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

for injecting fast neutral particles into plasma fusion devices, 
ve have investigated collisions which result in the formation and 
destruction of the (lso ) H + ground state 11 < E (keV/nucleon) 
< lj-2 and the(lso2pTr)c^H long-lived electronically excited state 
[ 5 < E (kev/tiucleon) < 421 of molecular hydrogen. The cTI mole
cules vere formed by electron capture by 5- to 42-kev/nucleon 
H „ + ions in Mg vapor. 

The molecules and atoms vere detected 'by particle-counting 
techniques using Csl(Tl) scintillation crystals mounted on photo-
multipliers, with the resulting signal being amplified and shaped, 
pulse-height analyzed, and scaled. 

Eg molecules produced by electron capture by Hg + ions in EU 
or N_ gases yield, upon analysis of the attenuation of the Hp 
molecules transmitted through ari ? . gas target versus target 
thickness, a single total-loss cross section, a., (Hg -» H-"1", 



E + H, H + H +, H + + H +) attributed to the A 2 + state. When the 
Ep molecules are produced in Mg vapor, the analysis of the attenu
ation curve yields the same cross section attributed to the f Z 

* 3 
state plus a larger cross section, <j., attributed to the c E 
state. 

Similarly, Eg molecules produced by electron capture by Hp 
ions in Hp or N« gases yield an ionization cross section, 
a +, (H_ •* Ep +) attributed to the XTZ + state. When the Hp mole
cules are produced in Mg vapor, the same technique yields a larger composite cross section from 'which the ionization cross 

3 * section of the c E state, <j_ +, can be determined. 'From an 
analysis of the attenuation curves we also obtain the fraction, 

3 
••£, of the Hp molecules that are in the c E state. 

QJhe fraction, W- , of the incident Hp beam that can be con
verted to ell molecules in collisions with Mg vapor has also 
been determined by combining the measurements of f with measure
ments on the yields of E_ without regard to the population of the 

states of the molecule. 
# * Values for 

t.* 
o_ +, or„ +, a., o., f„ (the maximum value of f), 

and J" (the maximum value of 3" ), at three representative ener
gies are given in the table below. The cross sections are in 
units of 10* cm . 



11.2 kev/nucleon 

V 1.37 ±0-13 1.70 +0.18 

«•» :i:f «•» 5:5 
fft 3.10 ±0.3 3.58 ±0.3 

* 
l ^ . o ±2.5 , * c +2.2 

1 5 , 5 - 2 .6 

fM 0.36 ±0.06 0.28 + 0 - ° 6 

u ° -0.05 

'M o.o65±o.oi4 0.0l8±0.00^ 

20 kev/nueleon 30 kev/nucleon 
2.10 ±0.20 

k.80 ±1.2 

3.55 ±0.3 

9.00 ±2.2 

+0,06 0.23 -0.05 

a = 12.2 kev/nucleon 

A search was made for c H H_ formation from H, collisions 
u 2 3 

in Mg vapor and for H ~ negative-ion formation from H„ collisions 
in Mg vapor. Neither process was observed to occur. Based on the 
— —Pi P 

H~ search we are able to assign an upper bound of 10 cm /atom 
to the cross section for couble electron capture which ™esults in 

-7 an H_ ion with a lifetime longer than ~ 10 sec. When the 
results were compared at equal velocities, the use of H p , D p , 

or HD showed no observable differences. 
3 

The c H excited state population results are used to calcu
late the efficiency for injecting IL molecular beams into a con
trolled nuclear fusion neutral injection experiment. The results 
of this calculation are compared with H atom beam calculations of 
total trapping efficiencies and with H atom beam cascade effects. 
Prom these calculations asymmetric plasma trapping of the H atom 
beam at intermediate densities is analytically demonstrated. For 
equally intense neutral beams (i.e., projectiles/sec), the total 



trapping of the molecular beam (containing c It Hp molecules) is 
shown to be from 2 to 5 times larger than the total trapping of 

11 -3 the atomic beam for plasma densities greater than 10 cm , with 

no significant asymmetric trapping occurring. The total trapping 
for both H and Hp beams is shown to be insensitive to changes in 
the electron temperature of the plasma from 1.0 to 1000 eV. from 

3 these calculations we conclude that a Hp beam containing e n 
excited molecules is desirable for injection into present day-
neutral injection fusion devices for plasma densities greater 

11 -^ 
than ~ 10 cm and for injection energies less than ~ 20 kev/ 
nucleoli-



Notation Frequently Used in Main Text 

c 3H n » 2 long-lived electronically excited state of 

*2 
x's + Stable ground state of H„ 

g 2 
+ P - The symmetry of the electronic eigenfunction with 

respect to a reflection of the electrons through 
a plane passing through the two nuclei 

B Magnetic field 
CSI (Tl) Cesium Iodide crystal dopped with Thallium 
e Fundamental charge 
E Energy 
f (ir ) Fraction of the H_ beam incident on the H„ target n A 2 

that is in the c 3H state due to passage of H, ions 
through a neutrali^er of thickness ir 

F Or.) XlZ H_ fraction in the H„ beam after passage t g 2 2 
through an H target of thickness IT (F(0) = 1-f) 

F (ir ) caII H fraction in the H beam after passage 
* through an H target of thickness ir (F (0) = f) 

F (ir j H fraction in the H beam after passage through 
t ' 

W 
an H t a rge t of thickness ir (F (0) = 0) 

Fract ion of H_ ions converted to H_ molecules in 

a neu t r a l i ze r of thickness ir 
n 

+ "X (ir ) Fraction of H_ ions converted to c3II H_ molecules * n 2 u 2 
in a neutralizer of thickness rr n 



• ? M ' J H ' fM 

Method I 

Method II 

* °t 

2, n. 

The maximum values of J, j^ , and f 

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 

Total loss cross section of the X*E„ + state of 

H_ in collision with H 2 gas 

Total loss cross section of the c II state of 
u 

H 2 in collision with H gas 

The cross section for the conversion X 1! H„-+k ly + 
g 2 

rlr + due to X1!!- H 2 molecules in collision with H2 gas 

The cross section for the conversion c 3H u H_-+k due to 

c 3 n u H, molecules in collision with H 2 gas 

Total angular momentum of molecule in the direction 

of the internuclear axis 

Neutralizer thickness (atoms or molecules/cm2) 

[IT = nX where n = density, X = interaction length] 

Target thickness (molecules/cm2) 
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I. OTBODUCTION 
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 is 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 H_ beams. Presently,one phase 
of the neutral injection program of the CTR effort is interested 
in making beams of excited-state neutral projectiles 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 investigation on the collisional formation and 
destruction of energetic Hp beams containing large amounts of H^ 
molecules in the c II long lived electronically excited state. 

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

Iherefore, careful observation and analysis 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 excited-state component. 

1 2 
Barnett and Stier, and Allison, while 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 incident He ions. 
Subsequently, Wittkower et al. showed the attenuation to be 
dependent also on the type of neutralizing gas used. These 
effects vere 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. 

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

The optical to^hnique, based on observations of the spon
taneous or induced radiative emission of excited states, has been 
used extensively to measure populations and cross sections of 
keV-energy atomic hydrogen for principal quantum numbers 

2 < n < 6. This technique has also been used to study elec-
- 2? 2k tron capture into excited states of fast helium for 5 < n < 6. " 

Electric-gap techniques, based on field ionization of highly 
excited states, have yielded a substantial amount of information 
on the highly excited states (n > 9) of atomic hydrogen. ^ 
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Fig. 1. The variation, with N, neutraliser pressure, in 
the measured electron loss cross section for H, He,Ne, 
and N in collision with H 2 gas (from Ref. 1). 
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A limited amount of work on high electronically excited states 
(n > 9) of molecular hydrogen, called Rydberg states, has also 
•been carried out by this method. ' ' 

The present work extends the field of measurement of keV-
energy heavy-particle collisions involving excited states to the 
n = 2 united atom equivalent state of molecular hydrogen. In 
particular this work quantitatively analyzes the collisional for
mation and loss of (lscr ) n ground state and (lso2pir)c It 
long-lived electronically excited state of energetic molecular 
hydrogen. The energy range of the present work is from 1 to hQ 

kev/nucleon. 

The experimental technique used for the analysis of the 
hydrogen molecules is the beam-attenuation technique similar to 

k that introduced by Gilboay et al. for metastable He atoms. 
Accurate absolute measurements by this method can bo obtained 
only if there exists in a beam of fast projectiles sufficient 
excited particles, with long enough lifetimes and large enough 
cross sections, to insure 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 technique is discussed in Appendix A. 

There has been a substantial amount of theoretical work, in 
conjunction with recent experimental progress, devoted to the 

determination of fast excited-state collisional information. A 
survey of the pertinent theoretical efforts can be found in 
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Appendix B. 
Suffice it to say at this point that due to the structural 

complexity of the Hg molecule there exist no theoretical ealcu-
lations to compare with present results. However, Hiskes* 

3 + 
predictions of c^H Hg populations., based on calculations for H 
electron capture into excited states of atomic hydrogen, show 
remarkably good agreement with the present measurements. 

The Btudy of fast heavy-particle excited-state collisional 
phenomena, besides being necessary for the proper interpretation 
of experiments, is of fundamental interest for the understanding 
of atomic and molecular processes. Recently, studies of this 
type have found direct application to thermonuclear fusion experi
ments employing neutral injection for the creation and buildup of 
a plasma. The present state of the art of neutral injection into 
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 beam that is injected is composed of ground state and 
excited atomic hydrogen produced by charge exchange of protons 
in a gaseous target. 

Firstly, the plasma buildup takes place by means of Lorentz 33 ionization of the highly excited states of atomic 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 a mag-
netic field B. Atypical levels which are Lorentz-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 teen achieved (10 cm" ) 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 hound states which 
3^ are capable of being Lorentz-ionized. This process is generally 

referred to as an inverted cascade. Levels which generally con
tribute appreciably to this inverted cascade process are 6 < n < 3. 
The excited levels n < 6 cannot 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 metastatic 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 collitslonal excitation 

and ionization cross sections, does not at this stage of the 
10 -3 plasma buildup (10 cm J) contribute significantly. 

32 Now, as first suggested by Hiskes, when the plasma reaches 
11 -3 a density of approximately 10 em , it will become collisionally 

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 c II H_ teams at this stage of the 
buildup will provide penetration of an excited state to the in
terior of the plasma since (l) the c H state will not quench in 

35 the confinement magnetic field,^ (2) it is sufficiently long 
lived to travel the length of the apparatus (see Sec. II, B), and 
(3) at this density the ĉ II state cannot be effectively cascaded 
upward in the outer portion of the plasma (that is, at this 

density the lifetime of the n = 3 state is shorter than the mean 

free path so that a collisional excitation from n = 2 to n = 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 its cross sections for these processes are expected to be 
up to factors of 10 or more larger than the n = 1 level of atomic 

32 3 
hydrogen. Without the use of a c IT Hg beam,the plasma is 
expected to accumulate mostly on the periphery of the trapped 
plasma for densities greater than 10 cm~^ and less than 10 5 

_3 
cm , thus voiding the center region and causing a highly asym
metric plasma buildup. 

The major point of concern in assessing the usefulness of 
this c'Ji process for neutral injection is how well this level 
can be populated in neutral B~ beams. The present work measures 
this quantity and concludes that c H 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 forteapping ^ beams and compare the 
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resuits with trapping efficiencies of H teams. 
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II. THE HYDROGEN MOLECULE 
A. Molecular Electronic States and Notation 

The structure of thr hydrogen molecule has been extensively 
studied both theoretically and experimentally (Herzberg has 
tabulated a large number of references on this topic up to 1950, 
and the present section contains a large number of references 
since 1950). Figure 2 shows the potential energy curves for the 
electronic states of H_ and Hp that are of interest in this 
work. 

The electronic state designation, i.e., I I , etc., is the 
well established short reference designation in which the elec
tronic configuration is not indicated. In this nomenclature 
the ground state is referred to as X, the excited states of the 
same electron spin multiplicity (indicated by the superscript 1 
in the above example) us A, B, C, ••* and those of different mul
tiplicity as a, b, c, •••. The alphabetical order usually cor
responds to increasing excitation energy above the ground state, 
but, unfortunately, Hp is an exception to this rule due to veil 
established earlier designations. In the case of Fig. 2 all Hp 
states not shown have larger excitation energy than those that 
are shown. The symbols I, H, ••• 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 
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Nuclear separation (A) 
XBL7I9-4343 

Fig. 2. Potential energy diagram of H_ and Hg + showing several 
excited states of Hg. The hatched area is the Franck-Condon 
classical region oftransition from the ground state of (v = 0) 
H- to the ground state of Hg +. Several vibrational levels are 
indicated hy dashes. The potential energy curves shown are 
based on calculations cited throughout this section. 



•II. 

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 internuclear separation. 

The molecule contains two independent emission spectra: a 
triplet spectrum due to the two electron spins of the molecule 
heing 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., 
A * » 0. Appendix C discusses and lists the pertinent selection 
rules for radiative and nonradiative transitions in diatomic 

molecules. An elaborate treatment of transitions in diatomic 
58 molecules is given by Herzberg. Also, a concise and useful 

39 summary of selection rules is given hy Bates. ' 

B. Excited State Lifetimes 
In order to interpret the results of the present experiment 

an understanding of the electronic states of the H„ molecule is 
necessaiy. The present section presents the results of a survey 
of the known H„ spectra in order to find out which excited states 
have lifetimes greater than 10" sec. (in typical present day 
keV-energy collision experiments and in some neutral injection 
experiments, apparatus lengths are ~ 1 meter with particle 

a 

velocities of ~ 10 cm/sec, giving transit tines on the order 
of 10" sec.) 
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For the present discussion we can segment the excited states 
into three groups: (l) 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 E and Hp move in approximately the same 
potential they will have approximately the same radiative life-
times. Eased on the theoretical work of Hiskes and Tarter, we 

find that the atomic hydrogen states with n > 8 [group (3)1 have 
-6 lifetimes which are greater than ~ 10 sec. For group (2) it can 

he shown that these intermediate states decay in times shorter than 

ali 
36 

~ 10 sec to lower states, and further, that no anomalies 

resulting in longer than normal lifetimes are expected. 
We now turn our attention to group (l) (the Hp excited states 

shown in Fig. 2 comprise this group). Lichten, in i960, first 
verified the existence of metastable molecular hydrogen 1y use 
of the atomic-beam magnetic-resonance technique. Specifically, 
he found that the lowest vibrational level (v = 0) of the c II 
state of Ep is metastable, i.e., does not radiatively decay by 
electric dipole transitions (see Appendix C). Recently, Brooks et 
al. bare found experimental evidence which leads them to conclude 
that there is at least one more long-lived level of the c II state 

u 
other than the v = 0 level. They conclude that the level is most 
likely, but not conclusively, the v = 1 level. Since i960 a 

3 43-53 large amount of work has been performed on the c II state. 
The Kronig selection rules for an allowed radiative transition 
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in a diatomic molecular system (see Appendix C) show that the 
CT I (v = 0) level, although not able to decay via electric di-
pole transitions, can radlatively decay by magnetic dipole, 
electric g.uadrupole, or higher moment emissions to the r Z 
state (the b £ + state is repulsive and dissociates into two 

-lk kl 
ground state H atoms in ~ 10 sec ). The radiative lifetime 

35 
for these transitions has been estimated by Preis and Hiskes^ 

-3 53 
for EL to be 10 sec and recently Johnson has obtained experi
mental values of ~ 10 sec for H„, D 2, and HD. Freis and 

35 
Hiskes•" have also calculated the electric dipole radiative life
time for the v > 0 cTI levels decaying to the only allowable 
final state, the a £ state (this state has been observed to 
decay to the b^£ + state in ~ 10" sec )'. Their calculated life-
times are > 10 sec for all vibrational levels. 

fit 

Up until now we have been dealing exclusively with the radi
ative properties of the <s It state. We now turn our attention 
to predissociation, the nonradiative transition process in dia-55 tomic molecules. She mechanics of the process are discussed 
in Appendix C; here we restrict ourselves to the results of work 

3 on this process as a loss mechanism for the cTI state. 
The c n state is susceptible to perturbations from the 

repulsive b £ state when the potential energy functions of 
these states come close enough together so that an overlapping 
of wave - functions exists and causes a nonzero matrix element for 
predissociation. There are two types of predissociation of the 
cTI state: allowed, induced by rotational electronic perturte-
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tions; ' suid forbidden, induced by spin-orbit and spin-spin 
couplings. ' ' The selection rules governing predissociation 
are listed in Appendix C, and indicate that, although there are 
many states close to the e n state, predissociation can take 
place only via the b l + state. 

