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(p, q) Resonance-Curve Shayes and Measurements of Resonance
Energies with H, + Beams

R. O. BONDELID AND J. W. BUTLER

NNcleonics Division, U. S. Naval Research I-aboratory, 8'ashington, D. C.
(Received 27 May 1963)

The observation of an apparent nonlinearity in the NRL 2-m radius electrostatic analyzer has led to an
exhaustive investigation of (P,p) resonance-curve shapes induced by the hydrogen molecular-ion beam.
The midpoint of the rise in the thick-target yield curve obtained with the H2+ beam, A12'(P, y) reaction
at 992 keV, was observed to be 0.05 /& lower than that predicted from the corresponding observation with
the H&+ beam. When extremely thin targets were used, the energy coordinates of the peaks of the H&+ and
H2+ yield curves agreed within 0.01% Further studies with the H2+ beam revealed additional deviations
from expected behavior. The thick-target yield curve was seen to be asymmetric about the midpoint; there
was a hump or peak near the top of the thick-target yield curve. The peaks of moderately thin-target yield
curves were not shifted from resonance energy by as much as half the target thickness in energy loss units;
the full widths at half-height of these moderately thin-target yield curves were greater than predicted from
the full width at half-height of an extremely thin-target H2 beam yield curve and the target thicknesses in
energy loss units obtained with the H&+ beam on the same targets. The energy shifts and broadening eRects
of inert coatings of copper over the aluminum targets were significantly diRerent for H&+ and H2+ beams
with both beams referred to the same energy scale; and even greater broadening, but not midpoint dis-
placement, was observed with H~+ and HP components stripped from the H2+ beam in a gas cell. These
deviations from expected behavior are all explained on the basis of the mechanism of dissociation of the H2+
molecule, and the results are applied to calibration of beam deflection analyzers.

I. INTRODUCTION

'HE use of (P,y) resonance reactions for calibra-
tion purposes is quite common because of the

experimental simplicity of the measurements and also
because of the relative lack of ambiguity in the inter-
pretation of the data if the resonance is sharp. lt has
become corrunonly accepted practice to choose the
midpoint of the rise in the thick-target yield curve as
the resonance energy. This procedure, developed for
use with proton (Hi+) beams, has been extended by
many nuclear-reaction physicists to include hydrogen
molecular-ion (H2+) beams with only one significant
conceptual difference. The internal motion of the two
protons with respect to the center-of-mass of the H2+

molecule has been assumed to give a "Doppler"
broadening in the effective energy inhomogeneity of the
bombarding beam.

One practical application of the hydrogen molecular-
ion beam is its use for energy calibration purposes. For
electrostatic analyzers the same resonance whose energy
is precisely known can be observed by both the H&+ and
H2+ beams, and the calibration point for the H2+ beam

. is a factor of 2 higher (on the same energy scale) than
that for the Hi+ beam (except for the energy carried
by the electron and the correction due to the stray
magnetic field). For magnetic analyzers, the Hs+ beam
gives a calibration point a factor of 4 higher (on the
energy scale) than the Hi+ beam. The "Doppler"
broadening of the rise in the thick-target step does not
appear to affect the accuracy to a large extent because
the midpoint of the rise can still be determined quite
precisely. Such measurements also have been used to

test the energy linearity of electrostatic analyzers and
the momentum linearity of magnetic analyzers.

Historically, the present series of investigations was
initiated by the observation of an apparent nonlinearity
in the NRI. 2-m electrostatic beam-energy analyzer. The
apparent energy of the 992-keV resonance in the AP" (p,y)
reaction, determined from the midpoint of the rise in
the thick-target yield curve with the hydrogen mo-
lecular-ion beam, was lower than anticpated from the
measurements with the proton beam, the amount of
the "discrepancy" being about 0.05%' All of the usual
corrections, the relativistic eGect, internal and external
magnetic fields, and energy carried by the electron, were
made to the raw experimental data before the situation
was labeled a discrepancy. Since this discrepancy was
greater than the expected relative uncertainty, con-
siderable effort was expended in an attempt to find its
source.

