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ABSTRACT 

RESONANT CHARGE TRANSFER IN HYDROGEN AND HELIUM 
AT LOW COLLISION ENERGIES 

by 

JAMES HANSEN NEWMAN 

Absolute charge-transfer cross-sections for collisions of 

protons with hydrogen and deuterium atoms have been measured within 

the energy range 0.1 eV to ISO eV using the merging-beams technique. 

The results are in excellent agreement with a fully quantum 

mechanical treatment of this reaction. In addition, cross sections 

for resonant charge transfer of helium ions and neutrals have been 

measured within the energy range 40 meV to 10 eV. These data show 

good agreement with the available theory. The experimental 

technique and apparatus are reviewed briefly and a discussion of the 

use and implementation of a CAMAC based microprocessor as an aid 

greatly facilitating experimental diagnostics is included. 
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CHAPTER I 

Introduction 

Symmetric, resonant, charge transfer involves the exchange of 

an electron between an ion and a neutral atom of the same species in 

a process with no energy defect. Charge transfer in general and 

resonant charge transfer in particular represent an important class 

of reactions occurring in environments ranging from planetary 

atmospheres to the plasmas in fusion reactors. This thesis 

discusses measurements of the total cross section for resonant 

charge transfer in hydrogen and helium. 

Charge transfer between protons and hydrogen atoms is itself of 

fundamental interest and, moreover, plays an important role in many 

astrophysical and aeronomical environments. It is, for example, the 

rate determining step in the loss of hydrogen1 from the earth's 

atmosphere and plays a role in plasma cooling in fusion reactors. 

Being the simplest chemical reaction, it lends itself to accurate 

quantum-mechanical and semi-classical treatment and the literature 

abounds with calculations of this process. In contrast, 

experimental investigation of this reaction has been extremely 

limited. In this thesis, absolute cross sections are presented, 

measured using the merging-beams technique,3 for the reactions 

H+ + H(ls) -> H(ls) + H+ (1-1) 

H+ + D(ls) -> H(ls) + D+ (1-2) 

within the collision energy range of 0.1 to 150 eV. 

1 
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Eelitun ions, in. addition to protons, oxygen ions and electrons, 

are a constituent of the earth's plasmasphere. Resonant charge 

transfer between helium ions and neutrals is of fundamental, as well 

as some atmospheric, interest.' Accurate theoretical calculations 

agree well with existing experimental data, which extends down to 

about .3 eV collision energy. We present absolute cross sections 

for the reaction 

*He+(ls) + «He(lsa) -> *He(lsa) + «He+(ls) (1-3) 

within a collision energy range of .04 to 10 eV. 

The apparatus, experimental method, and consistency checks have 

been discussed a number of times3'«** and only a brief review will 

be presented here. Appendices A and B include a discussion of 

several experimental effects important to an understanding of the 

merging-beams apparatus and the data taken with it. Appendix C 

discusses the use of a laboratory computer as an aid greatly 

facilitating experiment diagnostics on the merging-beams apparatus. 



CHAPTER II 

The Merging-Beams Technique 

In this experiment, charge transfer reactions are studied by 

observing the interaction between collinear beams of ions and 

neutrals traveling in the same direction with slightly different 

velocities. Since resonant charge transfer involves little momentum 

transfer between the interacting particles, the product ions have 

essentially the same laboratory energy as the reactant neutrals, and 

product neutrals have the same energy as the reactant ions. The 

signal ions may therefore be distinguished from the much more 

numerous primary ions because of their different laboratory energy. 

The collision energy V between particles in the two beams is 

given by 

„ _ 1 2 
» " 

(II-l) 

„ “l1^ {(E1/m1)
1/2 - <E2/m2)

1/2}2 

ml+m2 

where p is the reduced mass, v^ is the relative velocity of the 

collision partners and m^ and E^ are, respectively, the mass and 

energy of the particles in beam i. Defining a normalized laboratory 

energy difference as 

AE = (i^/m^Ej - E2, (ii_2) 

then for AE/E2 << 1, the collision energy to a good approximation is 

3 
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given by 

”1 AE2/(4E2) 

V*2 
(II-3) 

The collision energy V is thns smaller than the energy difference AE 

by a factor on the order of 4E2/AE. This so-called 'energy 

deamplification effect' allows cross section measurements to 

collision energies of a few tens of meVs. 

An analogous deamplification effect reduces the uncertainty in 

V caused by the fact that the primary beams are not monoenergetic 

but contain particles having kinetic energies within narrow ranges 

+ 6Ej and Ej + SE^. The energy widths of the primary beams 

introduce an uncertainty in AE given by 

6(AE) « (mj/m^bEj + 6E2 (II-4) 

The corresponding uncertainty 5W in the interaction energy is 

approximately 

SW "l AF 
2E2 

6(AE) (II-5) 

Thus the uncertainty 6V is reduced from the uncertainty in AE by a 

factor on the order of 2E2/AE. 

An additional uncertainty in the collision energy arises from 

off-axis components of the particle velocities. Collisions 

occurring between particles traveling on paths which intersect at 

some non-zero angle have a slightly different interaction energy 

than collisions taking place between particles on truly collinear 
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trajectories. In the present experiment, the maximum contribution 

to the uncertainty in the collision energy due to beam divergence is 

a small fraction of the collision energy. Appendix A discusses this 

in greater detail. 

The charge-transfer cross section a and the experimentally 

determined parameters are related by the expression 

or 
S V1V2 

F lvr„2l 
(II-6) 

where S is the measured product ion formation rate, v^ and v2 
are 

the lab frame velocities of particles in beams 1 and 2, and F is the 

overlap integral, defined by 

F J Jj(x,y,z) J2(x,y, z) dxdydz (II-7) 

and J2 are the reactant beam fluxes in particles/(cm*sec) and the 

integration is carried out over all space. 



CHAPTER III 

The Apparatus 

Figure 1 is a schematic diagram of the apparatus. Ions 

_2 
emerging from a medium-pressure (~ 5 x 10 Torr) 

magnetically-confined electron-impact ion source (Source 1) are 

accelerated and focused by a set of 2.2-in,—diam electrostatic 

cylindrical lenses which render the beam parallel as it enters the 

first magnet. 

ION SOURCE I 

CYLINDRICAL LENSES 

ION SOURCE 2 

MAGNETS BEAM CHOPPER 
DEFLECTION PLATES 

CHARGE TRANSFER 
CELL 

6 kV/cm TRANSVERSE 
ELECTRIC FIELD 

ELECTRON 
MULTIPLIER 

MERGING MAGNET 

BEAM SCANNERS 

DEMERGING DEFLECTOR 

FARADAY CUP' 

FARADAY 
CUPS 

NEUTRAL BEAM 
DETECTOR 

FIGURE 1. Schematic diagram of the merging-beams apparatus. 

6 
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The beam is momentum analyzed by a pair of 60° sector magnets. 

Use of two magnets instead of the more conventional single magnet 

has several advantages. The optical equivalent of the magnet pair 

is a telescope of unit magnification. The downstream focal point of 

the first magnet coincides with the upstream focal point of the 

seconds Therefore a parallel beam of the proper momentum entering 

the magnet system is merely displaced transversly by passage through 

the magnets, but particles having undesired momenta are deflected 

out of the beam. The magnet pair has a momentum resolution AP/P of 

—2 about 10 . Careful scanning of the the profiles of beams passed by 

the magnet pair indicates that, for beams of the intended momentum, 

the magnets do not focus the beam, and that the beam geometry is 

controlled primarily by the electrostatic lenses near the ion 

source. The ability to control the beam optics is particularly 

important in a merging-beams experiment since, for good collision 

energy resolution, beams of minimal angular divergence are required. 