CD 
As has been pointed out by Kronig, under very strong 

coupling conditions, allowed predissociation lifetimes could be 
-11 ^5 

as short as 10 sec. Llchten, in order to explain his experi
mental observations, has concluded that for the crn state allowed 

-9 predisBOciation lifetimes are ~10 sec. Hiskes has considered 
this question and concluded that the joupling In this case should 

be rather weak and suggests the life blme to be considerably longer 
-9 59 hQ than 10 sec. Herzberg, based on experiments dealing with 

the absorption spectrum in the visible region of H» excited by 
a flash discharge, has estimated an upper bound of * • 0.3 usee 
on the lifetime for allowed predissociation of the v = 2 level 
of c II. Also, due to the change In proximity of the b2> + and 
3 
e n potential energy states with changes in internuclear separa
tion, we expect the predissociation lifetime to decrease with 
Increasing vibrational excitation of the c n state (see Fig. 2). 

IfO 

Bertsberg * has experimentally verified this behavior. Therefore, 
based on this available Information, we bound the allowed pre
dissociation lifetime as follows: 

nanoseconds < T < tenths of microseconds. 
A survey of the selection rules for allowed predissociation 
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(see Appendix C) shows that half of the c jR levels are suseept-
52 If7 able to this loss mechanism. Finally, Bottcber' and Chiu 

have performed theoretical calculations on tbe forbidden predis-
soclation lifetimes and concluded that they are of the order of 
10" 5 sec, while Lichten has experimentally measured lifetimes 

-3 ^5 ranging from 0.1 to 0.5 x 10 sec. Hence, we conclude that 
all the levels of the c II state have radiative Lifetimes longer 

than ~ 10" sec, but they most likely do undergo allowed predls-
soclation within this time. 

We now turn our attention to the remaining low lying excited 

states of H« (see Fig. 2). The a 32 state has been observed to 

decay to the b 5 Z | i
+ state in ~ 10 sec.5^ Also, the B ^ 4 and 

the states have both been shown to decay by allowed transl-
in in fif\ 

tions in 8 ± 2 x 10" sec and 6 ± 2 x 10" sec, respectively. 
This is not the case, however, for the £. + state. Davidson 
has studied this state and computed tbe potential curve. He finds 
tbe potential function to contain two minima: tbe ETS + state at 
R = 1.0 £,and the FT, + state at R •= 2.27 A*. Wolnlewicz has ts 
calculated tbe transition probabilities for the r i + - B T • * 

transition. Since the state has a much larger internuclear 
8 

equilibrium separation than all other stable H„ states (see Fig. 
2), we expect tbe transition probabilities to be small. 
Wblniewicz finds approximately half the transitions of the F-B 
band to have lifetimes greater than 10 sec. For comparable 
transitions of the E-B band we conclude, based on Wolniewicz's 
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-8 calculation of the hand strengths, that the lifetimes are < 10" 
sec. 

Xn summary, we have discussed the excited states of Ep and 
conclude that the c IT and FTS + states and the n > 8 states 
have lifetimes long enough to allow them to traverse typical 
apparatus lengths and must he considered in the interpretation 
of experimental results. (It is shown in Appendix D that the 
only state than can he significantly populated in the present 
experiment is the c II state.) 
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I H . EXPERIMENTAL APPROACH AND APPAEATUS 
A. Approach 

The experimental approach to the analysis of the Ho mole
cules is by beam attenuation techniques. The energetic Hp mole
cules were produced by electron capture when a momentum analyzed 
beam of iL + ions traversed a neutralizing cell of Mg vapor, or 
Hp or Np gas. The reasons for the choice of neutralizers and the 
desirability of ty; vapor as a charge exchange medium for the for
mation of excited hydrogen atoms and molecules is the topic of 
Appendix E. We have sr.de measurements with incident H- , D„ , 
and HD + ion beams. When the results are compared at the same 
velocity, they are the same vlthin the experimental uncertainties; 
hence, in the remainder of this work we treat all projectiles as 
if they were Hp + ions or Hp molecules. Figure 3 shows tbe experi
mental arrangement. Since we are investigating the Hp molecule, 
the charged particles emergent from the neutralizer cell were 
swept out of the beam with an electric field and the Hg + component, 
detected with a Faraday cup, was used to provide a monitor of the 
beam intensity. The H_ beam now leaves the portion of the experi
ment used for its production and enters the analysis section. 

As mentioned earlier, the analysis of the H- beam is per
formed by beam attenuation. To this end the neutral beam, con
sisting of ground-state and excited H and H», traverses a 
target cell containing Eg gas. We assume that the E» molecules 
are in either the x X + ground state or in the c II excited state. 
The justification for this assumption can be found in Appendix D. 

http://sr.de
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Slnce the collision cross sections of these two states are dif
ferent, they attenuate differently upon traversing the target 
cell. Ey observing the emerging particles as a function of IL 
gas thickness in the target cell we are able to deduce the total 

attenuation and ionization cross sections for the c H and x Z 
u g 

states as well as the population of these states in the beam. 
By varying the neutrallzer conditions, i.e., type of neutralizer 

o 
used (Mg, Hp, or Hu) and its thickness (atoms or molecules/cm ) , 

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-count Inn techniques. ThP particles 

were detected by Csl(Tl) crystaJ.3 mounted on photomultlpliers. 

Method I was limited to energies greater than about 10 kev/nuc'l eon; 
below this energy it is difficult to resolve the pulse height 

distribution of the atomic portion of the beam from the irolecular 
portion. For Method II a third gas cell (see Fig. 3) held at a 
constant pressure was used to strip the fast molecules emerging 
from the target of an electron, and the resulting Hg + current was 
measured with a Faraday cup. This method yields less information 
than Method I but is applicable to attenuation cross-section 
measurements below 10 kev/nueleon. Using this method we have 
extended the attenuation cross section measurements to 1 kev/nu-
cleon. 
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B. Apparatus 
1. The Ion 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 a typical PIG d'-charge which could also be 
operated as an electron-gun source. The electron gun was a 
0.25f>-nm-diam tungsten filament operating at a current of from 
4 to 6 A. The source area was surrounded by an electromagnet 

which was used to produce an electr<a-confining axial magnetic 
63 

field of from 0 to U00 gauss in the source. The ions were ex
tract id through a 0.9l6-nm hole in * he cathode, after which they 
passe d 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. Tb( desired ions were then 
selected by a 90-deg analyzing magne t which was monitored by a 
Ball probe and traveled 120 cm through a drift tube where they 
entered the experimental region. Just in front of the experi
ment* 1 region is an electromagnet that is used to produce a trans-
verst magnetic field in order to sweep the primary IL ions out 
of tts beam path but still allow the H~ molecules, produced by 
elect ron capture by H g + in the drift tube, to pass. This contri
bute a is detected and subtracted as background. Under typical 
sing3 3 collision conditions in the neutralizer the background 
neuti *1 production was < lOjt. The beam, before the experimental 
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region, is collimated by a 0.636-cm-diam aperture before the 
bending magnet 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/nucleon 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 
particles versus the measured 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 

-6 -6 were 1 x 10" and 5 x 10 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. *(•. The beam entrance and exit collimators were 
0.508 and 1.27 mm, respectively. The effective length of the 
stainless steel oven was taken to be U-.k 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 10 atoms/cm . Typical range of operation was from 
616 to 783°K. 

Before data were taken, the oven was outgassed at a tempera
ture higher than the temperature needed to produce the thickest 
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Table I. T/pical accelerator operating parameters. 

Characteristic PIG mode EG mode 
-" -6 

Accelerator pressure 4.5 x 10 ' torr 9 x 10 torr 
(ion gaut 3) 

Drift tube pressure 1.3 x lO" 5 torr 8 x 10" torr 
(ion gauge) 

PIG anode bias 0.5 to 2.0 kV — 
Electron gun filament M a s (EG) — 10 to 60 V 
Extractor voltage -1 to -3 kV -3 to -5 kV 
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Hg vapor neutralizer of interest. This was done to insure: 
(1) the 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 Hg vapor pressure, was determined 
with two chromel-alumel thermocouples, with a zero-degree centi
grade reference junction, connected to a potentiometer. To mini
mize radiative loss from the thermocouples, which would cause a 
low temperature reading relative to the temperature inside the 
oven, the cell was surrounded by three layers of 0.25-mm-thlck 
dimpled stainless steel. The calibration of the device was per-
formed by Berkner et al. who originally- used the oven as a 
collision cell for the measurement of electron transfer cross 
sections of H and E in Hg vapor. Data necessary for the calcu-

65 lations of the vapor pressure are due to Hultgren et al. There 
exists the possibility of a ±10$ standard error In this Hg vapor 
pressure data. 

The possibility of quenching of the c U state by thermal 
photons or electrons produced in the oven has not been investi
gated experimentally. But since oven temperatures were always 
less than 800°k, we expect no significant photo-absorption^ or 
electron emission (the work function for the stainless steel 
walls of the oven is «• k eV) • 
3. The •mtral Beam Monitor 

The emergent Hg + component from the neutralizer was deflected 
20 deg into a Faraday cup by a set of plates, one of which had a 

t 

positive high voltage applied to It* The signal from the cup 
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was sent to an electrometer whose output vas fed to an integrator. 
Ohio accumulated charge, which is proportional (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 beam entering the target cell is 35 cm from the 
monitor Paraday cup, strict alignment was necessary In order to 
insure correlation between the detected particles and the monitor 
vhlch are 85 cm apart. Alignme.it vas performed visually with the 
aid of a telescope. Previous to taking data, the bs*m vas tuned 
and maximized by observing the count rate due to the neutral 
particles. Ibis count rate was then compared, as a function of 
the tuning parameters, with the electrometer output of the monitor 
Faraday cup. If the two signals were correlated reasonably veil, 
i.e., exhibited the same rise in signal, signal plateau, and 
decrease In signal Intensity as a function of the tuning param
eters to within the uncertainty of visual meter observation, data 
vas acquired; if not, the beam vas retimed and occasionally re
alignment vas necessary. Ite position of the beam vas observed 
visually by replacing the Faraday cup vlth a phosphor-coated 
glass plate. It vas evidently significantly smaller than the 
Faraday cup diameter (2.5^ cm). Permanent magnets were used to 
suppress secondary electrons from the cup. 
k. The garget Cell 

The neutral beam traveled 72 cm from the oven exit to the 

http://Alignme.it
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target gas cell entrance (see Fig. 3). Figure 5 shows tbe target 
cell. Ine beam entrance and exit collimators were 3*30 anfl h.}l 

•a, respectively. She effective length of tbe cell was 8.8 cm. 
nils length was measured from the midpoint of tbe tubular entrance 
collimator to tbe midpoint of tbe tubular exit collimator (changes 
in the target gas thickness owing to gas in tbe surrounding tank 
of the target cell were inconsequential at all target pressures). 
The target cell is equipped with a pair of metal rods, ~ 0.5 cm 
apart, parallel to the beam line, which extend over tbe entire 
length of tbe cell. While measuring the BL, attenuation, a voltage 
of I* kY was applied to one of the rods in order to produce an 
electric field which Insured that the exiting BU beam was due 
only to attenuation, without tbe contribution of two-step pro
cesses, i.e., BU -» £,* -* BU. While measuring tbe ionization 
cross section tbe voltage was not present so that ILe Kg* com
ponent was allowed to leave the target cell and be detected. The 
pressure in tbe cell was measured by a Barocel capacitance manom
eter vMch bad been calibrated numerous times over a period of 
several years by a Mcleod gauge and an oil manometer. 
5* Particle Detection 

a. Method I: Single Particle Counting 
After traveling 1.8 cm from the target cell exit tbe EL* com

ponent of tbe beam was bent 20 deg by a set of electrostatic 
deflection plates and traveled 2k cm where it was Incident on a 
2.5^-cm-diam CsI(Tl) scintillation crystal which was mounted on 
an Amperex 10-stage XP-1010 pbotomultiplier tube (see Fig. 3). 
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Also, the neutral beam traveled 20 cm after tbe deflector plates 
and intercepted a similar arrangement. Tbe photomultipler tubes 
vere not cooled since upon cooling no significant increase in 
energy resolution vas observed. 

For this method, the ion source vas operated in the electron-
gun node In order to obtain low intensity countable beams. Typi
cal counting rates vere from 1 to h x M r counts/sec. 

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

67 Mwrtinex ' that the optimum thickness for Csl(Tl) crystal re6olu-
210 

tion of Po alpha particles is 0.38 mm.) The resolution de
creases slowly with increasing thickness, changing by less than 
10JJ from O.38 to 8 mm. When possible tbe crystal edges vere 
bevelled at ~ fcf> deg to increase light-collection efficiency as 

68 first noted by Riviere and Sweetman. The crystal vae highly 
polished to insure near-uniform scintillation response to all 
Incident particles of the same energy. A mixture of MgO and 
isopropyl alcohol vas used as an abrasive for polishing, and tbe 
crystal was mounted on the tube by use of epoxy. 

The tube is a box-type dynode structure vith a Sb-Cs photo-
go 

cathode. The photomultiplier base, i.e., the voltage divider 
for the dynodes, had typically a potential difference of 1.8 kV 
applied across tbe anode to cathode. The cathode vas at ground 
potential so as not to introduce any undesirable electric fields. 
The signal, which could bs extracted from the sixth dynode or 
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from the anode, vas sent directly to a charge-sensitive preampli
fier for Impedance matching and to insure better signal-to-noise 
ratio. The 6ignal then traveled «• 15 ft of cable to where it vas 
amplified and shaped, discriminated, and finally scaled. A kOO-

channel pulse-height analyzer vas used to set the pulse-height 
acceptance limits of the discriminators. 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 proportional to the 
amount of energy transmitted to the crystal during the iapaet of 
the energetic particle, two atoms, each of energy E/S, whose dif
ference in Impact time is considerably shorter than the character
istic decay time of the crystal (~ 0.6 x 10" sec), vould be 
interpreted as a single particle of energy ~ B. 

