*^ particles/cm^. 

Another important feature of the behavior of the ion source is 

that the position and shape of the plasma boundary depend upon the 

ion density n+ and the rate at which ions are being removed from the 

plasma. The equilibrium position of the plasma boundary is the position 

for which the electric field immediately outside the boundary is zero 

(Septier, 19^7). This is thë same condition which applies to the field 

at the cathode of a space-charge-limited diode, Therefore if the 

current density emitted by the plasma corresponds to the space-charge 

limited current for the geometry of the plasma-sheath/^xtractor 

combination, then the plasma sheath will be in its equilibrium position. 

Equating the space-charge-limited current density for a planar diode 

(v-i) 
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to the ion current density at the plasma sheath from Eq. (V-l), one 

observes 

0.4 n+e (V-2) 

Obviously the geometry of the ion source is not that of a planar 

diode, bfrt this relation gives a qualitative picture of the nature 

of the equilibrium that obtains. If n+ is increased and the extractor 

voltage Vg is unchanged, d must decrease as shown in Fig. 10b. Conversely, 

if n+ is decreased or Vg increased with respect to the values for Fig. 10a, 

then the plasma boundary will recede as shown in Fig. 10c. This behavior 

of a plasma boundary in an arc-type ion source is will documented 

and has been exploited in improving the focusing properties of extraction 

systems for ion sources with large-area plasma boundaries (Brooks et al., 

1964). 



Fig, 10 Plasma boundary behavior 
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VI 

Electrostatic Lens System 

The set of electrostatic cylinder lenses shown in fig. 11 

forms the ions emerging from the ion source into an approximately 

parallel beam. The lens elements are aluminum cylinders 2.1" i.d. 

and 2.0" long, suspended over a standard optical bench by insulating 

supports. The bench assembly can be translated along the beam axis 

under vacuum for optimizing the extractor-ion source spacing. 

The primary considerations in the design of this system are that 

both the magnification and aberration of the system must be small enough 

that the particle trajectories are reasonably parallel to one another 

in the interaction region and that most of the beam current falls 

within the entrance aperture of the interaction region. 

A model of aberrationless lens behavior is shown in Fig. 12. 

All particle paths entering parallel to the axis from the object side 

pass through the image side focal point F^, and all particle paths through 

FQ leave plane PQ parallel to the axis. All rays originating from 

a specific point in the object arrive at a single point on the image. 

Y; s- 
The magnification M, defined as -r1- is seen to be -y*- or equivalently, 

f0 0 1 
—s“ . The equality of these quantities yields Newton's relation, 

0 

f| V »! *0- 

Magnification 

It can be shown that for an aberration-free optical system the 

. yï 9\ , 

linear and angular magnification (~- and -r-, respectively) are related 
y° Q\ 

to the ratio of the refractive indices of the medium in the image and 
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object spaces by the Abbe sine law (Klemperer and Barnett, 1971) 

n. yj sin#. = nQyQ sin#0 (vi-l) 

where n is the index of refraction of the medium on the object o 

side, QQ is the half angle of the bundle of rays leaving a point on 

the object plane, and m and 6^ are the corresponding quantities on 

the image side of the lens. This theorem can also be shown to hold 

for a particle optics system by observing that the square root of the 

electrostatic potential of a point with respect to the region where 

the particles have zero energy is equivalent to the index of refraction 

at that point. Thus, for charged-particle optics, the Abbe sine law 

becomes 

/v] Vi sin a ■ y0 Sin0o (vi-2) 

where and VQ are the electrostatic potentials on the image and 

object sides of the lens. Rearranging again to incorporate the linear 

magnification M yields 

M = 
sin Bo 

sin 6\ 
(vi-3) 

Application of the Abbe sine law to bundles of rays depicted in 

Fig. 12 reveals that the ratio of image and object focal lengths 

f^ and fQ is given by the square root of the ratio of the potentials 

on the image and object sides of the lens. 

Direct application of Eq. (VI-3) to the lens system of Fig. 11 

yields the surprising result that a magnification of zero can result 
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since VQ ■ 0, However, this application neglects the fact that the 

ions emerging from the ion source have velocities different from zero, 

and the sine law must be modified to read 

M = V 
El 
T“ 

V i 

sin 
sin 

(VI-4) 

where E^ is the average energy with which the ions leave the plasma 

sheath in the ion source, and q is the ionic charge. If » 1 eV 

and VQ - 1000 Volts, then 

M = 
I 

32 sin&j 
(vi-5) 

If one requires that the maximum angular divergence of the beam in 

the image space be 0.01 radians, then M = 3» 

Aberrations 

The actual diameter of the ion beam projected by the lens system 

depends not only on the considerations involved in Eq. (VI-4), but 

also on the aberrations of the system. 

The most significant aberrations are spherical aberration and 

space-charge aberration. Spherical aberration arises when rays of one 

angular aperture are focused more or less strongly than rays of another 

angalar aperture as shown in Fig. 13. The radius of the disk of 

• • «3 minimum confusion is given by ”mQ% (Klemperer and Barnett, I97I). 

The order of magnitude of the spherical aberration coefficient C can 
s 

be calculated by assuming that the three element lens of Fig. 11 is 
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composed of two non-interacting two-cÿlinder lenses which are assumed 

to be thin lenses located at the average position of the principal 

planes of the two-cylinder lenses. Using tabulated data on the positions 

of the principal planes and focal lengths of cylinder lenses (Elkareh, 

1970), C for the combination of two-cylinder lenses can be obtained s 
(Klemperer and Barnett, 1971» p. 175)5 

Cg ^ Cs| f| * Cs2f2 (VI-6) 

1 ( f, + f2- of 

where f is the focal length of the combination of lenses, D is the sepa¬ 

ration of the lenses, and f^ and sure the focal lengths of the lenses 

prior to combination. For the lens parameters of Fig. 14, Eq. (VI-6) 

gives Cg “ 1Ô0". Assuming the maximum angular aperture ^on the 

object side to be 0.12 radians, the radius of the disk of minimum 

confusion on the image side is approximately 0.1". 

The effect of the other significant aberration, space-charge 

aberration, is demonstrated in Fig. 15, where beam profiles obtained 

at a distance of 30 cm from the midpoint of the lens are compared 

for weak and intense beams and for operation of the lens in the accel¬ 

erating and decelerating modes, As shown, it is practically impossible 

to focus an intense beam to a small spot using a decelerating lens, 

whereas both the accelerating and decelerating lenses are effective in 

focusing low intensity beams. The decelerating lens slows the beam, 

giving the ions in the beam time to move away from one another under 

the influence of the electrostatic repulsion of each ion by every other 
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ion in the beam. The effects of space charge aberration .with beams 

of energy between 0.6 and 2 keV are quite significant; but above 2 keV, 

beams of adequate intensity can be obtained using a decelerating lens. 

Other Lens Design Problems 

There are two more constraints on the design of a lens system 

for extraction and collimation of an ion beam originating in a plasma 

ion source. First, the position and shape of the plasma boundary 

inside the source depend on the potential placed on the extraction 

electrode, and second, the geometry of the extraction electrode must 

be such that the neutral gas effusing from the ion source is able to 

secape the region of the source orifice fairly rapidly — otherwise 

electrical breakdown and/or removal of ions from the beam by collisions 

with this gas will occur (Carlston and Magnuson 1962). 

As shown in Fig, 11, ions diffusing across the plasma boundary 

S are rapidly accelerated by the strong electric field between the 

extractor electrode and the ion source anode A. The beam is then made to 

converge slightly by the three-element cylindrical lens composed of E 

and cylinders L and G. The potentials placed on the lens elements are 

determined by the following requirements. The electric field in the 

space between E and A must be sufficiently large that ions emerging 

from the ion source are accelerated sufficiently rapidly to pass through 

the orifice in E. It might appear that since the ions emerging from 

the source have energies on the order of an electron volt, a field of 

a few tens of volts per centimeter would be sufficient to draw the 
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ions through the extractor hole. This is clearly not the case as 

demonstrated in Fig. 16 by the plot of current to the extractor vs. 