As sometimes happens when an intensive eGort is
made to discover the nature of one "discrepancy, " or
"anomaly, " other "anomalies" are found. The next
anomaly noted as a result of very detailed work was
that the thick-target H2+ beam-yield curve is not sym-
metric about -the midpoint of the rise. The bombarding
energy interval required for the curve to rise to the
midpoint is much greater than the interval required for
the curve to rise from the midpoint to the apparent
beginning of the thick-target plateau. More precise
shape determinations revealed still another anomaly,
the presence of a hump at the top of the rise.

When thin targets were used to make an independent
check of the beam-energy analyzer calibration param-
eters in an eGort to determine with certainty whether

*Present address: Department of Physics and Astronomy, 'R. O. Bondelid, J. W. Butler, and C. A. Kennedy, Bull. Am
Michigan State University, East Lansing, Michigan. Phys. Soc. 2, 381 (1957).
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the original energy discrepancy with H&+ beams on
thick targets was due to some unconsidered factor
affecting analyzer linearity, yet another anomaly was
observed: The experimental peaks in the yield curves
of the thin targets did not shift with target thickness
according to another commonly accepted practice which
is to subtract half of the target thickness in energy-loss
units from the energy coordinate of the peak and to
assign the result to be the resonance energy.

Anomalies similar to those listed above were sub-
sequently observed with H&+ beams and are reported
elsewhere. ' The anomalies with Hi+ beams have all
been explained by the application of the theory of
Ructuations in energy loss and by the assumption of
the existence of contaminating films covering the face
of the target. The primary explanation for the H2+ beam
anomalies is quite different from that used for the H~+
beam anomalies because of the nature of the dissociation
mechanism of the hydrogen molecular ion.

II. EXPERIMENTAL APPARATUS

The positive-ion-beam acceleration was performed by
the NRL 5-MV Van de Graaff accelerator; the beam
analysis was accomplished (in most of the measure-
ments) by a high-resolution 2-m electrostatic beam-
energy analyzer; and the proton-capture gamma rays
were detected (in most of the measurements) by a
3-in. -diam X3-in. -Nal(Tl) scintillation crystal with as-
sociated electronic equipment. The entire system is
described in detail in other communications. ' 4

During the course of the experiments, various special-
ized pieces of apparatus were used, some of which are
a gas cell for stripping the H2+ beam into its atomic
components (Hi+ and Hi'), an associated permanent
magnet mass- and charge-component separator, and a
phototube circuit for measuring the relative amounts of
the H&' beam by means of its Ruorescence properties
with a quartz beam stopper.

The target-making procedure, described in detail
elsewhere, ' may be brieRy outlined as follows: The
basic backing material, microscope slide glass, was 6rst
coated with an evaporated layer of copper, then the
aluminum target material was deposited onto the cop-
per. Usually seven targets were made simultaneously,
the geometric arrangement in the evaporator system
causing each target to differ in thickness from its
neighbors by about a factor of 2. The most important
series of targets has a thickness range from 17.8 to
0.31 keV for 1-MeV protons. These targets are labeled
E-1 through E-7, in order of decreasing thickness.

The target holder is similar to one previously de-

' R. O. Bondelid and J.W. Butler, Phys. Rev. 130, 10'l8 (1963).
3 K. L. Dunning, R. O. Sondelid, L. W. I'agg, C. A. Kennedy,

and E. A. Wolicki, NRL Progr. Rept. 1955, p. 8. (unpublished).
4R. O. Bondelid and C. A. Kennedy, Phys. Rev. 115, 1601

(1959), also NRL Report 5083, 1958 (unpublished).
'R. O. Sondelid and J. W. Sutler, NRL Report 5897, 1963

(unpublished).

scribed, including a tube kept at liquid-nitrogen tern. -
perature enclosing the target. This tube is of critical
importance to the present series of experiments be-
cause of the possible displacement of the energy of a
resonance by the presence of a 6lm of inert or con-
taminating material on the target face.