The momentum-analyzed ion beam passes through the charge 

transfer cell (CTC), which is maintained at a gas (Kr, CH^, or He) 

pressure such that about 20% of the ions passing through the cell 

are converted to fast neutrals. The remaining ions are removed from 

the beam by a 6kV/cm transverse electric field. The neutral beam is 

collimated by two 5-mra-diam apertures separated by a distance of 60 

cm, so that the neutral beam divergence is limited to a maximum of 

about 0.01 rad. Observed divergences are typically about 0.008c, as 

determined from scans of the neutral beam in the interaction region. 

The reactant ion beam is extracted from an ion source (Source 
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2) similar to Source 1. The lens and magnet arrangements for this 

ion beam are essentially identical to those used in the other beam 

line.' The ion and neutral beams merge in the field of the merging 

magnet and travel together throughout the one-meter-long interaction 

chamber. 

At the end of the interaction region the beams are separated by 

an electrostatic field produced between the two parallel plates of 

the demerging deflector. One plate is held at ground potential and 

the other is held at a negative potential. This deflector directs 

the product ions through the energy analyzer. These ions are then 

deflected 90° upwards onto a Johnston Laboratories MBf-1 electron 

multiplier. The primary ion beam (which can be as much as eleven 

orders of magnitude more intense than the signal) has a different 

laboratory energy than the product ion beam and is deflected to one 

side of the energy analyzer. 

The energy analyzer is a five-grid retarding-potential 

analyzer, described in detail by Geis‘, Nitz4. and Cogan.5 The 

first and last grids are held at ground potential. The middle grid 

is set to the desired retarding potential. The second and fonrth 

grids are operated at about 98% of this value and serve to reduce 

the variation of the electrostatic potential in the spaces between 

the wires of the central grid.* The resolution AE/E of the energy 

analyzer (FWHM) is better than 0.04%. 

The primary function of the energy analyzer is the rejection of 

protons produced through stripping of the neutral beam by the 

residual gas in the interaction region. Even though the pressure in 
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— 8 fk 
the interaction region is low « 2 x 10 Torr), about 1 part in 10 

of the parent H beam» for example» is converted to H+ in the process 

H(1500eV) + X -> H+(1500eV - AE) + X + e“ (III-l) 

where X represents the residual gas and AE is at least the 

ionization potential of the hydrogen atom. The amount of H+ formed 

in the stripping reaction (III-l) is about three to five orders of 

magnitude larger than the amount formed in the charge-transfer 

process under study» and some means for discriminating against these 

stripped ions must be provided. The energetics of a process such as 

(III-l) dictate that the ion formed must lose an amount of 

translational energy at least equal to the ionization potential of 

the incident neutral atom.' For example» if the H beam energy is 

1500 eV, the H+ resulting from (III-l) will have an energy less than 

1487 eV while the signal ions formed through resonant charge 

transfer will have an energy equal to that of the reactant H atoms 

(1500 eV). 

The energy analyzer also rejects signal arising from collisions 

involving highly—excited neutral atoms formed in the CTC in 

reactions of the type 

H+(1500eV) + Kr(4p‘) -> H*(1500eV - AE) + Kr+(4p*) 
(III-2) 

He+(1500eV) + He(ls3) -> He (1500eV - AE') + He+, 

where AE is the difference in ionization potentials of the Rydberg 

and the charge transfer gas* Cross sections for charge transfer of 

highly excited neutrals, for example 
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H+ + H* -> H* + H+ (III-3) 

are orders of magnitude larger than cross sections involving ground 

state hydrogen7 and even a small fraction of excited-state neutrals 

in the beam would produce signal through reaction (III-4) in excess 

of that produced in reaction (I—1). It is therefore important to 

discriminate against effects due to reactions such as (III-4). 

Excited state neutrals with n £ 9 (except for the 2s state) are 

too short lived to travel as far as the interaction region. The 

6kV/cm transverse electric field after the CTC ionizes atoms with 

n y 19 and quenches any 2s neutrals. Consequently, only excited 

atoms with 9 £ n £ 19 will survive into the interaction region and 

these will be less energetic than ground state neutrals by at least 

13.4 eV in reactions (1-1) and (1-2) and 24.5 eV in reaction (1-3). 

Thus, the charged products of reaction (III—3), for example, possess 

about 13.4 eV less energy than products of reaction (1-1). H(2s) 

atoms, quenched to the ground state by the transverse electric 

field, may undergo charge transfer, but will have at least 10.2 eV 

less kinetic energy than other products of reaction (I—1). 

Similar considerations are applicable in the study of reaction 

(1-3), except that helium ions formed in excited state charge 

transfer similar to reaction (III-3) will be about 20 eV less 

energetic than ions resulting from the ground state reaction (1-3). 

Thus the energy analyzer may be set to reject any signal from 

reactions involving atoms created in an excited-state in the CTC. 



CHAPTER IV 

Experimental Method 

As shown in Equation (II—6)« a cross section determination at a 

given collision energy requires measurement of the overlap integral* 

the beam velocities* and the signal production rate. 

The method used to determine the overlap integral F has been 

described in detail by Nitz et al.' By simultaneously scanning the 

neutral and ion beams as a function of position along the beam axis* 

the three dimensional overlap of the two beams may be calculated. 

The ion current is collected in a Faraday cup in the detection 

region and the neutral flux is determined from the secondary 

electron emission produced when the beam impacts a pyroelectric 

crystal (PEC). The coefficient for secondary electron emission* y°* 

of the pyroelectric crystal is determined* by alternately impacting 

the detector with an ion beam and a neutral beam of the same 

species. Using a phase sensitive lock-in amplifier* the potentials 

generated across the pyroelectric crystal due to heating of the 

crystal by the two beams are compared with the ion current* measured 

accurately in a Faraday cup* and the number of secondary electrons 

emitted from the front surface of the crystal. y° ma7 be calculated 

by assuming that the energy deposition rate to the crystal by the 

ion and neutral beams is the same. 

An evaluation of F requires only about 10 minutes and is 

repeated periodically throughout the process of data accumulation. 

11 
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The values thus determined are found to depend strongly on beam 

alignment. Since the alignment of the two beams may vary slightly 

in the course of several hours of data accumulation, the facility 

for frequent measurement of F is crucial to the process of accurate 

cross-section measurement. 

The reactant ion beam velocity is determined by direct 

measurement of the beam's kinetic energy with the 

retarding-potential analyzer. The hydrogen beam energy is 

approximately equal to that of its parent ion beam because the most 

nearly resonant neutralizing reaction leaving the hydrogen atom in 

the ground state is endothermic by about 0.4 eV. 

E+ + Kr(4p«) -> H(ls) + Kr+(4p*)aP3/2 - 0.4eV (IV-1) 

However, the thermal Kr+ ions produced in reaction (IV-1) create a 

positive space charge potential of a few volts along the beam line.1 

In consequence the protons from Source 1 are decelerated as they 

enter the CTC. The energy of the parent ion beam is therefore an 

unreliable indicator of the neutral beam energy. 