Vg, the potential difference between the extractor and the ion source 

anode. A plausible explanation of this behavior can be obtained by 

considering the space-charge divergence of the beam in the space between 

the ion source anode and the extractor. As noted earlier, the shape of 

the plasma sheath is dependent on the extractor potential, âhd it has 

been shown that the sheath shape influences the ion-optical character¬ 

istics of the extraction system (Septier, 1967)» Carlston and Magnuson 

(1962) claim that the sheath shape for an optimum extracted current is 

a slightly concave shape as shown in Fig. 10c. The potential on the 

extractor electrode is thus determined by the requirement that all the 

extracted current pass through the extractor hole and that the plasma 

sheath have the optimum shape. It is not at all clear that these 

requirements can be satisfied simultaneously in all cases. If for the 

arrangement of Fig. 11 with d * 0.5”, the extractor potential is set such 

that there is no extractor current, and the current measured in a 

Faraday cup 30 cm from the midplane of the lens is plotted vs. decreasing 

d, a flat maximum in cup current is observed as shown in Fig. 17. 

This maximum may be due to the focusing effect of the plasma boundary 

as the boundary changes shape with decreasing d. 

As it traverses the hole in the extractor element, the beam is 

subjected to the action of the aperture lens formed by the penetration of 

the extraction field through the extractor hole. Assuming the aperture 

to be small in comparison to the separation of the extractor and the ion 
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Fig. 17 Beam current vs. extractor spacing 



source anode, the focal length f of the aperture lens is shown 

(Klemperer and Barnett, 1971) to be 
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4 Vg 

E-E' 
(VI-7) 

where E and E are the electric field strengths on the upstream and 

downstream sides of the aperture respectively, and the positive 

direction is taken as the direction of beam travel. Therefore, for the 

lens formed by the extractor hole, the focal length is negative, 

indicating a diverging lens. For a field of 2 kV/cra between the extractor 

and the ion source anode and a beam energy of 1 keV, this lens has a focal 

length of about -2cm. If the ions enter the extractor in an approxi¬ 

mately parallel beam as shown in Fig. 14, they subsequently appear to be 

diverging from a point source about 2 cm to the right of the extractor 
» 

hole. 

The three-element electrostatic cylinder lens consisting of E, L, 

and G in Fig. 11 can be adjusted over a wide range of focal lengths 

even though the potentials of E and G are fixed, The characteristics 

of three-element electrostatic cylinder lenses have been tabulated 

(Heddle, 1970)» and from these tables, the available range of focal 

lengths as a function of can be obtained. Heddle also tabulates the 

positions of the principal planes of the lens as a function of the 

potentials of the lens elements. 

The existence of a small virtual image located approximately as 

shown in Fig. 14 has been verified by finding the potential on 

cylinder L required to bring the beam to a focus at point A and 
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determining the location of the principal planes for that potential 

from HedcLle1 s tables. Knowing the positions of the principal planes 

and the position of the image at A, one can find the apparent location 

of the object. Fig. 14 shows the position of the principal planes 

as determined from the lens potentials used to produce a 1.0 keV 

beam of maximum intensity at the interaction region entrance. 
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VII 

Magnet System 

Momentum analysis of the parent ion beam is necessary in most ion 

beam experiments. For instance if an atomic ion beam is produced by 

dissociation of a polyatomic molecule (e.g. H+ from Hg)» momentum 

analysis is required to separate atomic ions from molecular ions 

formed in the ion source. 

Momentum analysis arrangements typically employed in ion beam 

experiments are shown in Figs. 18a and 18b. As shown in Fig 18a, a 

parallel beam emerges from the magnet only if the source is placed at 

the focal point of the magnet. The arrangement of Eig. 18b permits 

freedom of placement of the ion source with respect to the magnet, 

but the beam converges in one plane as it leaves the magnet. If, as 

shown in Fig. 18a, the beam enters and leaves the sector magnet so 

that the central ray of the beam crosses the pole face edges at a 

right angle, then the beam is focused only in the plane parallel to 

the pole faces. It is possible to obtain two-dimensional focusing with 

sector magnets in which the magnetic field has a uniform gradient 

anti-parallel to the radius of curvature of the beam and with sector 

magnets for which the central ray enters and leaves the magnetic 

field at an oblique angle to the pole face edges (Enge, 1967)» 

Construction of these so-called double focussing magnets is tedious, 

leaves little leeway for design error, and may result in a magnet system 

of minimal flexibility. Under some circumstances however, use of an 

astigmatic lens system (e.g. an electrostatic quadrupole pair (Giese, 
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1959)) permits generation of a relatively parallel beam, even though 

a simple sector magnet is used for momentum analysis. 

One simple means of obtaining a parallel, momentum-analyzed beam 

without resorting to complex focusing systems is the use of a confocal 

double magnet system (Figs 18c and 18d). To first order, such a system 

exhibits no focusing action on a beam entering and leaving the magnet 

pair parpendicular to the entrance and exit pole faces; hence, all 

the required beam focusing can be accomplished with a single cylin- 

drically symmetric lens placed between the ion source and the magnets. 

The double magnet system with oppositely-bending magnets (Fig. 18d) 

has a substantially greater dispersion than the system with magnets 

bending in the same direction, In fact, for magnets with a 15 cm bending 

radius, the dispersion is sufficient to ensure that only ions whose 

AO O 

momentum is between p and p + Ap,‘ where-— is 1.5 x 10" , are passed 

completely through the proposed apparatus. The lack of first order 

focusing properties and the high dispersion of the system shown in Fig. 

18d make it the choice for a momentum-analysis system for the proposed 

merging beams apparatus. 

In order to characterize the beam passed by the magnet system with 

respect to the range of angles of individual particle trajectories 

and the range of particle momenta, the first order optical properties 

of the magnet system must be determined, as well as the extent to which 

second order aberrations will affect the behavior of the system. 
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First Order Optical Properties of the Magnet System 

A convenient method for the description of the ion-optical 

properties of deflecting magnets and other devices is a transfer matrix 

me thod first applied to sector magnets by Penner ( 1961 ). For any 

ion optical device,1 a central ray is defined as the path followed by 

a particle that always travels along the axis of the ion beam. All 

other particle paths through the device are characterized by the 

differences of their positions, angles and momenta from the same 

quantities for the central ray at the entrance and exit of the device. 

Thus, upon entering the device, the path of a particle can be repre¬ 

sented by a three-dimensional vector (
"R** yj » i ) , where is the 

radial displacement of the path from the central ray in units of R, 

the radius of curvature of the central ray, y* is the angle between the 

path and the central ray, and is the fractional variation of the par¬ 

ticle's momentum* from the momentum corresponding to the central ray. 

The action of the ion optical device can then be represented by a ma¬ 

trix that operates on the input trajectory vector to yield the output 

trajectory vector. The transfer matrix for any device can be deter¬ 

mined by consideration of the action of the device on each of the 

basis vectors of the trajectory space,1 (-^-»0,0), (0,y‘,0), and (0,0,^), 

retaining only those terms that are linear in y1, and 4c • Enge 

(I967) gives the first order transfer matrix for a sector magnet in 

which the central ray enters and exits perpendicular to the pole faces as 

♦For devices that depend only on electrostatic forces for deflection this 
parameter is replaced by Ai in developing a matrix formalism (Wollnik, 
1967). E 
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cosQ sin 9 I - cos 6 

sin Q cos 9 sin 9 

0 0 I / 
(VII-l) 

where Q is the angle of deflection of the central ray. The transfer 

matrix B for a field-free drift space of length L is easily shown to be 

D = 
MA 

I 

0 

0 

L. 
R 

I 

0 
(VII-2) 

Taking the output vector from one device as the input to another device, 

one can construct the transfer matrix for a system of several devices. 

This construction has been executed for the magnet system of Fig. 19. 

-8.84 -16.3 \ 

-I - 1.73 

0 I 
(VII-3) 

With the matrix M( 19) determined, the ranges of momentum, trajectory 
1VV 

angle, and entrance position containing all particle trajectories passed 

by the system can be determined if the dimensions of all apertures 

through which the beam must pass are given. The procedure for this compu¬ 

tation involves evaluation of the first row of the transfer matrix at 

the position of each aperture, thereby obtaining an inequality defining 

the set of initial trajectory vectors which can pass through that aper¬ 

ture. Such a set of vectors is determined for each aperture of the 



J 

O m 

V 

F
i
g
.
 
1
9
 

M
a
g
n
e
t
 
a
r
r
a
n
g
e
m
e
n
t
 
d
i
m
e
n
s
i
o
n
s
 



41 

system, and the range of trajectories passed by the system is given 

by the intersection of these sets of vectors. The results of this cal¬ 

culation are presented in Fig 20. These diagrams indicate the ranges 

of input vectors that can pass through the system. However, the 

vector set of interest is the set of trajectory vectors in the inter¬ 

action region. Therefore, the transformation defined by M(19) must be 

applied to the vectors shown as being passed in Fig. 20, The result 

of this transformation appears as Fig. 21. This figure reveals that 

for a 1mm -wide slit between the magnets, the maximum possible angle 

between two paths that lie in the symmetry plane of the magnets and that 

pass through the exit aperture of the interaction region is about 

0.005 radians, and the maximum difference between two similarly-defined 

rays is about 0.3$ of the total momentum associated with the central 

ray. 

