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Angular distributions for H formation in single collisions of H+ on Mg
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Absolute differential cross sections have been measured for H formation in single col-
lisions of H+ on Mg in the energy range from 0.5 to 5.0 keV. Total cross sections, obtained

by direct integration of these differential cross sections, are in good agreement with earlier
total-cross-section measurements of Morgan and Eriksen in the energy range common to
the two experiments and are in good agreement with the calculated total cross sections of
Olson and Liu. The differential cross sections are strongly peaked in the forward direction.
The functional form and scaling properties of this forward peak strongly indicate that it is
a glory maximum, which occurs when the classical deflection function changes over from
attractive to repulsive at some finite impact parameter. The differential cross sections from
1.0 to 5.0 keV show no other structure, but below 1.0 keV a ~-dependent structure is ob-

served which becomes more pronounced as the collision energy decreases.
MS code no. AN2003 1977 PACS numbers: 34.70. + e, 34.10.+ x

I. INTRODUCTION

Total cross sections for charge-changing process-
es of H+ on Mg have been obtained by Berkner,
Pyle, and Stearns' at collision energies 5 —70 keV
and by Morgan and Eriksen ' at energies 1 —100
keV. Insofar as the process H++ Mg —+H +Mg +

is concerned, Olsen and Liu have suggested that a
high-energy maximum in the total-cross-section
data of Morgan and Eriksen can be attributed to the
H++Mg(3s ) incident channel passing diabatically
through a series of curve crossings on the inward

portion of the trajectory and rn. aking a transition to
the H +Mg + curve on the repulsive wall of the
potentials. They further attribute the low-energy
behavior to a transition at the avoided crossing be-

tween the incident H++ Mg(3s ) and the
H+Mg+(4s) curves on the outward portion of the
trajectory followed by a series of transitions at
curve crossings which lead to H +Mg +. Such
speculations on the dynamics of transitions at level

crossings which occur during the collision process
are made necessary by the limited amount of infor-
mation contained in total-cross-section data. It was
therefore felt that a better understanding of the
physical processes could be obtained by studying
differential cross sections as well as total cross sec-
tions. With this motivation, differential cross sec-
tions are reported here for the process
H++Mg~H +Mg~+ at energies 0.5 —5.0 keV.
These differential-cross-section measurements do

not bear out the interpretations of Olson and Liu
concerning the high-energy maximum in the total-
cross-section data of Morgan and Eriksen. In the
energy range from 2.0 to 5.0 keV, the angular distri-
butions are quite smooth, with no hint at any tran-
sitions taking place at any nonzero value of ~=EH.
In particular, there is no hint of any transition on
the repulsive wall of the potentials. On the other
hand, the low-energy differential-cross-section mea-
surements do exhibit ~-dependent structures which
could be attributed to a transition at the
H++Mg(3s ) and H+Mg+(4s) curve crossing, as
Olson and Liu suggest, although the observed ~
value for this transition suggests the sequence

H++Mg(3s~)~H(n =2)

+Mg+(3s)~H +Mg2+ .

The most interesting feature of the angular distribu-
tions, however, is a clear indication of a glory max-
imum at a 0' scattering angle. This arises because
the deflection function 8(b) passes through 0' as it
changes from negative (attractive scattering at large
impact parameter) to positive (repulsive scattering
at small impact parameter).

It will be shown that the quantum-mechanical
model of Ford and Wheeler predicts a universal
curve for glory scattering if E ~ der/dao is plotted
as a function of EO. The measured angular distri-
bution are much better represented by these reduced
variables than they are by the conventional p-vs-~
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reduced variables, particularly at the higher col-
lision energies.

A final contribution of this work is the introduc-
tion of a scaling law which is fully equivalent to the
p-vs-~ scaling law introduced by Smith et al. , yet
exhibits the shape of the differential cross section.
It is shown that if the scattering force and excita-
tion probability depend on position only (and not on
velocity), then E do/dro, when plotted as a func-
tion of v.=F8 should yield a universal curve just as
does the p=(8 sinHdo'/des)-vs-r plot. The utility
of the new plot introduced here stems from the fact
that the (E 2do/dao) vs Ee-un-iversal curve has the
shape of the differential cross section, which the p-
vs-v. plot does not. The new plot is particularly im-

portant in this work, because the shape of the dif-
ferential cross section in the vicinity of 0' is the
crux of the present study. A p-vs-~ plot would be
useless in this angular region.

