o 2y 4 furct



Abstract .

Notation Freguently

I.

II.

IIT.

Iv.

-

Contents

* & e & ®» 82 =2 e e & e » = u e« o =

Used in Text . . « .« « .

Introduction . . . . . . « ¢« « « o .

The

A.

B.

Hydrogen Molecule
Molecular Notation .. .

Excited State Lifetimes . . . . .

Experimental Approach and Apparatus

A.

B.

The

Approach . « « « ¢ o« ¢ ¢ ¢ o o &«

Apparatus . « . « .« & « « ¢ o o &

1. Ion Source Electrostatic Accelerator . . . . . . . .

2. Mg Oven Neutralizer . . . . .
3. Neutral Beam Monitor . . . .
4, Target Cell . . . . . . « . .
5. Particle Detection . . . . .
a. Method I:
b. Method II: Faraday Cup .

Measurements:

- NO'I’IC‘

' A ln ceonm of ‘work

| makes any: wacraniéy, aspress or implisd, ot sssumes any
“Jogal liﬂhy or_responsibility. fo‘r the.. !qcntucy. com.

Single Particle

Total Loss Cross Sections for x12g+

31 Excited State H
u 2

. of any |of appacatus,

. i di or that its use |-
. woum not h\frlnu pﬂvauly owned rights,. * - .

e e e s e e s s e o o viii

e e s s e o o o o « o ¥Xii

« o s & a o & s = & o 1

5 s s s s s s e e = 9

e s s s 4 s a o e o 11

e 4 s s e ae s e s 17

20
21
24
25
Counting . ... . .. 26

35

Analysis and Procedure

Ground and

Molecules, and the

c3Hu Population in the Neutral Beam =- ¥,.nod' I . . . 37

Total loss Cross Sections for x12g+

c3nu Excited State Hy Molecules -~ Method IT . . . .

2

Ionization Cross Sections for x‘zg*

c3nu Excited State H,Z Molecules .. . + « « « « « & &

2

Ground and
44
Ground and

45

«

BISTRIEUTION 3F THIS DSCUMENT 13 mnml @1



_—

D. Particle Yields from the Breakup of Hy Tons. . . . . . . 48
E. Error AanalysiS . . . . . . . ¢« ¢« ¢ ¢ e 4 o s + s o o . . 50
v. Results and Discussion
A. Beam Populations - : « + « « ¢ « ¢ ¢ ¢ v o o s 04 e oo 54
1. Total Particle Yields in Mg Vapor =« . - +» « . . . . 54
2. caﬂu Hy Yields in Mg Vapor, and H, and N, Gases. . . 55
B. Crogs SectionsS . « ¢ « & ¢ ¢ ¢ o o o o s o o o o o s o 65
1. H, Ground and Excited State Total Loss Cross
Sections in Hy, Gas « « + « ¢ . . .4 40w e s e 65
2. Hg Ground and Excited State Ionization Cross
Sections in Hy Gas -« -« « « « ¢+ s v o 4 o ... 68
3. H Yield Cross Section in Hy Gas - . « « « « « « « 68
4. Hy' Electron Capture Cross Sections in Mg Vapor. . . 71
VI. Application of Results to Controlled Fusion. « « « « + « « . 75
VII. Summary and COonclusionS: . = + « « o« ¢ 4 o 2 o 4 e e o " s . 50
Acknowledgments « « « « + = o o« o o o o o s 4 e 4 e e 4 s o on . s 95
Appendices
A. Motivation for Using the Attenuation Rather than
the Electric-Gap or Optical Technigque in the
Present Experdment . ¢ ¢ o ¢ ¢ 4 4 4 4 e e 0 es e e s 95
B. A Survey of the Recent Theoretical Efforts on
Electron Capture irto, and Loss from, the n = 2
Excited State of Hand He. - + ¢ . ¢ ¢ v &+ ¢ o & o & & & 96
C. Pertinent Molecular Electronic Transitions ... “ s 0w . 98
D. The Population of the Excited States of H, in

the Present Experiment . . . . . . . . . . .. .. ... 106



E. The H2 Excited State Production Medium . . .
F. A Discussion of the Effects of Collisional
Excitation and De-excitation on the Present
Measurements . . .« ¢ ¢ o ¢ s o 0 e 4 e e e
G. The Least Squares Fit (LSF) . . « « « « «
H. The Hz- Negétive ION ¢ « o & v =« o o o o o o
I. Error Discussion . . . . + + ¢« ¢« ¢ ¢« ¢ o & &
J. A Discussion of the Results of Solov'ev et al.

+
for Electron Capture by H2 Ions in Mg Vapor.

References . « v & v o ¢ ¢ v s o 5 o & « o o o 2 &« v o« o

108

110

114

115

1li8

125

128



=viii-
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Thomas Joseph Morgan
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September 1971

ABSTRACT

As part of a study to devise new and more efficient schemes

for injecting fast neutral perticles into plasma fusion devices,
we have investigated collisicns which result in the formation and
degtruction of the (1502)}1]'23"' ground state [1 < E (keV/nucleon)
< hai and the(lsoepur)c5nu long-lived electronically excited state
3

[5 <E (xeV/nucleon) < 11'2] of molecular hydrogen. The ¢°I mole-
cules were formed by electron capture by 5- to 42-keV/nucleon
52+ ions in Mg vapor.

The molecules and atoms were detected by particle-counting
techniques using CsI(TL) scintillation crystals mounted on photo-
mpultipliers, with the resulting signal being amplified and shaped,
pulse-height analyzed, and scaled.

112 molecules produced by electron capture by H2+ lions in 112
or N2 gases yleld, upon analyeis of the attenmuation of the H2
molecules transmitted through an B 888 target versus target
thickness, a single total-loss cross section, o, (H, - H2+,
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HE+H, B+, 8" + 87 attrivuted to the xlzg‘“ state. When the
H2 molecules are produced in Mg vapor, the analysis of the attenu-
ation curve yilelds the same cross section attributed to the xl I‘.g"'
state plus a larger cross section, a:, attributed to the 03 I 1
state.

Similerly, He molecules produced by electron capture by H2+

ions in H2 or 1\1'2 gases yield an ionizatlion cross section,

+ -+
o (E, » E,") attributed to the xlz.g state. When the H, mole
cules are produced in Mg vapor, the same technique yields a
larger composite cross section from which the ionization eross

*

section of the c3 I[u state, Og +» can be determined. From an
2

enalysis of the attenuation curves we also obtaln the fraction,

3 IIu state,

£, of the He molecules that are in the ¢

The fraction, 9'*, of the incident H2+ beam that can be con-
verted to c3_]'[u molecules in collisions with Mg vapor has also
teen determined by combining the memsurements of f with measure-
wents on the yilelds of 1:"'12 without regard to the poplﬂ.‘a.tion of the
states of the molecule.

t

Values for a_ ,, u;2+, o) oy £,, (the meximm value of f),
* 3*
and ?M (the maximum value of & ), at three representative enmer-

gles are given in the table below. The cross sections are in

units of 10’16 cut.
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11.2 keV/nucleon 20 keV/nucleon 30 keV/nucleon
aﬂg., 1.37 $0.13 1.70 +0.18 2.10 %0.20
(-1

* +1.2 +1.2

UHQ" 6.20 ;" 6.50 1.5 L.80 1.2

o, 3.10 0.3 3.58 0.3 3.55 $0.3

o 4.0 £2.5 13.5 122 9.00 2.2
+0.06 +0.06

£ 0.36 £0.06 0.28 10" 0 0.23 T oo

:}; 0.0650.01k4 0.018+0,00k4

a=12.2 keV/ nucleon

A search was made for c31[u H2 formation from H. + collisions

3

in Mg vapor and for HE- negative-ion formation from Hz'lL colJ.isions

in Mg vapor. Neither process was observed to occur. Based on the

2l cme/atom

112- search we are &ble to assign an upper bound of 10~
1o the cross section for couble electron capture which mesults in
an HQ- ion with a lifetime longer than ~ 10-7 sec., When the
results were compared at equal velocities, the use of H2+, D2+,
or HD+ showed no observable differences.

The c3 I[u excited state population results are used to calcu-
late thé efficiency for injecting H2 molecular beams into a con-
trolled nuclear fusion neutral injection =xperiment. The results
of thiz calculation are compared with H atom beam calculations of
total trapping efficiencies and with H atom beam cascade effects.
From these calculations asymmetric plasma trapping of the H atom
beam at intermediate densities 1is analyticelly demonstrated. For

equally intense neutral beams (i.e., pro,jectiles/sec) , the total
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trapping of the molecular beam {containing cBHu H, molecules) is

shown to be from 2 to 5 times lerger than the total trapping of

the atomic beam for plasma densities greater than lOll cm—3, with

no significant asymmetric trapping occurring. The total trapping
for both H and H2 beams is shown to be insensitive to changes in
the electron temperature of the plasma from 1.0 to lOOO eV. JFrom

3

these celculations we conclude that a 32 beam containing c Hu

excited molecules is desirable for injection into present day
neutral injection fusion devices for plasma densities greater

11 -3

than ~ 107" eam ~ and for injection energies less than ~ 20 keV/

nucleon.
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Notation Frequently Used in Main Text

n = 2 long-lived electronically excited state of
HZ

Stable ground state of Hz

The symmetry of the electronic eigenfunction with
respect to a reflection of the electrons through
a plane passing through the two nuclei

Magnetic field

Cesium lodide crystal dopped with Thallium
Fundamental charge

Enexrgy

Fraction of the H, beam incident on the H, target

2

. . . +
that is in the c3Hu state due to passage of Hz ions
through a neutralizer of thickness L

xlzg+ H2 fraction in the H, beam after passage

2
through an H2 target of thickness T (F(0) = 1-f)
c3nu H2 fraction in the H2 beam after passage
L]
through an H2 target of thickness L (F (0) = £)

Hz+ fraction in the H2 beam after passage through

an H2 target of thickness Ty (F+(0) = 0)

Fraction of H2+ ions converted to H2 molecules in

a neutralizer of thickness “n

s +
Fraction of H2 ions converted to c3nu H2 molecules

in a neutralizer of thickness nn
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Method I

Method II

E, I, ...
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*
The maximum values of z 3 , and £

Gerade (even) the symmetry of the electronic

eigenfunction with respect to reflection of the

electrons through the origin

Beam measurement by use of particle counting
techniques

Beam measurement by use of a Faraday cup
Principal quantum number

Ungerade (odd) the symmetry of the electronic
eigenfunction with respect to reflection of the
electrons through the origin

Velocity or vibrational level

* state of

Total loss cross section of the xlzg
H, in collision with H, gas

Total loss cross section of the c3nu state of

Hy in collision with Hz gas

The cross section for the conversion xlzg+ Hz*k

due to xlzg+ H, molecules in collision with Hy gas
The cross section for the conversion caﬂu Hz+k due to
c3Hu H, molecules in collision with Hy gas

Total angular momentum of molecule in the direction
of the internuclear axis

Neutralizer thickness (atoms or molecules/cm?)

[T = nX where n = density, X £ interaction length]

Target thickness (molecules/cm?)



I. INTRODUCTION

In recent years a large amount of experimental work has
been devoted to measuring excited-state populations of energetic
atomic hydrogen and helium beams,and their destruction and forma-
tion cross sections. Conspicuously missing 1s a corresponding
knowledge of energetic molecular hydrogen beams.

The tremendous surge of interest in controlled thermonuclear
research (CTR) has generated a need for knowledge of the forma-
tion and destruction of H, He, and 32 beams. Presently,one phase
of the neutral injection program of the CTR effort is interested
in making beams of excited-state neutral prolectiles whose elec-
tronic excitation energy is greater than the ground state but
well below the ionization limit (this topic is discussed below).

In response to these needs the present work presents results
of an experimental investigetion on the collisional formation and
destruction of energetic li.r,,2 beams containing large amounts of 12[2
molecules in the c3 ]Iu long lived electronically excited state.

Within certain impact velocity ranges, the more electronic
excitation energy possessed by a fast projectile colliding with
&8 gaseous target, the greater the electron loss cross section
of the projectile.

Therefore, careful observation and apalysis of the collision
products of neutral fast beams could lead to the determination of
the excited state population in the beam and the collision cross
sections of the exclited-state component.

Barnett and Stier,l and Allison_,2 vhile investigating the
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electron-loss of He atoms in collision with various gases, both
noted the dependence of the attenuation of the He beam on the
pressure of the gas used to neutralize the ineident Het ioms.
Subsequently, Wittkower et a.l.3 showed the attenuvation to be
dependent also on the type of neutralizing gas used. These
effects were attributed to the presence of metastable atoms in
the beam. Figure 1 illustrates the observations of Barnett and
Stier of the dependence of the measured cross section on the pres-
sure of the neutralizing gas.

Gilbody et a.l.1+ first performed a systematic investigation
of these effects and introduced a beam-attenuation technique for
the study of fast metastable He atoms in collisions involving
electron loss. Since then a large amount of experimental work

5-8 and related methods’ 1>

has been performed using this technique
to obtain information on the properties of the metastable and
ground states of keV-energy He atoms in collisions with gaseous
targets.

The optical tn~hnique, based on observations .of the spon-
taneous or induced radilative emission of excited states, has been
used extensively to measure populations and cross sections of
keV-energy atomic hydrogen for principal qua.ntum' numbers

2 <n <6122

This technique has also been used to study elec-

tron capture into excited states of fast helium for 3 < n < 6.2 2k
Electric-gap techniques, btased on field ionization of highly

excited states, have ylelded a substantial amount of informetion

on the highly excited states (n > 9) of ataomic lwdrogen.25'51
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A 1limited amount of work on high electronically exclted states
(n > 9) of molecular hydrogen, called Rydberg states, has also
been carried out by this method.25’5°’31

The present work extends the field of measurement of keV-
energy heavy-particle collisions involving excited states to the

= 2 united atom equivalent state of molecular hydrogen. In
particular this work quantitatively analyzes the collisional for-
mation and loss of (lso‘e)xl Z:g"' ground state and (15521)‘"’)::5 L
long-livled electronically excited state of energetic molecular
hydrogen. The energy range of the present work is from 1 to 42
keV/nucleon.

The experimental technigue used for the analysis of the
hydrogen molecules is the beam-attenuation technique similar to
that introduced by Gilbody et 9,1.,‘L for metastable He atoms.
Accurate absolute measuremente by this method can tc cttained
only if there exists ina beam of fast projectiles sufficient
excited particles, with long enough lifetimes and large enough
cross sections, to inmsure observable changes in the collisional
attenuation of the beam when compared with a beam prepared almost
exclusively of ground state atoms or molecules. The applicability
of this technique to the present measurements rather than the
electric gap or optical technigue is discussed in Appendix A.

There bas been a substantial amount of theoretical work, in
conjunction with recent experimental progress, devoted to the
determination of fast excited-state collisional infermation. A

survey of the pertinent theoreticel efforts can be found in



Appendix B.

Suffice it to say at this point that due to the structursl
complexity of the H,2 molecule there exist nc theoreticsl calcu-
lations to compare with present results. However, Hiskes'32
predietions of cjnu He populations. based on calculations for ;o
electron capture into excited states of atomic hydrogen, show
remarkably good agreement with the present messurements.

The study of fast heavy-particle exclted-state collisional
rhenomens, besides being necessary for the proper interpretation
of experiments, 1s of fundamental interest for the understanding
of stomic and moclecular processes. Recently, studies of this
tyre have found direct application to thermonuclear fusion experi-
ments employing neutral injection for the creation and buildup of
&8 plasma. The present stete of the art of neutral injection inmto
mirror machines suggests the following sequence of events (the
density and quantum level values are qualitative only and are
given simply as a model to illustrate the main ideas); the
neutral beem that is injected is composed of ground state and
excited atomic hydrogen produced by charge exchange of protons
in a geseous target.

Firstly, the plasma bulldup takes place by means of lLorentz

:loniza.tion3 >

of the highly excited states of atomle hydrogen, i.e.,
ionization by the eV x B force exterted on the proton-electron
system because the atom is moving with velocity v through & mag-
netic fi=1d -ﬁ. Typlcal levels vwhich are ILorentz-ionized in con-

temporary experiments using ~ 20 keV atomic hydrogen injection
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are levels with principal quantum number n > 9. When a high
enough density of ions has been achieved (1010 cn™> } in the mag-
netic confinement region by Lorentz ionization, collisional trap-
ping becomes important because of successive excitation collisions
of the intermediately excited states to less bound states which
are capable of being Lorenﬂt‘.z-:lon:lzed.5 b This process is generally
referred to as an inverted cascade. Levels which generally con-
tribute appreciably to this inverted cascade process aﬁ 6<n<8,
The excited levels n < 6 camnot contribute to this process since
their lifetimes are shorter than the transit time in the apparatus
and they will therefore radiatively decay while in flight to the

n =1 level. The metastable n = 2 level is easily quenched in
the fringe magnetic field of the confinement device so that inside
the device the excited levels 2 < n < 5 are not present in the
beam. The n = 1 level, due to its small collislonal excitation
and ionization cross sections, does not at this stage of the
plasma buildup (1010 en™? ) contribute significantly.

3

Now, as first suggested by Hiskes, 2 when the plasme reaches

1 cm‘3, it will become collisionally

a8 density of approximately 10:L
opaque to the inverted cascade process, i.e., the available
excited levels for this process will have depleted themselves in
the outer portion of the trapped plasma and will not penetrate
to the interior. Therefore at this density an inverted cascade
is no longer an effective trapping mechanism in the center of the
plasma. Furthermore, collisional trapping of the ground state is

still not efficient enough to contribute significantly to the
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plasma buildup. Injection of c3 I[u H2 beams at this stage of the
buildup will provide penetration of an excited state to the in-
3.