Second Order Effects 

The transfer matrix method can be extended to include terms of 

second order in the elements of the input vector (Wollnik, I967). 

The second order trajectory vector becomes 

(y»y}x,x', ^y^yy'.yx.yx1, y ^py'^y’x.yV, y' x2, xx1, x -j£,( ^)2) 

where x and x' are the displacement and angle of the ray in the vertical 

plane. The second order transfer matrices thus have 400 elements, thirty- 

eight of which are non-zero for a sector magnet. The elements of the 

second order matrices for electrostatic and magnetic deflecting fields 

have been tabulated (Wollnik, 1967). 



Fig* 20 Input phase-space acceptance plots 



Fig. 21 Output phase space acceptance plots 
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A short computer program was written to evaluate the transfer ma* 

trices for the magnet arrangements of Figs. 18c and 18d. Table VIII-1 

gives a listing of the first row of the transfer matrix for the arrange¬ 

ment of Fig. 19. From these numbers it can be inferred that for 

beam dimensions of the order of a centimeter and path lengths on the 

order of a meter, second order effects are relatively unimportant. 

This conclusion is supported by the observation that, using the arrange* 

ment of Fig. 19, beams of low divergence (about 0.01 radians) have been 

produced. 

Space-Charge Effects 

In working with fairly intense beams (20^ at 1 keV), there is an 

apparent lengthening of the focal length of the magnets. Evidence for 

this effect comes from the fact that as the beam current is increased, 

the optimum beam current is obtained for magnet positions that place 

the magnets further and further apart (see Fig. 22). This apparent 

lengthening of the magnet focal length is attributed to the mutual 

electrostatic repulsion of each beam particle by every other beam 

particle. Such a phenomenon is commonly termed a "space-charge aber¬ 

ration" (Klemperer, 1971)» A calculation that indicates the space- 

charge spreading of the beam is of the correct order of magnitude to 

account for the observed effect appears in Appendix E. 

Engineering Details 

The magnitude of the maximum required magnetic field in a sector 

magnet is determined by the maximum momentum possessed by any beam 



Table VII-1 

Magnet transfer matrix elements 

y -i 

y’ -8.8 

x 0 

x' 0 

le. 
p 

-16.3 

First Order Coefficients 

y 

yy' 

yx 

yx' 

y A_E_ 
P 
,2 

y 

y'x 

x'x' 

_LE_ 

XX' 

x- A p 
P 

.,2 x 

P 
/ AP 

5.7 

5.1 

o 

o 

-17.3 

1.3 

0 

0 

11.7 

8.7 

21.6 

0 

3VJ 

0 

32. 

Second Order Coefficients 

Magnitude of first order trajectory vector elements is on the order of 
O —4 10 ; therefore, that of second order trajectory vector elements is 10 . 

The maximum change in y at the end of the interaction region due to second 

order effects is on the order one beam width (.05 -R). 
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particle that must be deflected by the full sector angle. As indicated 

by Eq, (III-3) it is desirable from a signal-to-noise standpoint to 

operate with as large a beam energy as possible consistent with an 

acceptable uncertainty in barycentric energy ÙMQ due to the range of 

angles of paths in the beam (cf. Eq. (II-9)). Applying this equation 

to the case of equally massive collision partners where $max“ 0.01 

radians and Ej ■ 10 keV yields a of about 0.5 eV—which is un¬ 

acceptably large. However, if there is a large mass difference between 

the collision partners as in the case of H+ + 0, then Eq. (II-9) 

yields ■ 0.05 eV if the energy of the oxygen atoms is 10 keV in 

the lab and the beams are collimated to a half angle of 0.01 radian. 

Based on the above consideration, the momentum corresponding 

to a 10 keV oxygen ion was chosen as the upper limit on the momentum 

of a beam particle in the proposed apparatus. The maximum energy for 

ions of other masses passed by the magnet system can be determined by 

the fact that, for a constant momentum, the energy of a particle is 

inversely proportional to its mass—that is, the magnets will pass 

5 keV 02
+ and 80 keV H2

+. 

As indicated earlier, the optimum beam diameter was determined 

to be 0.7 cm. Allowing for a sector with an internal vertical dimen¬ 

sion of approximately twice the beam size, and for vacuum walls of 

thickness requires that the magnet pole gap be about one inch. 

It is easily shown that the number N of ampere-turns required is given 

approximately by 

-10 c 7- A _ 1 
N= 3.3x10 )Bgap 

(VII-4) 
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where T is the thickness of the pole pieces, ^.is the permeability of 

the yoke and pole piece material, is the ratio of the area A 
Ay P 

of the pole piece to Ay the cross sectional area of the yoke, \ is 

the length of the yoke in cm , and S is the pole gap in cm. For the 

yoke and pole piece material chosen fj, • 20,000 for small values of H. 

Therefore, the terms involving 1 /^/,are negligible provided the magnet 

is not operated at inductions sufficient to saturate the yoke or pole 

pieces. Establishment of a 15 cm. radius of curvature for a 10 keV 

0+ ion requires a magnetic field of 3800 Gauss. For a 1.0” pole gap, 

this corresponds to a magnetomotive force of 8000 amp-turns. 

The dimensions of the pole piece were chosen such that the pole 

pieces would extend far enough on either side of the beam to ensure 

reasonable field uniformity (within 0.1$) over the width of the beam. 

Fig 23 illustrates that the desired degree of field uniformity was 

obtained. 

Having chosen the pole piece area, the cross sectional area of the 

yoke can be chosen subject to the constraint that the yoke should 

remain well out of saturation. Inspection of the B vs. H curves for 

the yoke and pole piece material (Armco Electromagnet Iron) reveals 

that saturation effects first become noticeable around a B of 8000 

Gauss, and become severe at about 14,000 Gauss. In order to keep the B 

in the yoke below 8000 Gauss, the yoke should have at least half the 

cross-sectional area of the pole piece. 

It has been shown (Maley and Byrne, 1962) that for a solenoid wind¬ 

ing of fixed magnetomotive force, the least power is consumed in the 
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Fig. 23 Magnetic field homogeneity 
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windings if the current density at all points in the coil can be made 

to vary as the reciprocal of the radial distance from that point to 

the axis of the coil. Such a coil is extremely difficult to construct, 

and in fact, a coil with a uniform current density throughout the 

winding can be shown to be a fairly good approximation to a coil of 

optimal current density distribution if the ratio of the inner to 

the outer diameter of the coil is on the order of 1/3 to i (Maley, 

1962) as is the case for the present magnet coils. 

For a coil of fixed volume and uniform current density, the power 

dissipation is determined solely by the coil's volume, resistivity, 

and current density. That is, the actual number of turns required 

is determined by the requirement that the coil use a current small 

enough to be easily regulated. The regulation requirement is found 

by observing that “ Qjr- ; Thus, in order for the beam to 

remain sufficiently stationary at the end of the apparatus, should 

be about 0.01$, since ■—is about 0.1$. This degree of regulation 

is fairly readily obtained for currents of less than 20 amperes. 

The temperature of the outside of the coil is determined by the 

efficiency of heat transfer between the coil and the surrounding air. 

For convective cooling the thermal resistance of the coil/air interface 

has been measured to be approximately (exposed coil area)-* x (500°C-cm2/watt) 

for several typical coils in our laboratory. The bulk thermal conduc¬ 

tivity of the windings used has been measured to be 0.06 watts/cm-°C. 

Heat is liberated in the windings at a rate j watts/cm. 3, where j 

is the current density in amps/cm^, and p is the resistivity of the 



winding material in ohm-cm. Examination of the heat flow equation for 

an infinitely long cylinder indicates that the order of magnitude of 

the thermal gradients in the coil should be (rjyO /k) where k is the 

bulk thermal conductivity of the coil and r is the distance to the 

nearest coil boundary. Therefore, for a copper coil with j - 200 amps/cm^, 

k ■ 0.06 watts/cm.-°C, and a winding thickness of 6 cm, the maximum 

thermal gradient is about 6°C/cm. For most practical purposes this amounts 

to saying that the coil is at a uniform temperature. Therefore, for 

small coils with moderate current densities, the temperature of the 

coil is almost entirely determined by the ëfficiency of the cooling of 

the exterior of the coil. 