II. APPARATUS AND MEASUREMENTS

The experimental arrangement shown in Fig. 1 is
essentially the same as described in a previous pa-
per and consists basically of three parts: ion
source, collision chamber, and detection system.
An H+ beam is produced by a colutron-type ion
source, part of a 5-keV accelerator of the Instituto
de Fisica, Universidad Nacional Autonoma de Mex-
ico. After acceleration and focusing, the H+ ions
are analyzed by a Wien velocity filter and bent 10'

by cylindrical electrostatic deflection plates in order
to prevent photons created in the ion source from
reaching the detection system. This collimated and

analyzed H+ beam passes through the collision
chamber, which houses an oven containing Mg va-

por, where some of the H+ ions capture electrons to
form H or H . After the interaction region, scat-
tered ions and neutrals enter the detector chamber

which can rotate about the center of the oven, so
that angular distributions of H and H can be ob-
tained. A retractable Faraday cup is placed between
the Mg oven and the detector assembly to measure
the total incoming beam. The entire system is eva-

cuated by three diffusion pumps and a turbomolec-
ular pump which maintain the pressure outside the
collision chamber at around 10 torr. Typical
working pressures are 5)& 10 in the source region,
approximately 10 torr in the oven, and less than
3X10 torr in all other regions. The magnesium
oven is essentially the same as that used in previous
experiments for a Cs target. It is made of a stain-10

less steel block 3.2 cm wide and 2.8 cm long.
The beam enters the collision cell through a 1-

mm diameter aperture with a knife edge. The exit
aperture was a 2)&6-mm slit which permits mea-
surements of scattered beam between —13' and 13'
with respect to the beam axis in the horizontal
plane. The magnesium reservoir is mounted by a
screw connection to the bottom. The oven and
reservoir are heated by two 150-W resistive heating
elements placed in two cavities bored lengthwise in

the stainless-steel block. Chromel-Alumel thermo-
couples are attached to the magnesium oven and to
the reservoir to measure the respective tempera-
tures. These thermocouples were calibrated at 273
and 373 K with an accuracy of approximately 0.5
K.

After the oven was loaded with magnesium
(99.99% pure) it was outgassed at a high tempera-
ture for several hours before the data were taken.
Typical working oven temperatures run from 575 to
600 K. The magnesium vapor density was calculat-
ed from available vapor-pressure data. " ' Vapor-
pressure —versus —temperature data were taken
from these papers and a curve fitted to the data
points. The magnesium oven and reservoir were
placed inside a water-cooled cylinder 12 cm in di-
ameter in order to prevent magnesium vapor from
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FIG. 1. Schematic diagram of the apparatus.
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contaminating the vacuum system and detectors.
The detection system for the ions consists essen-

tially of a parabolic 45' electrostatic analyzer with a
funnel-type channel electron multiplier to measure
the ions. The energy resolution of the analyzer was

approximately 10% so that all ions within the dis-
tribution of energy losses were counted by one volt-

age setting of the electrostatic analyzer. An aper-
ture was cut in the rear part of the analyzer so that
the neutral beam could be simultaneously measured

by a second channel electron multiplier. Since the
total beam was measured by a Faraday cup, experi-
mental data have been corrected for multiplier
counting efficiency for H which has been mea-
sured before. '

In this experiment, as has been pointed out previ-

ously, ' the basic angular distributions are smeared
owing to three factors: the angular and energy dis-
tribution of the beam entering the cell (8& ), the fin-
ite resolution of the ion detection system (OD), and
the finite size of the collision volume (Hv). From
the geometry the resolutions were calculated as fol-
lows: 8~ ——0.4 mrad; HD ——0.6 mrad; 8v ——1.4 mrad.
The total resolution can be characterized by a root-
mean-square resolution of 1.57 mrad (0.090').
Lengths and apertures have been changed from that
reported in Ref. 10 in order to achieve better angu-
lar resolution.

The procedure was the same as described in Ref.
10. The total incident current Io was measured by a
retractable Faraday cup. The H current I (0),
scattered into a solid angle de, was determined as a
function of 8 as the detector assembly was rotated
about the Mg oven center. The number of Mg
atoms present in the scattering cell was determined
from the cell temperature using the vapor-pressure-
temperature tables and the differential cross section
was obtained using the relation

der I (8)
de Ionl

where l is the effective path length and n is the Mg
particle density. The total cross section is found by
integration over angles 8 and P and, since the
scattering is symmetrical about the scattering angle

P, gives

~ QcT
o =2m f sin8d9 . (2)

leo
Several measurements were made at each energy
and absolute differential cross sections were ob-
tained. All of the measurements agree both in

shape and value to within 10%. However, several
series of systematic errors are present: (1) effective

path length, (2) density determination, (3) measure-
ments of the total beam, (4) angular resolution and
integration, (5) energy spread of the scattered beam,
and (6) detector calibration. The geometric path
length has been corrected as discussed in Ref. 10
and the error estimated to be not more than 4%.
The largest source of error in the present measure-
ments arose from the target density determination,
which is estimated to be +25%. The detector cali-
bration was probably accurate to within +3%. The
total error involved in the cross-section data is best
expressed as the root-mean-square error, which is
+26%%uo.