In the present experiment, the maximum possible difference 
in the impact time of the two H atoms produced by dissociation 

_o of Hg in the target cell is - 5 x 10 ^ sec. The H atoms may, 
however, be spatially distinguishable by use of a low transparency 
(~ l£) copper mesh. 

Assuming a random orientation of the Hg internuclear axis 
with respect to the beam line and an isotropic H atom angular 
distribution from dissociation arising from H« collisions with 
a Hp target, we have calculated for the case which produces the 
smallest scatter In the present experiment (bS kev/nucleon and 
~ 2 eV dissociation energy), that the H atoms at the detector 
from dissociation in the target are uniformly distributed over 
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an area of radius 2.2 mm. Hie mesh grid Is composed of square 
boles of length 6.35 x 10~ 5 mm vlth the same wire thickness. 
Clearly, the grid size is significantly smaller than the majority 
of the H atca separations. 

Therefore, in order to identify tho IU molecules from the 
(H + H) signal, the aesh was placed in front of the neutral 
detector. With the aesh in the beam line the probability of 
obtaining a full energy pulse from two ntimil.tancous H atoms is 

-k - 10 , while the probability of obtaining a full-energy pulse 
.o 

fro* a Hg molecule is 10 . This io due to the spatial separa
tion of the H atoms being much larger than the aesh grid size so 
that the atoms are no longer correlated and transmit through the 
aesh independently. The transmission was measured by using a H 
atom beam and was found to vary from day to day by ikf. 

To insure ourselves thai-, the mesh" was functioning as we 
thought, its performance was tested experimentally. "Hie BL* 
beam was Incident on the target cell with the electric field off. 
For a constcnt thickness in the cell, and using the charge 
detector as a aonitor, the neutral particles were counted with 
the aesh out. (She 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 ware 
able to predict the counts with the mesh In. (The equation used 
for the predictions is T - (A* + C')/(A + C), where H the aesh 
transmission, A a the full energy counts, B a the half energy 
counts, C a the total counts, and the primes refer to the counts 
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vith the mesh in.) Our predictions for the number of counts in 
each energy peak agreed to within ±6$ with the measured values. 
Tberefore, since the ratio H - A H + 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. 

Tor each species of the beam detected (Eg4, H +, Hg, H), two 
sots of scalers were used in order to correct for random noise. 
J/ employing a chopped incident Hg beam at a frequency of k.O 
Hz, 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
nal (i.e., the noise). Subtraction 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 shows the electronic details and logic sequence of 
the particle detection (Method I). The control unit for the 
accumulation of data was the iitegrator-control-gate assembly. 
With the pulse generators running, data acquisition would begin 
with the starting of the control-gate generator. The Integrator 
would accumulate a preset amount of charge and then turn off the 
control gate. The beam modulator output was generally around 
1.5 W , depending on how the beam was tuned. The beam passed 
into the experimental region when the modulation voltage was on 
and was deflected with the voltage off. 

Figure 8 shows a typical set of timing characteristics. 
Beam-on counts were accumulated for 12't msec while beam-off 
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counts were accumulated for 8k msec. There were 1«<0 msec when no 
counts were accumulated. This was to insure no overlapping of 
signals. The beam-off counters were idle for l6 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 which required a delay of 2k sjpsec before accumulating 
beam-on data. This was done in order to eliminate any possible 
interference 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 display, thf coincidence output of the signal l-cfore 
and after the dincriininaf.o'-. 

The output of tiia pnotorulti.pl ier tube wai; jjenersUy <_ 1 mV 
with a decay time charaefcfirif l; tc of the scintillation crystal, 
i.e., about 0.6 fisec. The preamplifier amplified the pulse by 
a factor of ~ 10 and shaped the decay time to 50 usee. The out
put of the amplifier was ~ 3 V with a width of about 2 usee and 
rise and fall times of about 1 usee. « 

b. Method II; Faraday Cup 

Method H for observing the particles (refer to Fig. 3) 
allows only for the detection of transmitted Hg molecules from 
the target and was used to obtain low-energy (s < 10 kev/nucleon) 
total-loss cross sections. Ionization cross sections and excited 
state populations cannot be obtained by this method. 

This Method uses a third gas region (the stripper), which 

http://pnotorulti.pl
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contained &, gas held at a constant pressure, to ionize the YU 
+ molecules transmitted through the target. The resulting Hg team, 

exiting from the stripper, which is proportional to the B- team 
transmitted through the target, was deflected to a Faraday cup. 
The resulting signal was fed to an electrometer whose output was 
sent to an integrator. For this method the ion source was oper
ated in the PIG mode in order to obtain high beam intensities, 
measurable by a Faraday cup. Typical H_ + currents measured by 
the final Faraday cup ranged from 10~ to 10" A. 
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IV. THE MEASUREMENTS: AHftLYSIS AHD PROCEDURE 
In this section we vill describe the measurements that are 

perfomed in the present work. The quantities measured arc: 
(1) Yields of Iu(cnTC ) excited molecules from the electron 

capture by H- + ions in Hg vapor and H- gas neutralizes us a 
function of Hg + ion energy and neutralizer thickness ir , and in 
1L gas at 12.? keV/nucleon. 

(2) Yields of Hp(cTI ) excited molecules from the breakup 
of II,+ ions in Mg vapor at 7-5 keV/nucleon. 

(3) Yields of the various reactions for Hg + ionB tn col]l-
slons vith Mg vapor as a function of Hg + ion energy and Hg vapor 
thickness ir . n 

CO Cross sections for the total loss and ionization of 
X T 4 and c II H- molecules in collisions with H„ gas. 

A. Determination of (i) Total Loss Cross Section for the 
fj 

and c T ^ States (at, a^) and (ii) the c IT 
Population in the Heutral Beam (t) 

for 10 < B (keV/nucleon) < te by Method I 
The measurement of o*., o t, and f was performed by passing 

an Hg beam through a neutralizer of Mg vapor, BL orN, gas, 
sweeping ths charged particles aside, and allowing the neutral 
beam to traverse the target cell which contained H- gas. The 
emerging Hg particles were detected by single-particle counting 
techniques (Method I) discussed in Sec. IXC, B, 5a. 

The collision reactions occurring when energetic BU passes 
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through the B„ target cell are (the right side of the reaction 
Indicate" explicitly only the fast collision products): 

H g + H g - » H + H + " « dissociation Og_ 

L + L - » H + H + + e + ••• dissociative electron 
detachment OL_+ 

I U + ^ - * f l £ + e + * , # ionization • • • o_ + 

BL + BU •* H + + H + + 2e + • • • dissociative double 
electron detachment •• a„_+ 

BU + Bg •* Bg" - e + • • • electron capture o, V 
* Bg + Bg -• Bg +••• excitation a„ # 

where BU designates the BU molecule in an excited state and a 

is the cross section for the conversion H_ •* k. In the event 
that tbe Incident molecule is already excited, an - "iittonal 
reaction is possible: 

* * 
Bg + BU •* Bg + • • • de-excitation <= a„ 

and we define a. as the_ cross section for the . conversion BU -» k. 
Beglectlngexcitation and de-excitation (the Justification 

for this is the topic of Appendix F), and neglecting negative ion 
formation (As will be discussed in Sec. V, A, no BL~ ions were 
observed and insignificant asounts of H* ions were observed in 
the present experiment.) we may write the collision relations for 
tbe processes occurring in the target cell for the two classes of 
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Hp molecules of interest in the present experiment (see Appendix 

B). Defining the fractions F(ir.), F (irj, and F +(TT.) as 

F(ir.) • the number of ground state H^(2rX + ) molecules in 
beam after traversing a target thickness ir. per Hp 
molecule incident on the target cell, 

F (ir ) • the number of excited Hg(c IL) molecules in the 
beam after traversing a target thickness ir. per Hp 
molecule incident on the target cell, and 

F (IT.) = the number of Hp molecules in the beam produced by 
the ionization of c % Hp and 3 T 2 + H- while travers
ing a target thickness ir, per BL molecule incident 
on the target cell, 

we have 

| - H*t) - - atF(TTt) + <J10P+(7Tt) (la) 

t 

vhere 

thickness(ir. = n.x , where n. is the number density of 
target molecules and x. is the length traversed by the t 
beam through the target), 

't = ff2H + °HH+ + \ + + °2H+' a n d 

a- 0 i s the cross section for the reaction 

Hg + Hg •* En(yrL ) - e + ••• electron capture a,-. 
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AnalogOTiBly, 
* # * * * 

°t = ff2H + %+ + \ + + ff2H+ 
and 

- + ,-3„ x ..... _,__. . 
"long* + Hg -» Ka(a \ ) - e + ••• electron capture •••• a. 

For this measurement an electric field of about 8 kv/cmvvas 
applied transverse to the 'beam within the target cell in order 
to deflect the fast molecular ions, produced from the ionization 
of fast Ho, from the beam as they were formed. The measurements 
were repeated as a function of the applied electric field until 
tbere was no change in the results with a further increase in the 
electric field. Under this condition the F + term in the above 
equations vanish and the solutions readily become 

F(TTt) = [ l - fOr^e""*"* (2a) 

F*(Tt) = fOrB)e * * (2b) 
where 

f (ir ) s the fraction of the Incident IL, molecules in the 
3 + 
c II state produced by electron capture by R- ions 
while traversing a neutralizer of thickness w. 

The detector systemwas not capable of distinguishing between the 
two classes of molecules, therefore we measuredthe sum of the two 
classes of B_ molecules transmitted through the target cell. The 
attenuation of the sum yfiO = F(ir.) + F (TTY) tfus observed by 
counting the number of H„ molecules transmitted thuugb. the target 
cell for a constant preset accumulation of charge at the monitor 
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Faraday cup (see Sec. i n , B, 3) for several target thicknesses 
irt. Figure 9 shows the quantity y(ir.) • H\) + I" (""*) vs target 
thickness for a 50-keV D_ beam produced in a Mg neutralizer (thin 
target, i.e., single collision conditions applied) by electron cap
ture of I>2

+ ions. The solid line is the result of a least squares 
fit of the data to y(ir.) (see Appendix 0). The nonlinear portion 
is due to the presence of c II BL molecules (see Appendix E). As 

the target is made thicker the attenuation becomes linear, refleet-
3 ing the loss of essentially all c l molecules in the target cell 

and the transmlttance of only JTZ molecules (this is due to 

o+ > oi). By subtracting the extrapolated portion (curve A) of 

the linear region of the data from the data we obtain the lower 

straight line (curve B) which is th. c II BL attenuation. The 
straight lines are represented by the equations 

In F(irt) = - o.irt + In [_1 - f(irn)J (curve A) (5a) 

In P (iTj.) = - atirt + In f(irn) (curve B). (3b) 

The cross sections are therefore easily obtained from the slopes 
as 

A In P(TT ) - = L. (4a) 

# A In F*(ir ) 
a* = - S- . (m,) 

Also, the intercept of curve B yields the fraction of the beam 
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Fig. 9. Observed attenuation of a beam of D, molecules 
in a Hg target by Method I. The molecules were pro
duced in a Mg neutralizer (thin target) by electron 
capture of 50-keV D2+. The solid line 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. 
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in the c H state. From Eq. (2b), evaluated at ir. - 0, we have 

F*(0) - f(7Tn). (5) 

When the Ms vapor neutimlizer thickness was increased to 
large values (ira > 1 x 10 atoms/cm ) or when Hp or 1^ gas was 
used as a neutralizer, significant nonlinear effects were not 
observed, i.e., F (0) - 0. The decrease in the crS. component 
with increasing MB vapor neutralizer thickneBS reflects its .larger 
attenuation-loss cross section. In the case of the H_ and 1L gas 
neutralizers, the lack of nonlinear effects is due to the large 
competing ground-state electron-capture process.(see appendix E). 

The determination of a. was performed by using a BU neutral-
leer. The cross section was obtained from a least-squares fit of 
the attenuation data to the equation 

F<ir t)«e ** (6) 

since f(rr_) • 0 in this case } see Eq. (2a)j. 
The determination of a. and f(irn) was performed by using a 

* 3 MS neutralizer. The cross section oi and the c n fraction f(ir ) 
were obtained from a least-squares fit of the data to the equa
tion # 

1-*»„>]• ^ f f d r j ** ( 7 ) 

with the value of 0. known from the EL neutralizer case. A dis
cussion of the least-squares fit procedure can be found in 
Appendix G. 
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The above analysis vas also performed on an Hp "beam prepared 

by H, + dissoaS.tion in MS vapor. The Hg molecules were formed 

via the reactions 

• . - J * + H - e + • • • HV + MB •* 
•? I w J. vr h + H + 

Miis measurement vas psrlormed at 7»5 keV/nucleon for two dif-
ferent MS vapor thicknesses, 0.9 and 2 x 10 atone/cm . No 
e H L molecules were observed. 

B. Determination of g. and o. for 
1 < E (kev/nudeon) < U2 by Method II 

Tor this measurement the production, monitoring, and attenu
ation of the & beam was identical with Method I except we required 
the use of a third gas cell (the stripper), which contained U^ 

gas, for the particle detection (see Fig. 3). The HU beam trans
mitted through the target cell was passed through the stripper 
where a fraction was ionized (TU -* Ag*). ifcis B_ + beam is (for 
a constant stripper thickness) proportional to the VL beam trans
mitted through the target cell. The Hg + current was then deflected 
to a paraday cup and integrated for a preset accumulation of charge 
at the monitor Ifcraday cup. T5» collected charge Q can be ex
pressed as (cf. eq. 7) 

* 
Q(Tt) - cjl - f(Tn)]e"Vt • V < V e " V * ' (8> 

where CL and cu are constants for a given stripper thickness and 

reflect the efficiency of the B^X:*) and E ^ * ^ ) moleeulea 
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to produce £L ions. The measurement vas performed by observing 
the attenuation of Q(T. ) for several target cell thicknesses ir.. 
figure 10 shows the quantity Q(ir.) (in arbitrary units) vs Hp 
target thickness for a D„ + beam produced in a thin Mg neutralizer 
(8.5 x 10 atoms/cm ) and transmitted through the Hp target cell. 
The nojolinearity of the curve in Fig. 10 is larger "-an the non-
linearity produced by direct observation of the D- molecules 
(Method I) under similar conditions (cf. fig. 9). This is due 
to the fact that the cross section for D „ + production by i)_(c n ) 
is larger than by D_(r4: *) (see Sec. V, B, 2), i.e., a^ > OL. 
Vithout a knowledge of CL and ou, we cannot determine f(*_), but 
we still are able to determine a. and 0.. The analysis cf the 
data to yield values for a. and 0. was identical with Method I. 