The final design parameters for the magnet coils were chosen as 

follows : 

2 coils per magnet 

I.D. 9«0 cm 

O.D. 15.4 cm 

Height: 7.2 cm 

Wire: #12 square copper 

Insulation: Heavy duty 220°C enamel 

Turns : Approximately 450 

Resistance: (30°C) 0.72 ohm 

(100° C) 0.95 ohm 

Maximum current: 11.0 amperes 

Maximum power: 105 watts 

Maximum surface temparature: 120°C 

A pair of the magnets described in this chapter have been constructed, 

and their performance is in accord with the anticipated performance 

outlined in this chapter. It was necessary to increase the pole piece 
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thickness from i” to 1.0” to alleviate saturation of the pole pieces 

at the point where the pole pieces join the coil spindle. A plot of 

the measured fringe field along the beam path of the magnet is shown 

in Fig. 24. The position of the effective pole boundary (that is, 

the boundary of a step-function field having the same deflecting power 

as the actual field) has been determined planimetrically and lies 

at the position indicated in Fig, 24. 





Charge-Transfer Cell 

Oliphant first observed in 1926 that well-collimated beams of 

energetic neutral particles could be produced by allowing an ion beam 

to undergo charge transfer with a static gas. This method of neutral 

beam production has been used extensively in studies of atomic collision 

processes occurring between neutral species (Amdur et al., 1948; 

Utterback and Miller, 1961; Fleischman and Young, 1969)* Neutral 

beams formed by charge exchange have also been used as a means of 

injecting energy into plasmas in attempts to achieve controlled 

thermonuclear fusion reactions (Futch andDamm, 1963)» 

Energy of Neutral Beam Produced 

The success of the charge-transfer technique production of neutral 

beams stems from the fact that the direction of the momentum vector 

of the projectile ion remains essentially unchanged during the charge- 

transfer process. The differential cross sections for the process 

H +02 H + O2 measured at projectile energies between 50 and 500 eV 

by Fleischman and Young (1969) demonstrate such behavior. These 

results indicate that for laboratory H+ energies greater than 300 eV 

the profile of the neutral H beam emerging from the charge-transfer 

cell is virtually indistinguishable from the profile of the parent pro¬ 

ton beam. Of course, these differential cross section measurements 

say nothing about possible changes in the momentum of the projectile 

parallel to its initial direction of motion. However, consideration of 
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conservation cf momentum and. energy in a charge-transfer process in which 

the neutral product is forward-scattered in the center-of-mass frame 

reveals that in a resonant process (that is, one in which the energy 

difference E^ between the reactant ion state and the product neutral 

state is equal to the energy difference E£ between the reactant 

neutral and the product ion states) the energy of the product neutral 

differs from the energy of the parent ion by a term on the order of 

the ratio of the electron and ion masses (see Result 3» Appendix A), 

For a non-resonant charge-transfer process the difference between the 

energy of the parent ion and the forward-scattered product neutral is 

approximately equal to the energy defect ( AE^ - AE2) of the process 

in which the neutral was produced (see Result 4, Appendix A), To date, 

no successful attempts at high-resolution energy analysis of fast neutral 

beams have been made. However, given that most of the neutrals formed 

by charge exchange of fast ions in a gas cell seem to be forward- 

scattered (as demonstrated by Fleischman and Young) and that it is 

possible to pick a target gas for which charge transfer with the parent 

ion is resonant or nearly resonant, it is relatively safe to assume 

that the energy of the neutral beam formed by chage exchange is ap¬ 

proximately equal to the energy of the parent ion beam. 

Excited States 

The presence of unknown quantities of long-lived electronically 

(and in the case of mole exiles, vibrationally) excited species in the 

reactant beams has long been recognized as a major problem in determination 
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of cross sections using beam techniques (Gustafson and Lindholm, i960; 

Stebbings, Turner, and Rutherford, 1966). One of the most attractive 

features of the merging beams technique is that is affords one some 

opportunity for determination of the states of reactant species. 

A variety of techniques can be employed to determine the state 

populations of particles in an atomic or ion beam. These methods include 

ionization by monoenergetic electrons (Foner and Hudson, 1962) and 

examination of ion beam attenuation in a static gas cell as a function 

of gas pressure (Turner and Rutherford, 1968). Given the current 

state of tunable laser technology, it may be possible to analyze the 

excited state content of fast beams by laser-induced fluorescence 

(R.F. Stebbings—private communication). 

In certain special cases it is possible to produce beams of 

known excited state content. Protons and H~ ions have no electronically 

excited states. One can infer from measurements of charge transfer 

of atomic oxygen ions with N£ that the majority of oxygen neutrals 

will be in the ground state (Stebbings, Turner and Rutherford, I966). 

This inference is made from the observation that the cross section for 

0+ + N
2—* 0 + N2+ (raw) 

is measured to be zero if the electrons used in the ion source are not 

sufficiently energetic to produce 0+ (^D), which lies 3*3 eV above 

the 0+(i*S) ground state, which in turn lies 13.6 eV above the ground 

state of 0, The reaction (VIII-1) proceeds rapidly at a barycentric 

energy of a few hundred eV if the energy of the electrons in the ion 
I A 

source is above the threshold for 0(^D) production. The charge-transfer 

process 



0*
♦ 

Nj
 

0
*
 N
 

*T\ 
CV 

W) 

fa 



51 

0+(**S) + N2(1Zg) 0(3p) + N2
+(22g) (VIII-2) 

is endothermic by 2.0 volts, whereas the process 

O^) +H2(1Zg) 0(3p) +N2
+(2rL)v»i (VIII-3) 

is nearly resonant. The apparent cross section for process (VIII-1) 

as a function of ion-source electron energy is shown in Fig. 25» From 

the smooth rise of the apparent cross section through the threshold 

for 0+(2p) production, it can be inferred that 0+(2P) is not produced 

in significant quantities in the ion source used or that the cross 

section for 0+(2P) + N2(*!£g) —► 0+ + N2
+ is small for every possible 

combination of product states. It seems unlikely that the cross section 

for 0+(2P) + N2(12g) -** O^D) + N2(2nu) would be extremely small at 

collision energies of a few hundred eV, as it is a nearly resonant 

process.* However, the work of Stebbings, Turner and Rutherford 

indicates that by a correct choice of the target gas one may be able to 

produce a neutral beam having a specified electronic state population. 

Unfortunately, even if a careful selection of the target gas is made, 

state analysis is generally required for the beam composition to be 

known with absolute certainty. 

An example of a special case in which state analysis may not be 

required is the production of a neutral beam of hydrogen atoms. In 

hydrogen the only long-lived ( >10“^ sec.) states are the 2% and high 

Rydberg states of principal quantum number n>11. (Hiskes et al., 1964). 

*0n the basis of behavior of collision cross sections for other pro¬ 
cesses involving 0+, it appears,that the ion source used by Stebbings, 
Turner and Rutherford did not produce 0+(2p) in large quantities (R.F. 
Stebbings—private communication). 
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The 2^S state is readily mixed with the 2^P by subjecting the metastable 

atom to an electric field. For a field of a few hundred volts per 

centimeter, the radiative lifetime of the mixed state is on the order of 

10“® sec. (Bether and Saltpeter, 1957)» Therefore, the H(2^S) atoms 

can' be effectively removed from the beam by passing the beam between 

a suitably biased set of plates. It has been shown (Riviere and 

Sweetmen, I962) that H atoms in highly excited states with n^9 can be 

field-ionized by a field of 150 kV/cm in times of *10"^ sec. There¬ 

fore, by application of the appropriate electric fields, all of the 

metastable components of the hydrogen atom beam can, in principle, be 

removed. Fortunately the fraction of the hydrogen beam in high Rydberg 

states is expected to be quite small. Fractions of states with n >9 

on the order of 0,5$ of the total flux have been reported for neutral 

hydrogen beams formed by charge exchange with water vapor (Futch and 

Damm, 1963)» Therefore, the proposed apparatus will only provide for 

quenching of the 2% metastables of hydrogen. 

Charge-Transfer Cell Model 

Examination of the relative sizes of the cross sections for various 

processes which may occur when an ion beam impinges on a static gas 

target reveals that at least two processes determine the composition 

of the beam emerging from the cell. These processes are charge transfer 

and elastic scattering of ions and fast neutrals through an angle 

greater than 0.5° in the lab with cross sections <T| Q , C^j and , 

respectively. There are a number of other charge-changing processes, 
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such as stripping of the neutral atoms , and electron attachment 

<Tq- , which may be relevant to the operation of the cell; However, 

several studies indicate that for most reactant systems OjQ is at 

least an order of magnitude larger than any of the cross sections for 

other charge-changing collisions at barycentric energies less than 10 keV. 