III. EXPERIMENTAL RESULTS

Angular distributions for H formed in single
collisions of H+ on Mg at several collision energies
in the energy range 0.5 to 5.0 keV are shown in Fig.
2. Both energy and angle are given in the laborato-

ry frame of reference. To obtain the absolute dif-
ferential cross sections shown in this figure, the
measured intensities were corrected for the channel-
tron detection efficiency as reported in Ref. 14.
With this done, the differential cross sections were
obtained using Eq. (1). As can be seen in Fig. 2, the
H ions are formed mainly in the forward direc-
tion. From 1.0 to 5.0 keV the differential cross sec-
tions decrease monotonically with increasing angle
with no visible structure. Some structure is found
at energies lower than 1.0 keV which becomes more
pronounced the lower the beam energy. Total cross
sections, obtained by integrating the differential
cross sections using Eq. (2), are shown in Fig. 3,

-l3
IO

0.5 I 0 1.5

FIG. 2. Measured absolute differential cross sections
for the process H++Mg~H +Mg + for collision ener-
gies 0.5 to 5.0 keV.
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FIG. 3. Total cross sections. Solid black circles show

the values obtained in the present work by integration of
the measured differential cross sections shown in Fig. 2.
Vertical bars give the experimental uncertainties. Total-
cross-section measurements of Morgan and Eriksen in

the energy range covered in the present work are shown

by X and the calculated total cross section is shown by
+.

applies at each segment of the trajectory. For pure-

ly elastic scattering, the force will be the same on
inward and outward portions of the trajectory,
while for an excitation process the potentials will

not be the same on the inward and outward portions
of the trajectory. All that is required is that the
scattering force shall not be velocity dependent—
that it be a function of the relative position vector
only. When these conditions are met, it is possible
to determine a classical deflection function 0(b,E),
which depends on both impact parameter and col-
lision energy, while ~=EO can be shown to be a
function of impact parameter only. In this case, it
has been demonstrated by Smith et al. that a
universal curve is obtained when p=OsinOdo. /des
is plotted as a function of ~. The drawback of such
a universal plot is that it does not exhibit the dif-
ferential cross section itself and is almost useless in

discussing the differential cross section in the vicin-

ity of 0' scattering. An equi~'alent plot will now be
developed which also yields a universal curve under
the physical conditions just specified and which
does exhibit the functional dependence of the dif-
ferential cross section. For heuristic purposes, how-

ever, the p-vs-~ plot will be derived first.
The classical differential cross section is given

b 15

along with measurements of Morgan and Eriksen
and the calculations of Olson and Liu. The results
are seen to be in good agreement with the measure-

ments of Morgan and Eriksen in the energy range
common to the two experiments and are also in

good agreement with the calculations.

do b db b db

dao sin0 d0 Od0

Multiplying Eq. (3) by 0 yields

p 0 =Ob db/d0=(EO)b db/d(EO)
dco

=~b db/d~ .

(3)

IV. INTERPRETATION OF THE DATA

A. Scaling laws

The physics that governs a collision process can
often be determined by demonstrating that all the
cross-section data fall on a single universal curve
predicted by some physical phenomenon. With that
in mind, two different types of data plotting will be
considered in this section which characterize two
different types of physical phenomena.

(1) The first type of collision process to be con-
sidered is purely classical scattering (no diffraction
or interference effects) by the adiabatic molecular
potentials which determine a particular collision
channel. A "channel" is nothing more than the
complete specification of which molecular potential

Since b is a function only of ~, the right-hand side
of Eq. (4l depends only on ~. Thus p is a function
of ~ only.

A second function, which also depends only on z
while at the same time providing the functional
dependence of the differential cross section, can be
constructed by multiplying Eq. (3) by 1/E . This
equation then becomes

l do bdb
dM Tdv

so that E do/dao, when plotted as a function of ~,
should yield a single universal curve for all collision
energies.

(2) The second type of collision process here con-
sidered is that which follows from glory scattering,
a diffraction phenomenon which occurs when the
deflection function passes through zero at some fin-
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ite impact parameter bg. In 1959 Ford and
Wheeler described a quantum-mechanical treat-
ment of glory scattering based on single-channel po-
tential scattering which assumed the deflection
function 8 to be a linear function of impact parame-
ter b over the entire range of impact parameters
which substantially contribute to the scattering am-

plitude in the vicinity of 0' deflection. Although

their model does not apply to an excitation process
such as

H++X~H-+X'+,

which requires a multichannel theory, the Ford and
Wheeler model is nevertheless of considerable help
in understanding the data.