III. EXPERIMENTAL RESULTS

For most of the measurements with the H2+ beam
and the electrostatic analyzer, the beam-energy spread
was 0.02%.

A. Displacement

As mentioned previously, the series of experiments
reported herein was originally initiated by the observa-
tion that the midpoint of the rise of the hydrogen-
molecular-ion-beam thick-target yield curve occurred
at an energy about 0.05% lower than anticipated from
the electrostatic analyzer readings for the same reso-
nance observed with the proton beam. An apparent
discrepancy of this magnitude was considered to be
important because we had measured the absolute cal-
ibration parameters of the electrostatic analyzer with
great precision. These parameters are the terms appear-
ing in the absolute calibration equation, 4 which is

eVs= V„(e/k) (r,/2d) (1+y) (1+e;„,)
X (1+e,x,) (1—ties,/3II g), (1)

where eVo is the energy of each proton incident on the
target, k is the number of protons in the analyzed
particle, V„ is the total voltage on the deRecting plates
of the analyzer, d is the plate separation, and r is the
arithmetic mean radius of curvature of the plates. The
quantity (1+y) is the relativistic correction factor. The
quantities (1+e;„&)and (1+e, ,) are correction factors
arising from the internal (within the region of the gap)
magnetic field and the external (between, the input slit
and collimating slit) magnetic field, respectively. The
terms e;~t and e, & are inversely proportional to (M, Vs)',
where M& is the rest mass of the analyzed particle. The
quantity e is the number of electrons in the analyzed
particle and the correction term for the energy carried
by these electrons is (1—Nm, /3f&). All of the above
correction factors are the same order of magnitude as
the apparent discrepancy, several hundredths of a
percent; hence, each correction factor must be deter-
mined carefully.

A re-examination of the parameters in Eq. (1) did
not reveal a source of nonlinearity in the electrostatic
analyzer; however, there are many other experimental
factors or conditions which could conceivably inQuence
the apparent value of the resonance energy. Therefore,
many possible contributing effects were considered and
shown either by calculation or by experiment not to be
responsible for the discrepancy. A complete list of these

6 K. L. Dunning, J. W. Butler, and R. O. Bondelid, Phys. Rev.
110, 1076 (1958).
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factors is given elsewhere, ' but three of the more im-

portant considerations are as follows:

(1) Malfunctions in the analyzer power supply and
voltage measuring equipment, such as nonlinearities in
the potentiometer and resistor stack, dirty slidewire

contacts, temperature changes in the resistor stack and
elsewhere, thermoelectric contact potential differences
within the measuring circuit, instabilities of the stand-
ard cell and working cell, and unbalance between the +
and —voltages on the two deflecting plates;

(2) accumulation of an insulating layer on the inner

wall of the drift tube between the input slit and the
collimating slit of the electrostatic analyzer, and, hence,
an accumulation of polarized electric charge on this wall

with consequent beam deflection;

(3) accumulation of electric charges (and potential)
on the analyzer deflecting plates because of the presence
of insulating layers.

The National Bureau of Standards checked the poten-
tiometer and resistor stack for nonlinearity ((0.01%)
and checked the standard cell, potentiometer, and re-
sistor stack for absolute calibration (0.01%).

Item (2) was conceived as the possible result of gas
molecules being ionized in the drift-tube space between
the input slit and collimating slit of the electrostatic
analyzer and then depositing onto insulating layers on
the drift-tube walls. The earth's magnetic field could
serve as a charge polarizer, deflecting positive ions to
one side and negative ions to the other. To test this

possibility, an external magnetic field was superimposed
on this drift-tube space such that the net normal mag-
netic field was reversed. No e8ect due to the accumula-

tion of charge on the walls of the drift space was ob-

served on the electrostatic analyzer calibration.
Accumulation of electric charges on insulating layers

covering the deflecting plates, item (3), could introduce

a nonlinearity as well as an absolute error in the energy
calibration of the analyzer. The expected polarity of
this charge is such that the energy value observed
would be higher than that which would be obtained
without the spurious charge. If the spurious charge were