Making the assumptions that charge transfer involves no angular scattering 

and that an elastically-scattered particle is permanently removed from 

the beam, a model of the behavior of the charge-transfer cell can be 

developed. 
< 

The current of ions Ii at any point z along the axis of the cell 

is given by 
T - T <rnz(a!n+ o-c.) e 10 Sl (VIH-4) 

where z is the distance along the cell axis measured from the entrance 

of the cell, is the ion beam current at z ■ 0, and n is the gas 

density in the cell. The net number of neutral atoms introduced to the 

beam in a differentiàl path length element dz is given by 

dI« * (Iinoio- tnoso)dz <vm'5> 

where the first term on the right in (VIII-5) represents the number of 

neutrals created by charge exchange in dz, and the second term represents 

the number of neutrals elastically scattered from the beam in dz. 

Inserting Eq. (VIII-4) into (VIII-5) yields a differential equation for l(z); 

(VIII-6) dlo «• — nz ( u * A + o A I ) * _ 
7T=riie 10 sl Oion-1o°rson 

The solution to this equation, subject to the boundary condition that 

1(0) - 0, is 
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Io . JlL22 .(e-nztoio*<rsi)_e-
n20so) 

°so" (°io+crsr (VIII-7) 

Evaluation of this expression for reasonable values of OJQ , Og| , 

and °5Q and for a wide range of the parameter nz (see Fig. 26) shows 

that the neutral flux increases for small values of nz, reaches a maxi- 

for nz between 10*5 and 10*^ and decreases to zero around 10^ cm“2. mum 

The decrease at large nz is caused by scattering of neutrals from the 

beam, since if were zero, the ratio -7^ would approach —— 
SO a\0+OS\ 

as nz approaches infinity. Clearly one should select a target gas 

having as large a CTJQ and as small a C^| and as possible. 

Cross Section Measurements with the Gas Cell 

Immediately the question of the feasibility of deducing values 

of the cross sections CJj Q , and O^Q from the observed behavior 

of the charge-transfer cell arises. If one assumes the validity of the 

three-process model described earlier, the values of °io » °-Si and 

Q can be obtained from measurement of the neutral and ion beam 

intensities for a wide range of cell pressures. 

The method for obtaining the cross sections is as follows: 

Differentiation of Eq. (VIII-7) gives 

d Io = 25O (, % -nz(ojo+Os,) 
d(nz) I,. 

Expanding (VIII-8) for small values of nz, 

d X 
d(nz) Ijj °fo(l‘nz(oi<>t£W0si )t-) 

(VIII-9) 
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Therefore, for nz (C7JQ + + CT*,, )<<lt CT|A can be determined from 

It 
rSO 'SI 10 

the slope of a plot of —2 vs. nz. 
I|i 

From Eq. (VIII-4) we see that the intensity of the ion beam 

emerging from the cell is 

I rii • 

-n2(oj0«rs|) 

(VIII-10) 

The quantity ( Ojo+ o-S|) can therefore be determined from the slope of 

a plot of In "I*- vs. nz. 
*li 

The cross section for scattering of ions by angles greater than 

the angle subtended by the detector can be determined by subtraction 

of the quantities just discussed. Alternatively, Cgj can be determined 

by investigation of the quantity (Ii + IQ) for low values of nz. 
If +3o Result 1, Appendix D shows that j _ « 0^| if nz is 

sufficiently small; thus, ^Sl is given by the slope of a plot of 

( — — ) vs. nz. This is intuitively clear, since for small nz 
*li 

the beam is almost entirely composed of ions, the ions are removed from 

the beam by charge transfer and scattering, and those which are removed 

by charge transfer are included in the sum (Io + 1^). For small 

values of nz the neutral beam flux is small compared to the ion beam 

flux; therefore, any changes in (IQ + 1^) due to scattering of neutrals 

are negligible. 

Similar arguments can be applied to large values of nz in order 

to obtain a value for the scattering cross section for neutrals. As 
1? 2 can be seen from Fig. 27, for values of nz greater than 10 cm the 

beam consists primarily of neutral particles, and the cross section for 
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scattering of neutrals can be obtained from the slope of the plot of 

log (IQ) VS. nz. This procedure is algebraically justified in Result 2, 

Appendix D. Caution should be exercised in deduction of cross sections 

at large values of nz, since at large target densities processes with 

small cross sections play an increasingly important role in the behavior 

of the cell; such processes as stripping of the neutral atoms, electron 

capture by the neutral atoms, and double electron capture by the 

ions were ignored in the analysis of cell behavior given earlier. 

The quantities OjQ , CTgj and CT^Q for the system H* + O2 have 

been determined using the gps cell intended for neutral beam production 

in the proposed apparatus. The main difficulty encountered in this mea¬ 

surement was an accurate determination of the density of target 

gas in the charge-exchange cell. Ultimately the target gas density 

was determined by the following procedure: 

(1) The relative sensitivities of two Bayard-Alpert ionization 

gauges were determined by comparing the ion currents collected in the 

gauges for a wide range of pressures of 02» The electron currents in 

the gauges were held constant by emission-regulation circuits in the 

ionization gauge power supplies. 

(2) One of the two gauges used in (i) was placed in the vacuum 

chamber containing the charge-transfer cell, and the other gauge was 

placed inside the cell itself. The ratio iof the pressure increases 

above the ambient pressure on the two gauges was noted as the pressure 

in the cell was increased from about 5 x 10“6 torr to about 10-^ torr 

by admission of O2 target gas. It was observed that the ratio of the 
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/ C&ll \ pressure increases registered on the two gauges ( -p ) was con- 
j. chamber 

stant for cell pressures less than 1(J torr. At cell pressures greater 
M )i. ^cell \ 

than 10 torr, ( —p = ) deviated from linearity as shown in Fig. 
chamber 

28. This deviation is ascribed to the non-linear behavior of the ioniza¬ 

tion gauge inside the cell as reported by Schulz (1957)» The ratio 

of gas density in the cell to gas density outside the cell under effusive 

flow condition is then determined from the linear portion of the curve 

shown in Fig. 28. 

(3) However, the ration ( -p- 
cell -) found in step (2) is not 

1 chamber 
necessarily the same for all values of cell pressure. As the cell 

pressure is changed, the flow condition atpvarious points in the system 

may change, resulting in a change in ( -p- cell -). Therefore, a 
chamber 

Schulz-Phelps gauge, shown in Fig. 29, was constructed. It has been 

shown (Schulz and Phelps, 1958) that for an ionization gauge of this 

construction, the ion current is linearly related to the gas density 

in the gauge for pressures as high as 10”* torr. The Schulz-Phelps 

gauge was placed inside the charge-transfer cell, and plots of gauge 

ion current obtained vs. P^an)V|Ar were made (Fig. 30) as target gas 

was introduced to the cell. Assuming the Schulz-Phelps gauge output to 

be linear with the gas density in the cell, it appears from Fig. 30 

that either the conductance of the cell orifices increases or the pump¬ 

ing speed of the pump on the cell chamber decreases as the chamber 

pressure increases. The 'knee* in the curve of Fig. 30 occurs at a cell 

pressure of about 2 x 10 torr, which corresponds to a gas-kinetic 

mean free path in the cell of about 2.5 cm for Og at room temperature; 
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therefore, one can conclude that molecular flow conditions are still 

in effect at the cell orifices. Like-wise, Pfty,anjhftT. at the knee in Fig 30 
j, 

is 1 x 10 torr, and the mean free path is <v50 cm in the chamber. 

Hence, molecular flow conditions also hold in the 20 cm diameter diffusion 

pump throat. However, the knee is best explained by the observation 

that at a chamber pressure of 10 the diffusion pump forepressure is 

approximately .03 torr, which is a sufficiently high pressure that the 

pumping speed of the pump is degraded (Pirani and Yarwood, 1961). 