Since the H+ + H charge-transfer reaction is resonant, the 

kinetic energy of the product ions is essentially the same as the 

kinetic energy of the parent H-atoms.; The results of a measurement 

of the kinetic energy of signal ions (for W~87 eV) as function of 

retarding potential are shown in Figure 2 and illustrate how an 

operating point may be chosen to collect signal resulting from 

reaction (1-1). Unfortunately, such a signal energy analysis is 

prohibitively time-consuming on a daily basis. We need a rapid, 
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reliable means of determining the energy of the hydrogen beam and 

thus an operating point for the retarding-potential analyzer. 

1490 1500 1510 
RETARDING POTENTIAL (V) 

FIGURE 2. Energy—analyzer transmission curve for signal from 
reaction (I—1). The solid curve is the H beam energy, inferred from 
the the H beam energy. 

A method based on work done by J. Appel 1 et al..10 is 

therefore used to determine the energy of the neutral hydrogen beam. 

Krypton is admitted to the interaction region at a pressure of about 

1x10 ^ Torr. As the neutral beam passes through the interaction 

region, the most likely charge transfer reaction to occur is 

H(ls) + Kr(4p«) -> H“(ls*) + Kr+(4p*)aP3/2 - 13.2eV (IV-2) 

Evidently the energy required for the ion pair formation must be 

provided from the translational energy of the H(ls) atom. The 



14 

energy of the nentral beam is thus 13.2 eV greater than the energy 

of the H beam, which may be readily determined with the energy 

analyzer. 

The intensity of a neutral hydrogen beam as a function of 

energy is therefore inferred from a measurement of the H~ beam 

energy, as shown in Figure 3. Figure 2 compares this curve with the 

results of an energy analysis of signal ions resulting from reaction 

(1-1) using the same neutral beam. We conclude that the neutral 

beam energy inferred from the H energy analysis is a good indicator 

of the signal ion energy. Therefore the determination of the 

reactant neutral beam energy using reaction (IV-2) enables an 

energy-analyzer operating point to be set so that ions produced in 

reaction (1-1) and (1-2) are transmitted, while ions formed in 

stripping reactions and in charge transfer involving excited 

neutrals are rejected. 

Figure 3 shows the results of energy analyses of H+ and H 

beams and illustrates the determination of the neutral beam energy 

and the choice of a suitable operating point. At the operating 

point shown, for example, 88% of the signal produced in reaction 

(1-1) would be transmitted and this factor is taken into account in 

the determination of the signal collection efficiency. 

As mentioned above, H(2s) atoms, quenched to the ground state 

in the transverse electric field, are 10.2 eV less energetic than 

the other ground state neutrals. Although these quenched H(2s) 

neutrals do not contribute to the measured signal, they do 

contribute to the measured overlap, F. However, the lack of 
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structure iu the energy analysis of the H atoms indicates that no 

appreciable number of neutrals are formed in the 2s state in the 

CTC. In addition, the generally accepted (see, for example, 
_3 

reference 7) n scaling lav for capture into high-n states 

indicates that highly-excited neutrals comprise a negligible 

component of the neutral beam flux. 

OPERATING POINT 

RETARDING POTENTIAL (V) 

FIGURE 3. Energy-analyzer transmission curve for various beam 
components.* — *—•—«, H beam, produced in_ reaction (IV—2). 
———, H beam, transmission curve inferred from H curve. 

Tvo additional effects, discussed in detail in Appendix B, 

relating to the energy analysis of product ions deserve brief 

comment. First, when the energy analyzer retarding potential is 

reduced to a value below about 1487 V, an increase in signal 

intensity is observed. This occurs because highly—excited neutrals 
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may charge exchange rapidly through reaction (III-4) to produce 

signal ions that are about 13.4 eV less energetic than ions due to 

reaction (1-1). With further reduction in the retarding potential, 

stripped protons have enough energy to reach the detector and a 

negative signal produced by primary ion beam space charge modulation 

(discussed by Dance, et al.*) of the stripped protons becomes 

evident.' Nonetheless, operation of the energy analyzer at the 

potential shown in Figure 3 eliminates effects due both to space 

charge modulation of backgrounds and to excited-state collisions. 

We need to be able to determine the energy of the neutral 

helium atoms and an energy analyzer operating point for the 

measurement of cross sections for reaction (1-3). Although we may 

easily set a suitable operating point, facilitated by the large 

(about 20 eV) difference between the ground state and the first 

excited state of helium, the accurate determination of the neutral 

beam energy is difficult as no stable ( x > 10 psec) negative helium 

ion exists. 

_7 
Large helium neutral and ion beam fluxes (about 1x10 amp) 

facilitate comparatively easy energy analysis of signal ions in the 

study of reaction (1-3). Although still too time-consuming to be 

performed on a daily basis, we have been able to establish a 

relationship between the energy of signal ions produced through the 

reaction 

«He+ + 4He(ls*) -> 4He(ls») + 4He+(ls) (IV-3) 

and the energy of the ions formed in source 1 used to create the 
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neutral beam. Figure 4 shows the results of an energy analysis of 

signal ions for a collision energy of about 25 eV. Also shown is 

the energy analyzer transmission curve for the parent ions used to 

form the neutral beam. 

RETARDING POTENTIAL (V) 

FIGURE 4. Energy** analyzer transmission curve for signal from 
reaction (1-3). Solid curve - transmission curve for primary ions. 

Performing a number of such energy analyses and measuring the 

difference in kinetic energy, AE, as shown in Figure 4, allows us to 

infer that the energy of the signal ions is 2.5 + 0.5 eV lower than 

the parent ion beam. The kinetic energy of the product ions is 

essentially the same as the energy of the reactant neutral beam for 

resonant charge transfer. This shift is therefore attributed to the 
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space charge potential in the CTC, as already discussed for 

hydrogen.- This provides us with a quick, reliable, and fairly 

accurate means for determining the energy of the helium beam and 

setting an energy analyzer operating point. As discussed in 

Appendix B, the signal transmission curve does not show the features 

described above for hydrogen. 

In the present experiment the signal is typically a few hundred 

counts/sec or less, while the background may be a hundred times 

larger. The background arises primarily from secondary processes 

occurring when the parent ion and neutral beams strike metal 

surfaces in the detection chamber. Typical background rates due to 

+3 +5 
the presence of an ion beam are 10 — 10 counts/sec while those 

+1 +2 
due to an neutral beam are 10 — 10 counts/sec. Accurate 

measurement of the signal in the presence of such large background 

count rates presents a formidable problem. A beam modulation scheme 

similar to that used by Dance et al.11 provides a means of 

discrimination against the backgrounds. The beam modulation is 

accomplished by application of a periodic potential to the beam 

chopper deflection plate in each beam line. The modulation and 

counting scheme, described in detail by Nitz,4 permits the 

extraction of small signals from*large backgrounds. 

The absolute detection efficiency for the signal ions is 

determined by directing a low-intensity ion beam of the appropriate 

species into a Faraday cup to measure the total current and then 

deflecting the beam through the energy analyzer, onto the electron 

multiplier and measuring the resulting count rate. For 1500 eV 
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protons and 1500 eV 4He+, we determined a vaine of 0*.30 + .02 for 

the detection efficiency of the energy-analyzer-electron-multiplier 

combination. This value is a consequence of the ~ 50% 

transmissivity of the analyser coupled with a ~60% efficiency for 

the multiplier. 