a constant, independent of applied voltage, then the

energy values obtained would have less percentage error

as the applied voltage is increased. Thus, the energy
calibration for the H2+ beam would give a result which

would be too low relative to the H~+ beam calibration.
Consequently, the possible effects due to the accumula-

tion of electric charges were considered to be very
serious both with respect to the absolute calibration of
the electrostatic analyzer and with respect to the
evaluation of the H2+ beam anomalies. In connection

with the measurement of absolute bombarding energies

of certain reaction thresholds and resonances, we ob-

served that such an accumulation of charges did indeed

occur. Therefore, a detailed program was undertaken
to study the nature of the effect.

Definitive evidence for the effect of charge accumula-
tion erst appeared during preliminary measurements of
T'(p, l)He' threshold energy. ' (The final results re-
ported in Ref.7 were not influenced by the charge-
accumulation eGect. )

The manner in which the effect was manifested is as
follows. At any time following a period of several hours
during which no beam was passed through the elec-
trostatic analyzer a measurement of the T'(p, n)He'
threshold energy would give a result which we shall
call E&h. Repeating the measurement continuously would
give a series of results each higher than the previous one
until, after about 2h, there would be no further in-
crease. The measured threshold energy would return
to E&h after a waiting period of several hours for the
charge to leak oG or after the introduction of nitrogen
gas at low pressure followed by an ac glow discharge
between the deflecting plates. The maximum increase
of the measured threshold energy above E&h was 0.04%.
For the T'(p, l)He' threshold energy, this increase
requires the equivalent of a uniform charge accumula-
tion on each deflecting plate corresponding to 2V.
However, under the assumption of a uniform charge
accumulation it is not possible to account for the long
time constant of the drift. A simple calculation can be
made to determine approximately the time constant
from the known pressure in the analyzer (SX10 '
torr), the approximate beam current (10 ' A), and the
following assumptions. (1) All ion pairs created by col-
lisions between the incoming beam and residual gas are
collected on the surfaces of the deflecting plates ex-
posed to the beam. (2) No secondary electron emission
occurs. (3) Ohm's law is applicable to the insulating
layers.

The result is that the time constant should have been
about one second. Under the assumption that the prin-
cipal contribution to the drift came from highly local-
ized insulating areas, it is possible to account for the
long time constant provided that the resistivity of the
deposited material is about 10"0-cm. Some resins have
a resistivity of about this amount. When the analyzer
was opened and one of the deflecting plates removed,
two areas of a few square centimeters each of a dark
deposition were observed. One of these spots was near
the input at a point where the beam would strike the
outer plate if no voltage were applied to the deflecting
plate, and the other spot was near the output of the
analyzer. A general light-color deposition of material
was observed covering the remaining portions of the
deflecting plates in the vertical region occupied by the
beam during normal operation. A fine abrasive was used
to remove the hardened deposit, and the analyzer was
reassembled and recalibrated. The result for the thresh-
old energy was now within. 0.01% of 8th, and there was
no observable long-term drift; Furthermore, the ac

' R. O. Bondelid, J. W. Butler, C. A. Kennedy, and 'A. del Callar,
Phys. Re~. uo, 887 (j.9&0),
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gaseous glow discharge would cause no shift in cali-
bration. Possible conclusions are (1) that the light-
colored layer caused an error in calibration of as much
as 0.01%, and probably this layer had a very short time
constant for charge accumulation and (2) that the
larger error, 0.04%, and the long time constant were
caused by the darker areas on the deflecting plates.

After the conclusion of the above investigation the
midpoint of the rise of the H2+ beam thick-target (p,y)
yield curve was still observed to be 0.05% lower than
that predicted from the H~+ beam result.