(4) The partial pressure of target gas in the cell can be 

represented by 

pcell ■ k« a Chamber (viix-ii) 
where kQ is a constant relating the pressure increase inside the cell 

to that in the chamber due to the introduction of target gas at low 

cell pressures, and CK is a factor between 1.0 and 0.5 representing the 

deviation from a linear relation between P and ^e^g^er shown in 

Fig. 30. The constant kQ is determined from the slope of the linear 

portion of the curve in Fig. 28, and the d-value for each value of 

^chamber determined from Fig. 30» With kQ and CL thus determined, 

Pcell is faand ^om E<1* (VIH-11 )• 

Having ascertained the target gas density inside the cell, one 

must also take into account the density of the target gas through which 

the beam passes outside the cell. The density of gas along the beam 

path is the sum of the densities due to the equilibrium pressure in the 

chamber containing the cell and the density of gas streaming from the 

cell. The equilibrium pressure is, of course, Pffhfln)hftT. and is measured 
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directly, but the streaming is difficult to account for exactly (Amdur, 

1948). However, it seems reasonable to derive an approximation to 

the streaming density at any point a distance d from the cell orifice 

by assuming that the flux through a differential volume element decreases 
-2 

as d , which is equivalent to saying that the flux at d is proportional 

to the solid angle Q, subtended by the cell orifice from position d, 

• as shown in Fig. JX, The constant of proportionality is determined by 

observing that when m 27T, the flux per unit area is just 

■j^cell” where v is the mean velocity of the gas inside the cell, and 

ncell density of gas inside the cell. The streaming target gas 

density n as a function of d is then given approximately by 

_ _ flux per unit area _ nc e 11 
ns u 87r 

a 'cell 
327T d2 

where r is the radius of the aperture in the gas cell. The quantity 

of interest in a scattering experiment is the target area OTIZ, where n is 

the density of target gas, z is the distance the beam travels through 

the target gas, and <r is the scattering cross section. The target 

presented by the streaming gas is approximately 

00 
<T nce|| 

ncell 

dz 

(VIII-12) 

which constitutes a fairly small correction to the total target area 

presented by the gas in the cell, since the cell length is 20 cm and r 

is 0.6 cm. 
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Another difficulty encountered in measuring cross sections for 

charge transfer using the gas cell arises from the fact that the flux 

of fast neutral particles emerging from the cell is monitored by measuring 

the number of secondary electrons ejected from a stainless steel 

surface by the impinging beam of fast neutral particles. The number 

of secondary electrons emitted per incident neutral % depends strongly 

on the nature of the surface and has not been measured for the surface 

used in these measurements. However, several investigators (Utterback 

and Miller, I963, Barnett and Reynolds, 1957) have reported that for 

ions and neutral particles of approximately 1 keV energy the ratio of 

the secondary emission coefficient for ions to that for neutrals is 

approximately unity for a number of different surfaces. 

The experimental arrangement used to determine <7]Q , C7g| and 

O' for the system H+ + 09 is shown in Fig. 32. Fluxes of neutral 

particles are measured with the deflection plates D biased so that the 

ions are collected at C,and with the Faraday cup biased as shown in 

inset a; currents of secondary electrons emitted by fast ions and neutrals 

are both easily measured with this arrangement. Efficient collection 

of all secondary electrons emitted from the back plate is ensured by 

increasing the back plate bias until further increases in bias yield 

no increase in collected secondary current (cf. Fig. 33)» The same 

criterion is applied in adjusting the electrode bias of arrangement b. 

Current of ions are measured with the plates D grounded and the Faraday 

biased as shown in inset b. Secondary emission currents of electrons 

produced by ions incident on the back plate of the Faraday cup are 
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measured with the Faraday cup biased as in inset a. Plots of In -j— , 

X I Jol o +71 lj 
In —— and In ————*—1 vs. nz appear in Fig. 27* where the cross 

To I| X I|j 

sections appropriate to the various curves are noted. In Fig. 3^ are 

plots of ^-° and - vs. nz for low values of nz, from which 
XI. >Ui 

°io and 0-s, are determined. The scattering cross sections OQI and 'SI SI 

O^Qboth appear to be 8 * 3 ^ 2. The value obtained for CTJQ , 

10 * 4 2, is in reasonable agreement with the published cross section 
o 2 of 13 a for charge transfer between protons and oxygen molecules 

at 1 keV proton energy(Koopman, 1969)» Values for Og| and CT^g have 

not been found in the literature. 
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IX 

Conclusion 

Current State of Apparatus 

The beam-forming portions of the proposed merging beams apparatus 

have been constructed, and the interaction region and detection chamber 

vacuum tanks are currently under construction. 

Tests of the beam-forming and beam transport systems described 

here show that adequate ion and neutral beams can be delivered near the 

interaction region entrance. Ion beams of current 1.5 (Hg* at 1 keV) 

have been achieved at a position corresponding to the end of the interac¬ 

tion region.* 

Beam profile measurements taken by sweeping the beam across a 

small aperture near the interaction region entrance show that the beam 

diamter (FWHM) is approximately 1 cm and that the beam profile is a 

smooth bell-shaped function when the lenses and magnets are properly 

adjusted. The length of the field-free drift space between the last 

ion optical device and the point at which the profile was raeasurecLis 

approximately 120 cm. Therefore, this measurement of the beam pro¬ 

file indicates that the divergence of the beam is quite small, on 

the ader of .01 radians. 

♦This current was measured at the entrance of the interaction region 

but was generated by the ion source intended to produce the ion beam 

that is to be neutralized in the gas cell. The flight path for the beam 
measured is equivalent to the path taken by the un-neutralized ion beam in 

the proposed apparatus—see Fig, 6. 
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The charge-transfer method of neutral beam production has been 

tested for production of hydrogen atom beams using 0^ and as target 

gasses. The maximum H beam intensity obtained near the interaction re¬ 

gion entrance is approximately 32$ of the maximum H+ beam intensity 

obtained at the same point for 0^ in the cell ad about 28$ for Ng 

in the cell. The maximum flux of neutral hydrogen atoms obtained near 
11 the interaction region was greater than 6 x 10 particles/sec, which 

jo 
would correspond to a current of 1 x 10 amps if the atoms carried 

one electronic charge. 

The assumptions made in the signal-to-noise calculation carried 

out in Chapter III and Appendix C represent reasonable worst-case- 

conditions. The actual background count rates observed may range from 

the values Igiven in Chapter III to values about an order of magnitude 

less than those given. If for some reason, the stripping background 

is large enough to preclude cross-section measurement, it is possible 

to reduce the background count rate by energy analysis of the product 

beam. As shown in Result 4, Appendix A, the ionic product of a stripping 

event has a lab-frame energy less than the lab energy of the incident 

neutral particle, the energy difference being at least the ionization 

potential of the neutral stripped in the process. If the product ions 

created by the interaction of the two beams are created in a resonant 

or very nearly resonant charge-transfer process, their laboratory 

energy will be very closte to the laboratory energy of the reactant 

neutrals. Therefore, by use of a medium-resolution energy analyzer 
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( — A» .01), it is possible to discriminate against those ions formed 

by stripping of primary neutrals. 

The proposed apparatus differs from other merging beams machines 

in the following ways: 

1) The interaction region is more than twice as long as that of any 

other apparatus, permitting better energy resolution and a higher signal 

count rate. 

2) High vacuum techniques are employed in the interaction region 

so that the density of residual gas in the interaction region will 

be lower than that in most other merging beams machines. 

3) The overlap integral F can be measured reasonably accurately 

in a very short length, of time. Other investigators have made assumptions 

about beam uniformity or resorted to measuring the overlap integral 

by the lengthy process of moving a detector across the beam path at 

various positions in the interaction region. 

4-) The apparatus has been designed for maximum versatility. It 

is readily adaptable to other methods of neutral beam production and 

to the introduction of other beams of charged particles and/or photons into 

either or both of the reactant beams. 
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APPENDIX A 

Reaction Kinematics 

Consider the reaction 

1+2 —► 3 + 4 + Q 

where 1 and 2 are the reactant species, 3 and 4 are products, and 

Q is the translational energy given to the reaction products. Define 

v^ as the velocity of particle i in the lab, u^ as the velocity of 

particle i in the center-of-mass frame, and m. as the mass of particle i. 

mivl + “?v? Vo + %v. 
Velocity of C.M. frame vm - - T « —? 3, -, . 

** "* "<* Dij| 

Velocity of momentum in the C.M. frame requires 

m1u1 _m2U2 

®3»3 « 

before collision, and 

(A.-l) 

after collision 

Conservation of energy requires 

2 , 2 
mlul +m2u2 

2 , 2 
m
3
u3 + - 2Q (A -2) 

Substituting (A -1) into (A -2), 

2 _ 
m^u^ 

2 2 
2 , mi U1 

m^Uj + 

2 2 
m3 U3 

m,. + 2Q ( A-3) 

Rearranging, this expression becomes 

? m> 
- miui U + ~ZT~) + 2Q 
^3 - 1 1 ”2 

m« 

"3U + V 

U-t) 
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or, using the fact that + m^, 

’ V*1 u- 

u. 