C. The Determination of the Ionization 
Cross Section of the AX-" 1" State, Qj +> 

and of tte c \ State, « j ^ 
3h this section we discuss the measurement of the Ionization 

cross sections (Hg •* H^*) for energetic 3TX * «n8 ^ \ •olwsulea 
in collision with L gas. Tte molecules were again formed by 
electron capture by Hg* ions in collision with Ms vapor or tt> or 
JL mas, with the transmitted IL + component, detected with a 
Faraday cup, providing • monitor of the beam intensity (see See. 
H Z , B, 3). Tor this meesunaent tte transverse electric field 
in tte target, call was turned off so that tte H^ + component In 
tte beam due tf tte ionitation of B^ could be measured. Detection 
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Fig . 10. Observed attenuation of a beam of D , molecules 
in a H, target by Method II. The figure i s a plot of the 
col lected D 2 + charge, Q, measured by the Faraday cup 
after the stripper versus H2 target gas thickness ir t. 
The D2"1" ions were produced by ionization of D2 in an 
Hg target (stripper) ~2X 10** m o l e c u l e s / c m 2 thick. 
The D2 molecules were produced by e lectron capture 
of 62-keV D2"*" ions in a Mg vaportargettneutralisser) of 
thickness 8.5X10*3 a toms/cm^. Curve A i s an extrapo
lation of the thick target asymptote; curve B i s the 
difference between the data and curve A. Solid c irc les 
are experimental points; open c irc les are derived points. 

°i 
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of the emerging H p ions and H_ molecules war oerformed by single 
particle counting techniques (Method I). 

The collision relation governing the Hg component in the 
beam due to the ionization of. L ( n , + ) and H^(c5n ) in the target 
cell may he written as (using the definitions presented on p. 39) 

%rt

 P+K> - V ^ t * + V * * 0 ^ " ff/+(\> ( 9 ) 

where 
a. = the total loss cross section for EU ions in collision 

with Hg gas. 
This equation is based on the assumption that a. is the same for 
B_ ions produced by ionization of either H»(X S + ) or nAtrTL ) 
molecules. 

* The determination of a„ + and cu + was obtained from data 
13 / 2 taken for TT. < 5«8 x 10 molecules/cm . In this case the target 

is thin for all processes of interest (i.e., a„ + « TT.~ , 
Bp t 

a„ + « ir. , and a, « ir. ) . Under these, conditions the follow

ing inequality held for a l l measurements . 

oJ?+(irt) < ffu+Kir.fc) + « £ > V i . ) x (3 x 10" 2 ) , ' (10) 

i.e., the ionization cross sections were determined under the con
dition that the rate of losing the IL, ions was always less than 
3$ of the rate of producing them. 

' £ '•'.'.••". A'' T 

Also, the value of F(ir.) and F (ir,) did not change by more 
than ~ 2$ and ~ h<f, during these measurements, hence we may replace 
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F(ir.) and F (ir ) by F(0) and F (0). Therefore Eq. (9) becomes 

w; FX> = v t 1 " ^ + V f ( " n ) ( 1 1 ) 

since F*(0) = f(ir ) and F*(0) + F(O) =1. The solution to Eq. (il) 
is 

P+K> = [ v t 1 • f ( V ] + %-^v] v ( 1 2 ) 

The production of F (ir. ) is observed by counting the number of EL 
molecules exiting the target cell for a constant preset accumu
lation of charge at the monitor Faraday cup for several target 
thicknesses ir.. Figure 11 shows a plot of F {ir.) VS. I T . . 

When the incoming EL beam contained no observable fraction 
of c IT states [e.g., f(TT ) = 0 when a EL, Ng, or thick Mg neu-
tralizer vas used] the slope of the linear relation between 
F+(irt) and ir^ yielded o + [see Eq.(12) with f(irn) = Oj, the 
cross section for the ionization of the ground state (curve B). 
When the EL beam did contain an observable fraction of c E mole
cules (thin Mg neutralizer), the same technique yielded the com
posite cross section <y„ +[l - f(T_)] + ow +f(T n) [curve A>seeEq42J. 
Obtaining the value of f(ir_) from Independent attenuation measure
ments (see Fig. 9) for the same neutrallzer conditions, the cross 

3 * section for ionization of the c H state, a_ +, can be determined. u Hg 

D. The Determination of the Particle Yields 
Due to Energetic EL* Ions in Collision with Mg Vapor 
The present section describes the measurement of the particle 
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Fig. 11. Production of D^ * O I l s from the ionization of 
60-keV D2 molecules in col l is ion with a Hj gas target. 
The Dg molecules were produced by electron capture of 
I>2 ions in a Mg vapor neutralizer. Line A connects 
the experimental data using a thin Mg vapor neutralizer 
(ir n< 1 X 1 0 1 4 a t o m s / c m 2 ) ; line B connects the. exper i 
mental data using a thick Mg vapor neutralizer 
(IT > 1 X 1 0 1 6 a t o m s / c m 2 ).. 
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ylelds due to energetic H- ions in collision with Mg vapor. For 
this measurement the Mg oven was moved to the target cell posi
tion (see Fig. 5)« This was done in order to insure complete 
collection of the "breakup products. The exit aperture of the 
oven M&B enlarged until, for a constant thickness, there -was no 
observable change in the measured beam components. The final 
oven collimation was 0.33-mm entrance diameter and 2.8-mm exit 
diameter. The diameter of the particle detectors (25.^ mm) was 
larger than the maximum possible 'beam spreading which is defined 
by the oven collimation. For this measurement the Mg vapor thick
ness was varied from 2 x 10 to 1 x 10 atoms/cm . 

The measurements were performed by passing Hg ions through 
the oven for several Mg vapor thicknesses and counting the exit-

+ + 
ing Hg , H , E, and H- components of the beam. This enabled us 
to obtain the yields of the reactions 

(1) H 2
+ + Mg-*H 2 - e + •••, 

(2) Hg + +Mg-»H + H - e + ..., 
(3) Eg + + Mg -»H + H + + •••, 
CO Hg + + Mg -» H + + H + + e + • • •. 

(The H~ yield was measured at 20 kev/nucleon and was inconse
quential. We expect the H - yield to peak at energies less than 
those used in the present work. For a future experiment we sug
gest a study of H* yields at low energies. It is possible that 
information on the formation of Hp~ ions with lifetimes less than 
~ 0.5 usee could be obtained from a study of this type.) 
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ln order to separate the EL and H + E contributions the 
neutral particles had to he detected once with the mesh in and 
once with it out (see Sec. Ill, B, 5a). From these measurements 
we are able to account for the total beam and calculate the indi
vidual beam component fractions. 

A search was carried out for the presence of BU". The 
search was performed by reversing the deflector voltage. The 
result of the investigation from 7 < E (kev/nucleon)< 20 using 

Ik the Mg vapor collision cell varying in thickness from 2 x 10 
to 1.0 x 10 atoms/cm was that no Hp~ ions were observed. The 
sensitivity of the detection was such that the BL~ beam-on counter 
never showed a contribution greater than the statistical uncer-

Q j. 

tainty in the background corrected counts for ~ 10 H- primary 
ions incident on the Mg vapor cell. A discussion of several 
experimental and theoretical studies of the IL - ion is given in 
Appendix H. Also, in this appendix we indicate the arguments 
for a search for BU~ using Mg vapor. 

E. Error Analysis 
For all experimental results or this work, the assignment 

of uncertainty is based on the reproducibility of the data occur
ring in a number of runs taken months apart, on the standard ' 
deviation of the least-squares fit of the data, and on systematic 
experimental errors. The long term reproducibility of the ground 
state measurements was ±5$ with a standard deviation of the least-
squares fit of the data of ±%. This was true in both Methods I 
and 11, although for E > 20 kev/nucleon the "results using the 
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stripper-Faraday cup combination for detection (Method II) were 

consistently 9% lower than the results using single particle 

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 ±5% 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 ±7%. 

The effect of collimator interceptions and gas background 

were determined to be negligible since the fraction of the H 2 

beam 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 H2 gas. Our measurements agree to within ±5% with those of 
70 

Stier and Barnett. He also measured the single-electron cap
ture cross section for energetic protons passing through H. gas. 

71 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 their assessed contribu

tion to the uncertainty of the results may be found in Appendix I. 

The estimated absolute uncertainty in the present results 

ranges from ±18% to -25% for the excited state cross sections 

and populations (i.e., those that survive for t >0.5 usee), 

±10% for the ground-state cross sections, and ranges from ±10% 

to ±15% for the particle yield measurements. The confidence 

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. 
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V. RESULTS AND DISCUSSION 
A. Beam Populations 

1. Yields of Atoms and Molecules from the Breakup of H^ Ions 
in Mg Vapor 
The data plotted in Pigs. 12 and 13 show the variation with 

Mg vapor thickness of the experimental yields of reaction products 
due to 10 kev/nucleon D * ions (Fig. 12) and 20 kev/nucleon Bg + 

ions (Fig. 13) in collision with Mg vapor. Figure 13 also shows 
30 the results of Riviere. His measurements agree reasonably well 

with the present results. 

No H_~ or D„ ions were observed (see Appendix H). The data 
analysis of the yields allows us to assifert an upper bound of 
-21 2» 10 cm /atom to the cross section for double electron capture 

-7 + 
into Hg states with lifetimes longer than ~ 10 ' sec due to IL 

ions in collision with Mg vapor from 7-to 20-kev/nucleon. The 

H* yield at 20 kev/nucleon was observed to be less than 1$ for 
ir < 10 ? atoms/cm . (For the remainder of this section we will a ~ 
not refer to the isotopes of hydrogen. We remind the reader that 
for E < 20 kev/nucleon D_ + was always used as the incident pro
jectile. Also, when the results were compared at equal velocities, 
no observable differences occurred.) 

In going from 20 kev/nucleon (Fig. 13) to 10 kev/nucleon 
(Fig. 12), we note that the neutral yield of both H and H^ has 
increased significantly while the proton yield has decreased. 
At 10 kev/nucleon with w ~ 2 x 10 atoms/cm approximately 90$ 
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of the incident H. ions have been converted to neutrals, but 

only * 68% at 20 keV/nucleon. Also, at both energies the reaction 

H, + + Mg -•• H + H - e + ••• 

is the dominant inelastic process. 

In Fig. 14 we illustrate the variation with Mg vapor thick

ness and with H_ + particle energy of tV 7erimental H. yields 

due to H + ions in collision with Hg vap^r. The maximum H, 
15 2 yields occur around 10 atoms/cm for all energies psaBured and 

increase with decreasing energy. 

2. Yields of c II Molecules from the Breakup of H_ Ions 
3 The yields of c H molecules discussed in this section are 

expressed in two different ways: as a fraction of the H 2 beam 

(Fig. 15) and as a fraction of the incident H, beam (Fig. 16). 

The results shown in Fig. 15 illustrate the variation with 

Mg vapor thickness and with H particle energy of the measured 
.f. fraction of the H_ molecules, formed by electron capture by H_ 

3 
ions in Mg vapor, that are in the c H u state. We see from 

14 2 

Fig. 15 for TT <2 X 10 atoms/cm that the fraction measured is 

independent of target thickness, i.e., single collision condi

tions existed. This fraction is a slowly decreasing function 
5 9 •, "..••, • • . - + of energy, as predicted by Hiskes. As the thickness is increased 

the fraction decreases as a result of the larger attenuation cross 
3 1 + section for c H molecules than for X Z molecules, u g 

In Fig. 16 we show the variation with Mg vapor thickness 

• •'/ 
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and with Hp + particle energy of the fraction of the incident Hg + 

5 ions than can be converted to c H E- molecules. These curves 
are generated by multiplying the data of Pig. Ik with the data 

of Fig. 15- That is, defining 
3~ (TT ) = fraction of BL ions converted to c*TI H- mole

cules in a neutrallzer of thickness TT (Fig. 16; 

J(ir ) s fraction of H_ ions converted to H„ molecules in 
a neutralizer of thickness tr (Fig. ik-; n 
V ^ ^ ^ + ^ g * ^ ' 

f(ir ) = fraction of Hg molecules in the c5H state after 
passage of Hg ions through a neutralizer of thick-! 

ness irn [ng. 15; c \ V ^ ^ d V ^ V Hg)] , 
we have 

The hollow symbols in Fig* 16 were obtained by using an experi
mentally measured value from Fig. 1**- and a value taken from the 

i 

curves drawn through the data in Fig. 15' This was done since ' ••'; 

the data of the two measurements were in some cases taken at dlf- ' -
ferent values of ir . The curve at 10.7 kev/nueleon 1B the product 
of the curve at 10.0 kev/nucleoh of Fig. l4 and the curve at 
11.2 kev/nucleon of Fig. 15- It is clear that no significant S 
error is introduced by this procedure at this energy. 

The maximum values of the results of Figs. lk, 15, and 16 
(̂ "M, fM, ?"M) are presented In Table II. These maximum ivaiues k 



Table II. Maximum experimental fractions observed from a Mg vapor neutralizer and a Hg gas 
neutralizer. Maximum fraction of Hg molecules in ĉ U. state, t', maximum fraction of EU + 

ions converted to H_ molecules, jta maximum fraction of Hg ions converted to c II Hg 
molecules, 7" * 

!g + energy fM 

:eV/nucleon) Mg \ MS 
(±15*) 

A* 
Mg 

7-5 0.220 

10.0 0.210 

11.2 0.36 ±0.06 ~ 0 ( N 2 ) a 0.065 ± 0 . 0 1 ^ 

15*0 0.32 ±0.07 ~ 0 0.130 0.031 ±0.008 

20.0 Q „Q +0.06 
0 , 2 B -0.05 < o . 0 5 0.095 0.018 +O.0C& 

25.0 40.07 
0 , 2 7 -0 .05 < 0.07 0.063 

30.0 40.06 
0 , 2 5 -0 .05 < 0.05 0.0W 

35.0 2 V + 0 - . - 0 6 
0 , 2 3 -0.05 ~ 0 

Hg neutralizer at 12.5 kev/nucleon. 
Value obtained using data for f from Fig. 15 at 11.2 kev/nucleon and forj£ from Fig. 1^ at 
10.0 kev/nucleon. (See Sec. V, A, 2.) 

© 
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are plotted versus B_ + energy in Pig. 17. (We remind the reader 
that although f (TTQ) = ?-(irn) x f(ir ), ̂ " M ^ ? M

 x f
M
 s i n c e t h e 

maximum values do not necessarily occur at the same value of IT .) 
The errors assigned reflect our estimate of the absolute reli
ability of the data based on a 60f> confidence level of the random 
portion of the uncertainty. The assignment of these errors is 
discussed In Sec. IV, E and Appendix I. Also listed in Table II 
are our experimentally determined estimates of f M using a Hp or 

5 + 
N„ neutralizer. Mb c^n H~ molecules were observed due to H, 
breakup in Mg vapor. 

When the results were compared at equal Hg , D„ , and HD 
velocities, no differences, within experimental uncertainties, 
were observed. Since the nuclear symmetry associated with H- and 
Dp breaks down for the heteronuclear isotopic molecule ED, the 
equivalence of the results at equal velocities seems to indicate 
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 approximations for hetero-
nuclear molecules. 32 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 his calcula
tions up to 5056 of the electron capture can be into the c jrt 
state for H^ + Ions incident on alkali or alkaline-earth vapors. 