Il state will not quench in

terior of the plasma since (1) the ¢ o

the confinement magnetic field,3 > (2) it is sufficiently long
iived to travel the length of the apparatus (see Sec. IT, B), and
(3) at this density the cBIIu state camnot be effectively cascaded
upward in the outer portion of the plasme (that is, at this
density the lifetime of the n = 3 state is shorter then the mean
free path so that a collisional excitation fromn=2 ton= 3
results in a radiative de-excitation before the n = 3 state can
be collisionally excited). The penetration of this state will
allow efficient collisional trapping in the interior of the plasma
since 1ts cross sections for these processes are expected to be
up to factors of 10 or more larger than the n = 1 level of atomic

3

%2 1T, beam,the plasmae is
w B »the D

hydrogen. Without the use of a ¢

expected to accumulate mostly on the periphery of the trapped
plasme for densities greater than 10™ o™ and less than 10%°
cm'3 » thus volding the center region and causing & highly asym-
metric plasma buildup.

The major point of concern in assessing the usefulness of
this c3 IIu process for neutral injection is how well this level
can be populated in neutral H2 beams. The present work measures
3

this quantity and concludes that c¢ I[u processes can be useful at
energies below ~ 20 keV/nucleon.
In Sec. VI we apply the results of the present work to

calculate the efficiency fortrapping H2 beams and compere the
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results with trapping efficiencies of H beams.



II. THE HYDROGEN MOLECULE

A. Molecular Electronic States and Notetion

The structure of the hydrogen molecule hes been extensively
studied both theoretically and experimentally (Herzbergj6 has
tabuleted & large number of references on this topic up to 1950,
and the present section contains a largs number of references
since 1950). Figure 2 shows the potential energy curves for the
electronic states of H2 and He+ that are of interest in this
work.

The electronic stete designation, i.e., X12g+, ete., is the
well established short reference designation in which the elec-
tronic configwation is not indicated.37 In this nomenclature
the ground state is referred to as X, the excited states of the
same electron spin muliiplicity (indicsted by the superscript 1
in the above example) us A, B, C, ++- and those of different mul-
tiplicity as a, b, ¢, -+-. The alphabetical srder usualiy cor-
responds to increesing excitation energy atove the ground state,
but, unfortunately, H2 is an exception to this rule due to well
established earlier designations. In the case of Fig. 2 all H2
states not shown have larger excitation energy than those that
are shown. The symbols Z, I, s+ correspond to the values
0, 1, ++- of the component of the electronic orbital angular
momentum vector along the internuclear axis. The subscripts g
(even) and u (odd) refer to the symmetry of the electronic eigen-
functions with respect to a reflection of the electrons through

the center of the molecule. The + and - superscripts refer to



-10-

(ev)

Interaction energy

20 T T
H +H(1s) |
SN
5 ]
IOt- ]
o
{0
>
5 : b3z, ]
— i
5 H(is)+H(is)
<o
>
& ks
{0
:
Oi— =~ | I .! i
(0] i 2 3 4
Nuclear separation (&)

X8L719-4343

Fig. 2. Potential energy dlagram of and H% showing several
excited states of « The hatched area is The Franck-Condon
classical region o transition from the ground state of (v = 0)

to the ground state of +, Several vibrational levels are
iridicated by dashes. The potential energy curves shown are
besed on calculations cited throughout this section.

~
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whether the electronic eigenfunction changes sign ( -) or remains
unchanged (+) while the electrons are reflected through a plane
passing through the two nuclei. The atomic symbols on the right
hand side of Fig. 2 designate the state of the molecule for infi-
nite intermuclear separation.

The molecule contains two independent emission spectra: a
triplet spectrum due to the two electron spins of the molecule
beirg unpaired, and a singlet spectrum due to electronic states
with paired electron spins. Spontaneous radiative transitions
between these two term schemes is strictly forbidden by the selec-
tion rule on the total electron spin momenta of the molecule, i.e.,
Ag = 0. -Append:bc C discusses and 1lists the pertinent selection
rules for radiative and nonradiative transitions in dia.tomic
molecules. An elaborate treatment of transitions in diatomic

38

molecules is given by Herzberg. Also, a concise and useful

sunnhry of selection rules is given by Batee.39

B. Excited State Lifetimes

In order to interpret the results of the present experiment
an understanding of the electronic states of the H2 molecule is
necessary. The pz"esent section presents the results of a survey
of the known 32 spebtra in order to find out which excited states
have lifetimes greater than 1076 sec. (In typical present day
keV-energy collision experiments and in some neutral injection
experiments, apparatus lengths are ~ 1 meter with particle
velocities of ~ 108 cm/ sec, glving transit times on the order

of 1078 sec. )
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For the present discussion we can segment the excited states
into three groups: (1) low lying energy states having excitation
energies less than ~ 12.5 eV, (2) intermediate excited states
(n < 8), and (3) highly excited states (n > 8).

Firstly, we address ourselves to groups (2) and (3). Since
the excited electrons in H and H2 move in approximately the same
potential they will have approximately the same radiative life-
fimes. Based on the theoretical work of Hiskes and Tarter, ko we
find that the atomlc hydrogen states with n > 8 [group 4 3)] have
lifetimes which are greater than ~ 10 sec. For group (2) it can
be shown that these intermediate states decay in times shorter than
~ 10'6 sec to lower states,uo and further, thet no anomelies
resulting in longer than normal lifetimes are expec'l:ed.3 6

We now turn our attention to group (1) (the H, excited states
shown in Fig. 2 comprise this group). Lichten,ul in 1960 , FPirst
verified the existence of metastable molecular hydrogen iy use
of the atomic-beam magnetic-resonance technique. Specifically,

3

he found that the lowest vibrational level (v = 0) of the ¢’

state of Be is metastable, i.e., does not radiatively decay by

electric dipole transitions (see Appendix C). Recently, Brooks et

L
al. 2 ave found experimental evidence which leads them to conclude

3

that there is at least one more long-lived level of the ¢ ]'[‘:l state

other than the v = O level. They conclude that the level is most
likely, but not conclusively, the v = 1 level. Since 1960 a

3 43-53

large amount of work has been performed on the ¢ ]'[u state.

The Kronig selection rules for an allowed .radia.tive transition
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in & diatomic molecular system (see Appendix C) show that the
cBIIu (v = 0) level, although not able to decay via electric di-

pole transitions, can radiatively decay by magnetic dipole,

electric quadrupole, or higher moment emissions to the b3 Z.‘u+

state (the b32u+ state is repulsive and dissociates into two

1

ground state H atoms in ~ 10~ sec hl). The radlative 11fetime

for these transitions has been estimated by Frels and Hiske335

53

for H2 to be 10'3 sec and recently Johnson”~ has obtalned experi-

mental values of ~ 1072 sec for H,, D,, and HD, Frels and
Hiskes’” have also calculated the electric dipole radistive 1ife-

time for the v > 0O <:3ﬂ"l Jevels decaying to the only alloweble

Pinal state, the 3,3

decay to the b53u+

Eg+ state (this state has been observed to

8 secsh)'- Their caleuleted life-

state in ~ 10~
times are > 107" sec for all vibrational levels.

Up until now we bave been dealing exclusively with the radi-
ative properties of the ‘35 I[u state. We now twrn our attention
to predissocietion, the nonradiative transition process in dia-
tomic molequ.es.5 5 The mechanice of the procese are discussed
in Appendix C; here we restrict ourselves to the results of work
on this process as a loss mechanism for the c51Iu state.

The cjllu state is susceptible to perturbations from the
repulsive 'n3 Z:u+ state when the potential energy functions of
these states come close enough togetber so that an overlapping
of wave.functions exists and causes a nonzero matrix element for
predissociation. There are two types of predissociation of the
>N, state: alloved, induced by rotationsl electronic perturbs-
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tions ;56’ 5T and forbidden, induced by spin-orbit and spin-spin
coupl:l.ngs.‘m’u-, The selection rules governing predissocia.tion
are listed in Appendix C, and 1indicate that, although there are
nany states close to the c}I[‘Jl state, predissociation can take

place only via the b52u+ state.

As has been pointed out by Kronig, 58 under very strong
coupling conditions, allowed predissociation lifetimes could be
as short as 10”1 gec. :|:.:I.ch1;en,,‘t5 in order to explain his experi-
mental observations, has concluded that for the cjlt L state rllowed
predissociation lifetimes are ~ 1072 sec. Hiskes bas considered
this question and concluded that the :oupling in this case should
be rather weak and suggests the lifctime to be considerably longer
than 10°2 sec.’9 Berzverg,® btased on experiments dealing with
the absorption spectrum in the visible region of Ha excited by
a8 flash discharge, has estimated an upver bound of 7 = 0.3 usec
on the lifetime for allowed predissociation of the v = 2 level
of cjnh. Also, due tn the change in proximity of the b32u+ and
c"'lIu potential energy states with changes in internuclear separa-
tion, we expect the predissociation lifetime to decrease with
increasing vibrationsl excitation of the c’Il_ state (see Fig. 2).
Hertzberg'? has experimentally verified this behavior. Therefore,
based on this available information, we bound the allowed pre~
dissociation lifetime as follows:

nanoseconds < 7 < tenths of microseconds.

A survey of the selection rules for allowed predissociation
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(see Appendix C) shows that half of the cSIIu levels are suscept-

able to this loss mechanism. Finally, :Bot't-,cher52 and ch:l.ul"7

bave performed theoretical calculations on the forbidden predis-
sociation lifetimes and concluded that they are of the order of
10" gec, while Lichten bas experimentally messured lifetimes
ranging from 0.1 to 0.5 x 107> sec.h’5 Hence, we conclude that

)

all the levels of the ¢ ]Iu state have radiative lifetimes longer

than ~ 10'6 sec, but they most likely do undergo allowed predis-
sociation within this time.

We now turn our attention to the remeining low lying excited

states of H, (see Fig. 2). The 332;

decay to the b3zu+ state in ~ 1070 sec.”™ Also, the Bz, ana

state bas been observed to

the c]'IIu states have both been shown to decay by allowed transi-

10 sec, respect:lvely.éo

This is not the case, however, for the lt.g"' state. Davidsonsl

tions in 8 £ 2 x 10710 gec and 6 + 2 x 10™

has studied this state and computed the potential curve. He finds
the potential function tc contain two minima: the Elzs+ state at
R = 1.0 £,and the 1?12'.8+ state at R = 2.27 £ Wolntewicz™ mas
calculated the transition probabilities for the F]138+ - BlEu+
transition. Since the rlzg“ state has & much larger internuclear
equilibrium separation than all other stable g, states (see Fig.
2), we expect the transition probabilities to be small.

Wolniewicz finds approximately half the transitions of the F-B
band to have lifetimes greater than 10~7 sec. For comparable

transitions of the E-B btand we conclude, based on Wolniewicz's
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calculation of the band strengths, that the lifetimes are < 10"8

gec.,
In summAry, we have discussed the excited states of 112 and
conclude that the ¢’fl, and F'z * states and the n 3 8 states
bave lifetimes long enough to allow them to traverse typical
apparatus lengths and must be considered in the interpretation
of experimental results. (It is shown in Appendix D that the
only state than can be significantly populated in the present

experiment is the 03 II“l state.)
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IIT. EXPERIMENTAL APFRCACH AND APPARATUS
A. Approach

The experimental approach to the analysis of the 32 mole-
cules 1s by beam attenuation techniques. The energetic 112 mole-
cules were produced by electron capture when a momentum analyzed
beam of H2+ ions traversed a neutralizing cell of Mg vapor, or
H.2 or N2 gas. The reasons for the choice of neutralizers and the
desirability of Mg vapor as & charge exchange medium for the for-
mation of excited hydrogen atoms and molecules is the topic of
Appendix E. We bave mde measurements with incident H,', D",
and HD+ ion beams. When the results are compared at the same
velocity, they are the same within the experimental uncertainties;
hence, in the remainder of this work we treat all prolectiles as
if they were 112'" ions or H2 molecules. Figure 3 shows the experi.-
mental arrangement. Since we are investigating the H2 molecule,
the charged particles emergent from the neutralizer cell were
svept out of the beam with an slectric field and the H,' component,
detected with a Faraday cup, was used to provide a monitor of the
beam intensity. The 52 beam now leaves the portion of the experi-
ment used for its production and enters the anmalysis section.

As mentioned earlier, the analysis of the 52 beam is per-
formed by beam attenuation. To this end the neutral beam, con-
sisting of ground-state and excited H and 32, traverses a
target cell contsining 52 gas. We assume that the Be molecules
are in either the x’zg“ ground state or in the ¢’Nl, excited state.

The justification for this assumption can be found in Appendix D.
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Since the collision cross sections of these two states are dAif-
ferent, they attenuate differently upon traversing the target
cell. By observing the emerging particles as a function of 52
gas thickness in the target cell we are able to deduce the total
attenuation and ionization cross sections for the t':5 IIu and xlz;
states as well as the population of these states in the beam.

By varying the neutralizer conditions, 1.e., type of neutralizer
used (Mg, H,, or 1!2) and its thickness (atoms or molecules/cma) R
we are able to maximize the excited state population or reduce
it to an insignificant amount.

In order to increase the energy range of the measurements,
two methods were used for particle detection. For Method I (see
Pig. 3) we employed particle-counting techniques. The particles
vere detected by CsI(Tl) crystals mounted on photomultipliers.
Method I was limited to energies greater than about 10 kev/nuc.'leon;
below this energy It is difficult to resolve the rulse height
distribution of the atomic portion of the beam from the rolecular
portion. For Method II a third gas cell {see Fig. 3) beld at a
constant pressure was used to strip the fast molecules emerging
from the target of an electron, snd the resulting Hy' current was
measured with a Faraday cup. This method yields less information
than Method I but is applicable to attenuation cross-cection
messurements belov 10 keV/nucleon. Using this method we have
extended the attenuation cross section measurements to 1 keV/mu-

cleon.
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B. A;Eparagx_g
1. The Ton Source and Electrostatic Accelerator

The ion source and accelerator used in the present work have
been described in detail elsewhere. > Here we will mention only
the main features of the apparatus, noting any changes necessary
for the present application.

The source was & typical PIG d° scharge which could also be
operated as an electron-gun source. The electron gun was a
0.256-mm-diam tungsten filament opeiating at a curreat of from
4 to 6 A. The source area was surrcanded by an electromagnet
vhich was used to produce an electrc a~confining axial magnetic
63

field of from O to 400 gauss in the source. The ions were ex-
traci ad through a 0.916-mm hole in ¢ he cathode, after which they
masscd through an accel-decel potential focusing lens (einzel
lens) and were accelerated by use of four rings to which a total
of from 1 to 90 kV was applied. Th: desired ions were then
selected by a 90-deg analyzing magne t which was monitored by a
Ball prote and traveled 120 cm through a drift tube where they
ente: ad the experimental region. Just in front of the experi-
ment: L region is an electrcmgnef that is used to produce a trans-
vers:. magnetic field in order to sweep the primary E,: ions out
of t¥rz beam path but still allow the 32 molecules, produced by
eleci ron capture by H," in the drift tube, to pass. This contri-
butica is detected and subtracted as background. Uunder typical
singl: collision conditions in the neutralizer the background

neut: «1 production was < 10%. The beam, before the experimental
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region, is collimated by a 0.636-cm-diem aperture before the
bending magn~t and by a 0.396-cm~diam aperture after it.

The accelerator voltage was measured by a high-impedance
divider calibrated to ~ 1%. The uncertainty in the absolute
value of the energy of the particles is estimated to be ~ 3%,
except for energies less than 2 keV/mucleon where it is estimated
to be ~ 5%. This is based on the analysis of the deviation from
linearity of a plot of the voltage necessary to deflect the
rerticles versus the mea;ured value of the energy. The lower
energy limit was determined by the performance of the detection
system and the upper limit by our accelerator.

Typical operating characteristics are listed in Table I.
Acclerator and drift tube base pressures measured by ion gauges
were 1 x 10-6 and 5 x 10-6 torr, respectively. These pressures
are maintained by a 6-in. and a 2-in. diffusion pump.

2. The Mg Oven Neutralizer

The Mg vapor oven which served as the neutralizer cell is
shown in Fig. 4. The beam entrance and exit collimators were
0.508 and 1.27 mn, respectively. The effective length of the
stainless steel oven was taken to be 4.4 cm. This length was
measured from the entrance collimator to the exit collimator.
An operating temperature of 665°K produced a Mg vapor thickness

of 1.75 x 102+

atoms/ cm2. Typical range of operation was from
616 to 783°K.
Before data were taken, the oven was outgessed at a tempera-

ture higher than the temperature needed to produce the thickest



-2~

Table I. Trpical accelerator operating perameters.

Characteristic PIG mode
B

Accelerator Jressure 4,5 x 10" torr

(1on gay 2)
Drift tube prossure 1.3 x 10”2 torr

(ion gange)
PIG anode bias 0.5 to 2.0 kv
Electron gun filament bias (EG) .

Extracter voltage -1 to -3 kv

EG mode
9 x 10'6 torr

8 x 10'6 torr

10 to 60 ¥

-3 te -5 kV
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Mg vapor neutralizer of interest. This was done to insure:

(1) tbe purity of the vapor,and (2) the proper interpretation of
the vapor pressure. The temperature of the oven, which must be
known in order to determine the Mg vapor pressure, was determined
with two chromel-alumel thermocouples, with a zero-degree centi-
grade reference junction, connected to a potentiowmeter. To mini-
mize radiative loss from the thermocouples, vhich would cause a
low tempersture reading relative to the temperature inside the
oven, the cell was surrounded by three layers of 0.25-ma-thick
dimpled stainless steel. The calibration of the device was per-
formed by Berkner et 51-6"' who originally ussd the oven as a
collision cell for the measurement of electron transfer cross
sections of H and H' in Mg vapor. lData neceseary for the calcu-

65

lations of the vapor pressure are due to Hultgren et al. There

exists the possibility of a 210% ctandard error in thic Mg vapor
pressure dah..lG

The possibility of quenching of the c’ll‘1 state by thermal
photons or electrons produced in the oven has not been investi-
gated experimentally. But since ovean tempsratures were alvays
less than 800°K, we expect no eignificant photo-abaorpt:lon“ or
electron emission (the work function for the stainless steel
valls of the oven is ~ k ev).