2 mA   2Qr%   
m^(m^ + m^) 

20. m,, 

U4 
2" 

(A -5) 

(A -6) 
m4 

Note that miu^ and therefore, 

’t before collision —x -r~'—1 T 
C + Mg / 

1 mim2  (Ul + uzy 

(m^ + n^) 
Uj2 (1 + 

m4 

■z 

therefore 

2 2 ^before m2 
u4 

ral ^ral + “2^ 

thus, the second term under the radical becomes 

I (mt + \ 

2^beforem2 | ^before 

2Qm., 

ra3(m3 + m^) 

Therefore, 

u. “1*% 

u, y VB3 

From (A -5) one observes that 

+ _a_ 

^before 

1 
T 

RESULT 1 

u. 
(u 

2 *¥% 
i 

^before 

2Qm,, m4 

+ «3(1113 + m^) ^ 2E, 

mj_I% 

E4 

â  
"l

m4 
  i_2L  + iS    =-2—r  
(m^+ Ei 'm3 + m4^ 
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/^before”1^ / ^before + ^ % 
' E< ' 

RESULT 2 

Mass Transfer where QrO 

+ itig  > (m^ + + (n^ - m^) 

mf. 

v,. 
'max 

VC.M. + U3 

mlvl + ^2 
mi + *2 

- m*m 
1 e 

+ &2m 
e 

V
C.M. 

+ 2U
1
V
C.M.

(1
 ~ ^ 

»L 1/ e 
m 

m* 
“2 

-) ) 

+ V<1 - (- 
m 

m4 

in 

“2 

Assume parallel to ^ , then 

m, 
E, 1 / . w 

2 VC.M. ui^ 

ral o 

"2 (vC.M. + 2U1VC.M. + ui ^ 

E3 - El 1 / , s 2 1 2 
T* (ml + me v3 “ 2 mlvl 

mi 1 0 in m 

- -T- < + fVox + + 

m 
(v. 

m 

2 C.M. 
2 

+ ^ro-M. +ui2> 

E3 - Ej 

v„ „ r m. u* m< 2 
!2"M-" (-1 - ;r> v1 + (-1 " *ir* ÏLI 
2 L “2 VC.M. “2 vr w 

7 + ^] 
-M- V0.M. J 

[ 

+ 1+2 

m v0 w e C.M. ! + (1 _J2-)A. . 

"2 T
C.M. "2 v2 

C.M* 

RESULT 3 
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Pro.iectile Energy Loss with No Mass Transfer for Inelastic Scattering 
from Static Gas 

m^ + + ra^ + Q, where • m^, m^ ■ m^ 

The maximum lab frame energy of m^ occurs when is forward- 

scattered in the C.M. frame. Then,- in the lab, 

max i / , \2 
E 

* ”3 <
T
C.M. 

+
 V' 

ra, 

2^" *VC.M. + 
. / 2 , 2n 
V U1 nu(au + m^(m^ + m^) ) 

For a static gas cell “ 0; therefore, 

v, 
C.M. 

u. 

(- 

m„ 

«3 + “4. 
■) v., and 

m„ 
V1 ’ VC.M. v.( 1 - -v, l XKU •+* nit, 

Vi 
m3 + \ 

Thus, E^ becomes 

E, JÎL [ (J!fl_)2 + 2(ül_) Vi >2 , 
2 L S + < 2S + •%> V\ + V „u(m, + 

‘3'"‘3 ■ m2j.) 

2 Q m^ %V1 o 
+ (—~r^~j +  7 rz—V - + ”3(”3 + V "3 

2 2Q 
For a static cell »^3‘, and the radical can be expanded: 

Vi 2 

+ m^ ^ + m^(m^ + m^) 

2 Q m^ 
Vi 
m3 + % 

a 
vim3 
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Therefore, 

E, JÜ2 
2 

t m3 \2 2 , 2Wl. 
i (®3+ 

m,. o o 2 Q nv "I 

^ri 
* '% \2 2 ^ Q Wj 

+ (——T ) V- + ~V ' * 1 ra^(m^ 

m, 
1 
v [- 

m„ m. 

“3 . 1UJ^ + m, 

nu + m, 

m^ + m,. 

+ 2 a ( 
m3 m4 J 

2 m0(m0 + m,,) J 3V3 

Eid + i^> 

2 Q 
m3 + «4, 

RESULT 4 

If the reaction is endothermic, then Q, is negative and the energy 

of the scattered projectile is reduced by the amount Q. 
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Overlap Integral for Beam with Gaussian Profile 

B - 1 

Assumption: beam is collimated prior to entry into the interaction 

region. Beam profile: 

Current in beam i: I . 
x 

pOO 
2TT ]rji(r)dr 

^ _ 1 x2 

Z7rho ^ * «io* 

Throughout the interaction region I . can be considered constant: 
1 2 

1 i ■ thus* lf jio ■ %oo fl' + z)2 • then Ç ■ * <L' *VZ > 
°iooL 

where i. is j. at z™0 (the entrance of the interaction region) and 
lOO 10 

L* is a constant related to the distance the beam travels before 

entering the interaction region. 

F - 2ir jdz j j«(r)j,,(r)rdr 
0 0 * ^ 

'*JioJ2otf 

’■2 

21T 1? lW2oe''Sl —)r 
€2

; rdr 

. . *1V2 
* ^io32o“Ç+ï 

{ 

V2 

1T 

I1I2 

rL 
idz 

«1 +«2 

I^L'j + Z't I2(L{ + Z)‘ 

-î T I ^ 
^^ioo*1 1 



Suppose «i ■ h 
I1I2 f_TT 
TT J0 2 

L'i%W , 

i L1' Jioo 

IjCL1 +Z) 
1 

L' 

i 

  ), 
L't + L 

which has the same form as the F in Eq. (Ill-3). 
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Appendix C 

Signal-to-Noise Calculations 

The signal S is defined 

S - CTF 
/w(m1 + »2) 

V 2 EXE2 

2L. HP 
v„ VË7 

CTF 

+ m2 L'2! 1^2' oo 

+ mg) 

^T~ 
1 
L* L' + L 

(c:-i) 

) 

where is current density of beam 1 at entrance of interaction 

region, L' is collimation length, L is interaction region length, and 

Gaussian current density distributions of same width assumed for both 

beams. 

The background B can be expressed 

B ’ h °01 (N1L + “A + NdLd+ Sv1 ) + (Ii+ w 

+ Dark Current (C-2) 

where the first term is the stripping background, Rgr is the ratio of 

the sum of the beam currents to the current produced by secondary 

particles arising from collisions of primary beam particles with beam¬ 

defining slits, deflection plates, etc. 1^ is the neutral beam current, 

is the lenth over which background is created prior to beams* 

entering the interaction region, is the length over which background 

is created after the beam exits the interaction region, IL is the 

density of background gas in the interaction region, is the gas 

density in the previous chamber, is the gas density in the detector 

chamber, and N is the density of the stream of gas effusing from the 

charge-transfer cell. 
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can be further subdivided 

« (N^(residual) + N^(gas load)) 

where N^(residual) is the contribution from the walls and seals of 

the interaction chamber, and ÎL (gas load) is the contribution due to 

gas from other chambers entering the interaction region through the 

beam-defining slits. For the proposed apparatus estimates of these 

quantities have been made: 

n 
N^(residual) - 3*5 x 10' (based on an outgassing rate for 

stainless steel after a 150°C bake 
«•11 2 of 1 x 10“ torr-liters/sec-crn 

(Strausser, 1968) and an outgassing 

rate for the l/8" diameter Viton A 

seals of 2 x 10“*° torr-liters/sec- 

linear cm length (Csematony and 

Crawley, 1967) ) 

(gas load) = 3»5 X 10' (based on charge-transfer cell gas in¬ 

put to the system of .1 torr-liters/sec, 

ion source gas inputs of .005 torr- 

liters/sec, and pumping speeds and 

conduct anceè ore conductances as indicated below in 
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Where a and b are defined in the figure, 

jNsdl m *.« V ■ 
ncell 

m 5 x 10^ cm“^ 

L1 - 90 cm 

L 
m 

as 10 cm 

L m 70 cm 

Ld 
8 35 cm 

L« - 150 cm 

«Br 
m 

8 
10° counts/seC' 