59 He also estimates, based on an assumed vibrational population 
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10 20 30 40 
H£ energy (keV/nucleon) 

XBL7I9-4347 

Fig. 17. Maximum experimental fractions from a Mg 
vapor target: maximum fraction of H^ mole coles in 
the c ÎIy state, fwi maximum fraction of H2 + ions con-
verted to Hg molecules, J^j^: maximum fraction of Hg 
ions converted to c 3 Jl u H 2 molecules, SP £ . Triangles, 
fM; c i r c l e s , j r M : diamond, flfM . (ForTE < 20 keV/ 
nucleon the incident projectile was r>2+. ) 
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distribution for the Bp + ions produced in the ion source, that 
half of the c II H- molecules formed are capable of pre-dissoci-
ation (see Appendix C). Comparison of these theoretical consider
ations with Fig- 17 (l-e., with f) shows that assuming pre-dis-
sociation of the c 5H molecules has occurred before detection in u 
the present experiment, Hiskes1 predictions are in excellent 
agreement at the upper end of the present energy range and are 
~ hOff> lower than the measurements at the lower end of the present 
energy range. 

B. Cross Sections 
1. Total Loss Cross Sections for X a + and ĉ JI B_ Molecules in 

g " U 1-' 

Collision with H^ Gas (a,, a*) . 
As discussed in Sec. IV, A, while analyzing the excited 

state population of the Hg beam by beam attenuation techniques 
in an Hp gas target (Method I), we also obtained the total loss 
cross section for -the excited state, a., and for the ground state 
a.. The rssuits for a. and a. 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 ~ 60ff> 

confidence level (see Appendix I). McClure' has measured the 
ground state total loss cross section at 5 kev/nulceon by a very 
different technique. His result is in excellent agreement with 
the present results (see Fig. 18). 

In the course of a measurement to determine the effect of 
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Table I H . Total collisional loss cross sections for 
2 .̂ g ^ 

(a t) and c*TI H- (a.) in H^ gas. The assigned absolute uncer
tainties indicated are based on an estimated 60$ confidence 
level (see Appendix l). (For E < 20 keV/nucleon the incident 
projectile was Dg +.) 

a t (±io#) * 

Energy 
(kev/nucleon) 

(10" cm /molecule) 
P a r t i c l e Faraday 
counting cup 

(Method I ) (Method I I ) 

1.70 

( 1 0 - 1 6 ca 
P a r t i c l e 
counting 

(Method I ) 

<\~ /molecule) 
Faraday 

cup 
Method I I ) 

1.0 

(10" cm /molecule) 
P a r t i c l e Faraday 
counting cup 

(Method I ) (Method I I ) 

1.70 

( 1 0 - 1 6 ca 
P a r t i c l e 
counting 

(Method I ) 

1.7 1.85 
3.0 2.10 
5.0 
7.5 
8.7 

2.50 
2.70 
2.80 

, -12.6 
1 3 0 -2 .5 

11.2 5.10 llt.O ±2.5 
12.2 5.25 »* £? 
15.0 5.55 5.20 »•> tl 11 7 **k 

1 1 , 7 -2 .3 

20.0 3.52 * > 3:1 
22.5 5.10 9.3 + 1 ' 6 

y o -1 .5 
22.5 (15.5 ±2-5) (350 ±90) a 

25.0 5.50 5.18 *>•* 2.1 
50.0 5-55 3.15 9.0 ±2.2 8 2 + 1 , 8 

35.0 5.50 « i + i * 8 

kz.o 5.50 5.15 T 6 + 1 ' 8 

7 * 6 -1 .6 

*CgHg target. 
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10 20 30 
H2 energy (keV/nucleon) 

XBL7I9-4349 

Fig . 18. Total l o s s cross sections for col l is ions of energetic 
X 4 S +H->. <Tt, and c3n u H2.ff t *. wit̂ « V-, c - s . Present results: 
triangleB, OjT; c i r c l e s , or t . Solid symbols , particle counting 
techniques (Method I); open symbols , Faraday cup technique 

(Method II). (For E < 20 keV/ nucleon the incident projecti le 
was D , + . ) The result of McClure (Ref. 72) at 5 keV/nucleon 
for a t is indicated by + ( H 2

+ 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 C/-H/" target were obtained. These results are also listed in 
Table III. We are not aware of any theoretical calculations to 
compared with the present-resuits. 

1 + 3 2. Cross Sections for Ionization of X £ and c n BL Molecules 
— — — g U— d 
in Collision with E^_Gas_£a H 2 + J_a^ +) 

One of the cross sections contributing to the total loss 

cross section, that for ionization (IL •* BU ) has also been 
determined for both the c H state, o"_ +, and n state, o_ +, 

u H 2 g 5g . 
In Hp gas. The results are presented in Tahle IV and in Fig. 19. 
For the ground state ionization cross section we see from Fig. 19 

72 that the experimental 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 GCffc confidence level 
(see Appendix I). 

3. H Yield Cross Sections Due to the Breakup of B^ Molecules 
In Hg Gas (gH> 
Defining the yield cross sections in terms of the various 

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

"H S ffHH+ + 2 < I2H 

V £ °HH+ + 2 f f2H+' 

In terms of these definitions the total loss cross section may 



-69-

Table IV. Collisional cross sections for the ionization of 
g 

Hg (a„ +) and crU Hg (a„ +) in Eg gas. Tne assigned absolute 
uncertainties indicated are based on an estimated 6056 confidence 
level (see Appendix I). (For E < 20 kev/micxeon the incident 
projectile was D„ .) 

\ a + (±10#) 
a2 

* 
aTT + "2 

(10" cm /molecule) do" cm /molecule) 
Energy 

(keV/nucleon) 
Particle counting 

(Method I) 
Particle counting 

(Method I) 
8.7 1.12 
11.2 .1.26 
12.2 1.37 6 2 + 1 , 2 

b* 2 -1.1 

15.0 lA8 6 2 + 1' 5 
b ' 2 -1.3 

20.0 1.70 c c +1.2 
6' 5 -1.5 

25.0 2.0 c 5 +0.9 
5 , 5 -1.5 

30.0 2.1 4.8 +1.2 

35.0 2.1 c , +1.1 
5 , 1 -1.2 

kz.o 2.0 
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£ •a u 
S. 
o 
J 
E o 

u a> v> 
to 
V) o 
w 
O 

H 2 energy (keV/nucleon) 
XBL7I9-4348 

1 + Fig. 19. Cross sections for the ionization of energetic X 2 
H,f a H +» and c IIu H 2 , ^jj +» i n collision with H 2 gas. 

-Present results: solid squares, a „ +; open squares, (T„+. 
2 + 2 

(For E < 20 keV/nucleon the incident projectile was D 2 . ) The 
results of McClure (Ref. 72) for a u + are indicated by solid 

+ 2 
circles (H, ion beam). 
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be written as 
a t = °Ha+ + i ( a H + v)-

72 Using the results of McClure1 for o + and the present measured 

values for a_ + and a., we can calculate a_, the cross section EJJ t E 
for the production of atomic hydrogen due to the breakup of 
Hp molecules in Hp gas. Figure 20 shows the variation of these 
yield cross sections with Hg particle energy. For comparison we 
also show the present measured cross sections for the c II state, 
a. and (L +. Representative errors are indicated. 
k. Electron Capture Cross Sections for Hr. Ions in Collision 

with Mg Vapor 
Solov'ev et al. have measured the total neutral yield 

cross section, the total proton yield cross section, and the 
electron capture cross section for BL ions in collision with 
Mg vapor. As a consequence of the present results (i.e., due 
to the determination that a large fraction of the Hp molecules 
are in the c II state) a new interpretation must he given to 
Solov'ev's results for the total electron capture cross section 

(ff . + a,Q), where o Q is the effective cross section for elec-
_1 + * tron capture into the x £ state and «._ is the effective cross 

section for electron capture into the c II 6tate. Upon examina
tion of the method used in Ref. 31> we conclude that Solov'ev's 
values for (or,. + or10) are at best upper bounds to the true value. 
For a discussion of this point we refer the reader to Appendix J. 

We have not performed a study of the yields of particles 
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— 
3 O 
0» . -15 
o 10 
E 
V. 

M E o 

u 
in 

v> 
w o 
o 10 

T 1—r-T TT T r I I I I I 

J 1 ' I I I 11 
100 

H 2 energy (keV/nucleon) 

XBL 719-4332 

F i g . 20. Coll is ion product yield cross sections for energetic 
X 1 S g

+ H 2 , ( f f H . 0 ^ +, at) and c^I u H 2 , (<r£ +, a*) in H 2 gas . 
Present experimental results: o* +» a.*, a t , ff„ +. OVJ i s a 
calculated cross section (see text). Representative errors are 
indicated. 
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from the breakup of Hg + ions in Mg vapor for thin target condi
tions. Therefore we do not present any measured cross sections 
for Hp ions in collision with MB vapor. However, it is easy to 
demonstrate that the fraction of the EL molecules emerging from 

3 
the MS oven that are in the c H state, f, for single collision 
conditions is given by the ratio o1Q/(o,- + ain)' Using Solov'ev's 

•if 
values for (er,0 + a. 0) and the present results for f, we are able 
to calculate upper bounds for the cross section a.Q. (We remind 

the reader that this cross section is for electron capture into 
the c^I levels that have lifetimes greater than ~ 10~' 
sec). Figure 21 shows the variation with H- energy of upper 

bounds to the cross sections a, 0 and (a,Q + f 1 0 ) * Utoe reliability 
of the values given in Ref. 31 is not known since uncertainties 
were not assigned to the data. 
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100 
H* energy (keV/nucleon) 

XBL7I9-4330 

Fig. 21. Upper bounds for effective cross sections for electron 
capture by energetic H, into all states of H2» i?in + Ô n )» 
and into the cTl state of H , . <r 1 0 ,in collision with Mg vapor. 

^lO + c 10 
* _ 

), the results of Ref. 31; or... , calculated from 
a 10 = < a 10 + a10 ' X f ( s e e t e x t ) * 
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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. 
We will also calculate H atom beam trapping efficiencies and com
pare the two results in order to decide if a H_ beam could be 
effectively used to overcome H atom beam asymmetric plasma 
trapping at intermediate densities, as firBt suggested by Hiskes 
(see Sec. I). No instabilities or plasma time dependent processes 

are considered in the present calculations. 
73 Berkner and Riviere have developed a computer code for H 

atom trapping. The code includes the collisional processes of 
ionization, de-excitation, and excitation in- the plaBma 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 H, 
trapping, we assume the H. molecule looks like an H atom (i.e., 

3 
the c II 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 calculate H. trapping. We include 
the process of c II H_ cascading and treat the highly excited 
States as hydrogen-like. 

The trapping in the H. case results mainly in H, rather 
than in H ions. The H_ ion will subsequently dissociate and 
ionise 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: She 
neutral 'beam is formed in a gas or metal vapor target after vhich 
it 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 
hy solving the set of coupled-differential equations which de
scribee 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 hy charge exchange 
of H ) has an excited state population distribution which is 

Ik governed by the relation 
a 

H «= -w for n > 1 
n n 5 

where N s the fraction of the beam in th nth level, n — 
n s the principal quantum number, and 
a a a constant, characteristic of the target used. 

For the present calculation we have used a = 1.0, which roughly 
corresponds to charge exchange of 15 keV H ions in a thin CM vapor 

75 target. To adjust the result for other targets, all that is 
required is to multiply by the appropriate "a" value. (For a 
thin HE vapor target a ~ 2 for charge exchange of 15 keV H +. ) 

(2) The Injected Eg beam is produced from charge exchange 
of Hg + 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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* 3 c II state. The population of the c^H state Is based on the u u 
present results. 

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

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

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

(6) The excitation cross sections are taken from MeCoyd and 
76 Milford' and the ionization cross sections are taken from 

Omidvar. 7 7 

(7) The cross sections used for all collisional processes 
(both H + and e~ impact) are electron cross sections except for 

4- 78 

ground state ionization by H . For electron collisions the 
cross sections are evaluated at the electron velocity correspond
ing to the electron temperature. For proton collisions the cross 
sections are evaluated at the velocity of the incoming neutrals. 

From the calculations 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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energies of 5.0, 11.5, 15.0, 20.0, and 50.0 keV/nucleon. In the 
case of 5«0 kev/nucleon the value used for the fraction of the 
E_ molecules in the cTI state (hyf>) is obtained by extrapolating 
the measured values to 5 kev/nucleon (see Fig. 17). 

For each injection energy ve have calculated the trapping 
fractions for E atoms and E~ molecular beams for plasma densities 
from 10 to 10 cm 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: (l) cascade ionization, 
(2) direct ionization, and (3) total fraction of the beam that 
is trapped by collisions with the plasma, i.e., (l) + (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 IL beams is relatively 

insensitive to changes in the electron temperature from 1.0 to 
1000 eV> The H beam trapping changes by less than a factor of 
three over this electron energy range while the Hp 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 eV. 

2. Total Trapping Fraction vs Plasma Density 
Figure 22 shows the results of the present calculations for 

the cascade and total trapping fractions of E atom and E- molecular 
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Table DC. CoUiaiooal trapping fractiona for 30.0 keV/nucleon H and H, beam*. The c'n fraction of the H, 
beama ia 23%(aee Fig. 17). The negative integera next to the numbera indicate the power of ten 
by which the number* ahould be multiplied. 

Deneity 
(cm" 3 ) 

t 

Electron 
energy 1 
( a V ) * 

SO 2 0 0 1000 

Deneity 
(cm" 3 ) 

t 
Deneity 
(cm" 3 ) 

t 
H " 2 H H 2 H H 2 H H 2 

Caacade 

Deneity 
(cm" 3 ) 

t S.5 - 5 1.3 - 2 4 3.28 - 6 4 . 6 - 2 5 2.75 - 6 2 .0 - 2 5 2.38 - 6 9 .4 - 2 6 

Direct 1 0 8 3 . 5 - 7 4 . 4 - 7 4.35 - 7 8 . 3 - 7 4.24 - 7 7.1 - 7 3 .2 - 7 5 .7 - 7 

Total 5.85 - 6 0.44 - 6 3.71 - 6 0.83 - 6 3.17 - 6 0.71 - 6 2 70 - 6 0.57 - 6 

5.4 - 5 1.3 - 1 9 3.23 - 5 4 .8 - 2 0 2.72 - 5 2 .0 - 2 0 2.35 - 5 9 .6 - 2 1 

1 0 9 3 .5 - 6 4 . 4 - 6 4.34 - 6 8 .3 - 6 4.23 - 6 7.1 - 6 3.2 - 6 5.7 - 6 

3.75 - 5 0.44 - 5 3.66 - 5 0.83 - 5 3.14 - 5 0.71 - 5 2.67 - 5 0.57 - 5 

4 .3 - 4 1.8 - 1 4 2.81 - 4 6.2 - 1 5 2.42 - 4 2 . 5 - 1 5 2.12 - 4 1.2 - 1 5 

1 0 1 0 3 . 3 - 5 4 . 4 - 5 4.27 - 5 8 .3 - 5 4.17 - 5 7.1 - 5 3.17 - 5 5.7 - 5 

3.63 - 4 0.44 - 4 3.23 - 4 0.83 - 4 2.83 - 4 0.71 - 4 2.43 - 4 0.57 - 4 

1.64 - 3 3 . 3 - 9 1.32 - 3 1.3 , - 9 1.21 - 3 5 .6 - 1 0 1.12 - 3 2 . 5 - 1 0 

1 0 " 2.52 - 4 4 . 4 - 4 3.92 - 4 8 .3 - 4 3.81 - 4 7.1 - 4 2 .9 - 4 5.7 - 4 

* 

1.89 - 3 . 4 4 - 3 1.71 - 3 0.83 - 3 1.59 - 3 0.710 - 3 1.41 - 3 0.57 - 3 

* 2.57 - 3 5 .2 - 5 2 .5 - 3 5 .5 - 5 2.42 - 3 2.92 - 5 2.37 - 3 1.6 - 5 

1 0 1 2 1.65 - 3 4 . 5 - 3 3 . 4 - 3 8 . 3 - 3 3.24 - 3 7.18 - 3 2 . 4 - 3 5.76 - 3 