3. The Neutral Beem Monitor

The emergent B; component from the neutralizer was deflected
20 deg into a Faraday cup by a set of plates, one of which hed a
positive high voltage applied to it. The signel from the cup
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was sent to an electrometer whose output was Jed to an integrator.
This accumulated charge, which is proportionsl (for a given neu-’
tralizer thickness) to the number of neutrals incident on the
target cell, was used to monitor the neutral beam by gating off
the scalers or integrating electrometer when some appropriate
preset charge level was reached.

Since the team entering the target cell is 35 cm from the
monitor Faraday cup, strict alignment was necessary in order to
insure correlation between the detected particles and the monitor
vhich are 85 cm apart. Alignment was performed vismlly with the
aid of a telescope. Previocus to taking data, the tsam was tuned
and maximized by observing the count rate due to the neutral
particles. This count rate was then compared, as a function of
the tuning paramcters, with the electrometer output of the monitor
Faraday cup. If the two signals were correlated reasonably well,
i.e., cxhibited the same rise in signal, signal plateau, and
decreass in signal intensity as 2 function of the tuning param-
eters to within the uncertainty of visual meter observation, data
was scquired; if not, the beam wes retuned and occasionally re-
aligmment wes nacessary. The position of ths beam was obseryved
visually by replacing the Faraday cup with a phosphor-coated
glass plate. It was evideatly significantly sasller than the
Faradsy cup diameter (2.54 cm). Permanent magnets were used to
suppress secondary electrons from the cup.

L, The Terget Cell
The neutral beam traveled 72 cm from the oven exit to the
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target g;ss cell entreance (sse Fig. 3). Figure 5 shows the target
cell. The beanm entrence and exit collimators were 3.30 and 4.31
mm, respectively. The effective length of the cell vas 8.8 cm.
This length was measured from the midpoint of the tubular entrance
collimator to the midpoint of the tubular exit collimator (changes
in the target gas thickness owing to gas in the surrounding tank
of the target cell were inconsequential at all target pressures).
The target cell is equippsd with a pair of metal rods, ~ 0.5 cm
apart, perallel to the beam line, which extend over the entire
length of the cell. While measwring the 112 attenuation, & voltage
of 4 kV wvas applied to one of the rods in order to produce an
electric field vhich insured that the exiting Be beam wvas due
only to attenmtion, without the contribution of two-step pro-
cesses, i.e., 112 - 112"' - 112. While measuring the ionization
cross section the voltage was ncot present so that Ule 11'2"' Com=
ponent was allowed to leave the target cell and be detected. The
pressure in ths cell vas messured by a Barocel capacitance manom-
eter vhich dad been calibrated nuwerous times over a period of
several years by a Mcleod gauge and an oil manometer.
5. Rarticle Detection
&. Method I: Single Particle Counting

After treveling 18 cm from the target cell exit the H," com-
ponent of the besam was bent 20 deg by a set of electrostatic
deflection plates and traveled 2 ca vhere it vas incident on a
2.54-cu-diam CsI(Tl) scintillation crystal which was mounted on
an Amperex 10-stage XP-1010 photosultiplier tube (see Fig. 3).
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«28-

Also, the neutrel beam traveled 20 cm after the deflector plates
and intercepted a similar arrangement. The photomultipler tubes
were not cooled since upon cooling no significant increase in
energy resolution was observed.

For this method, the ion source was operated in the electron-
gun mode in order to obtain low intensity countable beams. Typi-
cal counting rates were from 1 to & x 10° counts/sec.

Considerable effort was taken to optimize the energy reso-
lution of the detectors. The scintillation crystals used varied
from 13 mu to less than 1 mm in thickness. (It has been found by

MartinesST

tion of 2101,0 alpha particles is 0.38 mn.) The resolution de-

that the optimum thickness for (sI(Tl) crystal resolu-

creases slowly with increasing thickness, changing by less than
10% from 0.38 to 8 mm. When possible the crystal edges were
bevelled at ~ 45 deg to increase light-collection efficicncy as
first noted by Riviere and Sweetmn.és The crystal was highly
polished to insure near-uniform scintillation response to all
incident particles of the same energy. A mixture of Mg0 and
isopropyl alcohol was used as an abrasive for polishing, and the
crystal was mounted on the tube by use of epoxy.

The tube 1s & box-type dynode structure with a Sb-Cs photo-
uthode.69 The photomltiplier base, i.e., the voltage divider
for the dynodes, had typically a potential difference of 1.8 kv
applied across the anode to cathode. The cathode was at ground
potential so as not to introduce any undesirable electric fields.

The signal, which could bta extracted from the sixth dynode or
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from the anode, was sent directly to a charge-sensitive preampli-
fier for impedance matching and to insure better signal-to-noise
ratio. The signal then traveled ~ 15 ft of cable to where it was
amplified and shaped, discriminated, and finally scaled. A 400-
channel pulse-beight analyzer was used to set the pulse-height
acceptance limite of the discriminetors. A typical spectrum of
the neutral component of the beam is shown in Fig. 6.

Since the scintillator response, i.e., the number of photons
produced per incident energetic particle, is proportiomal to the
amount of energy transmitted to the crystal during the ixmpact of
the energetic particle, two atoms, each of energy E/2, vhose dif-
ference in impact time is conesideradly shorter than the character-

6 sec), would be

istic decay time of the crystal (~ 0.6 x 10~
interpreted as a single particle of energy ~ E.

In the preseut experiment, the maximum possible dlifference
in the impact time of the two H atoms produced by dissociation
of H, in the target cell is ~ 5 x 1077 sec. The H atous my,
however, be spatially distinguishable by use of a low transparency
(~ 1%) copper mesh.

Assuming a random orientation of the 32 internuclear axis
with respect to the beam line and an isotropic H atom angular
distribution from dissociation arising from Ba collisions with
8 112 target, vwe have calculated for the case which produces the
smmllest scatter in the present experiment (42 keV/nucleon and
~ 2 eV dissociation energy), that the H atoms at the detector

from dissociation in the target ares uniformly distrituted over
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an area of radius 2.2 mm. The mesh grid is compesed of square
holes of length 6.35 x 10" mn with the same wire thickness.
Clearly, the grid size is significantly smaller than the majority
of the H atom separations.

Therefore, in order to identify the na molecules f'rom the
(R + H) signal, the mesh was placed in front of the neutral
detector. With the mesh in the bear linc the probability of
obtaining a full energy pulse from two sirmltancous H atoms is

b

~ 107", while the probability of obtaining a full-energy pulse

from a H, wolecule 1s 102,

This i due Lo the spatial separa-
tion of the H atoms being much larger thar the mesh grid size so
that the atoms are no longer correlated and transmit through the
mesh independently. The transmission was measured by using a H
atom beam and vas found to vary from day to day by th%.

To insure ourselves that the mesh was functioning as we
thought, 1ts performance was tested cxperirentally. The H,"
beanm wvas incident on the target cell with the electric field off.
For a constiat thicimess in the cell, and using the charge
detector as a monitor, the neutral particles were counted with
the mesh out. (The full energy pulses, the half-energy pulses,
and the total pulses were counted individually by using three
sets of scalers.) Based on the arguments given above, we were
able to predict the counts with the mesh in. (The equation used
for the predictions 1s T = (A' + C')/(A + C), vhere T m the mesh
treansmission, A ® the full energy counts, B = the half energy
counts, C = the total counts, and the primes refer to the counts
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with the mesh in.) Our predictions for the number of counts in
each energy pesk agreed to within 6% with the measured values.
Therefore, since the ratio Hé/(n + H) incident on the target cell
was typically ~ 0.3 for the attenuation measurements, the assump-
tions about the effect of the mesh on the beam are correct.

For each species of the beam detected (K, H', Hy, H), two
sts of scalers vere used in order to correct for random noise.

7 7 employing a chopped incident Hé+ beam at a frequency of 4.0
iz, modulated by applying voltage to a set of steering deflector
plates in the accelerator region, one set of scalers measured the
beam plus the noise and the other set measured the beam-off sig-
ml (i.e., the noise). Srbtraction of the two counts yields the
counts produced by the beam. A set of timing scalers was also
used to determine the beam-on and -off counting times.

Figure 7 showe the electronic details and logic sequence of
the particle detection (Method I). The control unit for the
sccumulation of data was the hitegrator-control-gate assembly.
With the pulse generatore running, deta acquisition would beéin
with the starting of the control-gate generator. The integrator
would accumuiate a preset amount of charge and then turn off the
control gate. The beam modulator output was generally around
1.5 k¥, depending on how the beam was tuned. The beam passed
intc the experimental region when the modulation voltage was on
and was deflected with the voltage off.

Figure 8 shows a typlcal set of timing cheracteristics.
Beam-onn counts were accusulated for 124 msec while beam-off



-35=-

E Cal (TH)
crystols

Antl- colnc.] i ’
Beam or
goﬂg:fmr —] suoler
Pulse |-A ‘
generator Deiay gote _
Coinc. |.r B8sam off ‘_.Z\_._
Deflector :,,agfg,o, € scater
plates  [Wodulator |, A Pulss  |.A
‘W"" generator
upply
. _4 Beum on | A
Monitor scaler
Faracay Pico- ‘
cup _'lampmnor Intagrator ; ,
IBoum off | A
W | scaler
Control | 1
gote >
generator fe—
Ream on | A
. scoler
Puse | _A
generator
L
scoler
X8L719 - 4333
Fig. 7. Block dlagram of the electronics and counting logic used

in Method 1. _f#_ pulse; S L, gate.



-34.-

Pulse
generctor = 248 msec ____ﬂ
signal 4‘ |
|
!

s

Beam on < 12 4msec—]
gate

|
Beam off ’
- |

ate

9 %-(—84msec-—>-l
!
| {
Beam |
modulaﬁion\ / Q
voltage : r<—— |48 msec i
[ |
i |
S N

XEL7I?-4336

¥Fig. 8. Timing characteristice of Method I.



-35-

counts were accumulated for 84 msec. There were 40 msec when no
counts were accupnulated. This was to insure no overlapping of
signals. The beam-off counters were idle for 16 msec before the
voltage was applied to the plates. There was a relatively large
rise time of the voltage signal due to the characteristics of the
power supply vwhich required a delay of 24 gisec before accumulating
beam-on data., This was done in order to eliminate any possible
interfererce due to beam steering. Changes in the beam counts
could be easily seen on the oscilloscope trace during this rise
time.

The discriminators were set by observing, on the pulse-height
~nalyzer CRT Aisplay, tre colncidence output of the signal tefore
and after the diseriminntor,

The output of the protorultiplier tule was seneratly < 1 mv
with a decay time characierirtic of the seintillation cryutal,
i.e., about 0.6 usec. The preamplifier amplified the pulse by
a factor of ~ 10 and shaped the decay time to 50 usec. The out-
put of the amplifier was ~ 3 V with a width of about 2 psec and
rise and fell times of about 1 usec. :

b. Method IT: Faraday Cup

Method IT for observing the particles (refer to Fig. 3)
allows only for the detection of transmitted lia molecules from
the target and was used fc obtain low-energy (E < 10 keV/nucleon)
total-loss crose secticns. Tonization cross sections and excited
state populations cannot be obtained by this method.

This wethod uses a third gas region (the stripper), which
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conta:lﬁed 112 gas held at a constant pressure, to ionize the Ba
molecules transmitted through the target. Tho resulting H2+ ‘beam,
exiting from the stripper, which is proportional to the n2 ‘beam
tranemitted through the target, was deflected to a Faraday cup.
The resulting signmal was fed to an slectrometer whose output 'va.s
sent to an integrator. For this method the ion source was oper-
ated in the PIG mode in order to obtain high beam intenaities,
measurable by a Faraday cup. Typical 112"' currents measured by

the final Fareday cup ranged from 10~%° to 10710 a.
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IV. THE MEASUREMENTS: AFALYSIS AND PROCEDURE

In this section we will describe the measurements that are
perforred in the present work. The quantltles measured are:

(1) Yields of Hz(csllu) excited molecules from the clectron
capture by 32+ ions in Mg vapor and 32 gas neutralizers us a
function of 32+ ion energy and neutralizer thickness 7, and in
N, gas at 12.5 keV/nucleon.

(2) Yields of Ha(c5]'[u) excited molecules Prom Lhe brenkup
of Il; ions in Mg vapor at 7.5 keV/mucleon.

(3) Yields of the variocus reactions for 32* iong 1in colli-
sions with Mg vapor as a function of H2+ ion energy and Mg vapor
thickness LAC

(%) Crose sections for the total loss and ionization of

+
x]zg and csll‘l H2 wmolecules in collisions with H2 gas.

A. Determination of (1) Total Loss Cross Section for the X'T ¥
L 7)

and oIl States (0,2 ;) and (i1) the o
Population in the Neutral Beam Sr!

for 10 < E (keV/nucleon) < 42 by Method I

The measurenpent of Ops v:, and £ wes performed by passing
an ng'* beem through a neutralizer of Mg vapor, K, or N, gas,
sveeping the charged particles aside, end allowing the neutral
beanm to traverse the target cell wh:lch contained H2 ges. The
emerging !!2 particles were detected by single-particle counting
techniques (Method I) discussed in Sec. ITT, B, 5a.

The collision reactions occurring when energetic 32 passes
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through the H, target cell are (the right side of the reaction
indicates axplicitly only the fast collision products):

32'1'32"3'1'3*“' dissoci‘tion Sevrensnasae 0'23

By +H, B + B  + e+ oo dissociative electron
detachment sessesesese g

Bg+n2"%++e+.“ 1°n1ut1°n seoscrenane 0H2+

B2 + 112 -8t n* + 2e + +++» dissociative double
electron detachment -- °2H"’

+ “+H, =@+ ses electron capture «...¢ g_ .
Ty + By~ B 5,
52+32452*+.n. excitation sececssesee g

Hg*

*
where 52 designates the 32 molecule in an excited state and o
18 the cross section for the conversion 52 < k. In the event
that the incident molecule is already excited, an - ditional

reaction is possible:

32*"'32"32"' s de-excitation cessecec a;‘?
and ve define u: as the cross section for the . conversion Bg* -+ k.
Neglectingexcitation and de-excitation (the Justification
for this 1s the topic of Appendix F), and neglecting negative ilon
formation (As will be discussed in Sec. V, A, no Ba' ions were
observed and insignificant ezounts of H ions were observed in

the present experiment.) we may write the collision relations for

the processes occurring in the target cell for the two classes of
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32 molecules of interest in the present experiment (see Appendix

E). Defining the fractions F(r,), F (r,), and F'(r,) as

F(1Tt) = the number of ground state He(x]'Zg"') molecules in
beam after traversing & tarset thickness 1rt per 112
molecule incident on the target cell,

F*('trt) = the number of excited 32(0311“) molecules in the
beam after traversing a target thickness 1rt per 112
molecule incident on the target cell, and

I"+(1rt_) = the number of 112"' molecules in the beam produced by
the ionization of c3 I[u H, and xl 28'" H, while travers-
ing a target thickness 1Tt per H2 molecule incident

on the target cell,

we have
th F(T,) = - o F(m,) + oy F*(m,) (12)
%": Fi(r,) = - a:F*('th) + a’{oF*(wt) (1b)
where

7, = the number of target particles per cme, i.e., target

thickness('trt = DX, where n, is the number density of

target molecules and xt is the length traversed by the

bveam through the target),

'°t=°2E+°BH++°HE++°23"'" and

010 is the cross section for the reaction

H2++H2-.H2(xlzg+)-e+ ««» electron ca.pture sevecse 0'10.
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Analogously,
* * * * *
"t“’an“’m**’n;“’aa‘f
and

+ -> 5 con ¥*
B, +H He(c %) -e+ electron capture :--+ o).

For this measurement an electric fizld of about 8 kV/cm.was
applied transverses to the beam within the target cell in order
to deflect the fast molecular ions, produced from the ionization
of fast H2’ from the beam as they were formed. The measurements
were repeated as 8 function of the applied electric field until
there wvas no change in the results with e further increase in the
electric field. Under this condition the F' term in the above
equations vanish and the solutions readily became

[1- 2] v (2a)
»
f(wn)e'a"m‘ (2b)

K(m,)

F'(m,)
where
f(‘lrn) = the fraction of the incident H, molecules in the

c5 ]'["1 state produced by electron capture by 112"' ions

vhile traversing a neutralizer of thickness 1rn.
The detector systemwas not capeble of distinguishing between the
two classes of molecules, therefore we measuredthe sum of the two
classes of H2 molecules transmitted through the target cell. The
attenuation of the sum y(1rt) = F(1rt) + F*('rrt) w48 observed by
counting the mmber of 112 molecules transmitted through the target

cell for a constant preset accumulation of cherge at the monitor
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Faraday cup (see Sec. III, B, 3) for several target thicknesses
Ty. TFigure 9 shows the quantity y(1rt) = F('trt) + F*(wt) vs target
thickness for a 50-keV D, beam produced in & Mg veutralizer (thin
target, i.e., single collision conditions applied) by electron cap-
ture of D2+ ions. The solid line ls the result of a least squares
rit of the data to y(ﬂt) (ese Appendix G). The nonlinear portion
is due to the presence of cSI['Il 112 molecules (see Appendix E). As
the target is made thicker the attenuation becomes linear, reflect-
ing the loss of essentially all caT[“ molecules in the target cell
and the transmittance of only xlzg+ molecules (this is due to

o >o,). B subtracting the extrapolated portion (curve A) of
the linear region of the data from the date we obtain the lower
straight line (curve B) which is th ejnu E, sttenuation. The

straight lines are represented by the equations

- om +1n [1 - f(wn)] (curve 4) (32)

[}

In F("t)

10 ¥ (n,) = - oLT, + 1n 2(T,) (curve B). (3b)

The cross sections are therefore easily obtalned from the slopes
as

Aln F('trt)

(4a)
ar,
A 1n F(n,) ()

g,
%
ary

Also, the intercept of curve B ylelds the fraction of the beam
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Froction of D, molecules tronsmitted

i P B S

PO S T I

001
0

2

4

6 ] {¢]

Hp target thickness , 7, (10® molecules/om?)