Ford and Wheeler demonstrate that if the deflec-



82 I. ALVAREZ, C. CISNEROS, AND A. RUSSEK 26

10

Ol

lh ~
CD

10

V)

E
(3

bIQ
~N—Iw

85
10

I I I I I I I I I I

O. l 0, 2 03 0,4 0, 5 0, 6 0,7 0,8 0.9 1

8v E (deg IkeV)

I I I I

11 li2 13 14
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tion function g(b) for potential scattering is of the
form

EH=Eak(b bg)=f(—b) .

Therefore, Eak must be independent of energy, or
g=a(l —lg) ak(b bg), (6)

a =a/E (10)
where k is the relative momentum in a.u. and a is a
constant which will be shown to be energy depen-

dent, then the phase shift is given by

5I ———,a(l —l ) = —,ak (b —b )

and the differential cross section by
2

2~bg
Jp( kbgsing)

Now the angle of scattering for a given impact
parameter is not independent of energy. Rather,
v =Eg is a function of b only, so that

where a is a constant independent of energy. Thus,
from (8),

3/2 da J ( kb sing )
2mb

a
For small angles the right-hand side is a function of
kg or E' g only. In other words, the Ford and
Wheeler model predicts a universal curve, indepen-
dent of incident energy, when the scaled cross sec-
tions E do/dQ are plotted as functions of
E' g and, moreover, predicts a strong peak in the
forward direction.
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B. Plotting the data

In order to assess what happens during the col-
lision, the experimental data of Fig, 2 are replotted
in Figs. 4 and 5 in terms of the two sets of scaled
variables described above. The scaled variables used
in Fig. 4 are E der/dc' vs r, which would yield a
universal curve for classical scattering in which
both the scattering force and excitation amghtude
are functions of the relative position vector R only.
(As functions of b and Z, rather than the scalar R,
the scattering potential and state amplitude can be
different on incoming and outgoing portions of the
trajectory. ) On the other hand, the scaled variables
used in Fig. 5 are E der/des vs E' 8, which
would yield a universal curve for single-potential
quantum-mechanical glory scattering.

The high-energy data clearly fall much closer to a
single curve in Fig. 5 than they do in Fig. 4, thereby
demonstrating that the physical phenomenon re-

sponsible for the differential cross sections is glory
scattering. The peak heights in Fig. 5 do not fall
exactly on a single universal curve, but most, if not
all, of this discrepancy is due to the fact that the
Ford and Wheeler model is not strictly applicable to
excitation processes. A more realistic partial-wave
calculation, with an amplitude cutoff for impact
parameters greater than the level crossing radius,
does not yield a single universal curve, but a set of
curves with the peak heights monotonically decreas-
ing with increasing collision energy by just about
the correct amount. The calculations based on a
more realistic model will be presented elsewhere.
Although the experimental curves exhibit the sharp
0' peak of glory scattering, they do not show the
Jo(kbsin8) oscillations, which are beyond the in-
strumental angular resolution at all energies report-
ed in this experiment. In order for the glory oscilla-
tions to be clearly resolved, the beam energy would
have to be below 50 eV.
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The low-energy data, in addition to exhibiting the

glory peak, also show structure at larger angles.
This structure falls much closer to a universal curve
when plotted as a function of ~, as in Fig. 4, demon-

strating that the process responsible for this struc-
ture is ordinary excitation at a level crossing suffi-

ciently far removed from the glory region as to be
essentially classical scattering.

C. Conclusions

On the other hand, the low-energy differential-
cross-section measurements do exhibit a
dependent structure characteristic of transitions
taking place on the repulsive wall. However, the
observed v value is more indicative of the process

H++Mg(3s )~ H(n =2)

+Mg+(3s)~H +Mg +,
rather than the H+ Mg+(4s) intermediate state sug-
gested by Olson and Liu.

In conclusion, the differential-cross-section mea-
surements obtained here do not bear out the inter-
pretations of Olson and Liu concerning the high-

energy maximum in the total-cross-section data of
Morgan and Eriksen. ' In the energy range from
2.0 to 5.0 keV, the angular distributions are quite
smooth. They exhibit only the glory maximum for
transitions taking place at 0' or near 0' scattering,
with no hint at any transitions taking place at any
nonzero value of ~. In particular, there is no hint at
any transition on the repulsive wall of the poten-

tials.
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