0.422 - 2 0.455 - 2 0.59 - 2 0.835 - 2 0.566 - 2 0.721 - 2 0.477 -2 0.577 - 2 

2.96 • 3 1.10 - 2 3 . 5 - 3 1.98 - 2 3.19 ^3 1.42 - 2 3 .0 - 3 1.07 - 2 

1 0 » 1.45 • 2 4.72 - z 3.25 -2 8.22 •- 2 3.OS —2 7.45 - 2 2.25 - 2 6.02 - 2 

. 
0.174 - 1 .582 :- I 0.360 - 1 0.841 - 1 0.346 - 1 0.887 - 1 0.255 - 1 0.707 - 1 

•» 1.60 - 2 1.02 - 1 4.11 - 2 1.46 - 1 3.25 - 2 1.26 - 1 2.59 - 2 1.16 - 1 

« " 1.43 - 1 2.63 - 1 3.02 - 1 4.00 - 1 2.88 - 1 4 . 0 - 1 2.19 - 1 3.43 - 1 

1.59 - 1 3.65 - i 3.43 -1 5.46 - 1 3.20 - 1 5.26 - 1 2.44 - 1 4.59 - 1 
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Plasma density (cm*3) 
XBL7I9-4355 

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 electron tem
perature is 200 eV. The fraction of the H 2 beam in the 
c 3 n state is 36%. Solid curves, total trapping; dashed 
curves, inverted cascade trapping. Triangles, H beam; 
circles, H- beam* 
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beams with changes in plasma density. 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 Fj.g. 22 is 11.5 keV/nucleon, the electron 
temperature is 200 eV, and the c II fraction in the H_ beam is 
36%. He note the following points from Fig. 22: 

(a) At low densities H atom trapping is roughly 6 times 
11 -3 greater than H_ trapping. At about 2 X 10 cm , H_ trapping 

becomes larger than H trapping and the cascade contribution to 
ionization of the H beam has reached a plateau. (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 almost all of the trapping 
occurs via an inverted cascade for low densities. 

(c) At high densities the cascade ionization of the c n 
state contributes about 25% to the total trapping of the H, beam. 
3. Trapping vs Distance into the Plasma 

7ig. 23 illustrates the total collisional trapping for H 
and B, versus distance into the plasma and as a function of plasma 
density. 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 to 10 cm - and for an injection energy of 
11.5 keV/nucleon and electron temperature of 200 eV. In this 
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2 4 6 8 K> 
Distance into plasma (cm) 

XBL7I9-43SO 

Fig. 23. The trapped fraction of the total injected beam versus 
distance into the plasma. Open symbols (solid lines), H, beam; 

10 -3 solid symbols (dashed lines), H beam. Diamonds, 10 cm ; 
circles, 10 cm" ; triangles, 10 cm' ; squares, 10 cm . 
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JZ% distance into plasma (cm) 
XEL7I9-435I 

Fig. 24. The fraction of the total trapped beam that is trapped in 
a distance I into the plasma versus distance i into the plasma. 
Solid symbols (solid lines), H beam; open symbols (dashed 
lines), H 2 beam, (a), plasma density of 1 0 1 0 cm" 3; (b), lO^cm"3; 
(c), 1 0 1 2 c m ' 3 ; (d), 1 0 1 3 c m " 3 . 
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normalised presentation, a 45-dag line indicates uniform trapping 
over the plasma length. From Fig. 24 we aee this is the case 
for H_ injection at all denaities. For H injection there is sig
nificant deviation from uniform trapping at densities of 10 

12 -3 and 10 cm . This is due to the cascade depleting the excited 
states of the b e — within the firat few centimeters into the plasma. 

13 -3 
At high densities, i.e., 10 cm , the cascade is relatively un
important compared with direct ionization and the H trapping is again 
uniform. 

From these results we conclude that the total trapping is 
roughly equal for H and H_ beams in the density range where the 
H trapping is asymmetric; the H. trapping is greater above this 
density range, and the H, trapping is always uniform. Hence, 

H 2(cn ) beams are mora desirable for neutral injection at densi-
11 -3 ties greater than about 10 cm for injection energies from 

5.0 keV/nucleon 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 nave considered the case of pure 
B and B, beams with the B. beam consisting of only two states. 
More realistically, the H_ beam will contain significant amounts 
of atomic hydrogen, as demonstrated in the present yield measure
ments (see Figs. 12 and 13). This H atom component will increase 
the total trapping of the H, beam. The effect the H atom com
ponent has on the uniformity of the trapping depends on the 
excited state population distribution of these atoms. Solov'ev 

•ured "a" values (see p. 76) for excited H atoms from the 
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dissociation of Hp + ions in Mg vapor. His results for "a" values 
from Bg + are a factor of about 10 lower than "a" values from H + 

at equal velocities. Therefore, the excited H atoms from IL, 
dissociation should not cause asymmetric trapping for densities 
greater than 10 cm* . 

Furthermore, there exists in the IL team a fraction of 
75 highly excited molecules (Bydterg states). Solov'ev' has shown 

in this case that "a" values for IL excited molecules are a 
factor of 10 lower than "a" values for excited H atoms from H 

and we therefore conclude that the contribution from highly ex-
50 cited molecules will be inconsequential. (Rivere has also 

found lower "a" values for IL 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 Hp + teams can be economically pro
duced and converted to EL molecules to warrant their use as a 
more efficient trapping mechanism at intermediate densities. 
Since the conversion of BL* ions to IL and BL^c^H ) molecules 
is a rapidly decreasing function of energy (as has teen shown in 
the present vork,see Fig. 17), we conjecture that the above 
described trapping process will most likely be desirable only at 
low energies (i.e., less than ~ 20 kev/nucleon). 
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VXI. SUMMMff AND CONCLUSIONS 
The cross sections for the total loss and the ionization 

of x h ^ + BL [l < K (i ev/nucleon) < te] and c 5 ^ Hg molecules 

f5 < E (keV/nucleon) < 42 J in collisions vith H_ gas have been 
measured. The result of McClure at 5 keV/nucleon for the total 

loss cross section OJ the A Z + state is in excellent agreement 
with tbe present measurements. The data of McClure for the 
ionization cross section of the H state is also in excellent 

g 
agreement. We have not found any data on collisional cross sec-

3 tions for the c l state to compare with present results. 
Tbe four cross sections measured in the present work (c„ +, 

«W+* <*+' "t^ *** B l c w l y varying o v e r the energy range of the 
surements. The excited state cross sections range from two to 

five times larger the a tbe ground state cross sections. The con
tribution of the ioni nation cross section to the total loss cross 
section, both for the ground and excited states, increases from 
~ 300 to ~ QC$ as the energy increases over the present range. 

Tbe data agreed, within experimental uncertainties, using 
H + , J>* and H D + ions of equal velocity. This suggests that for 

3 
the e n molecular state strong coupling between the nuclear 
rotation and tbe electronic motion does not exist. 

Ve have measured the c II BL yields due to the breakup of 
Hg + Ions In Mg vapor. We find that S.% of the incident H_ + 

beam can be converted to c3JI JL molecules at 11.2 kev/nucleon 
ill , g using an optimized ng vapor target thickness ~ 7 x 10~ atoms/cm . 

This yield is a steeply decreasing function of energy (decreasing 



-91-

to 1.85t at 20 kev/nucleon) due to the rapid decrease in the total 
production of Hp molecules rather than to a significant change 
in the fraction of the Hp molecules in the c n state. This 
quantity (the fraction of the H_ molecules in the c H state) 
varies slowly over the present energy range from $&f> at 11.2 

kev/nucleon to 23$ at 35.0 kev/nucleon for Mg vapor thicknesses 
1 ^ / 2 less than ~ 1 x 10 atoms/cm . We have found no significant 

c II yields using Hp or K p targets. The measurements show insig
nificant yields for Mg vapor target thicknesses greater than 

16 2 
~ 1 x 10 atoms/cm . These results are consistant with esti
mates by Hiskes. 

As shown in the present work, measurements using Ep 1)68108 
that have "been prepared from Hp collisions in Mg vapor are sensi
tive to the vapor pressure, i.e., the c'H fraction in the team. 
Correspondingly, measurements must be described in terms of a 
two-state beam. This has been demonstrated in a need to reinter
pret the previous measurements of Solov'ev et al. 

We expect that Hp beams, prepared by passage of Hp ions 
through other low ionization potential vapors, such as Li, Cs, 

3 Ha, and K, would contain large fractions of c n Hp molecules. 
The presence of c'H Hp molecules from the dissociation of 

H, ions in Mg vapor has not been observed. Also, no Hp" ions 
were observed from the passage of Hp ions through Mg vapor. 

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

cm /atom on the cross section for double electron capture into 
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-7 H states with lifetimes longer than ~ 10 sec by 7- to 20-
kc T/nucltson Hp + ions in collision with Mg vapor. 

Using the excited state population results of the present 
experiment, ve have calculated trapping efficiencies for IL 
molecular beams injected into a typical controlled fusion device. 
We hove alec calculated H atom trapping. From these calculations 
asyntitric plasma trapping at intermediate densities in a typical 
H atcr beam neutral injection experiment is analytically demon
strated. Also, for equally intense neutral beams (i.e,,, pro-
Jectilen/sec),, the total trapping of the molecular beam (contain
ing cTT Hg molecules) is shown to be from two to five times 
larger thin the? total trapping of a H atom beam for plasma densi
ties great sr than 10 cm , with no significant asymmetric 
trapping occurring. The total trapping for both H and BU beams 
is shown to be insensitive to changes in the electron temperature 
of the plasuE from 1.0 to 1000 eV. From these calculations we 
conclude that an EL beam, containing c H excited molecules, is 

desirable for lautral injection into present day fusion devices 
11 -3 at plasma densities greater than «• 10 cm ^ and for injection 

energies less than ~ SO kev/nucleon. 
In conclusion, we mention a few topics for future experimental 

investigation: 
(l) The present work demonstrates the need for a detailed 

investigation of this changes in the collisional properties of 
energetic beams due to changes in source conditions. A study of 
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the changes in the vibrational population distribution with source 
conditions would he of interest in attempting to interpret data. 

(2) The determination of the predissociation lifetime of 
the c 17 Bp state is of interest in order to understand experi
mental measurements involving this state. 

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

CO Since such meager information exists on the E_ negative 
ion, we suggest a study of H* yields at low energies (E < 5 
kev/nucleon) from Bg + breakup in Mg vapor. Prom measurements of 

this type cross sections for the formation of Eg" ions with life-
-7 times less than- "• 10 sec could be obtained. 

(5) There are a number of cross sections needed in order 
to perforin collision calculations in a plasma. Those for which 

little information is available are: (a) cross section for the 
ionization of excited E by proton impact at energies less than 
~ 100 keV, and (b) cross sections for dissociation of Eg and Eg 
into excited states of E by E and e~ impact-
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APPBKDICES 
A. Motivation for Using the Attenuation Bather Than the 
Blectrlc-Qap or Optical technique In the Present Experiment 

Since the binding energy of the ground state of H- 4 and the 
c It state of BU Is ~ 2.7 eV, we may apply the calculations of 

79 Hlskes for electric field ionization of the ground state of the 
Hg + ion in order to get a feeling for the feasibility of using 
the electric-gap technique for the c II state of E-. We conclude 

D 

that it would require on the order of 10 v/cm to ionize all 
vibrational levels of the c II state in 10" sec. Bxperlr&ata 
in this laboratory, using the electric-gap field ionization tech-
nique, y employing regular application of J x 10 V/cm, have 
yielded enough experience to conclude ttet electric fields greater 
than 3 x 10 v/ca 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 absolute optical efficiency of tbe 
photon detector and it* associated electronics. Systematic 
errors associated with calibration procedures usually range from 
±20 to ±500. Also, calculations by Frels and Hlskes 5 5 have shown 
that to reduce the radiative lifetime of the first four vibrational 

3 -6 
levels of c n u state to less than 10 sec by the application of 
a static electric field (tbe optical approach used in metastable 
B(2B) experiments) would require an electric field of 10 v/cm. 
Even with tbe application of such an experimentally difficult 
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field, s significant correction for insufficient quenching would 
have to he made, based on an assumed vibrational population dis
tribution. Optical techniques could perhaps be used if one 
employed a resonant cavity and applied an electric field of 
enough intensity and of the proper frequency to Induce transitions 
of the cTI state to its neighboring aPt * state which radlatively 
decays to the bZ, + state in ~ 10" sec. 

32 But, based on predictions by Makes that charge-transfer 
collisions of H- ions with alkali or alkaline-earth targets are 
expected to lead to relatively large populations (up to 50$) of 
the cTI state, the beam-attenuation method was chosen, since, 
if large fractional yields 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 
main objective of this discussion is 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 work deals with the n « 2 equivalent state of H_ (no 
direct calculations on the collision properties of this state 
exist). 

Tor a detailed and comprehensive study of this topic, the 



-97-

reader is referred to one of the standard general references. 
Since the collision problem cannot be solved exactly, a 

number of approximations exist. The most often used approxima
tions for obtaining intonation about excited state Inelastic 
collisions are (l) classical and semi-classical Impulse approxi
mation and (2) Born approximation. 

Classical and semi-classical methods have received consider-
_ gX Oh, 

able attention since i960 due to the work of Gryzinskl. ' 
Recently, Bates and Kingston have assessed the worth of classi
cal calculations by comparing calculated and measured cross 
sections. We refer the reader to Bef. 85 for a list of references 
on this topic. As noted in Ref. 8?, 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. Xhe 
difference between the methods lies in the manner of describing 
the active electron's part in the collision, I.e., by classical 
or quantum mechanics. 

<Sbe Born approximation is a completely quantum mechanical 
approach which requires the interaction between the incident 
particle and the target to be small so that the incident particle 
can be described as a plane • ave which is only sllgbtly diffracted 
by the target. Hhis formalism has been used extensively to obtain 
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 Qppen-
belner-BrinkDan-Kramers approximation (OBK), the distorted vave 
approximation, and the quantal and classical coupled-state 
approximations. Again, ve refer tbe reader to tbe literature 
for a discussion of these methods. 