XBL70))~ 4099

Fig. 9. Obgerved attenuation of a beam of D, molecules
in a Hp target by Method I.
duced in a Mg neutralizer (thin target) by electron
capture of 50-keV D2+, The solid lire is the result of
a least-squares fit of the data to the sum of two exponen-
tials. Curve A is an extrapolation of the thick target
asymptote; curve B is the difference between the data
and curve A, Solid circles are experimental points;
open circles are derived points.

The molecules’ were pro-
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in the cBIIu state. From Eq. (2b), evaluated at T, = 0, ve bave
. ;
¥*(0) = (m). (5)

When the'l@ vapor neutralizer thickness was increased to

16
large valuves (¥, 21 x 10

stml/cla) or vhen H, or K, gas vas
used as a nsutrelizer, significant nonlinear sffects were not
observed, i.e., F(0) = O. The decrease in the c5n“ component
with increasing Mg vapor neutralizer thickness reflects its larger -
attemmation-loes cross section. In the case of the He and N2 gas
neutralizers, the lack of nonlinear effects is dus to the large
competing ground-state electron-capture process.(see appendix E).
The determination of o, vas performed by using e 112 neutral-
iver. The cross section was obtained from a least-squares fit of

the attemmtion data to the equation

-a,7,
t't
r(-art) =e (6)
since r(1rn) = 0 in this case [eee ﬁq. (aa)].
The determination of o: and r(1r ) vas performed by using a
Mg neutralizer. The cross section "t and the ¢ ]Iu rract:l.on r(1r )
vere obtained from a least-squares fit of the data to tha equs-
tion c*1r
).[1-f(1r)] +f(1r) vt n
with the value of o, knovn from the2 H, neatralizer case. A dis-
cussion of the letst-squares fit procedure can be found in.

Appendix G.
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The above amalysis was also performed on an H2 ‘beam prepered
by H; dissoci tlon in Mg vapor. The H2 molecules were formed
via the reactions
B.a +H-e+ .

H++IG-0
3 '1-'12+H++---.

This measuremsnt wae psriormed at 7.5 keV/nucleon for two dif-

ferent Mg vapor thicknesses, 0.9 and 2 x 10%*

3

[ llu 32 nolecule~s were observed.

atoms/ em>. o

*
B. Detarmination of -/ and o, for

1 < E (keV/nucleon) < 42 by Method IT

For this measurement the production, monitoring, and attemu-
ation of the 32 besn vas identical with Method I except we required
the use of & third gas cell (the stripper), which contained Hy
gns, for the particle detection (see Fig. 3). The H, beam trans-
mitted through the target cell was passed through the stripper
vhere & fraction was lonized (H, - Be"’). This 32"’ Yeam 18 (for
e constant stripper thickness) proportional to the H, beam trens-
mitied through the target cell. The E,’ current vas then deflected
to & Faraday cup and integrated for 2 preset accumulation of charge
at the monitor Feradey cup. The collected charge Q can be ex-
pressed as (cf. eq. 7)

*
Qr,) = al[l - t(rn)] e-ctrt + qar(rn)e-utwt, (8)

vh.realandaem conatants for a given stripper thickness and
reflact the efficiency of the na(xlzg*) and Ey(’R ) molecules
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to produce Bé+ jons. The measarement was performed by observing
the attenuation of Q{w ) for several target cell thicknesses 7.
Figure 10 shows the quantity Q("f.) (in arbitrary units) vs g,
target thickness for a D2+ beam produced in a thin Mg neutralizer
(8.5 x 107 atoms/cn’) and transmitted through the E, target cell.
The nonlinearity of the curve in Fig. 10 is larger ™an the non-
linearity produced by direct observaticn of the Db xolecules
(Nethod I) under similar conditions (cf. Fig. 9). This is due
to the fact that the cross section for D, production 1) (cz'l!\l)
is larger than by D (xlz: ) (see sec. v, B, 2), L., a4y >0
Without & knowledge of i, and a,, We cannot determine r('tn) »
we stil) are able to determine o, and a:. The analysis cf the
data to yield values for g, and o, vas idemtical vith Method I.

C. The Determimation of the Jonization

Cross Sectionof‘t.hexl}:+ststn, %, +
and of the c’il State, g;;

In thie section we discuss the measurewent of the jomization

cross sections (l!2 -Ba'") for energetic x’xs“ s0d ¢“R - molecules
ineollisionnthnegu. Mnolecnlesmmint@udw
electron cepture ky H," ions in collision with Mg vepar or H, or
R, gas, vith the ‘trenseitted H,' compouent, detected vith
Faredsy cup, [roviding a monitor of the beam intensity (see Sec.
IIT, B, 3). !orthismwuttbtﬁhmruohetﬂeﬁdd
in the target cell vas turmed off so that the H,' component in
the beam due t tie fonization of K, could be messured. Detection
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| I ']

Collected DZ charge, Q (arbitrary units)

0.0l TR U W SN TR O R R
o 2 4 6 8 0

H, target thickness, ; ( 10° molecules/cnt)
XBL7IS-4344

Fig. 10. Observed attenuation of a beam of D, molecules
in a H, target by Method II. The figure is a plot of the
collec%ed Dz"' charge, Q, measured by the Faraday cup
after the stripper versus Hj target gas thickness m.

The D7 ions were produced by ionization of D3 in an

Hj target (stripper) ~2X 1014 molecules/cm? thick,

The D; molecules were produced by electron capture

of 62-keV Dp* ions in 2 Mg vaportarget{neutralizer) of
thickness 8.5X1013 atoms/cm®. Curve A is an extrapo-
lation of the thick target asymptote; curvc B is the
difference between the data and curve A. Solid circles
are experimental points; open circles are derived points.
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of the emerging H2+ ions and H2 molecules war oerformed 'by single
particle counting techniques (Method I).
The collision relation governing the H2+ component in the
+ 3
beam due to the ionization of‘Hz(x]'}:‘.g ) en§ He(c n:u) in the ta'rget

cell may be written as (using the definitions presented on p. 39)

T T = oy F(r) oy ¥ (m) - ot m) (9)
where

u‘e = the total loss cross section for H2+ ions in collision

with 32 gas.
This equation is based on the assumption that uz is the same for.
+ + 3,
H," fons produced by fonization of either .32(x]zg ) or Ey(c’TL )
molecules. '

*
The determination of 0'H2+ end oy 4 was obtained from data

teken for T, < 5.8 x 10]'3 molecules/cmz. In this case the target

-1

is thin for all processes of interest (i.e., o + K Ty

5
-1)

T '1, and 0, << T, . Under these conditions the follow-

*
0'H2+ << t . %
ing inequality held for all measurements .

o' (m) T o a(my +032J ) x Gx10), Q0

i.e., the ionization cross sectionewere detemined:unde,i- vthe,.=fcon-
dition that the rate of losing the 32+ ions was. always less than

3% of the rate of producing them.

Also, the value of F( ) and F ( ) did not change by more

than ~ 2% and ~ h% during these measurements, 'l‘1 e ve ma

. ‘
Wooraasy godT



-L8-

F(Trt) and F*('lrt) vy F(0) and F*(O). Therefore Eq. (9) becomes
g;; F+(ﬂ£) = g +[1 - f(wn)] + u§2+f(vn) (11)

since F*(O) = f('rrn) and F*(O) + F;(O) =1. The solution to Eg. (11)
is
F+(7rt) = [e +[l - f('rrn)] + Uge*fwn)] T+ (12)

The production of F+(1rt) is observed by counting the number of H2+
molecules exiting the target cell for a constant preset accumu-
lation of charge at the monitor Faraday cup for several target
thicknesses T, . Figure 11 shows & plot of F+(1rt) VB e

When the incoming H2 beam contained no observable fraction
of (:5][\1 states [e.g., f(1rn) = O vhen & H,, N,, or thick Mg neu-
tralizer was used] the slope of the linear relation between
F+(-;rt) and 7, yielded 0324. [see Eq.(12) with f(1Tn) = 0] » the
cross section for the ionization of the ground ‘state (curve B).

3

When the 32 bean did contain an observeble fraction of ¢ IIu mole-
cules (thin Mg neutralizer), the same technique yielded the com-
posite cross section o, _,,[l - f(1rn)] + a;2+f(1rn) curve A; seeEq.:_I,2].
Obtaining the value of f('n'n) from independent attemuation measure-
ments (see Fig. 9) for the same neutralizer conditions, the cross

*
section for ionization of the 03 :IIu state, D'He_‘_, can be determined.

D. The Determination of the Particle Yields

Due to Energetic H,,+ Ions in Collision with Mg Vapor

The present section describes the measurement of the particle
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Fig. 11, Production of DZ ions from the ionization of
60-keV D, molecules in collision with a Hp gas target.
The Dz molecules were produced by electron capture of
D" ions in a Mg vaper neutralizer. Line A corinects
the expenmzntal data usmg a thin Mg vapor neutralizer
(rp< 1 x101 a.toms/cm ); line B connects the experi-

ental data using a thick Mg vapor neutrahzer
(m 2 1X1016 atoms/cm? ). .
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Yields due to energetic H2+ ions in collision with Mg vapor. For
this measurement the Mg oven vwas moved to the target cell posi-
tion (see Fig. 3). This was done in order to insure complete
collection of the breakup products. The exit aperture of the
oven was enlarged until, for a constant thickness, there was no
observable chapge in the measured beam components. The final
oven collimation was 0.33-um entrance diameter and 2.8-mm exit
diameter. The diameter of the particle detectors (25.4 mm) was
larger than the meximum possible beam spreading which is defined
by the oven collimation. For this measurement the Mg vapor thick-

ness was varied from 2 x 101]" tol x 1016

atoms/cmz.

The measurements were performed by passing H2+ ions through
the oven for several Mg vapor thicknesses and counting the exit-
ing HE+’ H+, H, and HE components of the beam. This enabled us
to obtain the yilelds of the reactions

(1) ]i2++Mg->H2 ~e + v,

() B,' +Mg~H+E-e+ er,

(3 H2++M.g-'H+H+ #oeeey

(%) B +Mg =B +H +e+ee.
(The ™ yield was measured at 20 ‘kev/n'ucleon end was inconse-
gquential. We expect the i yield to peak at energies less than
those used in the present work. For a future experiment we sug-
gest a study of H ylelds at low energies. It is possible that
information on the fornﬁtion of HE- ions with lifetimes less than

~ 0.5 psec could be obtained from a study of this type.)
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In order to separate the H2 and H + H contributions the
neutral particles had to be detected once with the mesh in and
once with it out (see Sec. ITT, B, 5a). From these measurements-
ve are able to account for the total beam and calculate the indi-
vidual beam component fractions.

A search was cerried out for the presence ofvﬁa'. The
search was performed by reversing the deflector voltage. The
result ‘of the inveétiga‘,tion from T <E (xev/ nucleon)_<_ 20 using

the Mg vapor collision cell vérying in thickness from 2 x 1011+' !

to 1.0 x 10%° atoms/cm2 was that no H,  ions were observed. The
sensitivity of the detection wak such that the 112‘ beam-on counter
never sihowed a contribution greater than the statist‘icalipncer- ‘
tainty in the background corrected codnfs for ~ 109 H2+' primary
iong incident on the Mg vapor cell. A discussion of' se;vei'al
experimentsl and theoretical studies of the 'HQ- ion 'is given in
Appendix H. Also, in this appendix we indicate the arguments
for a search for H2 using Mg vapor. '
E. Error Amalysis
For all experimental results of this work, the a)ssiénment
of uncertainty is based on the réproducibility of the dete occur-
ring in a aumber of runs taken months apart, on the standard ' .
deviation of the least-squares £1t of the data , and on‘sys"teh‘iia‘.t:jf;c' 8
experimental errors. The 1ozig term rerbrod'ujciﬁii:ity'df‘ ‘the ground
- state measurements ves 15% with a sta.ndard deviation of the least~
squares £it of the data of t}% " his Wes true in both Méthods I

and II, although for E > 20 keV/nucleon the reaults using the
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stripper~Faraday cup combination for detection (Method II) were
consistently 2% lower than the results using single par£ic1e
counting techniques (Method I). A possible explanation for the
difference in the results is that the vibrational population dis-
tribution of the ions is not the same in the two cases due to the
radically different source conditions (see Appendix I).

For the excited state measurements, the long term repro-
ducibility was ¥17%, and the standard deviation of the least-
squares fit of the data varied from i5% to $20%. Counting
statistical errors were always less than 4% and in all but a few
cases less than 1%. Possible systematic experimental uncertain=-
ties resulting from pressure and target length measurements are
estimated to total about 17%.

The effect of collimator interceptions.and gas background .
were determined to be negligible since the fraction of the Hj
béam surviving with no target gas was always >0.998.

To experimentally investigate the possibility of the presence
of unknown systematic errors, we measured the well-known total-
loss cross section for energetic atomic hydrogen in collision
with Hy gas. Our measurements agree to within 5% with those of
Stier and Barnett.7° We also measured the single-electron cap-
ture cross section for energetic protons passing through Hz gas.
These results agreed to within }5% with those of McClure. !

Other possible sources of error which are determined to be
inconsequential in this work are target and source gas contami~

nation and detector signals of unknown origin that are modulated
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with the beam. These considerations along with a more detailed

discussion of all sources of error and thelr assessed contribu-

tion to the uncertainty of the results may be found in Appenqix I.
The estimated absolﬁte uncertainty iﬁ the present resulté

ranges from ¥18% to $25% for the excited state crosslsections

and populations (i.e., those that éurvive for t 30.5 usec),

%10% for the ground-state cross sections, and ranges from t;O%

to 15% for the particle yield measurements. The confi§ence

level associated with these uncertainties is estimated to be

60% (see Appendix I). The assigned absolute uncertainty for

each data point may be found with the tabulated data in:Sec. v.

o
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V. RESULTS AND DISCUSSION

A. Beam Populations

1. Yields of Atoms and Molecules from the Breakup of H°+ Jons

in Mg Vapor

The date plotted in Figs. 12 and 13 show the varlation with

Mg vapor thickness of the experimental yields of reaction products
due to 10 keV/uucleon D2+ ions {Fig. 12) and 20 keV/nucleon H2+
ions (Fig. 13) in collision with Mg vepor. Figure 13 also shovws

the results of Riviere. "

His measurements agree reasonably well
with the present results.

No 32- or D2- ions were observed (see Appendix H). The data
annlysis of the yilelds allows us to assiga an upper bound of

-21

10 cma/e.tom to the cross section for double electron capture

into B,” states with lifetimes longer than ~ 10™' sec due to K"
ions in collision with Mg vapor from T-to 20-keV/nucleon. The
" yield at 20 kev/nucleon was observed to be less than 1% for
LAY 1017 atoms/una. {For the remainder of this section ve will
not refer to the isctopes of hydrogen. We remind the reader that
for E < 20 keV/nucleon D2+ was always used as the incident pro-
Jectile. Also, when the results were compared at equal velocities,
no obgervable differences occurred.)

In going from 20 keV/mucleon (Fig. 13) to 10 keV/mucleon
(Pig. 12), ve note that the neutral yield of both H and H, has
Increased significantly while the proton yleld has decreased.

At 10 keV/nucleon with Ty ™ 2x 10]'5 a'l;oms/czn2 approximately 90%
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Fig. 12. The observed dependence on the Mg vapor-target thick-
ness of the particle yields from the collisional breakup of D2 .

The bearn energy was 10 keV/ nucleon.
D, -e+-e:

m.D, + Mg
D+D-~e+ oo

.'DZ +Mg->Dz-e+---

A Dz +Mg->D+D +---

& D2 +Mg->-D +D re -

The lines drawn through our points are to guide the eye and

have no other significance.
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Fig. 13, The observed dependence on the Mg vapor-target thick-
ness m  of the particle yields from the collisional breakup of H2+'
The beam znergy was 20 keV/nucleon. Solid symbols, present

work; open symbols, Ref. 30.
HZ ~—et e

B,0: 5"+ Mg
H+H-e--
®,0:H, " +Mg+H,-e+:.-
AA: H2:+Mg-H++H+++---
"o: Hz +Mg+H +H +e+-:-
The lines drawn through our points are to guide the eye and have

no other significance.
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of the incident H2+ ions have been converted to neutrals, but

only v 68% at 20 keV/nucleon. Also, at both energies the reaction
+ .
Hy +Mg+H+H- e+ ="

is the dominant inelastic process.

In Fig. 14 we illustrate the_variaf.ion with Mg vapor thick-
ness and with H2+ particle energy of th- serimental Hz yields
due to Hz"' ions in collision with Mg vap..s. The maximum Hz‘
yields occur around 1015 at:c:u'ns/cm2 for all energies maasured and

increase with decreasing energy.

3 ) +
2, Yields of ¢ Il‘ Molecules from the Breakup of H2 Ions

The yields of c3I[‘-1 molecules discussed inthis section are
expressed in two different ways: as a fraction of the Hy beam
(P1g. 15) and as a fraction of the incident H,' beam.(Fig. 16).