B. Thin Targets
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Even after the aforementioned considerations and
checks, it was still not certain that the displacement was
not due to some unconsidered aspect of the instrumenta-
tion. As a further check the resonance energy was
determined with extremely thin targets. It was expected
that if we had properly considered all significant aspects
of the instrumentation, the peak of the thin-target H2+

beam yield curve would occur at the position predicted
from the H~+ beam result. Indeed, this check did resllt
ie agreememt between the H~+ meed H2+ beam observed

thin target peak-s within an uncertainty of about 0.01%!
Thus, the linearity of the instrument and technique were
established beyond question, and the apparent displace-
ment of the midpoint of the rise of the H~+ beam thick-
target yield curve from resonance energy has, therefore,
been shown to be a real effect in nature.

C. Other Anomalies

The family of curves shown in Fig. 1 was obtained
from the E-series family of targets and the H2+ beam at
the 992-keV resonance in the A12'(p, y) reaction. Inspec-
tion of these curves reveals five additional anomalies.

(1) The peaks of the moderately thin-target yield curves
are not displaced from each other and from resonance

energy by an amount as great as was previously ex-

pected. (2) Even the "thick" target has a peak, or

hump, near resonance energy. (3) The asymmetries of
the moderately thin-target yield curves are very pro-
nounced, greater than expected on the basis of target
nonuniformities and ordinary fluctuations in energy
losses determined from the H&+ beam yield curves with

the same targets; and the full widths at half-height of
these moderately thin-target yield curves are greater
than predicted from the full width at half-height of an
extremely thin-target H2+ beam yield curve and the
target thicknesses and energy-loss fluctuations obtained
with the H~+ beam on the same targets. (4) The "step"
in the thick-target yield curve shows a de6nite asym-

metry about its midpoint. (5) The "thick-target pla-
teau" for target E-1 is not really a plateau but a
secondary slow rise.

During the course of the experiments, a number of
models were invented in attempts to explain the anom-

0.0
0-4-2 0 2 4 6 8 lO l2 l416 l8

Eb-E„(KEV)

FIG. 1. The experimental H2+ beam yield curves of the E-series
aluminum targets near the resonance energy of 992 keV. The tar-
gets vary in thickness from 17.8 keV for E-1 to 0.31 keV for E-7,
each different from the adjacent member by about a factor of 2.
Note the failure of the peaks to shift as much as half the target
thickness, the thin-target asymmetry which becomes more pro-
nounced as a function of target thickness, the thick-target leading-
edge asymmetry, the dip just above resonance energy for the
thick-target curve, and the slow rise following the dip. The
abscissa energies have been converted to the H&+ energy scale.

alies of Fig. 1. For each model further experiments
were devised specifically to test the validity of a crucial
feature of that particular model. In most cases, the
model failed to pass the test, but these further experi-
Inents led to additional information concerning the be-
havior of H2+ beams. .

D. Inert Coatings

One series of tests involved the coating of the targets
by thin layers of inert material, chosen to be copper.
These tests with the coated targets indicated new
discrepancies which contributed to an understanding of
the behavior of the H2+ beam in targets.

In one set of experiments one particular thick target
was first used to obtain the usual Hq+ and H2+ beam
excitation curves over the region of the 992-keV reso-
nance. Then a thin layer of copper was evaporated over
the layer of aluminum, and another pair of H~+ and H~+

beam yield curves was obtained. Then, another thin
layer of copper was evaporated onto the same target
and another pair of yield curves was obtained. The H2+
beam yield-curve displacement (determined for the
midpoint of the rise) for the first layer was measured
to be 900 eV, an amount which is about the same as
that obtained for the H~+ beam yield-curve displace-
ment, 870 eV. However, for the combined copper layers,
the apparent energy loss suffered by the H&+ beam in
traversing the layers was significantly greater than for
the H&+ beam, 2020 and 1710 eV, respectively.

It is also interesting to compare the experimental
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beam yield curves have much /urger @widths than those for
the direct Hs+ beam. (4) The Hr+), beam gives a some-
what wider resonance yield curve than the H&' beam.