CHAPTER V 

Kinematics of the Reaction 

The Newton diagram for reaction (I—1) is shown in Figure 5a. 

The unprimed quantities are the velocities prior to the collision 

and the primed quantities refer to the velocities after the 

collision. A necessary condition for detection of a product ion is 

that the laboratory scattering angle 0 be sufficiently small that 

the ion impact the detector. Clearly the maximum lab angle ^az 

through which a particle can be scattered and still be detected is a 

function of the position within the interaction region at which the 

collision occurs. For the present experiment, 0 varies from 
max 

about 1° at the beginning of of the interaction region to about 2° 

at the end of the interaction region. For any particular set of 

collision velocities, the maximum lab scattering angle corresponds 

to a maximum center-of-mass scattering angle 

A further complication relating to the kinematics of the 

reaction arises because, prior to its detection, the signal beam 

must pass through the energy analyzer.' Since the analyzer is of the 

planar-retarding-potential type, it is the component of the velocity 

normal to the analyzer which determines whether an ion successfully 

penetrates the analyzer. For example, considering Fig 5a, the axial 

energy of a product H+ ion (particle 1) is given by 

20 



and is thus dependent on the center-of-mass scattering angle 0 

BEFORE 
COLLISION 

AFTER 
COLLISION 

FIGURE 5. Newton diagrams for merging-beams collisions. Unprimed 
quantities refer to velocities before the collision» primed 
quantities refer to quantities after the collision. Particle 1 
refers to the reactant neutral particle which will be collected as 
an ion after charge transfer occurs. 
(a) reaction (1-1), v_+ < v„, 
(b) reaction (1-2), vH+ > Vg. 

Assuming that the energy analyzer has infinite resolution, the 

maximum center-of-mass scattering angle 0pA a particle of mass m 

can experience and still be detected is 

®EA = (<2,T/m)1/2 - T ». r 
(V-2) 



22 

where V is retarding potential and q is the charge of the particle 

passing through the energy analyzer. Signal particles will not be 

detected if their center-of-mass scattering angles exceed the lesser 

of ^DET or *W 
When the neutral hydrogen beam is faster than the proton beam, 

the fraction of product protons scattered off-axis increases 

significantly for collision energies below 35 eV.17 At collision 

energies below a few eV, primary H+ ions that do not undergo charge 

transfer may nonetheless be elastically scattered and gain 

sufficient kinetic energy in the lab frame to penetrate the energy 

analyzer. These primary ions are indistinguishable from the product 

H+ ions resulting from reaction (1-1)v Collectively these effects 

restrict the study of reaction (1-1) to energies above 35 eV.' 

At lower collision energies the neutral hydrogen beam is 

replaced with a deuterium beam. This ensures the distinguishability 

of the product and primary ion beams due to the large energy 

difference of D and H ions travelling at about the same velocity. 

To ensure that off-axis scattering would not be a problem, the 

primary ion beam was run faster than the neutral beam for collision 

energies below 10 eV. Above 10 eV the ion beam was run slower than 

the neutral beam to avoid excessive backgrounds caused by dumping 

the primary ion beam near the energy analyzer. 

Figure 5b represents a collision between H+ and D in which the 

primary ion velocity is greater than the neutral velocity. In this 

case, any off-axis scattering of the product ion (particle 1) will 

increase its translational energy in the lab. 



23 

Values for Opgf and are easily calculated for the present 

experimental configuration. Using these angles and differential 

cross sections for reaction (I—1) supplied by Kuriyan,14 we 

calculate that for the range of collision energies studied, all but 

an insignificant portion of the signal will be energetic enough to 

be transmitted through the energy analyzer to the detector. 

In our study of reaction (1—3) we are interested primarily in 

collision energies less than 10 eV as our previous data14 and other 

investigators14'14 have satisfactorily measured cross sections for 

reaction (IV-3) down to a collision energy of about .3 eV. 

The distinguishability of the product and primary ions for 

charge transfer between helium atoms and helium ions is guaranteed 

by the use of the isotope 4He to produce the reactant ion beam from 

source 2. For beam energies such that v(4He) < v(*He+), any ions 

resulting from reaction (1-3) are energetic enough to pass through 

the energy analyzer and none of the ions are scattered outside the 

acceptance cone of the detectors 

Since the relative velocity and the overlap of the beams are 

not well defined in the regions where the beams are merged and 

demerged, one must ensure that any contribution to the measured 

signal from these regions is negligible. From a knowledge of the 

fringing field of the merging magnet, the beam energies and the 

apparatus geometry, one can calculate the position of a plane in the 

interaction region transverse to the beam line such that ions formed 

upstream of the plane will not strike the detector. Downstream of 

this plane the ionr-beam trajectory is essentially unaffected by the 
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fringing field of the merging magnet and one may thereafter consider 

the ion and neutral beams to be traveling along a common axis. 

In the reactions studied, the fringing field is insufficient to 

deflect all of the product ions formed in the merging region out of 

the acceptance cone of the detector. The beginning of the 

interaction region may, however, be defined electrostatically by 

location, at the merging region, of a negatively charged cylinder on 

the beam axis. Signal ions produced in this cylinder will be 

decelerated on leaving the cylinder and are therefore rejected by 

the energy analyzer. In the absence of the cylinder a small 

correction would be necessary to account for signal created in the 

merging region and not deflected by the fringing field of the 

merging magnet.' 

When the ion beam in reaction (1-2) or (1-3) is faster than the 

neutral beam. Fig.* 5b, scattered product ions may gain on the order 

of tens of electron volts of translational energy due to the inverse 

of the energy deamplification effect. Therefore, signal ions 

produced in the negative potential well of the cylinder may still 

gain enough translational energy in the lab frame to be 

detected;** To avoid this situation the merging region is held at 

ground potential for reactions (1—2) and (1—3) when the ion beam is 

faster than the neutral beam, and a correction ( < 4%) is applied to 

the two lowest energy data points in reaction (1-2) and the lowest 

point in reaction (1-3) to account for signal produced in the 

merging region.- These corrections are discussed in detail in 

Appendix A. 
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The earth's magnetic field is nearly perpendicular to the beam 

axis of the apparatus and causes a small transverse deflection of 

the ion beam. Any component of the ion beam velocity perpendicular 

to the neutral beam velocity causes an increase in the effective 

collision pathlength. This effect is only significant for collision 

energies less than about 0.2 eV in reaction (1-2) where the 

effective pathlength. 99vr/vj cm. is but a few cm. For example, at 

V = 0.12eV, the collision pathlength is about 1.6 cm. A 

perpendicular deflection of 0’.25 cm due to the earth's field would 

therefore cause about a 1.5% increase in the pathlength and thus in 

the measured signal as well. As discussed in Appendix A, this 

effect is reduced for heavier species such as helium, going as the 

inverse of the momentum of the ion beam. 

Two other effects necessitate small corrections for the two 

lowest collision energy cross sections in reaction (1-2). The 

divergence of the ion beam through the neutral beam causes about a 

2% increase in the effective pathlength and off-axis scattering of 

signal ions causes an additional 3% of the signal to be energetic 

enough to be collected. These effects are negligible for higher 

energy collisions. As discussed in Appendix A. neither of these 

effects is significant in our study of reaction (1-3) . 