The results shown in Fig. 15 illustrate the v_ar'iation with

Mg vapor thickness and with H + particle energy of the measured

2
fraction of the H2 molecules, formed by electron capture by H;
ions in Mg vapor, that are in the c3IIu state. We see from

, 14
Fig. 15 for "n"!:‘z X 10

atoms/cm® that th‘e‘g;ffgét;dp‘measﬁ;ed_‘is o
independent of target thickness, i.e., "s:ly.}rigl_‘e’ coilisién_,édnﬁi- ow
tions esd_.sted. This fraction is a slowly decreasiigfunction

of energy, as predicted by Hiskes.>® ' Aé.‘tljig tﬁi’ékﬁéés’*’iﬁ%néreased

the fraction decreases as a result of the larger ai;.tel-'luation cross H

section for <:31'Iu molecules than for x1£g+ molecules.

In Fig. 16 ve show the variation with Mg vapor thickness
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Fig. 14. Fraction of incident Hz+ ions converted to Hy molecules
versus Mg vapor thickness mw,. Solid symbols, present work;
open symbols, Ref, 30. x, 'P.S keV/nucleon; @, 10 keV/nucleon;
+, 15 keV/nucleon; M, A\, 20 keV/ nucleon; 4., 25 keV/nucleon;
@, 30 keV/nucleon. (For E < 20 keV/nucleon the incident
projectile was D2+.) The lines through the points are drawn
in to guide the eye and have no other significance.
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Fig. 15. Fraction of H; molecules that are in the ‘c3ﬂ ‘Btate
versus Mg vapor thickness n_. ® , 11,2 keV/ nucleon; +, 15
keV/nucleon; A » 20 keV/nucleon; ’, 25 keV/nucleon; B ,

30 keV/nucleon; x, 35 keV/nucleon. (For E < 20 keV/nucleon
the incident projectile was Dz'".) The lines through the points
are drawn in {o guide the eye and have no other significance.
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Fi% 16. The fraction of incident H + ions that are converted to
cll_ H2 molecules versus Mg vapor thickness LW ®,0: 10.75
keV/nucleon (see text);M,A: 15.0 keV/ nucleon; 8,0 : 20.0
keV/nucleon. (For E < 20 keV/nucleon the incident projectile
was D2+.) The hollow symbols represent interpolated points
{(see text). The lines through the points are drawn in to guide
the eye and have no other significance.
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and with H2+ particle energy of the fraction of the incident H2+
ions than can be converted to cEIIu H2 molecules. These curves
are generated by multiplying the data of Fig. 14 with the deta
of Fig. 15. That is, defining
* = + 3. R
F (7)) = fraction of H," lons converted to c’Il, E, mole- y
cules in & neutralizer of thickness m  (Fig. 16;
+ 3
H2 = c T[u Ha),
— +
;(Trn) = fraction of E, ions converted to H, molecules in

a neutralizer of thickness T (Fig. 1h;

B!+ N, B + X5 By,

f('n'n) = fraction of H, molecules in the c3n sta.te after
pa.ssage of Ha ions uhrough a neutr&lizer of thi-ck-:f.
.} 3 s ] ’
ness T_ [Fig. 15; ¢’n By/(e 1;]12.+xlzg Hy)| s
we bave
x
Fr) = F) x 2(r).

The hollow symbols in Fig. 16 were obtained by using an experi-
mentally measured value from Fig. 1t and a value taken from the
curves drawn through the deta in Fig. 15. This vas done since ‘
the data of the two measurements were in some cases ta.ken st dif— .
ferent values of 'rrn. The curve at 10.7 keV/nucleon is the product
of the curve at 10.0 keV/nucleon of Fig. 14 and the__-cu;rvq ai;':
11.2 keV/nucleon of Fig. 15. It is clear that no significant
error is introduced by this procedure at this enérgy
The maximm values of the results of Figs. 1k, 15, a.nd 16

(}M, W M) are presented in Teble II. These maximum' valuee 5




Table IT. Maximm experimental fractions observed from a Mg vapor neutralizer and a 52 gas
neutralizer, Maximum fraction of 32 molecules in ear':ﬂ‘__l state, f ; maximm fraction of 32"'
ions converted to Ha wolecules, 9— ; maximum fraction of He"' ions converted to canu 32
molecules, ‘!' *

M [ ]
+ *
2 CUeTEY " Fu F
(keV/nucleon) Mg Mg Mg
"2 (£15%)
7.5 0.220
10.0 0.210
‘1.2 0.36 20.06  ~o0 (£)" 0.065 20,014
15.0  0.32 $0.07  ~0 0.130  0.03L 10.008
20.0  0.28 jg'gg < 0.05 0,095 0.018 #0.004
46.07
25.0 0.7 0T <o.07 0.063
. 40,06
3.0 0.23 X102 <0.05 0.0l
+0.06

35.0 0.3l ~o

a'N2 neutralizer &t 12.5 keV/nucleon.

b,
Value obtained using data for £ from Fig. 15 at 11.2 keV/nucleon and for] from Fig. 14 at

10.0 keV/nucleon. (See Sec. V, A, 2.)

-39-
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are plotted versus 1{2"' energy in Fig. 17. (We remind the reader
that although 3'-*(7rn) = ?(‘nn) x f('n'n) s f'; # }M x £y since the
maximum values do not necessarily occur at the same value of 'n'n.)
The errors assigned reflect our estimate of the absolute reli-
ability of the data based on a 60% confidence level of the random
portion of the uncertainty. The assigmment of these errors is
discussed in Sec. IV, E and Appendix I. Also listed in Table IT
are our experimentally determined estimates of fM uging a H2 or
N2 neutralizer. No c3 ]Iu 112 molecules were observed due to H;'
breakup in Mg vapor.

When the results were compared qt equal 32"', D2+, and EDY
velocities, no differences, within experimental uncertainties,
vwere observed. Since the nuclear symmetry associated with H2 and
D,

2
equivalence of the results at equal velocities seems to indicate

breaks down for the heteromuclear isotoplc molecule HD, the

that the interaction between the electronic and rotational motion
is small. In this case the electronic dipole selection rules for
homonuclear molecules are very good approximetions for hetero-
nmuclear molecules.

Finally, Hiskes > has predicted, based on his calculations
for electron capture of 5- to 100-kev protons incident on. ground
state atoms, that toward the lower energy range of hia calcula-
tions up to 50% of the electron capture can 'be :I.nto the c3n
state for B’.—:+ ions incident on alkali or slkaline-earth vepors.

59

He also estimates,”” based on an assumed vibrational population
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Fig. 17. Maximum experimental fractions from a Mg
va.po:vé target: maximum fraction of Hy molecales in
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verted to Hy molecules, ¥ 3 ,: ma.x:mum £ra.ct10n of Hp
ions converted to cIi,; H; mole ules, Triangles,
M circles, 3 ) d.tamond,# M (Forl.é < 20 keV/
nucleon the incident projectile was Dz
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distritution for the 32" jons produced in the ion source, that
half of the c3]'[‘1 112 molecules formed are capeble of pre-dissoci-
ation ( see Appendix C). Comperison of these theoretical consiaer-
ations with Fig. 17 (i.e., with f) shows that assuming pre-dis-
socliation of the cinu molecules has occurred before detection in
the present experiment, Hiskes' predictions are in excellent
agreement at the upper end of the prt:sént energy range and are
~ 40% lower than the measurements at the lower end of the present
energy range. A

B. Cross Sections

1. Total Loss Cross Sections for xlz;g+ and cBII_,ii,J Molecules in

Collision with H, Gas (o,, o':_)_ .

As discussed in Sec. IV, A, vhile anaiyzing the excited
state population. of the 112 beam by beam attenuation techniques
in an H, gas target (Method I), we also obtained the total loss
cross section for the excited state, c:, and I;or the ground state
LA The results for o‘: and o, are given in Table III and in Fig.
18. The results using Method II to determine the cross sections
(see Sec. IV, B) are also given. The errors given are our esti-
mates of the absolute reliability of the data based on a ~ 60%

72 bas measured the -

confidence level {see Appendix I). MeClure
ground state totel loss cross section at 5 keV/mulceon by & very
different technique. His result is in excellent agreement with
the present results (see Fig. 18).

In the course of a messurement to determine the effect of
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Table III. Total collisional loss cross sections for xlz * H2
(o) and e 3n L Ep (o't) in H, gas. The assigned absolute uncer-
tainties indicated are based on an estimated 60% confidence
level (see Appendix I). (For E < 20 keV/nucleon the incident
projectile was D2+.)

oy (+20%) u:
(10"16 cm2/molecule) (10':L6 cm ,molecule)
Energy Particle Faraday Particle Faraday
(keV/nucleon) counting cup counting cup
(Method I) (Method II) (Method I) Method IT)
1.0 1.70
1.7 1.85
3.0 2.10 ¢
+2e
5.0 2.50 13.3 53
7.5 2.70
+2e3
8.7 . 2.80 13.4 2.0
1n.2 3.10 14.0 2.5
+5
12.2 3.25 13.0 7573
+2e5 +2.h
15.0 3.35 3.20 123 577 LT 5ls
+2.2
20.0 3.52 13.5 5’6
+L.6
22.5 3,10 9:3 s
22.5 (15.5 2.5) (350 190)*
+1.9
25,0 3.50 3.18 10.h4 -1.8
30.0 3.55 3.15 g.022.2 82 *f
+108
35.0 3.50 8.1 -1k
2.0 3.50 3.15 7.6 fl'g

a
06H6 target.
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Fig. 18. Total loss cross sections for collisions of energetic
X1z _tH-. 0, and c3nuH2.at*, with ¥, pns. Present results:
tria:%glea. g.%; circles, ¢, Solid symbols, particle counting
techniques (Metbod I); open symbols, Faraday cup technique
{Method I}. (For E < 20 keV/ nucleon the incidént projectile
was D,t.) The result of McClure (Ref. 72) at 5 keV/nucleon
for ¢, is indicated by + (Hp* ion beam).
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collisional excitation processes on the present results (see
Appendix F), the loss cross sections at 22.5 keV/nucleon using
a C6H6 target were obtained. These results are also listed in
Table IIT. We are not aware of any theorstical calculations to
compared with the present.results.

2. Cross Sections for Tonization of x1§g+ and cSII“ H, Molecules

in Collision with H, Gas ( Oy

c* +)
+a O
o
One of the cross sections contributing to the total loss
cross section, that for ionization (32 - H2+) has also been

¥*
determined for both the cz’nu state, og +, and xl}:g+ state, o

2 B
in Hg gas. The results are presented in Table IV and in Fig. 19.
For the ground state ionization cross section we see from Fig. 19
that the experimontal results of McClure'> agree quite well with
the present results over the entire energy range investigated.
Again, we know of no theoretical calculations to compare with
these results. The errors listed are our estimate of the abso-
lute reliability of the data based on a 60% confidence level
{see Appendix I).
3. H Yield Cross Sections Due to the Breakup of HQ Molecules

in H, Gas !cﬂ)'

Defining the yield cross sections in terms of the various

reactlon cross sections listed in Sec. IV, A, p. 38, we have

n

% = %m+ * 205y
g+ *+ 20pp+

In terms of these definitions the total loss cross section may

1]

Ot
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Table IV. Collisional cross sections for the ionization of xl Zg"'
3 *

;) (crH2+) and c’N H, (6H2+) in H, gas. The assigued absolute

uncertainties indicated are based on an estimated 60% confidence

level (see Appendix I). (For E < 20 keV/nucleon the incident

prolectile was D2+. )

%

o 4 (*10%) o, &
By H, 8
(10".L6 cme/molecule) (.‘Lo'16 en? /molecule)
Energy ‘Particle counting Particle counting
{keV/nucleon) (Method I) (Method I)
8.7 1.12
11.2 - 1.26
+1.2
12.2 1.37 6.2 707
, +1.5
15.0 1.48 6.2 1.3
' 4.2
20.0 1.70 6.5 1175
+0.9
25.0 2.0 5.5 513
30.0 2.1 4.8 £1.2
35.0 2.1 5.1 7773

ha,o 2.0
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Fig. 19. Cross sections for the ionization of energetic xiz

HZ' crH +, and c3l'l HZ’ O'Hz , in ;olhs:on with H, gas.
Preaent results: sohd squares, 0'H2+ ; open squares, O'Hz+.
(For E< 20 keV/nucleon the incident projectile was D2 .) The
results of McClure (Ref. 72) for 0H2+ are indicated by solid
circles (Hz ion béam).
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be written as

o, = UHP_,_ +%— (UH + UH+).

Using the results of McCl'l:lre72 for O'H+ and the present measured

values for o s We can calculete the cross section

o
H2 t

for the production of atomic hydrogen due to the breskup of ﬂzg*

+ and UE,
KE molecules in H2 gas. Figure 20 shows the variation of these

yield cross sections with H2 particle energy. For comparison we
also show the present measured cross sections for the c31'&1 sté.te )
o4 -
4. Electron Capture Cross Sections for H,® Ions in Collision’

with Mg Vapor

Solov'ev et al.

* * .
and aﬁg.,.. Representative errors are indicated.

31 yave measured the total neutral yield

cross section, the total proton yield cross section, and the
electron capture croés section for H2+ ions in collision wj.th
Mg vepor. As a consequence of the present results (i.e., due
to the determination that a large fraction of the H2 molecu.'l.eé

3 I, state) a new interpretetion must be given ’qb

are in the ¢

Solov'ev's results for the total electron capture cross section
- ‘

(010 + qlo) , vwhere 610 is the effective cross section for elec-

tron capture into the xlz'.g* state and U;O is the effective crossa

5Hu state. Upon exa.mina.-‘

section for electron capture into the ¢
tion of the method used in Ref. 31, we conclude that Solov'ev's
values for (010 + U;O) are at best upper 'bounds to the true value.
For a discussion of this point we refer the reader to Apperdix J.

We have not performed a study of the yields of particles
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Fig. 20. Collision product yield cross aect;ona for energetic

Xizg HZ’ (UH.UH +, 0 t) and c%‘l H,, (0 +. o )m H, gas.
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resent exper:.menta.l results: ¢ +, O t , "t’ O'H2+. o'H is a
calculated cross section (see text). Representative errors are

indicated.



from the breakup of H2+ ions in Mg vapor for thin target condi-
tions. Therefore we do not present any measured cross sections
for H2+ ions in collision with Mg ‘vapor. However, it is easy to
demonstrate that the fraction of the H2 molecules emerging from
the Mg oven that are in the c3]'[“ state, f, for aingle collision
conditions ie given by the ratio UIO/(ulo + a;o). Using Solov'ev's
values for (crlo + U;O) and the présent results for £, we are able
to calculate upper bounds for the cross section o;o. (We remind
the reader that this cross section is for electron capture into
the ¢l levels that have lifetimes greater than m. 107

sec). Figure 21 shows the variation with 112" energy of upper
bounds to the cross sections U;O and ( 00 * UIO). The reliability

of the valuees given in Ref. 31 is not known since ﬁncerta.inties

were not assigned to the data.
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VI. APPLICATION OF RESULTS TO CONTROLLED FUSION
In this section we will use the excited state population
results of the present experiment to calculate trapping efficien-

cies for H, molecular beams injected into plasma fusion devices.

2
We will also culculate H atom beam tiapping efficiencies and com-
pare the two results in order to decide if a H2 beam could be
effactively used to overcome H atom beam asymmetric plasma
trapping at intermediate densities, as first suggyasted by Hiskes
(see Sec. I). No instabilities or plasma time dependent processes
are considered in the present calculations.

Berkner and Riv:l.ere73 have developed a computer code for H
atom trapping. The code includes the collisional processes of
ionization, de-excitation, and excitation in. the plasma as well
as . radiative decay of the excited states. There exists no know-
ledge of the cross sections for the corresponding processes for
H, molecules. Therefore, in order to get an idea of the H2

2

trapping, we assume the H2 molecule looks like an H atom (i.e.,

the °3Hu H, state is considered to be the H(n = 2) state except
it is taken to be long lived and cannot quench) and use atomic
cross sections in the code to calcula'te H2 trapping. We include

the process of canu H, cascading and treat the highly excited

2
states as hydrogen-like.

The trapping in the H2 case results mainly in B; rather
than in H+ ions. The H;' ion will subsequently dissociate and
ionize due to collisions with the plasma. We will not consider

the details of these processes here.
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The model used for the calculation is as follows: The
neutral beam is formed in a gas or metal vapor target after whiéh
1t radiatively decays for 200 cm until it is injected into the
plasma. The beam undergoes ionization, de-excitation, and exci-
tation collisions with the ions and electrons of the plasma while
still undergoing radiative decay. The calculation is performed
by solving the set of coupled-differential equations which de-
scribes the population of each excited level in the beam. The
parameters of the model used for the calculation are:

(1) The injected H atom beam (produced by charge exchange
of H+) has an excited state population distribution which is

governed by the relation’’

N = forn>1

n

u\"w

where Nn = the fraction of the beam in th nth level,
n = the principel quantum nuwber, and
& = a constant, characteristic of the target used.
For the present calculation ve have used & = 1.0, which roughly
corresponds to charge exchange of 15 keV H* ions in & thin Cd vapor
target.75 To adjust the result for other targets, all that is
required is to multiply by the appropriate "a" value. (For a
thin Mg vapor target a ~ 2 for charge exchange of 15 keV E'.'”)
(2) The injected H, beam is produced from charge exchange
of 112+ ions in a thin Mg vapor target. The initial excited state

distribution is assumed to consist of only the ground state and
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c3 IIIu state. The population of the c5 IIu state is based on the
present results.

(3) The cross sections used for the ground end excited
states of B2 are the same as those used for the ground state and
n = 2 level of H.

(k) The plasme density distribution is assumed to be uniform
over a distance of 10 cm.

(5) The Lorentz force (ev x B)in the trapping region is
assumed to ionize all levels with n > 11.

(6) The excitation cross sections are taken from MeCoyd and
Milford76 and the ionization cross sections are taken from
()IL:I.dvar.77 |

(7) The cross sections used for all collisional processes
(both Bt and e~ impact) a.re electron cross sections exéept for
ground state ionlization by +.78 For electron collisions the
cross sections sre evaluated at the electron velceity correspond-
ing to the electron temperature. For proton collisions the cross
sections are evaluated at the veloeity of the inccming’neutr.ala.