Thus, we have apparently eliminated two discrep-
ancies, the midpoint energy displacement and the
asyxronetry, but we have introduced another discrep-
ancyt The average energy loss of the beam in penetrat-
ing the gas cell was only about 17 eV; thus, this loss
could not (according to previous concepts) possibly
have introduced a distribution in energy loss with a full
width at half maximum of 4 keV ~

IV. QUALITATIVE EXPLANATION OF THE ANOMALIES
OBSERVED WITH THE H2+ BEAM

There were no displacement or asyrrnnetry discrep-
ancies when either very thin targets or stripped beams
were used. Thus, these discrepancies are associated with
the combination of the H2+ beam and thick targets.

The energy displacements for thin coatings were
about the same for H2+ and H~+ beams while for thick
coatings the energy displacement for the thick coating
was significantly greater for the H2+ than for the H&+

beam. Also, apparent fluctuations in energy losses for
the H2+ beam were considerably greater than for the
H~+ beam when either an inert coating or the gas cell
was placed in front of the target. An important clue to
the nature of the discrepancy was thus the time factor.
When the H2+ beam was stripped by the gas, the hydro-
gen molecular ion had approximately 10 ~ sec to dis-
sociate before the dissociation particles struck the tar-
get. However, inside the target, the H2+ molecule had
only about 10 "sec before it (or the dissociation com-
ponents) had lost enough energy to be of no interest in
the yield at bombarding energies near the resonance
energy. (A 1-MeV proton in aluminum loses energy at
the rate of about 600 eV/10 's sec.) Therefore, a basic
re-examination of the fundamental processes involved
in the breakup of the H2+ molecule was undertaken and
led to a satisfactory explanation.

The H2+ molecule is the simplest of the molecular
structures and, therefore, has received intensive theo-
retical study. Figure 3 shows potential energy curves"
for a few of the electronic configurations of the H2+
molecule, and also shows some of the vibrational
eigenvalues' for the J=O (parahydrogen) state.

Now let us consider the mechanism of dissociation
of the hydrogen molecular ion. Salpeter" has made
approximate calculations for the dissociation of H2+
molecules of a few MeV in collision with gas molecules.
These estimates by Salpeter show that only about 1%
of the dissociations of these H2+ molecules in collision
with hydrogen gas occur by excitation of the inter-

s E. Teller, Z. Physilc 61, 458 (1930).' D. R. Bates, K. Ledsham, and A. L. Stewart, Phil. Trans. Roy.
Soc. London 246, 215 (1953).

' S. Cohen, J. R. Hiskes, and R. J. Riddell, Jr., Phys. Rev. 119,
1025 (1960)."E.E. Salpeter, Proc. Phys. Soc. (London) 63A, 1295 (1950).

nuclear vibrations. (Dissociation by excitation of nu-
clear vibrations requires an energy transfer of about
2.8 eV.) The mechanism for dissociation of the other
99%%uq of the Hs+ molecules is by excitation from the
ground electronic state to the higher electronic-state
configurations of H2+. If we assume that the H~+ mole-
cule is in the lowest vibrational level of the ground
electronic state, and if we also assume that in a collision
the Franck-Condon principle will apply (i.e., the inter-
nuclear separation distance does not change during the
collision and concomitant excitation to one of the higher
electronic states), it can be seen from the potential-
energy diagram that excitation to the lowest repulsive
state (2pa„state) requires an energy transfer of about
11.8 eV. The H2+ molecule thus excited will then disso-
ciate into a free proton and a neutral hydrogen atom, fol-
lowing the potential "hill, "with a total final separation
kinetic energy of about 9.0 eV in the c.m. system. The
next lowest state is the 2pm„state, and about 18.2 eV
are required for excitation to this state. (This state is
weakly bound if excitation occurs at certain large inter-
nuclear distances, but for present purposes it may be
regarded as a repulsive state. ) For excitation to this
state and all higher electronic states, Salpeter points out
that dissociation results in a free proton, a neutral
hydrogen atom in an excited state, and some kinetic
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Fio. 3. Potential-energy curves for various electronic state con-
figurations of the H2+ molecule. The e'/r curve has been drawn one
Ry below its proper position to conserve space and to make com-
parisons easier. Vibrational levels are illustrated for a para-
hydrogen molecule ion in the ground electronic-state con6guratiori.
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energy. An energy transfer of 30 eV (or more) is re-
quired for excitation to continuum states, which then
result in two free protons and a free electron.