Below in Table X we list some of the recent theoretical 
calculations on H sad Be in tbe n » 2 level in collisions with 
heavy particles. We bave been able to find calculations for tbe 
formation and loss of B(Ss,2p), but only for the loss of He(2 s ) . 
Although there exists work on symmetrical resonance exchange of 
He(S^S), ve are not aware of any calculations on electron capture 
Into the He(2 S) state by He + ions 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 Electronic Transitions 

Independent of external Influence, electronic transitions In 
molecules can be classified into two general categories: spon
taneous radiative transitions and transitions induced by tbe 

coupling of different momenta. Tbe c l H« molecule should 
alt follow Eund's b coupling^ quite closely. Hand's coupling cases 

differ according to the strength of tbe interaction between dif
ferent momenta of tbe molecule. Tbe important features of case 
b are a strong coupling of tbe electronic orbital angular momentum 



Table X. Recent theoretical calculations on electron loee and electron capture in collisions 
involving H and He la the n - 2 level 

particle Approximation 

Bom 

Born 

Born 

He 

H 

H 

Classical 

Classical 

OBK 

Sapact 

Coupled-state 

Energy 
(kev) 

Electron toss 
1-1000 

20-150 

10-30 

1-500 

10-1000 

Reaction 

, H + + H(ls) + e 
H(2e,2p) + H(ls) •* < H+ + W n ) + e 

H* + H* + 2e 

Be(2s) + 

Electron Capture 
I ground I 

S-l^ H + + { state > -• H(2s) + 
| atoao j 

1-1000 H + + He(la2) - H(2s) + ••• 

5-100 H + + H(ls) •+ H(2s,£p) + H + 

Reference 

Oaldvar 
and Kyle 
(Bef. S6) 

Lodge 
(Bef. 87) 

Bell and 
Kingston 
(Bef. 88) 

Bates and Walker 
(Bef. 89) 

Bates et al. 
(Bef. 90) 

Hlskes 
(Bef. 91) 

Sin lai lam 
(Bef. 92) 
Wilets and 
Qallaher (Bef. 
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to tbe internuclear axis and tbe lack of strong interaction 
between tbe electronic spin angular momentum and tbe electronic 
orbital angular aaaentum. Figure 25 sbows tbe coupling of tbe 
•omenta of a diatonic molecule In case b. The notation Is as 
follows: 

A tbe electronic orbital angular momentum in the 
direction of tbe internuclear axis 

0 tbe rotational angular momentum 
8 electron spin 
1 nuclear spin 
R total orbital angular momentum 
J total angular momentum exclusive of nuclear spin 
T total angular momentum of molecule. 

1. Spontaneousv Radiative Transitions 
From tbe quantum theory of radiation, we know that tbe prob

ability per unit time for a particle to undergo a spontaneous 
transition froa state n to state m is proportional to the matrix 
element: 9 5 

**.-J*nZ* ^ • m d T 

# 
where * i s the complex conjugate of tbe wave function 

of state n, 

* is the wave function of state m. 
k* is tfes propagation vector of tbe emitted photon, 
r, is the position of tbe ith electron, 
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X B L 7 I 9 - 4 3 2 8 

Fig. 25. Angular momenta in caae 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 is the polarization direction of the 4th electron, 
T is the configuration space variable. 

Assuming for a moment that the important electron distance from 
the nucleus is that of the excited electron, we may write 

r * ^** A 
R n » - J + n e S+m d T-

Expanding the exponential, we have 

The first term Is the electric dipole contribution, the second 
tens is the sum of the magnetic dipole and the elsctric quadru-
pole contributions, and the higher order terms are somewhat 

ins 
-5 

95 analogous to higher order multipole radiation. Calculations 
show that magnetic dipole transition probabilities are only 10 

-8 and quadrupole transition probabilities only 10" of dipole trans-
96 ition probabilities. Therefore the higher-moment terms only 

take on importance if 

/ *n*S*mdT-°-
In the case of the c"TI state of H„ it can be shown (see selection 
rules below) that this integral vanishes except for the transition 
3 3 + c H u - a Z (see Pig. 2). Due to the proximity of these two 
states, which causes a destructive interference of f , and 

c 5H u 
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f , , the value of the Integral is small and the corresponding 
a 32 + 

g 
transition probability is much smaller than usual electric Jipole 

35 transition probabilities. 
Listed below are the electric dipole, magnetic dipole, and 

electric quadrupole selection rules for diatomic homonucleir 

molecules. 
Electric dipole Magnetic dipole Electric quadrupole 

AT = 0, ±1 AT = 0, ±1, ±2 

(o 4* o) (o 4* o, o 4* I, | *-h |) 
- *•/•* + - +J~* + 

g */* u g *4"* u 
AS = o AS = o 
M = 0, ±1 Ai = 0, ±1, ±2 
AI = 0 AT = 0 

where +, - refer to the parity of the total eigenfunction of 
the molecule with respect to reflection through 
the origin, 

s, a refer to the symmetry based on the exchange of nuclei, 
g, u refer to the parity of the electronic wave function 

upon reflection through the origin. 

2. Transition Induced by Momenta Coupling—Eredissociation 
hi Chiu has shown that radlationless perturbations between the 

3 3 + c^Itu and b S u states of Hg are the major mechanism for the decay 
of the metastable c H state, i.e., allowed predissoclation 

1) AT = 0, ±1 
( 0 - ^ * 0 ) 

2) - — > + 

3) s • / • » a 

*) g — u 

5) AS = 0 

6) A\ = 0, ±1 

7) AT = 0 



-104-

induced by the interaction of rotational and electronic momenta. 
49 Indeed, HerKbesrg has experimentally verified that predissocia-

tion takes place in the case of the c II state. Predissociation 
r u 

is the process whereby a bound 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 spatially 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 interaction 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 effect oca state has on another, i.e., the amount of inter

action between two states, is dependent on the amount of over

lapping of the eigenfuncticn of ti t states. 

Fig. 26 shows in datail the relevant portion of Fig. 2. 
3 + The b £ curve is based on the theoretical calculations of Kolcs u 

97 3 and Molniewice* The c I. *tste is based on calculations of 
u 

49 3 
fterstwrg. The eigenftnctions of the e H state overlap those of 

3 + the b £ state *uch that the interaction integral 

/ 
JTE: * c%„ u u 
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MO 

XBL7I9-4329 

Fig. 26. The potential nuclear separation curves of the c II 
3 + 3 + 

and b 25 states of H2- The b 2^ curve is based on the 
theoretical calculations1 of Kolos and WolniewicJs (Ref. 97). 

3 J ; •';•: ••• i f •••• The c n curve is a Morse function with the correct dissociation 
u • i : • - ' 

energy and equilibrium internuclear distance. 'The first two 
vibrational levels of mm c Instate are irdicatejd by dot-dash 
lines; toe corresponding vibrational wave functions, shown by 
dotted lines, are approximated by harmonic oscillator functions 
(from Kef. *9). 
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(vhere M s the predissociation operator) is nonvanishing. 
For reference, the selection rulse for allowed predissocia-

tion for Hund's case b coupling are listed below. 
1) AT = 0 
2) - */*+ 
3) s «•/* a 

5) £B = 0 
6) £*. - 0, ±1. 

Examination of these selection rules shows that the c'jl state 
3 + is capable of predissociation to the b Z state. 

D. The Population of the Excited States of En 

in the Present Experiment 
The time of flight of the 1L molecules in the present experi

ment ranged from 0.286 to 0.527 x 10~ 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 
n > 8, t; s F V + state, and the eft state, has taken place. 
First, we consider the population 6f the rX* state is the 
present experiment. The population distribution of the vibra
tional levels of the a, + Ion Is determined by the vibrational 
distribution of the Eg gas and by the energy of the electrons In 
the source area. Since the energy spacing of the first vibra
tional level of Hg is ~ O.'t eV, essentially all of the EU gas 
molecules were in the lowest vibrational level. Based on the 
Franck-Condon principle (i.e., the time required for an electronic 



-107-

transition is SOBL.11 compared with the nuclear motion so tbat the 
initial and final states have almost the same internuclear separa
tion), the H_ + 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 EL In the F T L state is only possible for 
the very highest vibrational levels of EL,+ (see Fig. 2). We 
therefore exclude the possibility of a significant population 
of the EL beam being In tbe n _ + state. 

We now direct our remarks to the hydrogen-like Rydberg states 
98 with n > 8. From measurements by Klngdon et al. and Solov'ev 

et al. we conclude that less than 2$ of the EL formed by elec
tron capture by EL in Mg at ^0 keV is In hydrogen-like states 
with n > 8. We observed excited state fractions of 28£ at this 
energy. We therefore attribute the experimental observations 
to the presence of the ĉ IJ. excited state and the JTZ + ground 
state only. 

Unfortunately, them exists, as discussed in Sec. II, B, 
the nonradlative loss mechanism of predissoclatlon in the case 
of the cTI state. Hlskes has estimated, based on typical 
source conditions, the population of the c it levels that are 
susceptible to predissoclation after change exchange of keV EL + 

ions in Mg vapor. He has concluded that approximately half the 
e T ^ atese population will be in allowable predissoclation levels. 
Therefore, baaed on the bounds we are able to assign the prediB-
•oclation lifetime (see Sec. II, B), we Infer that predissoclation 

http://sobl.11
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vill have taken place in approximately half of the c5II molecules 
before detection. 

E. The Hg Excited state Production Medium 
go 

According to the M&ssey hypothesis' the maximum cross sec
tion for charge exchange is large when the energy defect is small. 
(Tbe energy defect is the difference between the internal energy 
of the initial and final states of the collision particles.) In 
tbe case of the charge-exchange process of interest in the present 
experiment, i.e., 

Hg + * X - Hg + •••, 
the energy defect for electron capture Into n = 2 stable states 
of H_ is about h eV for a Hg vapor target and about 12 eV for a 
H- or Vn gas target. Therefore,, at low energies where the Eaeaey 
criterion is valid, we exj«ct Mg vapor to be a more effective 
charge-exchange medium for capture int excited states than JL 
or 1U gas. 

The desirability of metal vapors as charge-exchange madia 
for the formation of excited atoms bas been experimentally verified 

27 100 
for hydrogen by Futch and Damn (lithium vapor) and II'in et al. l6 29 (magnesium vapor), among others, ' * and for helium by Donnelly 
and Thoeming (cesium vapor). 

A theoretical survey of electron capture into excited states 
of atomic hydrogen by ground state elements has been performed by 

gi Hiskes. Figure 27 demonstrates the significant differences 
between Mg vapor and Be gas for use as a medium for producing 
excited states of atomic hydrogen. Using these results, Hiskes 



-109-

I0l 

10* 

£ 

z 
o 

10 i-3 

b 1 1 1 1 1 1 I 1 1 1 1 1 1 : 

1 I Mg -
1 A Nc 
\ f \ PMC* INTERACTION 

h\\v\ 
• \ \ \ \ 

• 
_ 

i 
i 

i 
i_

ii
ii

_
 

f %N 
1 0 - ^ ^ ^ ^ V 

i i i i i i i > i 

*»30l<eV I 

*M0 

• 

1 1 1 l.„ 

*L 

1 2 2 4 5 6 7 8 9 10 11 12 13 )4 15 
PRINCIPAL QUANTUM NUMBER, n ««• 

XBL 719-1405 

Fig. 27. Population ratio, R(n), versus principal quantum number 
O /L > 

for protons incident upon the 2s 2p 3s configuration of Mg for 
proton energies of 5, 10, 30, and 100 keV. Dashed curves: ratios 

2 6 for 10 and 100 keV protons incident upon 2s 2p Ne (from Ref. 91). 
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has estimated up to 50jt electron capture into the c n state of 
L by passage of Bg + through Ms vapor. 

Based on the above considerations, Ms vapor was used to 
attempt to enhance the c II excited ttate population of BU beans. 
In order to conpare the metal vapor results vlth common gases we 
also used Hg and U„ targets. The results of the present experi
ment (see Sec. V) shov conclusively the desirability of using 
Ms vapor rather than BL or 1^ gas as a medium for producing 
c II Ho molecules. 

P. A Discussion of the Effects of Collisions! Excitation 
and De-Kxcltation on the Present Measurements 

The analysis of the H- attenuation data discussed in Sec. 
IV, A is based on the assumption that the processes of collisions! 

excitation and de-excitation of the c'n and states in 
u g 

collision with Hp gas are negligible. If ve assume that then 
processes occur in the case of c"TI BU with cross sections similar 

20 3 
to those of atomic hydrogen, our results for the c II fraction 
in the beam could be as much as a factor of two too small. But 
as ve will see below this assumption is not true. 

We have found no information available for these processes 
for H_; however, collisional quenching has been looked at for 
H(2s) and He(2 S) in collision with gaseous targets. Ve will 
describe these investigations and use the results to argue that 
quenching for H- is negligible. In t-his appendix ve will also 
describe a measurement performed to note changes in the results 
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due to possible colllslonal excitation or de-excitation. 
7 Gilbody et al.' have considered this subject in relation to 

measurements on aetastable helium beans. 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 vide variety of gases 
vith no observable change in the metastable excited state popula
tion. He concludes that over his energy range (7*5 to 87.5 
keV/nucleoa) collisional de-excitation of He(2 S) is not important. 

20 Also, Oilbody et al. have neasured the cross section for the 
following two quenching reactions of H(2e) from 10 to 30 keV: 

(1) H(2s) + Z -• H + + xfs(n,J)j + e, 
(2) H(2s) + X -• H(ls) + x[s(n,i)l . 

Th*y find that in this case the de-excitation process (2) is of 
the same order or larger than the ionization process (l) in a 
variety of gases. 

The reason for the difference in the importance of collisional 
de-excitatlon in He and H is easily explained. The conservation 
of spin in nonexchange collisions is a well-established fact. 
Therefore the only allowable mechanism for a triplet excited-
state projectile to convert to a singlet 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 an externally applied electric field in 
the target to sweep fast charged particles aside immediately upon 
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formation. Row, since there exists in the He(2 s) case no lower 
state of the same multiplicity, collision I de-excitation pro
cesses in general mast be very small in all but the most violent 
collisions. But, in the case of atomic hydrogen all states have 
a spin multiplet of 2 and only one spectrum exists. Furthermore, 

-6 e-ince the 2p state lies only 4 x 10" eV below the 2s state (the 
Iamb shift), colllsional mixing of these states with subsequent 
decay to tbe Is state is expected to be large. 

(Mention should be made here of the special case of resonant 
electron exchange between liXe targets and projectiles formed i'la 
the creation of an intermediate pseudo-molecular state. The 

reaction 

He(23S) + He(l'rs) -• He 2* - He(lXS) + He(2 3S) 
has been studied by Holstein et al.~ up to 0.55 kev/nucleon. 

Although the cross section is large at low energies (or« 9.0 x 10 ~ 

at 0.05 keV/nucleon), extrapolation of their results using the 
general velocity dependence of the cross section, 

a1'2 - a - b In v, 

as first suggested by Bates, yields at 10 kev/nucleon 

a <- 1.6 x 10 ' cm , 

-which is a factor of 20 smaller than the measured metastable 
helium electron-loss cross section. ) 

For the H- molecule there exists again, as in the case for 
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He, two electrons which produce two distinct term schemes, depend-
3 ing on the orientation of the electron spins. Therefore the c H 

state cannot quench to the X £_ + ground state and vice versa in 
s 

simple collisions. Cther possibilities for colli iional de-exci

tation are: collisional mixing of the c II state and its neigh-
5 + -8 

boring state the a £ with subsequent decay In ~ 10 sec to the 
3 54 3 

b £ state, Or colllsional mixing causing toe transition cTT -
3 3 

b £ directly. But the tr£ state is repulaive and dissociates 
.ik In to two ground state atoms in ~lp sec, thereby causing the 

loss of the Hp molecule from the beam. 
3 

In summary, collislonal de-excitation of the cTI state to 
the stable ground state cannot occur while de-excitation to the 
repulsive ground state with subsequent observable loss of the IU 
molecule can occur. However, this lose process is included in 
the total loss cross section that is measured from the attenuation 
data, so that the analysis of Sec. IV, A is correct. 