From the caleculations we obtained the fraction of the beam
that is ionized (and hopefully trapped) in the plasma. This
trapping fraction has two contributions: '

(1) direct collisional ionization of all levels, and

(2) cascade trapping of excited levels which are collision-
ally excited to n = 11 and then Lorentz ionized;

The calculations were performed for injection particle
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energles of 5.9, 11.5, 15.0, 20.0, and 30.0 keV/nucleon. In the
case of 5.0 kev/nucleon the value used for the fraction of the
H, molecules in the ¢ I, state (43%) 1s obtained by extrapolating
the measured values to 5 keV/mucleon (see Fig. 17).

For each injection energy we have calculated the trapping
fractions for H atoms and H2 molecular beams for plasma densities

trom 108 to 102 ™3

and for trapped electron energies of 1.0,
50.0, 200.0, and 1000 eV.

The results are summarized in Tables V through IX, each of
which corresponds to a different injection energy. The trapped
fractions are presented in three parts: (1) cascade ionization,
(2) direct ionizaticn, and (3) total fraction of the beam that
is trapped by collisions with the plasma, i.e., (1) + (2).

The following comments are based on an examination of the

results of the calculations (see Tables V through IX).

1. Trapping Fraction vs Electron Energy

The total trapping fraction of H or H2 beams is relatively
insensitive to changes in the electron temperature from 1.0 to
1000 eV. The H beam {rapping changes by less than a factor of
three over this electron energy range while the 32 trapping frac-
tion-changes by less than a factor of two in almost all cases.
Also, the trapping fraction is larger for electron energies of
50 and 200 eV than for 1.0 and 1000 &Ve.

2. Total Trapping Fraction vs Plasma Density

Figure 22 shows the results of the present calculations for

the cascade and total trapping fractions of H atom and 32 molecular
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Table IX. Collisional trapping fractions for 30.0 keV/nucleon H and Hz beams. The c"l'l“ fraction of the Hz
beams is 23% (see Fig. 17). The nogative integers next to the numbers indicate the power of ten
by which the numbers should be multiplied.

ﬂcctton
energy 1 50 200 1000
(aV) =~
Density
(em™3) H H, H H, H H, H
Cascade 5.5 -5 1.3 -24 3.28 -6 4.6 -25 2.75 -6 2.0 -25 238 -6 9.4 <26
pirect  40° 3.5 -7 44 -1 435 -1 83 -7 424 1 T4 -7 32 -1 51 -1
Total 585 -6 044 -6 3.1 -6 083 -6 347 -6 0.7 -6 270 -6 057 -6
54 -5 4.3 19 323 .5 48 -20 272 -5 2.0 -20 235 -5 9.6 -21
10° 35 -6 44 -6 434 -6 83 -6 423 -6 T4 -6 32 -6 57 -6
3.75 -5 044 -5 3.66 -5 083 -5 344 -5 07 -5 2.67 -5 057 -5
43 -4 18 -4 281 -4 62 15 242 -4 2.5 15 242 -4 12 -5
10%° 33 -5 44 -5 421 -5 83 -5 447 5 74 -5 347 <5 57 -5
3.63 -4 044 -4 323 -4 083 -4 283 -4 07 -4 243 -4 057 -4
1.64 -3 33 - 132 -3 4.3 -9 121 -3 56 10 142 -3 2.5 -10
10 282 4 44 -4 392 4 83 -4 381 -4 T4 -4 29 -4 57 -4
189 =3 44 - 1 -3 083 -3 159 3 0.M0 -3 444 -3 057 -3
. 257 -3 52 -5 25 -3 55 -5 242 3 292 -5 237 -3 16 -5
1012 165 -3 45 -3 34 -3 83 -3 324 3 148 -3 2.4 -3 57 -3
0422 -2 0455 -2 059 -2 0835 -2 0566 -2 0.724 -2 0477 2 0577 -2
296 -3 440 -z 3.5 -3 498 -2 349 3 142 -2 30 -3 1.07 -2
1013 145 2 472 -2 325 2 822 -2 3.05 -2 745 -2 225 -2 6.02 -2
0474 -4 .582°-4 0360 -4 0.841 -1 0346 -1 0.887 -1 0255 -1 0.707 -1
1.60 -2 102 -4 441 -2 146 -1 3256 -z 126 -1 259 -2 1.46 -1
10t 143 -1 263 -4 3,02 -1 400 -1 2.8 -1 4.0 -1 249 -1 343 -1
159 -4 3.65 -1 343 A 546 -4 320 -1 526 -4 244 -1 459 -1

|

-cg~
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Fig. 22. Fraction of the injected beam that is collisionally
trapped versus plasma density for H and H, beams. The
injection energy is 11.5 keV/nucleon and the clectron tem-
perature is 200 eV. The fraction of the H, beam in the
4.:311u state is 36%. Solid curves, total trapping; dashed
curves, inverted cascade trapping. Triangles, H beam;
circles, H, beam. )



beams with changes in plasma dersity. The solid curves show the
total trapping and the dashed curves show the cascade contribu-
tion (cascade ionization + direct ionization = total trapping).
The injection energy in Fig. 22 is 11.5 keV/nucleon; the electron
temperature is 200 eV, and the c3lI“ fraction in the 1-12 beam is
36s. We note the following points from Fig. 22:

(a) At low denlit’:ies H atom trapping is roughly 6 times
greater than l-.l2 trapping. At about 2 X 1011 cm-3, !i2 trapping
becomes larger than H trapping arid the cascade contribution to
ionization of the H beam has reached a platdau. (This is due to
depletion of the excited state atoms from the beam (see Sec. I).)

(b) At high densities, direct ionization of the H beam is
the only significant process, whereas .almon_t all of the trapping
occurs via an inverted cascade for low densities.

{c) At high densities the cascade :I.on.'lzat:_l.on olf the c:’lI"l
state contributes about 258 to the total trapping of the 82 beam.
3. Trapping vs Distance into the Plasma

Fig. 23 illustrates the total collisional trapping for H
and H, versus distance into the plasma and as a function of plasma
dansity. To illustrate the asymmetry of H trapping at intermedi-
ate densities, we have normalized the results of Fig. 23 to the
trapping fraction achieved at a distance of 10 cm (the path
length through the plasma). .

These normalized results are presented in Fig. 24 for densi-

ties from 10’0 to 101 =2 and for an injection energy of

11.5 keV/nucleon and electron temperature of 200 eV. In this
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Fig. 23. The trapped fraction of the total injected beam versus
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normalized presentation, a 45-deg line indicates uniform trapping
over the plasma length. PFrom Fig. 24 we see this is the case
for 82 injection at all densities. PFor H injection there is sig-

nificant deviation from uniform trapping at densities of 1on

and 101'2 ca-s. This is due to the cascade depleting the excited

statas of the hasm within the first few centimeters into the plasma.
At high densities, i.e., 1012 cn >, the cascade is relatively un-
important compared with direct ionization and the H trapping is again
uni form.

From these results we cocnclude that the total trapping is
roughly equal for H and nz beams in the density range where the
H trapping is asymmetric; the nz trapping is greater above this
density range, and the l!z trapping is always uniform. Hence,
Ilztc;llu) beams are more dssirable for nsutral injection at densi-

ties greater than about lon 3

cn ~ for injection energies from
5.0 keV/mucleon to 30 keV/nucleon. Also, this result is insensi-
tive to changes in-electron temperature from 1.0 to 1000 eV.

In the present section we have considered the case of pure |
H and nz beams with the nz beam consisting of only two statss.
More realistically, the il2 beam will contain significant amounts
of atomic hydrogen, as demonstrated in the present yield measure-
ments (see Piga. 12 and 13). This H atom component will increase
the total trapping of the 82 beam. The effect the H atom com-
ponant has on the uniformity of the trapping depends on the
excitsd stats population distribution of these atoms. Solov'ev

has mesasured "a" values (see p. 76) for excited H atoms from the
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di.ssociation of 32+ ions in Mg vapor. His results for "a" values
from H2+ are a factor of about 10 lower than "a" values from H'
at equal velocities. Therefore, the excited H atoms from H2
dissociation should not cause asymmetric trapping for densities

greater than 10°° cm™>

Furthermore, there exists in the 32 beam a fraction of
highly excited molecules (Rydberg states). Solov'ev75 has shown
in this case that "a" values for H, excited molecules are a
factor of 10 lower then "a" values for excited H atoms from H'
and we therefore conclude that the contribution from highly ex-
cited molecules will be inconsequential. (R:I.vereio has also
found lover "a" values for H, excited molecules than for H atoms
from H+, but his values are lower by factors of two rather than
10).

Finally, a relevant question which cannot be presently
answered is whether intense 112"' beans can be economically pro-
duced and converted to H, molecules to werrant their use as a
more efficient trapping mechanism at intermediate densities.
Since the conversion of 32"' ions to H, and HE(CJnu) molecules
is a rapidly decreasing function of energy (as has been shown in
the present work, see Pig. 17), ve conjecture that the above
described trapping process will wost likely be desirable anly at
Tow energiea' (i.e., less than ~ 20 keV/nucleon).



VII. SUMMARY AND CORCLUSIONS

The cross secticns for the total loss and the lonization
of xlz; E, [1 < E (:2V/mucleon) < 42] and c3]‘[u E, molecules
[5 < E (keV/nucleon) < k2 ] in collisions with H, gas have been
measured. The result of McClure at 5 keV/nucleon for the total
loss cross section o. the X]'Z‘.g" state 1s in excellent agreement
with the present mea: urements. The data of McClure for the
ionization cross section of the xlzg‘” state is also in excellent
agreement. We have not found any data on collisional cross sec-
tions for the c5lI‘.l stite to compare with present results.

The four cross sactions measured in the present work (052.,_,
632.,., "t’ °t) are sglcwly varying over the energy renge of the
msurenents. The excited state cross sections range from two to
five times larger the 1 the ground state cross sections. The con-
tribution of the ioni:ation cross section to the total loss cross
section, both for the ground and excited states, increases from
~ 30% to ~ 60% as the energy increases over the present range.

The data agreed, within experimental uncertainties, using
H2+’ D2+ and HED* ions of equal velocity. This suggests that for
the cBIR1 molecular state strong coupling between the nuclear
rotation and the electronic motion does not exist.

We have measured the cjll‘.l 1!2 ¥ields due to the breakup of
B, icns in Mg vapor. We find that 6.5% of the incident E,"
beam can be converted to c5llu E, molecules &t 11.2 keV/nucleon
using an optimized Mg vapor target thickness ~ 7 x 10lh atoms/cma.

This yield is & steeply decreasing function of energy {decreasing
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to 1.8% st 20 keV/nucleon) due to the rapid decrease in the total
production of H2 molecules rather than to a significant chenge

in the fraction of the H2 molecules in the c3 IIu state. This
quantity (the fraction of the H, molecules in the c3nu sta_te)
varies siow]y over the present energy range from 36% at 11.2
kev/nucleon to 23% at 35.0 kev/nucieon for Mg vapor thicknesses

b atoms/cme. We bave found no significant

less than ~ 1 x lOl
c3 ]'["1 yields using H2 or 1\]2 targets. The measurements show insig-
nificant yields for Mg vapor target thicknesses greater than
~1lx 10]'6 a.toms/cme. These results are consistant with ;sti-
mates by Hiskes.

As shown in the present workv, measurements using HE beams
that have been prepared from H2+ collisions in Mg vapor are se;lsi—
tive to the vapor pressure, i.e., the c3 IIu fraction in the beam.
Correspondingly, measurements must be described in terms of a
two~state beam. This has been demonstrated in & need to reinter-
pret the previous measurements of Solov'ev et al.

We expect that H2 beams, prepared by pessage of H2+ ions
through other low ionization potentlal vapors, suéh as Li, Cs,

Ra, and K, would contain large fractions of c3 IIu H2 molecules.

The presence of cB ]'[u H;2 molecules from the dissociat:!.gn of
H

3
were observed from the passage of H2+ ions through Mg vapcr.

+'ions in Mg vapor hes not been observed. Also, no HE- lons

This observation has allowed us to place an upper bound of 10'21

2
cm /atom on the crose section for double electron capture into
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HS © states with lifetimes longer than ~ 10'7 sec by T- to 20~
ke 7/nucleon 112'" ions in collision with Mg vapor.

Using the excited state population results of the present
exp:riment, ve have calculated trapping efficiencies for 112
molecular beams injected into a typilcal controlled fusion device.
We hive alec zalcuiated H ctom trapping. From these calculaiions
asym xtric plaswa trapping at intermediate densities in & typical
H ator bear neutral injection experiment is analytically demon-
strated. Alco, for equally intense neutral beams (i.e., pro-
Jectiles/sec), the total trapping of the molecular beam (contain-
ing e’% ;) molecules) is shown to be from two to five times
larger thin the total trapping of s H atom beam for plasma densi-
ties greatar than 10' em™2, with no significant asymmeiric
trepping ocrurring. The total trapping for botk H and 112 ‘beams
is shown to be insensitive to changes in the electron temperature
of the plasxe from 1.0 to 1000 eV. From these celculations we
conelude that an B2 beanm, contdining c3nu excited molecules, is
desirable for x2utral injection into present day fusion devices

at plasme densities greater than ~ 100+

cw? and for injection
energies less then ~ 20 keV/nucleon.

In conclusion, we mention a few topica for future experimental
investigation: )

(1) The present work demonstrates the need for a detailed
investigation of the changes in the collisional properties of

energetic beams due to changes in source conditions. A study of



the changes in the vibrational population distribution with source
conditions would be of interest in attempting to interpret data.

(2) The determination of the prediséociation lifetime of
the cSHu H2 state is of interest in order to understand experi-
mental measurements inv;alving this state.

(3) Hiskes has conjectured possible factors of two changes
in the results, using other low ilonization potential neutralizers.
Therefore it might prove worthwhile to repeat the present experi-
ment using other metal vapors, such as (s and Na.

(4) sSince such meager information exists on the 112- negative
ion, we suggest a study of H yields st low energies (E < 5
kev/nucleoxi from 112"' breakup in Mg vapor. From meas\mements.of
this type cross sections for the formation of 112- ions with life-
times less than- ~ 10"7 gec could be obtained.

(5) There are a number of cross sections needed in order B
to perform collision calculations in a plasma. Those for which
1little iniformtion is available are: (a) cross gection for tﬂe -
ionization of excited H by proton impact at energies less tha.n
~ 100 keV, and (b) cross sections for dissociation of H2+ and‘ﬁ;

into excited stutes of H by H' and e~ impact.
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APPERDICES

A. Motivation for Using the Atteonuation Rather Than the
Electric-Gap or Optical Technique in the Present Experiment

Since the binding energy of the ground state of H,” aud the
c’l[u state of 1!2 is ~ 2.7 eV, we may apply the calculations of
Hiskes'® for electric field ionization of the ground state of the
H," ion in order to get 8 feeling for the feasibility of using
the electric-gap technique for the c’l[u state of 82 We conclude
that it would require on the order of 100 V/em to fontze all
vitrational levels of the cll'gl state 1n 10 sec. Experircats
in this laboratory, using the electric-gap field ionization tech-
nique ,63 employing regular application of 3 x 10° V/cm, have
yielded enough experience to conclude that electric fields greater
than 3 x 10° V/cm prove experimentally difficult and unfeasible
to work with.

The use of optical techniques to study populations, absolute
production cross sections, and quenching cross sections requires
a knowledge of the overall sbsolute optical efficiency of the
photon detector and its associated electronics. Systematic
errors associated with calibration procedures usuelly range from
120 to +50§. Also, calculetions bty Freis and Hiskes>’ bave shown
thet to reduce the radistive lifetime of the first four vibrational

6 sec by the application of

levels of c3nu state to less than 10
a static electric field (the optical approach used in metastable
H(2s) expsriments) would require an electric field of 10° v/em.'

Even vith the application of such &n experimentally difficult
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field, a significant correction for insufficient gquenching would
bave to be made, based on an assumed vibrational population dis-
tribution. Optical techniques could perhaps be used if one
employad a resomant cavity and applied an electric field of
enough intensity and of the proper frequency to induce transitions
of the Il state to its neighboring a’:s* state which radiatively
decays to the b5£u+ state in ~ 10"8 gac.

Bat, based on predictions vy niskessa that charge-transfer
collisicns of B; ions with alkali or alkaline-earth targets are
expected to lead to relatively large populations {(up to 50%) of
the c’% state, the beam-attenuation method was chosen, since,
if large frectiomal ylelds do exist, it offers a significantly
more direct approach to the determination of the quantities of
interest.

B. A Survey of the Recent Theoretical Efforts

on Electron Capture into, and Loss from,

the n = 2 Excited State of H and He

In this appendix we relate the recent advances in excited
state theoretical studies of the n = 2 state of H and He. The
min objective of this discussion 1s to indicate to the reader
the present theoretical efforts in the field. We choose here to
refer only to the n = 2 excited state of H and He since the
present vork deals with the n = 2 equivalent state of i (no
direct calculations on the collision properties of this state
exist).

For & detailed and comprehensive study of this topic, the



reader is referred to one of the standard general ret'erences.e")"82

Since the collision problem cannot be solved exactly, a
mmber of approximations exist. The most often used approxima-
tions for obtaining information about excited state inslastic
collisions are (1) classical and semi-clsssical impulse approxi-
mation and (2) Born approximation.

Clasaical and semi-classical methods bave received consider-
able attention since 1960 dus to the vork of Gryrinski.S>/%
Recently, Bates and nnssmes tave sssessed the worth of classi-
cal calculations by comparing calculated and measured cross
sections. We refer the reader to Ref. 85 for a list of references
on this topic. As noted in Ref. 85, in order for the classical
or semi-classical impulse approximation to be valid, the relative
velocity of the colliding particles must be larger than the
velocity of the active orbital electron. In both methods the
incident particle is described by a classical trajectory. The
difference between the methods lies in the manner of describing
the active electron’s part in the collision, i.e., by classical
or guantus mechanics.