The uncertainties in the measured cross sections are summarized 

in Table I. The uncertainties in the collision energies shown by 

horizontal error bars in Figures 6 and 7 are due almost entirely to 

uncertainties in the reactant beam velocities. Corrections for 

excess signal production as described above are significant only for 



the two lowest collision energy points in reaction (1-2) and are 

calculated to be -10% at 0.'12eV and -6% at 0*35 eV collision energy. 

In reaction (1-3)* the correction is calculated to be -3.5% at a 

collision energy of 0.039 eV.' 

TABLE 1.^ The uncertainty in the absolute cross sections due to 
Uncertainties in the measurement of various experimental parameters. 

Reaction (1-1) (1-2) (1-3) 

Signal tatistic 
(1 std. dev*.) 

2-8% 2-12% 4-9% 

Electron multiplier 
calibration 

6% 6% 5% 

Energy analyzer operating 
voltage 

5% 4-5% - 

Pyroelectric crystal 
calibration (y°) 

7% 7% 5-9% 

Overlap integral F 9-10% 9-12% 7-9% 

Relative velocity v^ < 1% <1-26% <1-19% 

Beam divergence < 1% < 2% < 1% 

Total rms uncertainties 14 - 17% 15 - 29% 11 - 22% 



CHAPTER VI 

Results 

The results of the present experiment are shown in Figures 6 

and 7 and are tabulated in Tables II and III.' The data for 

reactions (1-1) and (1-2), Figure 5, agree well with the fully 

quantum-mechanical partial-wave treatment by Hunter and Kuriyan1* 

and with the semi-classical theory by Dalgarno and Yadav1* over the 

entire range of collision energies studied. 

W(H++D) (eV) 
O.l 1.0 10 100 

FIGURE 6. Results for present study of H+ + H and H+ + D. 
Other experimental results: x, Fite, Smith, and Stebbings1*. 
A, Belyaev, Brezhnev, açd Erastov10. 
Theoretical Results: H + H,   Dalgarno and Yadav1*. 
H +D, ***** Hunter and Kuriyan1*. 
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Hunter and Kuriyan find a difference in the cross section for 

reactions (1-1) and (1-2) below about 4 eV as reaction (1-2) is 

slightly endothermic. For example, the cross section for 

charge—transfer in reaction (1—2) is about 16% less than that for 

reaction (1-1) at 0.1 eV collision energy. This isotopic difference 

is negligible above 4 eV. At the higher collision energies, the 

present results agree within error bars with the crossed-beam work 

of Fite, Smith, and Stebbings.1* 

W(JHe+ + ‘‘He) CeV) 

1 1 T 
0. 1.0 

1 rrT 

10 

50 

OJ 
°S 40 

p 30 
o 
UJ 
</> 

V) 
S 20 tr 
o 

10 DATA 

J I I L 
H- to |0O £ 

RELATIVE VELOCITY vr (cm/sec) 

FIGURE 7. Results for present study of *He + 4He. Other 
experimental data: Helm14 and (MM) Mahadevan and Magnuson15. 
Theoretical results: (DI) Dickinson22 and (HB) Hodgkinson and 
Briggs21. 

The data for reaction (1-3), Figure 7, agree with our previous 
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data4 and data measured by Helm14 and Madadevan and Magnuson.15 as 

veil as with theoretic calculations by Dickinson and by Hodgkinson 

and Briggs.*1 

There exist no calculations of cross sections specifically for 

reaction (1-3). The available theory actually presents calculations 

for reaction (IV— 3) instead of the isotopic reaction (1-3). An 

inspection of Hunter and Kuriyan's work1*'17 on hydrogen charge 

transfer suggests that the endothermic reaction (1-3) will, at very 

low collision energies, evidence cross sections for charge transfer 

that are somewhat smaller than those for the symmetric reaction 

(IV-3). Further experimental and theoretical work specific to 

reaction (1-3) is needed at the low collision energies ( < 1 eV) 

where the isotopic effect may be significant. 
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TABUS II. Results for reactions (1-1) and (1-2). 

Ion Neutr al 
W <y 

Reaction 
A 

f. Energy Energy 
(10° cm/sec) (eV) (A2) (eV) (eV) 

Reaction (2) 

(vH+ < VDJ 

Reaction (1) 

<V < VH) 

00 • 19 + .03 
*1Z - .05 59.4 

+ 16.6 
9.7 771.4 1496.4 

1.00 ,45 + .03 
- .10 48.7 

+ 9.1 
6.3 788. 1496. 

1.40 t xa + *03 
•68 - .11 46.2 

+ 6.9 
7.7 806.2 1499.5 

1.57 », + *02 

*85 - .14 44.2 
+ 6.6 

5.6 812. 1497.4 

1.96 1.39 : ;»« 40.9 
+ 7.4 

4.8 829.5 1496.8 

2.55 
*•“ -+ M 37.1 

+ 5.6 
4.2 852. 1498.2 

2.82 2-77 - 35.0 + 4.0 
4.3 865.6 1499.6 

3.31 3-82 * 36.7 
+ 4.0 

5.8 887. 1500.4 

4.28 «.s* : :ii 39.3 5.5 
6.1 928.' 1498.2 

4.32 
‘•49 - i’ll 

37.0 + 5.7 
4.7 929. 1497. 

6.52 14.8 32.8 + 4.8 516. 1502. 
6.92 16.7 29.1 + 4.1 516. 1502. 
7.67 20.5 33.4 + 5.7 479. 1500. 
8.79 26.9 30.0 4.9 443. 1502. 
9.82 33.6 28.3 + 4.3 414. 1504. 

11.6 46.7 26.9 + 5'.2 363. 1504. 

14.5 54.8 23 .7 + 3.5 800. 1501. 
16.4 69.8 24.8 + 3.6 726. 1502. 
18.3 87.8 19.0 + 3 .1 650. 1502. 
19V5 99*.6 22.7 + 3.5 607. 1502. 
21.4 120 20.8 +3.1 542. 1502V 
23.5 134 21.2 + 3.1 500. 1501. 
23.9 150 19V8 + 3.0 460. 1502. 
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TABLE II. Results for reactions (1-3) 

W 
Ion Neutral 

V <y 
r 

r Energy Energy 
(103 cm/sec) (eV) (A2) (eV) (eV) 

2.1 + >015 45.5 +
 4.6 
- 9.2 

1148.4 150B.7 

3.8 0.13 + .02 38.1 + 6 • 1 1161.8 1499.3 

5.0 22 + ,ZZ 31 .04 
33.8 + 

4*° 31 5.0 
1173.2 1500.7 

6.3 .36 + .03 30.4 + 4 .9 1183.6 1499.3 

9.8 .«< t f4 
23.6 + 3 .3 1213.4 1499.1 

9.8 
•*« - :SS5 24.6 ± 4 .2 1213.6 1499.3 

17 .5 2 72 + Z*7Z 31 .10 19.0 ± 2.3 1281.2 1499.3 

29v7 7.88 + 16.1 + 1.8 1393.2 1499.1 
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APPENDIX A 

Corrections to the data 

The Merging Region 

As the two beams merge in the field of the merging magnet, the 

ion beam is not coaxial with the neutral beam. The relative 

velocity of the two beams is not uniquely defined in the merging and 

demerging regions. The overlap of the two beams is large in the 

merging region and it is therefore important to understand any 

contribution to the measured signal from collisions occurring in 

this region. The overlap of the two beams in the demerging region, 

on the other hand, is-small and relatively little signal is created 

there. 