Calculations of the cross sections for the dissociation
of H2+ and D2+ by a vacuum carbon arc have been made
by Alsmiller, "who shows that the principal modes of
dissociation in the arc are by excitation from the ground
state to the 2po.„and the 2p7r„states. Excitation to
other states is essentially neg1igible. Other authors have
investigated some aspects of the dissociation cross sec-
tions and angular distributions for the dissociation
process.

The above discussion indicates the principal modes of
dissociation of H2+ molecules under cricumstances dif-
ferent from those prevailing in the present experiments.
Thus, it is not known precisely what happens when the
H2+ molecules enter the target lattice; i.e., it is unknown
what fraction of the H2+ molecules are excited to each
state or to the continuum. It is of interest to estimate the
time required for dissociation. For excitation to the
2po„state, a semiclassical calculation shows that for
90% of the potential energy to be converted to kinetic
energy (protons assumed to be initially stationary) a
time of 3.7X10 "sec is required. If it is assumed that
dissociation takes place by prompt removal of the
electron so that the potential-energy function becomes
E=e'/r (see Fig. 3), then the time required for 90% of
the potential energy to be converted to kinetic energy
is 17)&10 "sec.

Since the time required for 90% energy conversion of
the proton and neutral hydrogen atom following ex-
citation of the H2+ molecule to the 2po state is about
the same as the time required for a proton to lose about
2.5 keV in the aluminum target, the time-factor clue
mentioned above acquires added significance.

In the case of the gas-cell experiments, enough time
was available to the dissociating molecules so that all of
the potential energy available to the dissociation process
was transformed into kinetic energy before the particles
reached the target. For each proton which received an
increase in energy, there was a corresponding proton
which received an equal decrease in energy; and, thus,
the resulting distribution of energies in the bombarding
beam was syrzunetric about Eb. Because the energy
spread which results from the dissociation process is
due to the addition of velocity vectors, the amount of
the extra energy spread is the order of several keV even
though there is available only a few eV to the dissocia-
tion process. This relatively large energy spread is
sufhcient to mask the eBects due to fluctuations in
energy loss, ' and the yield curves obtained with the
HP and Ht+), beams are reasonably symmetric about
resonance energy, and the midpoint of the rise in the
thick-target yield curve is located very near resonance
energy.

'2 R. G. Alsmiller, Jr., Oak Ridge National Laboratory Docu-
ment 2766, 1959 (unpubhshedl.

However, when a solid target is bombarded by the
H2+ beam, the resulting dissociation takes place inside
the target, thus leading to an energy distribution whose
width increases as a function of depth of penetration
of the beam into the target. The result is an overall
asymmetric yield curve for thick targets.

In the front layers of the target, a significant portion
of the beam is gaining energy from the dissociation
process faster than it is losing energy through ordinary
energy-loss interactions. This eGect is especially im-
portant when Eb~E„, for it causes some protons to
remain near resonance energy for abnormally long times
and some to pass through resonance energy twice.
Furthermore, even for values of Eb su%ciently below E„
that essentially none of the protons in the incident beam
have energies great enough to contribute significant
gamma-ray yield, some protons will gain enough net
energy inside the target to reach resonance energy and
thus contribute significant gamma-ray yield. It is this
latter result that gives the long slow rise beginning more
than 5 keV below resonance energy (Curve IV, Fig. 2).

A similar line of reasoning explains the observed re-
sult that the position of the midpoint of the rise is
signi6cantly below resonance energy.