The Boru approximstion is a completely quantum mechanical
approach wﬁich requires the interaction between the incident
particle and the target to be amall so that the incident particle
can be described as a plane “.ave vhich is only slightly diffracted
by the target. This Tormalism bas been used extensively to cbtain

inelastic collision cross sections.
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There are a large number of other approximations less fre-
quently used for excited state calculations, such as the Oppen-
beimer-Brinkman-Kramers approximetion (OBK), the distorted vave
approximation, and the quantal and clessical couvpled-state
aprroximations. Again, we refer the reader tc the literature
for a discussion of these methods.so'aa

Below in Table X we list some of the recent theoretical
calculations on H 8:d He in the n = 2 level in collisions with
heavy particles. We have heen able to find calculations for the
formation and loss of H{2s,2p), but only for the loss of m(a’s).
Althm_ah there exists work on symmetrical resonance exchange of
Be(2js) s We are not aware of any calculations ocn electron capture
into the He(2’S) state by He' foms in collisions with gases.
(Most references cited also contain information on excited states
in addition to n = 2.)

A comparison of these theoretical calculations with experi-
mental results, in general, shows rather good agreement.

C. Pertinent Molecular Blectronic Trensitioms

Independent of external influence, electronic transitions in
molecules can be classified into two general categories: spon-
taneous radiative transitions and transitione induced by the
coupling of different momenta. The <:3:|‘\l Ha molecule shc;uld
follow Hund's b couplinggl‘ qQuite clossly. Hund's coupling cases
differ according to the strength of the interaction between dif-
ferent momenta of the molecule. The important features of case
b are a strong coupling of the slectronic orbitval angular momentum



Table X.

Recent theoreticsl calculations on electron loss and electron capture in collisions
involving H and Be 1:: the n = 2 lewvel

Particle

Approximation

Classical

Classical

Impact

Coupled-state

o

Electron Loss
1-1000

20-150

10-30

10-1000

Electron Capture
5-140

1-1000

5-100

Reaction

{B"-rnln) +e
H(2s,2p) + H(1s) ~ { B + :gn) +e
B+ H 4+ 2e

H(2s) +

(2s) + {:: )} g e
H

H(2s) + -8+ e

Be(2s) + {Ar, le} <+ Het 4 oee
% B

+ ground
H + ( state
atoms

3% + Be(1s )-on(ag)+...

ni"#%‘

- H(28) + -

" + H(1s) - H(2s,2p) + H*

Reference

Cmidvar
and Kyle
(Ret. 36)

Lodge
(Ret. 87)

Bell and
Kingston
(Rrer. 88)

Bates and Walker
(Ret. 89)

Pates et al.
(Ret. 90)

Hiskes
(Ref. 91)

8in Fai Lam

(Rez. 92)

Wilets and
Geliaber (Ref. 93)
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to the internuclear axis and the lack of strong interaction
between the electronic spin angular momentum and the electronic
orbital angular momentum. PFigure 25 shows the coupling of the
momenta of a diatomic molecule in case b. The notation is as
follows:

A the electronic orbital angular momentum in the
direction of the internuclear axis
the rotatiomal angular momentum
electron spin
nuclear spin
total ordbital angular mcmentum
total angular mowentum exclusive of nuclear spin

N & ¢ 4 W O

total angular momentum of molecule.
1. Spontaneous Radiative Transitions

From the quantum theory of radiation, we know that the prob
ability per unit time for a particle to undergo a spontaneous
transition from state n to state m is proportional to the matrix

elelont:95
ik.7
“_'ﬁn*D ‘E:a:_"md"
|
where *n* is the complex conjugate ur the wave function

of state n,
'n is the wave function of state m,
X is thz propagation vector of the emitted photon,
T
2

is the position of the £th electron,
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XBL7I9~-4328

Fig. 25. Angular momenta in case b coupling for a
diatomic molecule (from Ref, 41). The symbols
used in the figure are described in the text.
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x 1s the polarization direction of the fth electron,
1 1s the configuration space variable.
Assuming for & moment that the important electron distance from

the nucleus is that of the excited electron, we may write

->

ﬁ'r a
m j* *m dr.
Expanding the exponential, we have

Ry = f\r [1+1(’.r)_(k.r +"']%*md"'

The ?irst term is the electric dipole contribution, the second
‘term 1% the sum of the magnetic dipole and the elactric quadru-
pole contributions, and the higher order terms are somewhat
analogous to higher order multipole radiation.””’ galculstions
show that megnetic dipole transition probabilities are oniy 10'5
and quadrupole transition probebilities only 10'8 of dipole trans-
ition p:ro'bl‘bj.lities.96 Therefcore the higher-moment terms only

take on importance if

j"n* % *m dr = O.

5]'[u state of H, it can be shown (see selection.

In the case of the ¢
rules 'below) that this integral vanishes except for the trausition
c511ul -a z', * (see Fig. 2). Due to the proximity of these two

states, which causes a destructive interference of ¥ 3 and
u
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14 3 4 the value of the integral is small and the corresponding

a’z
[3

transition probability is much smaller than usual electric Jdipole

transition p:ro‘ne.l:»ilities.3 5

Listed below are the electric dipole, magnetic dipole, end
electric quadrupole selection rules for diatomic homonuclecr
molecules.

Electric dipole Magnetic dipole Electric quadrupole

1) AT=0, 11 AT = 0, %1 AT =0, %1, £2
(0 o 0) (0«4 0) (0« 0, 0 o 1, § =+ 5)

2) - — -t -t

3 seba 5 foa 5 a

k) g+ u g+ u g+ u

50 &8=0 &8=0 88 =0

6) M =0, 11 M =0, $1 M =0, 1, #2

7 AL =0 AT=0 AT =0

where +, = refer to the parity of the total eigenfunction of
the molecule with respect to reflection through
the origin;
s, & refer to the symmetry btesed on the exchenge of nuclei,
&, u refer to the parity of the electronic wave function
upon reflection tarough the origin.
2. Transition Induced by Momenta Coupling--Predissociation

(!l:li.uh7

bas shown that radiationless perturbetions between the
cjnu and b32u+ states of 32 are the major mechanism for the decay

of the metastable cleu state, l.e., allowed predissociation
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induced by the interaction ¢f rotational and electronic momenta.
Indeed, He-rz:bezrg‘g has experimentally verified that predissocia-
tion takes place in the case of the caﬂu state. Predissociation
is the process whereby a kound state interacts with a level

of the same energy of the continuum of a repulsive state, thus
causing the radiationless decomposition of the bound state.
Physically it can be thought of as the states mixing together
due to their proximity and each state assuming properties of the
other. The fact that the states must be spatiaily close together
is a consequence of the Franck-Condon principle. although it can
also be shown to be true by the use of wave mechanics. Chiu also
concluded that spin-spin 1nte:tact!.on is probably much larger than
spin-orbit interaction between these states but still much
smaller than allowed predissociation.

It is a well-known fact that based on perturbation theory
the effscc ore state has on ancther, i.e., tho amount of inter-
action between two states, i3 dependent on the amount of cver-
lapping of the eigenfunction of tt . states.

rig. 26 shows in dstail the relevant portion of Fig. 2.

The b’_* curve is based on the theoretical calculations of Folos
and wolniewicz.” the ¢’ state is based on calculations of
mg.‘g The sigenfunctions of the csﬂ“ state overlap those of
the b"t; state such that the interaction intsgral
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Fig. 26. 'l'he potential nuclear uparaﬂon curvas of the ¢ ll

. andb Z‘h states osz '.l‘hcb ql curve-is buedonthe
theoretical calculations of Kolos and Wolniewica (Ref. 97).
The & 3!1 curve is a Mdtle funcl:lon with the cosrect diuociation
ensrgy ;nd oquilibri\m# inhrnuclur distance.  ‘The first two-
vibrational levels of tiie c3n_ state are irdicated by dot-dash -

lines; the corrciponj@q vibutioul wave funqp:lom. shown by
dotted nnu, are app B:dmtod by lurmonl.c ogcﬂhﬁor !unctionl

. |
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(vhere M = the predissociation operator) is nonvanishing.

For reference, the selection rulse for alloved predissocia-
tion for Hund's cese b courling are listed below.

1) AJ=0

2) - b+

3) sefen

k) gebru

5) &8=0

6) M =0, £1.
Examination of these selection rules shows that the (:31'[u state
is capable of predissociation to the b3zu+ state.

D. The Population of the Excited States of H,

in the Present Experiment

The time of flight of the H, molecules in the presemt experi-
ment ranged from 0.286 to 0.527 x 1076 sec. Therefore, based on
the discussion in Sec. II, B, we conclude that, while in flight,
decay of all excited states, except the hydrogen-like states with
238, ts rlzg"’ state, and the c’Il_ state, has taken place.
First, ve consider the population of the ﬁ; state i the
present experiment. The population distribution of the vibra-
tioml levels of the 32"' ion 1s determined by the vibrational

distribution of the 112 gas and by the energy of the slectrons in
| the source aree. BSince the energy spacing of the first vibra-
tional level of H, is ~ 0. eV, essentially all of the E, gas
molecules were in the lowest vibratiomal level. Fased on the
Franck-Conden principle (1i.e., the tims required for an electronic
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trangition is small compared with the nuclear motion so that the
initisl and final states have almost the same internuclear separa-
tion), the K, ions formed by electron ionization in the source
will almost exclusively be in levels v < 5 (see Fig. 2). Again
employing the Franck-Condon principle, we see that the capture
of an electron to form 82 in the F]'}:g"' state is only possible for
the very highest vibrational levels of 82"' (see Fig. 2). We
therefore exclude the possibility of a significant population
of the H, beam being in the rlz:g'* state.

We now direct our remarks to the hydrogen-like Rydberg states

98 and Solov'ev

vith n > 8. Prom measurements by Kingdon et al.
et a1.%! ve conclude that less than 2% of the I, formed by elec-
tron capture by n,; in Mg at 40 keV is in hydrogen-like states
with n > 8. We observed excited state fractions of 28% at this
energy. We therefore attri“wmte the experimental observations
to the presence of the c I, excited state and the x’tg*‘ ground
state only.

Unfortunately, there exists, as discussed in Sec. II, B,
the nonradiative loss mechanism of predissociation in the case
of the ¢’X, state. Hiskes’? has estimated, based on typical
sourcs conditions, the populstion of the o> lévels that ave
susceptible to predissocistion after change exchange of kev H,"
ions in Mg vapor. He has concluded that approximately half the .
t:sl'gA stete population will be in allowable predissociation levels.
Therefore, based on the bounds ve are able to assign the predis- .
soctation 1ifetime (see Sec. IT, B), ve infer that predissociation

'
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will have taken place in approximately half of the c311“ molecules
before detection.
BE. The Ea Excited State Production Medium

According to the Massey lwpo‘l;hesil.sg-9 the maximum cross sec~
tion for charge exchange is large when the energy defect is smll.
(The onergy defect is the difference between the internal energy
of the initial and final states of the collision particles.) In
the case of the charge-exchange process of interest in the present
experiment, i.e.,

A 8 LY
the energy defect for electron capbtwre into n = 2 steble states
of H, is about b eV for a Mg vapor tavget and about 12 eV for a
32 or R2 gas target. Therefore, at low ensrgles where the lassey
criterion is valid, we expect Mg vapor to be a more effective
charge-exchange medium for capture int axcited states than H2
or N, gas.

The deelrability of metal vapors as charge-exchenge media
for the formation of excited atoms has been experimentally verified
for hydrogen by Putch and Dams-! (1ithium vapor) and I1'in et al. %

16,29 and for bclium by Donnally

(magnesium vapor), among others,
and Thoeming (cesium vapor).

A theoretical survey of electron capture into excited states
of atomic hydrogen by ground state elements has been perfoimed by
Hiskes.? Pigure 27 demonstrates the significant differences
between Mg vapor and Ne gas for use as a medium for producing

excited states of atomic hydrogen. Using these results, Hiskee
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proton energies of 5, 10, 30, and 100 keV. Dashed curves: ratios
for 20 and 190C keV protons incidernt upon Zsz Zpb Ne (from Ref. 91).
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has estimated up to 50% electron capture into the °3% state of
E, ty passage of ne* through Mg vapor.

Based on the abova considerations, Mg vapor wae used to
attempt to enbance the Nl excited state population of K, besms.
In order to compare the metal vapor results with common gases we
also used H2 and N2 targets. The results of the present experi-
ment (see Sec. V) show conclusively the desirability of using
Mg vapor rather than He or ](2 gas as a medium for producing
1:311u 112 molecules.

F. A Discussion of the Effects of Collisional Excitation

and De-Excitation on the Prosent Measurements

The amalysis of the B, attenuation data discuseed in Sec.
IV, A 1s based on the assumption that the processes of collisional
excitation and de-excitation of the N and x'z.* states 1n
collimrion with 32 gas are negligivle. If ve assume that thes:
processes occur in the case of c31'[u 32 with cross sections similar

to those of atamic hvdrogen,ao

our results for the c3II L fractlon
in the beam could be as much as a factor of tvo too small. But
as we will see below thie assumption 1s not true.

We have found no information available for these processes
for 112; however, collisional quenching has been 1<_>oked at for
H(2s) and He(a3 S) in collision with gaseocus targets. We will
describe these investigations and use the results to argus that
quenching for 32 is na2gligible. In rhie Sppendix we will also

describe a measurement performed to note changes in the results

1
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due to possible collisiomal excitation or de-excitation.

Gilbody et 31.7 bave considered this subject in relation to
measurements on metastable helium beams. Since the effect of the
above processes should be a function of the type of target gas
used, the measured value of the excited state population should
also depend on the target. Gilbody used a wide variety of gases
with no observable change in the metastable excited state popula-
tion. He concludes that over his energy range (7.5 to 87.5
keV/nucleon) collisional de-excitation of 30(238) is not important.

Also, Gilbody et a:l..ao have measured the cross section for the
following two quenching reactions of H(2s) from 10 to 30 keV:

(1) H(2s) +2 - B + X[Z(n,.t)] +e,

(@) H(2s) + X - H(1s) + x[z(n,z)] .
Thay £ind that in this case the de-uxcitation process (2) is of
the same order or larger than the ionization process (1) ina
variety of gases.

The reason for the difference in the importance of collisional
de-excitation in He and H is easily explained. The conservation
of spin in ﬁonexcha.nge collisions is a well-established fact.
Therefore the only allowable mechanism for a triplet excited-
state projectile to convert to a singlei excited-state projectile
is by electron loss with subsequent capture of an electron of
different spin. But this is a two-step process which is there-
fore relatively unlikely and in any case will not be detected
owing to the presence of en externally applied‘ electric field in

the target to sweep fast charged particles aside immediately upon
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formation. Now, since there exists in the He(238) case no lower
atate of the same multiplicity, collisiom > de-excitation pro-

cesses in general must be very small in all but the most violent
collisions. But, in the case of atomic Lydrogen all states have
e syin mutiplet of 2 and only on® spectrum exists. Furthermore,

6 eV below the 25 state (the

¢ince the 2p state lies only 4 x 10~
Iamb shift), collisional mixing of these states with subsequent
decay to the 1s state is expected to be large.

{Meation should he made here of the specinl case of resonant
ele:tron excoange belweesn like *argets and projectiles formed +is
the creation of an intermediante pseuds-molecular state. The
reaction

He(2’5) + He(1's) - Hee* > Be(1's) + _He(EBS)

\
has been studied by Holstein et a1. 0% up to 0.55 keV/nucleon.

Although the cross sectior 13 lerge at low energics (o= 9.0 x 107

at 0.05 keV/nucleon), extrapolation of their results using the

general velocity dependence of the cross sectionm,
61/2=a¥b1n‘r,

as first suggested by Bates, 102 yields at 10 keV/nucleon

g~ 1.6 x 10727 cm2,

which is a Pactor of 20 asrmller than the measured metastable
7

helium electron-loss cross section.

For the 32 molecule there exists again, as in the case for

6
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He, two electrons which produce two distinct term schemes, depend-

ing on the orientation of the electron spins. Therefore the cBIIu

state cannot quench to the xlzg" ground state and vice versa in

simple collisions. Cther possibilities for colli.ional de-exqi-
tation are: collisional mixing of the c3nu state and its neigh-
boring state the a323+ with subsequent decay in ~ 10-8 sec to the

3 S5k

b Zu state,”  or collisional mixing causing toe transition c31ﬂIu -

1:5 z:u directly. But the b3 Zu state is repulsive and dissoclates
to two grownd state atoms in ~102 sec,'’ thereby causing the
loss of the H2 rolecule from the beam.

3I[ state to
u

In sumary, collisional de-excitation of the ¢
the stable ground state cannot occur while de-excitation to the
repulsive ground state with subsequent observable loss of the H2
molecule can occur. However, this loss process is included in
the total loss cross section that is measured from the attenuation
data, so that the analysis of See. IV, A 1s correct.

3,
I L fraction in the 32

Although a systematic study of the ¢
beam as a function of target gas was not carried out, one other
target was used so as to experimentally convince ourselves of the
abtove arguments. The vapor of 0636 was chogen as the target.

The choice was besed on its properties being quite different from
He. Since the ionization potential of Csﬁs is less than the ex-

3nu state (9.6 and 11.9 ev, respectively)

citaticn enexrgy of the ¢
this target vapor permits Penning ifonizetion to occur. That is,

the reaction 32(05]%) + Cglg =+ Hy + (06116)"' + e is energetically

possible, whizh greatly increases the aveilsble final-state pkase s
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space and so enhances the de-excitation probability.
If wewvere unable to observe & change in the measured value

3I[u fraction by using 0636, we may assume that within

of the ¢
the accuracy of the measurements there are no effects occurring
which our detectors are not capable of "seeing." No change in
the 03nu fraction was observed at 22.5 keV/mucleon.