Although a systematic study of the c II fraction in the Hg 
beam as a function of target gas was not carried out, one other 
target was used so as to experimentally convince ourselves of the 
above arguments. The vapor of CgHg was chosen as the target. 
The choice was based on its properties being quite different from 
Bg. Since the ionization potential of CgHg is less than the ex-

•x. 

citation energy of the c H state (9.6 and 11.9 ev, respectively) 
this target vapor permits Penning ionization to occur. That is, 
the reaction Hg(c5j^) + Cgflg •+ Hg + (CgHg) + + e is energetically 
possible, which greatly increases the available final-state phase 
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space and so enhances the de-excitation probability. 
If we were unable to observe a change in the measured value 

of the c H fraction by using CgHg, we say assume that within 
the accuracy of the measurements there are no effects occurring 
which our detectors are not capable of "seeing." No change in 
the c^H fraction wat, observed at 22-5 kev/nucleon. 

As part of this investigation ve have also measured the 

total-loss cross sections in CgHg. We obtained 

a* = 5.50 ± 0,90 x 10 , 

o t = 1.55 ± 0.25 x 10" 1 5. 

G. The Least Squares Fit (LS?) 
The LSF routine used was an adaptation of a technique used 

by Balbach 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 sophis
ticated LSF program (VAKMTI) available in the library of the 
Lawrence Berkeley Laboratory Computer Center. With the use of 
PISA all the experimental data could be reduced by use of a tele
type which was located in the experimental area. The teletype 
was connected to a CDC 06OO computer housed 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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i i 
where y, is the j^h data point and f(x.) is the function evalu
ated at x corresponding to y.. 

J J 
The error associated vith the fit of each parameter was 

also calculated, based on the vell-kr. . .< statistical formula for 

the root mean square error, i.e., 

error in \ SJ *\ 
2 il/2 

H- The H^ negative Ion 
10^ Dalgarno and McDowell in 1956 calculated tbe potential 

energy curve for the ground state of IU (x£ *) and shoved it to 

contain a minimus at ~ 3 %* which is 0.9 eV below the X 2 + 

© 

ground state of H_, thus indicating that the ion should he stable 
against both radiative decay and autoionlsation. Since then a 
number of theoretical and experimental studies have been con
ducted on the BL~ ion. 

Chen and Peacher have calculated a minimum in the ground 
state potential energy curve of the H + H~ system at ~ 0.53 **• 

106 -
Piscber-Bjalmars theoretically Investigated the % ion and 
found a minisr.** point in the potential to exist between 0,53 and 
1.06 k for the ̂ u

+ , ^ , 2 r * and J^ states but found these 
•t ,tas to all possess vertical detachment energies tbat were 
negative, i.e., tbe potential, energy of these states is larger 
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than that of the X £ + state, thereby allowing autoionization of 
o 

these states to occur. However, from her work she did conclude 
2 + h + the possibility of the Z and Z states of H_ to be meta-g u 2 

stable. 
107 Experimentally, Khvostenko and Dukel'ski observed t.he 

existence of H p by use of an ion source mass spectrometer unit 
using a mixture of H p0 and Sb bombarded by 80-eV electrons. The 
ions were observed by use of electron multipliers. The maximum 
Hp~ ion current they were able to observe was ~ 5 x 10 A. 

Garter and Davis have reported finding the Hg ion by ex
tracting positive ions from a duoplasmatron ion source, acceler
ating them to ko keV and converting them to negative ions by 

passage through a gas cell. The ions were detected by a Faraday 
109 cup after being momentum-analyzed. Main et al. performed the 

same experiment as Carter and Davis but with the inclusion of 
particle-counting detectors, which act as energy analyzers. Their 
results indicated that no H p~ was present, in contrast to the 
interpretation of Carter and Davis. 

Devienne has reported observing fast H„ created by 3-keV 
H, breakup in a gas cell. In this case the target gas was deu
terium. Based on experience at this laboratory, contamination 
of an ion source area by the migration of target gas can be a 
serious problem. Specifically, Stearns has found that a mix-

3 vure of He and D p as a source gas, while using L as a target 
gas can yield 20$ D H 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 length was o^ly ~ l|-0 cm, with a 
target pressure of 10 mtorr, we conclude that contamination of 
the beam by KD was a possibility. The presence of HD, from which 
D~ could be formed, could explain the observations of Devienne. 
Therefore, based on these experiments, we feel that the observa
tion of energetic H p produced by collision of a neutral or 
charged parent has not been firmly established. 

Hence, we have attempted to observe the D " ion by pasage 

of D- through MB vapor. Based on the work of Donnaly and 
112 - + 

Sawyer, who found that H production by passage of H through 
Ar arose almost exclusively from the reaction 

H + •* H(2s) - H", 

12 
and based on the observations of Donnally and Thoeming, concern
ing the enhancement of He" yields, by use of a Cs metal vapor 
target, via the reaction 

He + -* He(ls 2s) -• He"(ls 2s 2p), 

we felt that the use of Mg metal vapof, which produces metastable 
H^ was an excellent approach to producing H_~ via the reaction 

h* "* ° \ H 2 ( l s ^ * \ + B 2 _ ( l S 2 s 2p)" 
(As mentioned earlier in this appendix, the 2 H„ state is 

possibly metastable and has an equilibrium internuclear separation 
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which, based on the Franck-Condon principle, permits population 
3 h + via the reaction c JI - 2 .) As mentioned in Sec. IV, D, no 

Hp was observed. 
From this study we are able to assign an upper hound to the 

cross section for double electron capture into Hg~ states with 
-7 + lifetimes longer than ~ 10 sec by Hg ions in collision with 

ME vapor from 7- to 20-kev/nucleon. We obtain 

ot_ - < 10 (cm /atom). 

I. Error Discussion 
In this appendix the following topics are presented: 

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

(2) A discussion of the possiblity of target gas impurities, 
source 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. 

(k) 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 vibrational distribution of the molecules. 
1. Error Summary 

Mg vapor pressure, standard deviation, ±10$ 
Target pressure, possible correction factor, ±5$ 
Target length, possible correction factor, ±% 

Particle energy, possible correction factor, ±yf> (almost 
always) 
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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$ 
Excited state data, long term reproduciblity, ±17$ 
Excited state data, least-squares-fit standard deviation, 

±5 to ±2056 
Target gas Impurities, possible correction factor, incon

sequential 
Source gas impurities, 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 negligible gas-bottle contamination 
(fresh commercial gas bottles were used) and since, with the 
system open to the bottle neck, the pressure in the target cell 
was typically 1 x 10" torr, we conclude that no other signifi
cant sources of contamination existed. 

(b) Source. Since the final total kinetic energy (E) 
attained by an ion in the accelerator is proportional to its 
charge (e), and since the momentum analysis of the bending magnet 

requires the charge of the accepted particle to be proportional 
l/2 

to (Em) ' •, where m = mass of the particle, the fast projectiles 
reaching the experimental region are governed by the relation 
m/e = constant. Therefore the following projectiles could be 



-120-

obtained when accelerating D + (m/e = k) and EL (m/e = 2). 

m/e = k- m/e = 2 

D + 

+ ++ 
He He 

Khis is, of course, just a partial list of possibilities, hut the 
most likely candidates. 

+ + 
Let us first consider in detail the D contamination' of EL . 

If when switching from D„ source gas to BL source gas precautions 
are not taken to purge the system of D„, a contamination of a few 
percent D in an EL "beam can easily exist* (This is based on 
experimental evidence of the reverse situation, i.e., switching 
from EL gas to D„ gas. In this case, after flushing the source 
area once with D p gas, we have experimentally obtained H_ sig
nals up to 3$ of the D + signal. But with several Dp gas .flushes 
of the system, combined with a few days of pumping, the H_ sig
nal decreased to < 0.1$ of the D signal.) Contamination of the 

+ j + EL signal by 3S» D 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 H * in Mg is 7.88 (based on data for 
D from Ref. Qv and data for EL from Ref. 31), thereby producing 
an effective neutral D contamination of the EL beam of 7k$. 

Hence, strict precautions were taken when switching between BL 
and D g 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-



-121-

cant full energy neutral particle equilibrium value. 
The only other likely contamination is from He, It is well 

known that He possesses a metastatic state that would produce a 
tend in an attenuation curve which could introduce error In the 

h interpretation of the results. 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 Hp + or D * ions. 

(c) Background. 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 background signal which was modulated with the beam, 
it could produce a 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 thicknesses 
with the counts always agreeing within the statistics of the 
measurements. Also, the attenuation data was fit to the sum of 
two exponential functions plus a constant, i.e., 

* 
-a.v -a. ir 

y(7rt) = Ae z x + Be % % + 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. Excited State Uncertainties 

As mentioned in Sec. IV, A,, the ground state total-loss 
cross section was obtained by using a hydrogen neutralizer to 
produce a B_ beam by electron capture by H„ ions. A semiloga-
rithmic plot of the transmission of this H_ beam versus target 
thickness yielded a straight line reproducible to ±5$, indicating 
that significant amounts of c II H p molecules were not present. 
The transmission data of the IL, beam produced by using Mg vapor 
as a neutralizer was then analyzed by a 3-parameter least-squares 
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 a Mg vapor neutralize? 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 data), and twice again using ±% of this value, 
i.e., the limits of the reproducibility of the values. This pro
cedure was used on ssversJ. repeated experimental runs using a MB 
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 assigned the boundB of the uncertainty as 
the mean value of the data, using ±jf> of the most probable value. 
This method of assigning the excited-state uncertainties reflects 
the experimental uncertainty in the known quantity needed for 
the analysis. 
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k. Confidence Igvel 
The least-squares fit standard deviation of the ground-state 

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 ±5$, we cannot assign a 
confidence level of one standard deviation (i.e., ~ 6ff>). We 
therefore estimate a confidence level of ~ 6055. A similar argu
ment holds for the excitated state measurements. 

5. Vibrational Population Distribution 
113 11^ + 

. Theoretical treatments •" of inelastic scattering of H-

molecules in collisions with electrons, protons, and hydrogen 

atoms have demonstrated the importance of including the vibra

tional distribution of the H 2 ion in determining cross sections 71 for collisional processes. MeClure has experimentally verified 
changes of as much as 20$ in the yields of dissociation fragments 
of 10- to 100-keV Eg"1- and H, ions in collision with BL gas with 

115 changes in ion-source pressure. Williams and Dunbar ' have found 

changes of as much as 30$ for the dissociation cross sections of 
Hg and H, from 2-to 50-keV for changes in operating conditions 
of their ion source. 

The present experiment cannot differentiate between vibra
tional levels so that the results fall prey to this uncertainty. 
Hb attempt was made to systematically study the results as 'a func
tion of source conditions. We were able to run the source in two 
very different modesy i.e., as a high-pressure PIG discharge and 
as a low-pressure electron gun. (Although we did hot monitor the 
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source pressure directly, based on the pressure measured by an 
ion gauge outside the source region, we estimate the PIG mode 
source pressure to have been 5 to 30 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 BL + beam intensities required 
for this method were < 10" A ) , the PIG source mode could not be 
operated without considerable fluctuations. To run this: 
mode quietly at these intensities proved difficult. The repro
ducibility of the data was poor under these conditions and accu
rate measurements could not be obtained. For the Faraday cup 
method of detection (Method II) the electron gun mode was not 
capable of producing high enough beam intensities (incident fL, 
beam intensities required for this method were > 10~ A ) . 

For E > 20 kev/nucleon the results for the H + 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 
McClure and of Williams and Dunbar ' and a comparison of the 
Hp breakup cross sections of several investigators, we conclude 
that the effect we observe is most likely due to differences in 
the population of the vibrational energy states of the ions, 
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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 enough experimental dtta 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 measurement should increase or 
decrease with source condition changes. 

J. A BiscusBion of the Results of Solov'ev et al. 
for Electron Capture by Hg Ions in Mg Vapor 

In the method used in Ref. 51 to obtain the total cross 
section for electron capture (<j Q + a Q) by Hg ions in Mg vapor, 
the emerging H„ beam was passed through a He tz.&t and the re
sulting Hg signal measured. In order to relate this signal to 
the Hp beam a knowledge of the ionization cross section of fast 
E„ molecules in He gae (ou + ) is required (see analysis below). 
This value is obtained by an independent experiment. Fast He was 
passed through a H_ gas target and CL . determined by an e/m ^ Hg 
analysis of the slow charged particles., This measured a„ + 

2 
reflects only the state of H_ since the target gas is at 
room temperature. But the Hg beam from the Mg oven contains 

large amounts of c^H Hg whose ionization cross section, o_ +, is 
larger than o^ +. Therefore, using a value fbtf a„ + obtained 
from a fast He experiment to analyze the fast Hg beam emerging 
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 Hg (L +) emerging from the He 
target is proportional to the incidant equivalent current of Hp 
(:L ), i.e., 

\* = \ \* V 
vhere 7T- = the He target thickness (atoms/cm ). But fie 

\ " (ff10 + "lO^Mg 

where ir̂  = the Ms vapor target thickness (atoms/cm ) 

V * (°i0 + *ls)\* \e %. 
Analogously, the H current detected ( i ^ ) i s proportional to 

°?0 a 01 ^He ^Mg 

•where ajL i s the electron capture cross section for the 

process H + M g - * H - e + »-« 

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

Therefore, 

Ko + V = 0io —-
_H 

2 
V 

The ratio (L +/:!_+), a,-, aQ,, and a„ + are measured in independ-
ent experiments so that (a,Q + o,0) can he determined. 

Estimates fcased on the results of tht present experiment 
show that the a„ . value used in Bef. 31 could results in values 
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of (a.0 + a,0) that are too large hy as much as a factor of two. 
(There will also he a larger than anticipated H + signal due to 
the c H breakup, hut this effect should he much smaller than 

3 the error introduced by neglecting the ĉ n Hp contribution to 

the value of a- +•) 
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1 ._ 

— 1.01 1.08 1.03 1.02 ± .04 

Table IS. Ratio R for ir+/*~ production by 2.1 GeV/nucleon beans 
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B. Apparatus 
1. The Ion 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 a typical PIG d'-charge which could also be 
operated as an electron-gun source. The electron gun was a 
0.25f>-nm-diam tungsten filament operating at a current of from 
4 to 6 A. The source area was surrounded by an electromagnet 

which was used to produce an electr<a-confining axial magnetic 
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field of from 0 to U00 gauss in the source. The ions were ex
tract id through a 0.9l6-nm hole in * he cathode, after which they 
passe d 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. Tb( desired ions were then 
selected by a 90-deg analyzing magne t which was monitored by a 
Ball probe and traveled 120 cm through a drift tube where they 
entered the experimental region. Just in front of the experi
ment* 1 region is an electromagnet that is used to produce a trans-
verst magnetic field in order to sweep the primary IL ions out 
of tts beam path but still allow the H~ molecules, produced by 
elect ron capture by H g + in the drift tube, to pass. This contri
bute a is detected and subtracted as background. Under typical 
sing3 3 collision conditions in the neutralizer the background 
neuti *1 production was < lOjt. The beam, before the experimental 