“dZ 
,0if ncell^ L, LlLm*L+Ld 

Dark current 3 counts/min 

Inserting these values in ( c -2) gives 

B ■ 1^ 0^^ x 4 x 10^ counts/sec 

where 1^ is the neutral beam flux in particles/sec and <J^ is in If 

n 11 
j ™ ft 1 r\ < r 41 j - .8 x 10 amp corresponds to 5 x 10 particles per sec, then 

B -• 2 x 10^ (T (£^) counts/sec (C-3) 
s 

If the count rate is Poisson-distributed, and we require that 

one standard deviation of the measured cross section be 10# of the 

measured value, then by Eqs. (111-4) and (III-5) the requirement is 

+ £ 
+
 RQ *
+
 $ 

Therefore, 

El + 2 * Ro * R1 R2 

.01S2 

where T is the time for which counts are to be accumulated. Assuming 
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that most of the counts registered in the detector are background counts 

(which will be a valid assumption for charge-transfer experiments), 

R1 + 2 + R0 + R1 + R2 “ ^1 " 
28 

where beam 1 is designated as the neutral beam. Therefore, 
2B 

.oi S2 
(C.-4-) 

Define a quantity 

X - 

.2 
L» + L 

N.L + N L + N.L. + , - x mm d d \ s ÎX31 

(c:-5) 

is a factor inversely proportional to the required counting time 

and depends only on the pressures at various points in the apparatus and 

on the apparatus geometry. X can therefore be viewed as a figure of 

merit for any given apparatus. Combining (C -1,2,&5) 

JL 
B 

¥ 

’01 EH 

ml +m2 

”2V22 
*1^200 (C.-6) 

Inserting typical values 

(Flo " 20 x lO^^cm^ 

(j-Ql » 1 x 10 'em 

v2 * 3*5 x 10? cm/sec 

W - 0.1 eV 

Ej - 640 eV 

♦Extrapolation ty Stebbings and Rutherford, 1968. H + 0+—► H+ + 0 

**Koopman (I969) indicates that ** lO'^cm2 for the fast neutral 
hydrogen atoms impinging on Og. 
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J200 

5 x iO^/sec 

6 x 10*2/cm2-sec 

70 cm 

LmNm + LA 2.3 x 1010 cm-2 

,7 _-3 ÏL (residual) + N^(gas load) ■ 7 x 10' cm" 

Ncell 

L1 ■ 100 cm 

5 x iO^ca* 

X - 5.5 x 10“8 

gives S2 ■ 1.4 x 10“2 counts/sec 

By (C ~4) 

4 
T ■ 1.3 x 10 sec * 3*6 hours. 

(c:-7) 

By (C-l) and (C-3) 

S - 54 counts/sec, 

and B * 2 x 10^ counts/sec. 

If the assumption that the beam density decreases with z (as noted in 

Eq.(III-3) is valid, then the amount of signal dS obtained from a 

differential beam path length dz decreases as z is increased, and one 

might expect that as the length of the interaction region is increased, 

a point is reached at which further increase of the length of the inter¬ 

action region yields no further decrease in the counting time required 

to measure a cross section to a specified accuracy. 

This problem has been investigated by plotting X (which is pro¬ 

portional to the reciprocal of the counting time) as a function of 

interaction region length L for the set of parameters given in(C-7). 
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As shown in Fig. A-l, "Xincreases rapidly at first, but ultimately 

decreases. This decrease is due to the fact that, as L becomes large 

the additional signal gained from each increase in L becomes progressively 

smaller, but the background continues to increase linearly with L. 

In order to see how the counting time under a diverging beam model 

might differ from the counting time calculated under the assumption 

of a perfectly parallel beam, ~)C is plotted for different collimation 

lengths L1 in Fig. A-2, where L' ■ oo represents the limit of a parallel 

beam. 
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Appendix D 

More Gaa Cell Equations 

*0 + J1 

*li 
for Small nz 

From Eqs. (V3XE-4) and (VIII-?), 

Jo + 

*11 

-nz(CT10 + <rBl) (1 + 
u 10  

<r«0-<<r10+Oil> 

"nz °io  °*1Q  
6 ^0-^10 +V 

Making the substitutions nz = X and k 

expression becomes 

-X<°io+ *.i> 

cr 
10 

O'so-<crio + 0'ai) 
this 

xii 
e - (1-k) + ke'XCrs° 

-Xo-S0. -X(°in + °‘.i - <r„n> 
ke (e ■) + 1) 

For sufficiently small X this equation can be written 

Wl 
Hi 

2 2 
(l - X ( <r10 +<rsl) + X (aio * ^si* ) (l - k) 

2 2 
+ k(l - XO'sO + -A_^s0_) 

l + kX(CT10 + <rsl _ Crg0) . X(cr10 + *nl) 

((l -k)(«rln+ O’.) 
' '* " iV/' ' 10 si7 " “ws0 

2 - k<r n
2 ) 2 
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Differentiating with respect to X , 

-a I + I, d o 1 
dx % 

k< °10 + °il - V - < "io + °il> 

+ X ((i-k)(<r10+ 

Inserting the definition of k, 

d Io + Il 

*11 
< °io - °io> - °il +X(<1- k>< ^^-^so) 

-<T si RESULT 1 
y 

provided that the terms of the form ( Xcr ) are small. This condition 

v 14 -2 -1*5 2 is easily satisfied for \ $10 cm , since O' 10 cm. 

h*1! 
hi for Large nz 

As previously noted, 

“"O ’ h _ , ~/"'s0 I- + -X CTen. - X( CT10 + <Tsi 
ke 

■li 
(e 

Taking the log of both sides, this expression becomes 

ln + I« 
In 

n + I. - X( cr1n + cre. - crJ . v 

■ -Xo-s0 
+ 1"* + s0(ifi) + 1> 

Applying a series expansion for In (1 + x) 

ln (1 + x) ■ x - x^ + x^ - . . . 
2 3 

gives 

in - - Vso + Ï» k ♦ e‘X( 0-10 + ^ 
*11 

l,"2 ( °io + °si " ^sO^ 1 - k I2 
“ 2® V £ ^ + . . . 
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Differentiation with respect to X gives 

InV11 

dX -<rs0+ «^i-^ ' 

-X(tr10 + crsl - <rs0) 

thus, for X sufficiently large, 

In 
I0 + Il 

*11 
°s0 RESULT 2 



Appendix E 

Space-Charge Limited Strip 

E - 1 

Consider a ribbon-shaped beam of charged particles. The ribbon 

has width 2yQ and infinite height in the x direction. The electric 

field £ at the edge of the strip is given by Gauss' law 

£ - 27TpZyQ - 7H|. —yQ (cgs units) 
z 

where j is the current density in the beam, and v^is the beam velocity. 

The beam current per unit height is defined 

X 
h 

Therefore, 

2 3 

27r i 

vz h 

The equation of motion of a particle with charge e on the beam 

edge is 

y ■ y.+ 'Vot + ■%- %2 
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2 
Note that if 2 7Q > v the particle does not reach the axis. 

Thus, one defines a critical field such that the beam envelope 

touches the z axis only once. 

4rit e yr 
m 

or, 
crit 

27T 

v 
3rit 

Rearranging, 

I 
crit 

2 
v v m 
Z yo 

47ryo e 

3 v y m 
JL.. .o— 
47T z^e 

yo E 
3/2 

V2 7Tem^ 

where E is the beam energy. Converting to more usable units, 

y (cm) (E(keV) )-^ 

h 
crit (amps/cm) .0058 

(m(amu) )2 (Zf(cm) Y 

The parameters corresponding to the measurement of Fig 22 are 

*f 

M 

V 

I 
h 

By Result a, 

I 

1 cm 

8.6 cm 

2 

1 kV 

Z0f_ik/ cm 

-crit ■ 60/J-k/cm 

RESULT i 

Thus, the current is smaller than the critical value, but sufficiently 

large that the magnet focus should be displaced. The displacement of 
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the crossover is easily calculated. Time t1, at which the particle 

first crosses the axis is 

+ 

'o 

2 e 

m vo 

m 

Since 

So 

±_ _I_ 

3 h 
crit, then 

£ - -j- £ crit 

2 £e 1 2 
v 

mo 3 y( 

( E-l) 

Inserting this in (E-l ) p-5— 

-1> 

1 

~r 

The new crossover position then is:    

6 W 
V 

- 1) 
1.09 Z4 

1) 
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