As purt of this investigatiun we have also measured the

total-loss cross sections in CSHG' We obtainzd

c: = 3.50 + 0.90 x 10'11‘,
o, = 1.55  0.25 x 10712,

G. The Least Squares Fit (ISF)

The ISF routine used was an adaptation of a technique used
Yy Balbachlc‘3 for the design of magnets. The main reason for the
use of this routine (PISA) is its applicability for use on a
limited storage teletype on-line computer system. The program is
specific and therefore kept relatively small in statement size.
The computer results of PISA were checked by using a more sopliis-
ticated ISF program (VARMIT) available in the library of the
Iawrence Perkeley Iaboratory Computer Center. With the use of
PISA all the experimental date could be reduced by use of a tele-
type vhich was located in the experimental area. The teletype
was connected to a CDC 5600 computer boused in the Computer Center.

Typically, the fit minimized the sum. of the squares of the

difference between the data and the function, i.e.,
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Llyy - x)®= ) ov
3 3

vhere y 3 is the jth data point and f£(x J) 1s the function evalu-
ated at :vcJ corresponding to yJ.

The error associated with the fit of each parameter was
also calculated, based on the well-k:r ... statistical formula for

the root mean square error, i.e.,
errorinpksJapk = L] oy .
3 \¥;

H. The H,  Negative Ton

Dalgarno and Mcpove12 % 1n 1956 calculated the potential

energy curve for the ground state of 32'(1:2::;) and shoved it to
contain a minimu at ~ 3 £, vhich is 0.9 eV below the x’z;
ground state of 112, thus indicating that the ion should be stable
against both radiative decay and autolonization. Since then a
number of theoretical and experimental studies have been con-
ducted on the n,‘,‘ ion. _

Chen and Peacher'0 have calculated s minimum in the ground
state potential energy curve of the K + H  system at ~ 0.53 f.
Placher-Bjalmarsl% theoretically investigated tme B, fon amd
ro\maa-iﬁ-'.-mintinthepotentmtoeustutwenOSJlnd
1.06 R tor we 5%, *n, z *, amd aumn-mrmma
st-.tzs to all possess urtienl detachment em;z:lu that were

negative, i.e., the potential energy of these states is larger



-116-

than that of the xl}:g+ state, thereby allowing autoionizetion of

these states to occur. However, from her work she did conclude

the possibility of the 228+ and h2u+ states of H2_ to be meta-

stable.
T

Experimentally, Khvostenko and Dukel'skilo_ observed the
existence of He- by use of an ion source mass spectrometer unit

using & mixture of H.O and Sb bombarded by 80-eV electrons. The

2
ions were observed by use of electron multipliers. The maximum
H2- ion current they were able to observe was ~ 5 x lO-l5 A.

Carter and navislo8 have reported finding the H2- ion by ex-

tracting positive ions from a duoplasmatron ion source, acceler-
ating them to 40 keV and converting them to negetive ions by

passage through a ges cell. The ions were detected by a Faraday

109

cup after being momentum-analyzed. Main et al. performed the

sampe experiment as Carter and Davis but with the inclusion of

particle-counting detectors, which act as energy analyzers. Their

results indicated that no H, was presemt, in contrast to the

2
interpretation of Carter and Davis.

Deviennello has rerorted observing fast He- created by 3~keV
H

3
terium. Based on experience at this laboratory, contamination

breakup in a gas cell. In this case the target gas was deu-

of an ion source area by the migration of target gas can be a

serious problem. Specifically, S'l:ea.rnslll has found that & mix-

wure of He3 and D2 as & source ges, while using H2 as a target

3

gas can yield 20% D2H in a beam of He”D. The migration length
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in these studies was ~ 500 cm, with target gas pressures on the
order of 1 mtorr. Since Devienne does not mention investigating
this possibility and his path lengthwas only ~ 40 cm, with a
target pressure of 10 mtorr, we conclude tust contamination of
the beam by ED was a possibility. The presence of HD, from which
D~ could be formed, could explain the observations of Deviemne.
Therefore, based on these experiments, we feel that the observa-
tion of energetic H2- produced by collision of a neutral or l
charged parent haes nolt been firmly established.

Hence, we have attempted to observe the De- ion by pasage
of D,

2
Sawyer, 12 who found that H production by passage of H+ through

* through Mg vapor. Based on the work of Donnely and

Ar arose elmost exclusively from the reaction
B - B(2s) - B,

and based on the observations of Donnally and Thoeming,12 concern-
ing the enhancement of He™ yields, by use of a (s metsl vapor

target, via the reaction
He® - He(1ls 25) » He (1s 285 2p),

we felt that the use of Mg metal vapor, which produces metastable

Hg was an excellent approach to producing H2- via the reaction
. en (1s 2p) » 1’}:: +, "(ls 28 2 )‘
B u B2 u H2 » P

(As mentioned earlier in this appendix, the 1’z“‘” 112' ‘state is

possibly metastable and has an equilibrium internuclear separation
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vhich, based on the Franck-Condon principle, permits population
via the reaction cBIIu - h"‘L.‘u"'.) As mentioned in Sec. IV, D, no
H2_ was observed.

From this study we are able to assign an upper bound to the
cross section for double electron capture into H2- states with
lifetimes longer than ~ lO”7 sec by 112+ ions in collision with

Mg vapor from 7- to 20-keV/mucleon. We obtain

oy - < 10721 (cmz/atom).
2

I. Error Discussion

In this appendix the following toplcs are presented:

(1) A sumary of all sources of error discussed in the text.

(2) A discussion of the possiblity of target gas impurities,
sovrce gas Impurities, and modulated background signals.

(3) A discussion of the method in which the excited state
uncertainties are generated from the ground state uncertainties.

(4) A discussion of the assignment of a confidence level
to the data.

(5) A discussion of uncertainties generated by a lack of
knowledge of the vibrationnl distribution of the molecules.
1. Error Sumary

Mg vapor pressure, standard deviation, +10%

Target pressure, possible correction factor, 5%

Target length, possible correction factor, *5%

Particle energy, possible correction factor, +3% (almost

alvays)
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Counting statistics, standard deviation, +1% (almost always)

Ground state data, long term reproducibility, +5%

Ground state data, least-squares-fit standard deviation, *3%

Bxcited state data, 1c;ng term reproduciblity, *17%

Excited state data, least-squares-fit standard deviationm,
+5 to #20%

Target gas impurities, possible correction factor, incon-
sequential

Source gas impurlties, possible correction factor, incon-
sequential

Modulated background signals, possible correction factor,
inconsequential.

2. Impurities and Background

(a) Target. Although mass spectrometry of the target gas
was not performed, we assume negliglble gas-bottle contaminatlon
(fresh commercial gas bottles were used) and since, with the
system open to the bottle neck, the pressure in the target cell
was typieally 1 x 10"6 torr, we conclude that nc other s:‘lgnifi-'
cant sburces' of contamination existed.

(v) Source. Since the final total kinetic emergy (E)
‘attained by an ion in the accelerator is proportional to its
charge (e), snd since the momentum enalysis of the bending magnet
requires the charge of the accepted particle to be proportiona.'ll

1/ 2’, vwhere m = mass of the particle, the fast projectiles

to (Em)
reaching the experinental reglon are governed by the relation

mfe = constant. Therefore the following projectlles could be
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obtained when accelerating D2+ (m/e = 4) and H2+ (n/e = 2).

mfe = & mfe = 2
ot
He+ HeH~

This is, of course, Just a pertisl list of possibilities, but the
most likely candldetes.

Let us first consider in detail the D* contamination of Hy™.
If when switching from D2 source gas to H2 source gas precautions
are not taken to purge the system of D2, a conteminetion of a few
percent D in an Hg+ beam can easily exlst. (This is based on
experimental evidence of the reverse situation; il.e., switching
from H2 gas to D2 gas. In this case, after flushing the source
area once with D2 gas, we have experimentally obtained H2+ sig-
nals up to 3% of the D signal. But with several D, gas flushes
of the system, combined with a few days of pumping, the 15[2+ sig-
nel decreased to < 0.1% of the D+ signal.) Contamination of the
H2+ signal by 3% Dt would have an observable effect on the results,
since the ratio of the electron capture cross section by 50-keV
D to that by 25 keV/nucleon H2+ in Mg is 7.88 (based on data for
pt from Ref. 64 and data for B;2+ from Ref. 31), thereby producing
an effective neutral D contamination of the H, beam of 2h%,-
Hence, strict precautilons were taken when switching between 32
and D2 source gases. Under these conditions the contamination

was shown to be negligible since measurements, using a thick Mg

vapor target, showed no indication of the existence of a signifi-
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cant full energy neutral particle equilibrium value.

T‘he only other likely contamination is from He. It is well
known that He possesses a metastable state that would produce a
bend in an attenuation curve which could introduce error in the
interpretation of the results.h But He has not been used as a
source gas in the accelerator for a number of years and we there-
fore rule out this contamination possibility.

Hence, we conclude that the fast projectiles were essenti-
ally all 1{2+ or D," ioms.

(c) DPackground. A constant background of unknown origin
was accounted for by modulating the beam. In most cases this
background was small and of no consequence. But if there existed
a constant backngound signal which was modulated with the beam,
it could produce & large nonlinear effect in the attenuation
curves. An example of this type of background is electrical
noise generated by the modulator power supply. Effects of this
type were experimentally investigated in situ by interrupting the
beam at the entrance to the target and noting the beam-on, beam-
off counts. This was done for a variety of target fhicknesses
with the counts alweys agreeing within the statistics of the
measurements. Also, the attenustion data was it to the sull of

two exponential functions plus a constant, i.e.,

¥*
-0, -q,T
y('irt)=Ae tt+Be 1-’1"+-C.

Typically, the constant, C, was ~ 0.1% of the sum of A and B and
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therefore this type of background is considered inconsequential.

3. Bxcited State Uncertsinties

As mentioned in Sec. IV, A, the ground state total-loss
cross section was obtained by using & hydrogen neutralizer to
produce & 112 beam by electron capture by H2+ ions. A semiloga-
rithmic plot of the transmission of this 32 beam versus target
thickness yielded a straight line reproduciivle to :tS%, indicating
that significant amounts of ejnu H2 molecules were not present.
The transmission date of the H? beam produced Wy using Mg vapor
as 8 neutralizer was then amalyzed by a 3-parameter least-sguares
fit to the sum of two exponential functions, one exponent of
which is known, i.e., the total-loss cross section of the ground
state. The transmission data using & Mg vapor neutralizer was
least~squares fit 3 times; once using, for the total-loss cross
section of the ground state, the most probable value (the mean
of the repeated dats), and twice sgaln uslng *5% of this value,
i.e., the limits of the reproduclbility of the values. This pro-
cecdure was used on severul repeated experimentel runs using a Mg
vapor neutralizer. We then took the mean of the data that used
the most probably value for the total-loss cross section as the
experimental result and assignéd the bounds of the uncertainty as
the meaa value of the data, using i5¥ of the most probable velue.
This method of aseigning the excited«state uncertainties reflects
the experimental uncertainty in the known quantity nezied for

the analysis.
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4., confidence Level

The least-squares fit standard deviation of the ground-staie
measurements was ~ *3%. We therefore assigned an uncertainty to
the random portion of the ground-state results of +3%. But since
the results are reproducible to within tS%, we cannot assign a
confidence level of one standard deviation (i.e., ~ 67%). We
therefore estimate & confidence level of ~ 60%. A similar argu-
ment holds for the excitated state measurements.

5. Vibrational Population Distribution
113,114

Theoreticael treatments +

of lnelastic scattering of H2
molecules in collisions with electrons, protons, and hydrogen
atoms have demonstrated the lmportance of including the vibra-
tionel distribution of the H2+ ion in determining cross sections
for collisional processes. McClure '+ has experimentally verified
changes of as much as 20% in the ylelds of dissoc:lation‘fragments
of 10- to 100-keV Hg+ and H;' ions in collision with 32 gas with
changes in ion-source pressure. Williams and Dunbarlls have found
changes of as much as 30% for the dissociation cross sections of
32+ and H; from 2-to 50-keV for changes in operating coridijtions
of their ion source.

The present experiment cannot differentiste between vibra-
tional levels so that the results fall prey to this uncertainty.
No attempt was made to systematically study the results as & func-
tion of source conditions. We were able to mm the é'dizrc‘e-“‘in two

very different modes, i.e., as a high-pressure PIG discharge nd

as & low-pressure electron gun. (Although we did not monitor the
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source pressure directly, based on the pressure measured by an
ion gauge outside the source region, we estix.na.te‘the PIG mode
source pressure to have been 5 to 10 times larger than the elec-
tron gun mode source pressure.) Unfortunately both modes could
not easily be used for.the same detection method, so a comparison
of results as a function of source condition is not available.
For particle counting techniques (Method I), where low beam in-
tensities are required (incident Hg"' beam intensities required
for this method were < 10'11 A), the PIG source mode could not be
operated without considerable fluctuations. To run this

mode quletly at these intensities proved difficult. The repro-
ducibility of the data was poor under these conditions and accu-
rate measurements could n.ot be obteined. For the Faraday cup
method of detection (Method II) the electron gun mode was not
capable of producing high enough beem intensities (inecident Ha"'
beam intensities required for this method were > 10710 A).

For E > 20 keV/nucleon the results for the Xl)"..g"' ground
state total-loss cross section, using the PIG source mode with
Faraday cup particle detection (Method II), were ~ 9% lower
than the results using the electron gun source mode with particle
detection techniques (Method I). The results seem to converge
for E < 20 keV/nucleon (see Fig. 18). Based on the results of
McCluren and of Williams and Dun‘ba.rlls and a comparison of the
Hg"' breakup cross sections of several 1mneEﬂ:iga.torsl,116 we conclude
that the effect we observe i1s most likely due to differences in

the population of the vibrational energy states of the ioms,
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depending of whether the ions are produced in the electron gun
or PIG source mode. The apparent energy dependence of the dif-
ference in the results is most likely due to differences in the
energy dependence of individual vibrational states.

There does not exist envugh experimental detea to quantita-~
tively predict variations in measurements under different source
conditions. We cannot even,in the present case,predict conclu-
sively whether the result of a memsurement should increase or
decrease with source condition changeé.

J. A Discussion of the Results cf Solov'ev et al.

for Electron Cepture by H°+ Jons in Mg Vapor

In the method used in Rerl. 31 to obtain the total cross
* +
section for electron capture ( o3 + "10) by H," ions in Mg vapor,
the emerging H2 beam was passed through a He te.set and the re-~
sulting 112"' signal messvred. In order to relate this signé,l to
the H2 beam & knowledge of the ionization cross section of fast
by
This value is obtained by an independent experiment. Fast He was

molecules in He gac { (\Zﬂ?+) is required (see analysis below).

ressed through & H, gas target and g , determined by an e/m

Oy +
analysis of the slow charged particlei.. This measured UH +
reflects only the xlz state of H2 since the target gas is at
room tempemturg. But the H2 beam from the Mg oven contains
large amounts of cBIIu H2 whose ilonization cross section, U;é+’ is

.+ obtained
2

fram a fast He experiment to amalyze the fast 112 beam emerging

larger than og +° Therefore, using a value fof o
2

from the oven results in a value for the electron capture cross
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section that is too large. This is easy to see if we consider
the following: The current of H2+ (iﬂg+) emerging from the He

target is proportional to the incidznt equivalent current cf H2

(:LHE), i.e.,
LA A

where 7, = the He target thickness (a:toms/cme). But

He
« ( W )
152 %0 * 930/ Tyg

where W, = the Mg vapor target thickness (a‘toms/cme)

Mg

so 152+ N CT ";o) %5, "He M.

Analogously, the B current det_g'cted (:LH"') is proportionsl to

%o %1 e g

where dlll.o is the electron capture cross section for the
process H+ + Mg~ H - e G eee

and dgl is the electron loss cross section for the
process H + He - H+ + e + *on,

Therefore,

. "glj_ﬂej

¥*
(019 + 039) = 03 i
+

The ratio (iH +/1H+) s UEO’ cgl, and uﬂg are measured in independ-

ent exper:l.ments so that ("10 + @ 0) can be determined.
Estimates based on the results of the present experiment

show that the 0H2+ value used in Ref. 31 could results in values
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*
of ( + alo) that are too large by as much as a factor of two.

%0
(There will also be a larger thar enticipated Bt signel due to

the ¢’ breakup, but this effect should be much emaller than

)

the error introduced by neglecting the c IIu H2 contribution to

the value of cﬂz+')
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B. A;Eparagx_g
1. The Ton Source and Electrostatic Accelerator

The ion source and accelerator used in the present work have
been described in detail elsewhere. > Here we will mention only
the main features of the apparatus, noting any changes necessary
for the present application.

The source was & typical PIG d° scharge which could also be
operated as an electron-gun source. The electron gun was a
0.256-mm-diam tungsten filament opeiating at a curreat of from
4 to 6 A. The source area was surrcanded by an electromagnet
vhich was used to produce an electrc a~confining axial magnetic
63

field of from O to 400 gauss in the source. The ions were ex-
traci ad through a 0.916-mm hole in ¢ he cathode, after which they
masscd through an accel-decel potential focusing lens (einzel
lens) and were accelerated by use of four rings to which a total
of from 1 to 90 kV was applied. Th: desired ions were then
selected by a 90-deg analyzing magne t which was monitored by a
Ball prote and traveled 120 cm through a drift tube where they
ente: ad the experimental region. Just in front of the experi-
ment: L region is an electrcmgnef that is used to produce a trans-
vers:. magnetic field in order to sweep the primary E,: ions out
of t¥rz beam path but still allow the 32 molecules, produced by
eleci ron capture by H," in the drift tube, to pass. This contri-
butica is detected and subtracted as background. Uunder typical
singl: collision conditions in the neutralizer the background

neut: «1 production was < 10%. The beam, before the experimental