Figure A1 exhibits a plot of the trajectories of the two beams 

as they merge, calculated using measured values of the fringing 

field of the magnet by integrating the equations of motion for an 

ion travelling co-axially with the neutral beam in the interaction 

region backwards to the merging magnet. 

OON BEAM 
^•-.JRAJECTORY BEAM CENTER SEPARATION 

~ 1.5 mm 

NEUTRAL BEAM POINT OF 
SIGNAL COLLECTION 

MAGNET 
FACE 

Figure Al. Schematic representation of the merging region. 
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An ion resulting from charge transfer in the merging region may 

or may not be deflected by the fringing field of the magnet out of 

the acceptance cone of the detector. After a distance from the pole 

face. z±, ions created in the merging region will not be deflected 

ont of the acceptance cone of the detector. The calculation of this 

distance is presented by Geis‘ and is repeated briefly here. 

The angle. 3, through which a signal ion. created at z%, is 

deflected by the fringing field of the merging magnet is given by 

o „ V» fZl -LL 
m v J (z*+ 

35 dz 
+1)(z»+5) 

1/2 (A-l) 
n n co 

where q^Am^v^) the charge to momentum ratio for a signal ion. B0 

is the maximum field between the poles of the magnet in gauss and z 

is the distance from the magnet pole face in inches. Ve wish to 

obtain zx, the distance from the pole face where signal ions will 

just hit the detector. The integral may be evaluated in closed form 

by making the substitution u = z/(za + 5)1,a, finally giving 

f Sx» .1/2 
1 4-x* 

1 

where (A-2) 

2Bx. m E . 
x = tan { 1.11 - 77T ( -“r* )1/2 } 

o nijjCf£ 

with z, given in inches. We have used B = m,v./(q,r,). where m,. 
o 1 1 1 X 1 

v^. and refer to the mass, velocity and charge of the particles 

in the reactant ion beam, respectively, and r^ is the radius of 

curvature of a reactant ion in the merging magnet, 15 cm. 9 is 

taken to be 0.024 , the measured acceptance angle of the electron 
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multiplier, and m^, EQ and are mass and energy of the neutral 

beam and the energy of the ion beam, repectively. 

Zx for reaction (1-2) at a collision energy of about 87 eV is 

shown in Figure Al. Table A1 gives calculated values of zx for 

relevant collision energies and beam species. 

TABLE Al. Zx (cm) from pole face of merging magnet. 

¥ (eV) H+ + H H+ + D *He+ + «He 

.05 - - 3.7 

.1 - 2.6 3.7 

.5 - 2.6 3.8 
1.0 - 2.7 3.8 
5.0 - 2.8 3.9 

10 - 2.9 4.0 
50 3.7 - - 

100 3.3 — - 

To estimate the amount of signal not deflected out of the 

acceptance cone of the electron multiplier, a collision energy 

characteristic of the MR, W^, is determined by assuming a straight 

line trajectory for the ion beam from zx to the point where the two 

beams have fully merged. Using theoretically calculated cross 

sections, the ratio S/F may be calculated from equation (II-6).- The 

overlap integral is known and the result, S^, is felt to be a 

reasonable estimate of the signal produced in the MR. This signal 

may then be subtracted from the measured signal and a corrected 

cross section obtained. 

Table A2 is a compilation of the MR corrections to the data in 

this thesis. The corrections are all £ 4% and are only significant 

for the very lowest collision energies. The merging region 
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correction in the case of reaction (1-3) is smaller than the 

correction to cross sections for reaction (1-2) at comparable 

collision energies becanse the ratio of the masses, m, /m ^ 
ion neutral* 

in reaction (1—3) is greater than in reaction (1-2). Since the ion 

beam must be deflected 60° by the merging magnet, this mass ratio 

determines the amount of deflection experienced by signal ions (of 

mass “agutral^ tk® fringing field of the merging magnet. 

TABLE A2. Merging Region Correction to the Cross Section 

reaction W (eV) ?MR % change in a 

H+ + D .12 .29 -3.5% 
.35 .52 -2.6% 

*He+ + «He .039 .19 -3.5% 

The Earth*s Field 

The earth's magnetic field is nearly perpendicular to the beam 

axis and causes a small transverse deflection of the ion beam. This 

increases the effective interaction pathlength, but is only 

significant in reaction (1—2) for the lowest collision energies. A 

proton beam of 750 eV, for example, will be deflected about -.25 cm 

by the earth*s field. For a 1500 eV neutral deuterium beam, as in 

reaction (1—2), this causes about a 1.5% increase in the collision 

pathlength and therefore in the signal as well. 

The deflection depends inversely on the momentum of the primary 

ion beam as 
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A - 6.41/(10^.)1/2 cm (A-3) 

where m^ is the mass of a particle in the ion beam in amn and E^ is 

the kinetic energy in eV of snch a particle. The transverse 

deflection due to the earth's field produces an uncertainty in W, 

AW, given by 

AW E -i- n m,+m 
i n 

( 4 )2 

L * 
(A-4) 

where Efl is the energy of the neutral beam and L is the length of 

the interaction region.- For reaction (1—2) AW is about 3 meV, but 

is less than 1 meV for reaction (1-3) . 

Off-Axis Scattering 

Figure 5b illustrates an example of off-axis scattering by the 

signal ion when v^+ > v^, reaction (1-2). Off-axis scattered signal 

ions may, depending on the scattering angle, gain up to tens of 

volts of kinetic energy in the laboratory frame. This effect 

defeats the use of the MR bias cylinder as a means of defining the 

beginning of the interaction region when Vg+ > v^ and contributes to 

the measured signal for this reaction at low collision energies.5 

Figure 3 includes an energy analysis of an H beam, from which 

the energy of the neutral hydrogen may be inferred.1 From such a 

curve, apparently only about 88% of the ions produced in reaction 

(1-2) are energetic enough to penetrate the energy analyzer. But 

off-axis scattering will cause signal ions to pick up energy in the 
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laboratory frame.' This allows a greater percentage of the signal to 

be collected* especially for low energy collisions where off-axis 

scattering becomes significant.* In order to estimate the size of 

this effect* differential scattering cross sections for reaction 

(1-1) supplied by Hunter and Kuriyan1* are used to estimate the 

number of signal ions scattered more than a given angle and* 

thereby* the kinetic energy gained by such ions. Table A3 shows how 

much extra signal is collected as a function of collision energy due 

to off-axis scattering. 

TABLE A3. Corrections: (a) Off-axis scattering 
(b) Divergence of ion beam 

reaction V (eV) % correction to a 
(a) (b) 

H+ + D 
H+ + D 

,12 
,35 

-3.2% 
-2.5% 

-2% 
-1% 
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Divergence of the Ion Beam 

It is difficult to produce an intense reactant proton beam of 

kinetic energy less than about 800 eV, as needed in the study of 

reaction (1-2), which does not diverge more rapidly than the neutral 

hydrogen beam. This divergence of the ion beam will add an 

additional, transverse component to the collision pathlength. The 

beam scans used in aligning the two beams provide quantitative 

information about beam profiles and the divergence of one beam through 

the other, as shown in Figure A2« An estimate of the increased 

pathlength may then be obtained as given in Table A3. 

neutral beam 
ion beam 

\ 

INTERACTION REGION 

FIGURE A2. Neutral and ion beam widths in the interaction region 



APPENDIX B 

Signal Energy Analysis 

In order to define a collision energy between two particles, we 

must know their kinetic energies. The kinetic energy of the ions 

used in reactions (1-1), (1-2), and (1-3) may be directly measured 

using the retarding-potential analyzer. Ve are unable to directly 

measure the kinetic energy of the reactant neutral atoms and must 

resort to indirect methods. We must also know the kinetic energies 

of the signal ions in order to ascertain that we may set an energy 

analyzer operating point that will allow us to collect signal, yet 

reject ions resulting both from charge transfer involving neutrals 

created in excited states in the CTC and stripping of neutrals by 

the background gas. 

There is little momentum transfer between the interacting 

particles in resonant charge transfer and it may be possible to 

infer the energy of the neutral particles from the signal ions 

produced in the charge transfer reaction.' To determine the change 

in kinetic energy of an ion created in a charge transfer collision, 

we simply consider conservation of energy and momentum for the 

interacting particles. Such a calculation is done in detail by 

Smith’ and only pertinent results are given here. 

Consider the general charge transfer reaction 

1 + 2 -> 1» + 2» + Q (&-1) 

where 1 and 2 are the reactant species and 1* and 2* are the 

41 
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products. Q is the net electronic energy exchanged with 

translational energy. Q is negative for endothermic reactions» such 

as (IV—2) and represents a transfer of kinetic energy to electronic 

energy. Resonant charge transfer» for example» occurs when Q = 0. 

Solving the conservation equations and keeping lowest order in 

Q/W and m /m^ gives the general result 

E; = Ea{ 1 - f (1 - ~
£SL) + -2-1 } (B-2) x 1 W Vx m1V1 

where E* is the kinetic energy of particle 1 after the collision, 

v is the velocity of the center-of-mass, and we have assumed that 

and v^II'v'j. Ve have also assumed that particle 1 attaches an 

electron from particle 2. 

«i - ®i + ®e 

m» = ma - m0 

(B-3) 

For resonant charge transfer, Q = 0, to lowest order in m /ma 

m v, 

ï» = E' { 1 + ^“7 J = E» + AEa, 
Î Y % 

where 

, i/2 
Aë; = m (   )1/Z * e m1m2 

(B-4) 

as va 7* va. A measurement of ,E£ will therefore allow us to 

determine Eav Considering reaction (1-1) 

H+ + H(ls) -> H(ls) + H+ (B-5) 
1 + 2 -> 1» +2» 

If E» = 1500 eV, Ex = 1000 eV, and AE£ * 0.67 eV, then the energy 

of the primary neutral beam is Ea = 1500v7 eV. For reaction (1-2) 
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at nominal zero collision energy* Ex = 750 eV and E£ = 1500 eV* 

AEJ = 0.4 eV. 

The results of an energy analysis of ions produced in reaction 

(1-1) * W = 87 eV* are shown in Figure 2* but* as mentioned in the 

text* such a signal energy analysis (SEA) is prohibitively 

time-consuming and a quicker method is therefore used to determine 

the neutral beam energy on a daily basis. 

Reaction (IV-2) is an example of non-resonant charge transfer. 

H(ls) + Kr(4p‘) -> H"(IS*) + Kr+(4p*)*P3/2 - 13.2eV 

The energy of the neutral particles may now be inferred from the 

measured energy of the H products. Using equation (R-2)» with 

va = 0 for the thermal Kr and W = (n/m1)E1, we have 

Ex = EJ + Q. (B-6) 

We see from Figure 2 that* indeed* to within the resolution of the 

energy analyzer* equation (B-5) may be used to infer both the energy 

of the reactant neutrals and the products of reaction (Ï-1). 

Figure B1 presents the results of a SEA of ions produced in the 

study of reaction (1-1) ; As mentioned briefly in Chapter IV* the 

region below about 1490 V shows two features which deserve comment. 

The increase in signal occurs because highly—excited neutrals charge 

exchange rapidly through reaction (III-4) to produce signal ions 

that are about 13.4 eV less energetic than ions due to reaction 

(1-1) . 

The large negative signal is produced by primary ion beam space 
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1.0 
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-5. 
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Figure Bl. Energy analyzer transmission curve of ions detected in 
study of reaction (1-1). 
A - plateau region, only signal from reaction (1-1) 
B - Rydberg signal, signal from reaction (III-3) 
C — space charge modulation of stripped protons 

resulting from reaction (III-l). 
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charge modulation of stripped protons. A stripping collision of 

neutral hydrogen with the background gas results in off-axis 

scattering of the stripped protons. Some small percentage of the 

these may be scattered out of the acceptance cone of the electron 

multiplier.- The space charge of the reactant ion beam will repel 

the stripped protons and cause even more to have trajectories 

outside of the acceptance come of the detector.- Therefore, if the 

energy-analyzer retarding potential is reduced to allow stripped 

protons to impact the electron multiplier, a difference in the 

number of protons hitting the electron multiplier when the ion beam 

is OFF and when it is ON will cause an apparent negative signal. 

This is illustrated by looking at the modulation and counting scheme 

in detail. The beams are modulated at a 50% duty cycle, 90° out of 

phase. Signal is collected from the different regions so as to be 

able to subtract out the backgrounds due to the two beams.; 

Beam 1  1 
i 

Beam 2 

ill. 

i 
\ . .... 

i i i 

A ; B ; c ; D 

A: BG1 + DC 
C: BG2 + DC 
(A+C) s BG1 + BG2 + 2DC 

B: s + BG1 + BG2 + DC 
D: DC 
(B+D) = S + BG1 + BG2 + 2DC 

(B+D) - (A+C) = S 

BG1 and BG2 are the backgrounds due to beams 1 and 2, DC is the dark 
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current of the electron multiplier» and S is the charge transfer 

signal resulting from the period when the two beams are on. If 

stripped protons are allowed to impact the detector and if the 

number hitting the detector is different when the ion beam is OFF 

and when it is ON» then 

B; S + BGL+BC2+DC + TJST 

A: BG2 + DC + ST 
now 

(BfD) - (A+C) = S + (n - 1)*ST , 

where ST is the number of stripped protons hitting the detector 

hitting the detector at a given value of the retarding potential and 

is the fraction of these which hit the detector when the ion beam 

is ON. If fewer stripped protons hit the detector when the ion beam 

is ON» T) < 1» then a negative signal will be obtained if ST is large 

enough. 

Figures 3 and B1 both show a plateau in the region where the 

retarding potential is between 1490 and 1497 V. Clearly» in our 

study of hydrogen charge transfer it is necessary to be able to 

identify this plateau in order to collect only ions resulting from 

ground state charge transfer. 

The SEA shown in Figure 4 of ions produced in our study of 

reaction (1-3) shows neither of the features discussed above. A 

1500 eV helium neutral beam is slower than a 1500 eV hydrogen (or 

deuterium) beam and this will result in the production of fewer 

stripped ions.- In addition» the greater ionization potential of 

ground state helium reduces the liklihood of stripping reactions. 

In fact» both the increase in signal due to Rydbergs and the 
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negative signal due to space charge modulation of the stripped ions 

by the primary ion beam have been observed with a slightly different 

apparatus configuration. Why these features are not present now is 

not entirely understood. 



APPENDIX C 

The computer as a diagnostic tool on the MB machine 

The interfacing of a Digital LSI 11/2 micro-computer to the 

merging-heams machine has proven invaluable for experiment 

diagnostics. Test procedures which were previously prohibitively 

time—consuming become routine when performed under the active 

control of a digital computer. This appendix documents some of the 

more important diagnostic tools now used to facilitate more accurate 

and faster data acquisition. 

The Signal Energy Analyzer (SEA) System: 

As mentioned in Chapter IV. we must energy analyze the ions 

produced during our study of resonant charge transfer. Such an 

energy analysis will show explicitly the energy components of the 

signal ion beam. Until recently this has been a laborious process 

consisting* essentially* of measuring a number of cross sections 

with the energy analyzer set at various retarding potentials. This 

procedure is subject to inaccuracies due to beam drifts and the need 

for frequent measurement of the overlap integral. Therefore* good 

resolution is not readily obtainable. 

Figure Cl is a schematic of a system used to automate the SEA 

process. A computer-controlled voltage ramp sets the 

energy—analyzer retarding potential. The ion signal is counted in 

scalers gated by a semi-automatic beam modulation and gating control 
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box. At the end of a set counting cycle, the control box sends ont 

a done cycle signal to the computer. The computer then reads the 

scalers and the counting mode, sets a new energy-analyzer retarding 

potential and finally sends bach a signal to the control box to 

start another beam cycle. The counting mode keeps track of which 

scaler is collecting signal and which collects just background, as 

these are switched to avoid systematic error. 

FIGURE Cl. Schematic for computer controlled SEA. 

The computer subtracts the scaler data and stores it in a given 

number of energy—analyzer voltage channels.1 In addition, the 

computer can plot the accumulated data on the CRT to allow for 

real-time feedback from the data. The computer is able to ramp the 

energy analyzer voltage over the region of interest in as little as 
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a minute or two, a time short compared to any normal beam drifts. 

The signal collection process will* therefore, average over slow 

beam drifts, eliminating the need to measure the overlap integral 

during the energy analysis process. This permits accurate energy 

analysis of small signals, as the process may be left to run 

indefinitely. Results of the SEA procedure may be seen in Figures 

2,3 and Bl. 

Energy Analysis of an Ion Beam: 

The kinetic energy of particles in an ion beam may be 

determined by passing the ion beam through the energy analyzer and 

ramping the retarding potential manually while plotting the 

intensity of the ion beam hitting the Faraday cup or the electron 

multiplier as a function of this retarding potential. Such a 

procedure is well-suited for computer control. 

As shown in Figure C2, the computer ramps the potential applied 

to the energy analyzer. The current to the Faraday cup is read on a 

picoammeter which puts out a 0 to -3 V signal, proportional to the 

current, which is subsequently digitized and read by the computer. 

The computer stores and displays the intensity of the ion beam as a 

function of the retarding potential, quickly producing a 

transmission curve of the ion beam. 
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Figure C2. Schematic of computer-controlled energy analysis. 

An explicit energy spectrum may be obtained by taking the 

derivative of the transmission curve. Figure C3 shows the results 

of a computer-controlled energy analysis of an ion beam and the 

energy spectrum obtained from the derivative of this transmission 

curve.' The energy spectrum is useful in determining the 

characteristic energy of the beam and the variation in the beam 

energy.' Finally the computer may store the results of such an 

energy analysis in a form suitable for later retrieval and 

inspection. 
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FIGURE C3. Energy analyzer transmission curve of a nominal 1200eV 
ion beam and tbe energy spectrum obtained from the derivative of the 
transmission curve. Kinetic energy of the ion beam may be specified 
by the peak value and the full-width at half-maximum (FWHM). 

Scanning the Pvro-electric crystal (PEC): 

The PEC is used to measure the neutral beam flux during the 

semi-automatic calculation of the overlap integral. The neutral 

current is determined by measuring the flux of electrons leaving the 

surface of the PEC as the neutral beam impacts it and dividing by 

Y°» the number of electrons emitted per incident neutral. y° ma7 be 

determined as described by Geis, et al.9 For the overlap integral 

to be accurate, the PEC surface must be well characterized in its 

emission characteristics. 
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Although it has long been recognized that a degradation of the 

surface of the PEC occurs over time» resulting in a smaller value of 

y®, it vas not realized until recently how serious this degradation 

could be over a time as short as hours. The operating procedure 

used during the acquisition of the data for reactions (I—1) and 

(1-2) vas to measure y® before the data vas taken and then again 

aftervards. It vas typically found that» for hydrogen beams» this 

value vouldn't change much over the course of a fev months. If it 

did it vas necessary to clean the crystal. 

It has recently been observed» as shovn in Figures C4 (a) and 

(b)» that it is possible to dramatically reduce the value of y+ even 

vhen a modest ( > 1x10 amp) helium beam is alloved to 

continuously impact the detector. Other researchers have remarked 

on this effect although typically it has been accorded little 

attention.*® 

FIGURE C4. (a) Secondary electron emission profile across the 
center of the PEC.' 

(b) Profile after tvo hours bombardment by 1x10”' 
amp helium ion beam. 
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The degradation of the surface is apparently not permanent and 

the measured value of y+ will typically recover to its former value 

within days or at most a few weeks* depending on the degree of 

degradation. If such degradation and recovery were to occur 

unnoticed* the measured cross section would be larger than the true 

cross section. 

It is felt that the most probable cause for the degradation of 

the PEC is a sputter 'cleaning ' of the surface. This is borne out 

by two observations: 

1) Heavy species (argon* for example) at the same 
energies as hydrogen or helium cause a much more 
rapid degradation of the surface. 

2) The value of y+ never quite recovers to the 
level of the PEC which is not impacted by the 
beam. This suggests that perhaps some residue is 
left from the polishing process used to 'clean' 
the crystal before installing it in the vacuum 
system. This residue is then sputtered off and 
the recovery process does not include these 
particular contaminants. 

_Q 
The pressure in the detection region is normally about 2x10 torr. 

Although a monolayer will form in about 15 minutes* it must be 

assumed that whatever enhances the surface's ability to eject 

electrons adsorbs onto the surface much more slowly. 

It is possible to limit this degradation by impacting a beam 

onto the PEC only for short periods of time. It is also necessary 

to monitor the surface for uniformity on a regular basis. It would 

be a great savings of time if we were able to obviate the need to 

remove the PEC from the vacuum system in order to polish and restore 

the electron emission uniformity of the surface. We would like to 
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selectively sputter only the 'high' spots on the crystal to restore 

the uniformity of the detector and then simply allow the detector to 

recover to some constant value. 

FIGURE C5v Schematic for computer-controlled scanning of the PEC. 

The ability to routinely monitor the crystal and to selectively 

sputter the surface has been realized by interfacing the computer to 

beam steering plates used to raster scan an ion beam across the face 

of the PEC. Simultaneously digitizing and recording the current of 

secondary electrons leaving the face of the PEC allows the computer 

to quickly plot a graph of y+ as a function of position on the 

detector. Figure C5 shows a schematic diagram of the procedure and 

Figure C6 is an example of a computer scan of y+ as a function of 

position on the PEC for 4He+(1500eV). Measuring y+ on a daily basis 

and assuming that the relationship between Y
+ and y° is constant 
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with respect to surface conditions allows ns to correct 

appropriately for the surface condition of the PEC. 

FIGURE C6. . Secondary electron emission from the PEC. 