At values of Eb about 2000 eV above E„, the yield
is less, even for a thick target, than for Eb values only a
few hundred eV above E„ for the following reasons.
(For simplicity, we shall consider only those molecules
whose internuclear axes are aligned with the direction
of motion. )

In the latter case (E„~Eq~E„+500 eV), there is
extra yield from the "leading" protons as discussed
above, but this extra yield is approximately com-
pensated by the yield loss from the "trailing" protons.
This yield loss results from the fact that the "trailing"
proton passes through the resonance energy zone more
quickly (if it initially is at or above resonance) than it
normally would from the usual energy-loss process alone.
So it makes fewer nuclear pass s while it is in the reso-
nance energy zone.

In the former case (Eq=E„+2000 eV), there is no
extra yield from the leading protons because they start
above resonance energy and gain net energy for some
time. Their contribution to the yield comes after dis-
sociation is essentially complete, and they pass through
the resonance energy zone at the normal rate of energy
loss. But the yield loss from the trailing protons still
exists because the trailing protons, losing energy from
the usual process plus the dissociation process, very
quickly pass through it.

The above processes explain both (1) the failure of the
peaks of moderately thin targets to shift and (2) the
presence of the hump on thick targets.

As the bombarding energy is increased still further,
more and more of the trailing protons still have energies
above resonance even after the dissociation process is
essentially complete. Therefore, they pass through the
resonance energy zone at the normal rate of energy loss,
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thus making a relatively greater contribution to the
yield. The result is a slowly rising yield, as a function
of boinbarding energy, until all of the trailing protons
pass through the resonance energy zone at the normal
rate. This second rise in yield is shown clearly in Figs.
1 and 2. For a suKciently thick target, a plateau would
eventually be reached, but none of the E series targets
is thick enough to exhibit one. The yield curve for
target 8-1 essentially reaches the "thick-target plateau"
level, but its plateau is very short.

The results with the copper-coated targets can be
visualized qualitatively with the dissociation mech-
anism. The enhanced broadening effect of the copper
coating on the H2+ beam thin- and thick-target yield
curves as compared with the H~+ beam yield curves is
due to the fact that part of the dissociation of the H2+

molecules occurs in the inert copper coatings thus
eliminating the yield which would otherwise have been
obtained from the front of the target where the beam-
energy spread is the smallest.

For thick targets of aluminum with the thicker copper
coating, it was observed that the shift of the H2+ beam
yield curve midpoint due to the coating was also
greater than for the H~+ beam. As shown in the pre-
ceding discussion, the anomaly of the low midpoint for
thick targets and the H2+ beam depends upon the
dissociation acceleration occurring in the aluminum
target. If the dissociation acceleration occurs before
the protons reach the aluminum target, there is no
anomalously low midpoint, as seen from the gas-cell
results. If a copper layer is sufficiently thick, the dis-
sociation acceleration will be complete before the pro-
tons reach the aluminum. Thus, the shift of the midpoint
of the H~+ beam yield curve for a copper-coated target
includes two factors, the normal shift due to fluctuations
in energy loss plus the shift due to the obviation of the
anomalously low midpoint related to the dissociation
process.

V. CALCULATED YIELD CURVES

It is possible for one to calculate the H2+ beam yield-
curve shapes for all target thicknesses by beginning with
a beam of H2+ molecules and considering in microscopic
detail the physical processes occurring as the beam
penetrates the target. Such calculations have been
performed for the E-series targets, and two examples
are shown in Figs. 4 and 5 for targets E-7 and E-i,
respectively.

The mechanism of dissociation of the H2+ molecules
was assumed to be as follows. The H2+ molecules enter
the target lattice in various vibrational states and are
excited to various electronic repulsive states by inter-
actions with the lattice electrons. The internuclear
separation distance does not change during the excita-
tion process in accordance with the Franck-Condon
principle. The probability for such excitation is repre-
sented by the term 1-e, where n is the product of the
interaction cross section and the number of atoms per

FIG. 4. Calculated
yield curves and da-
tum points for tar-
get E-7, H2+ beam.
The abscissa values
have been converted
to the H&+ energy
scale. Curve I was
calculated for a pure
aluminum target;
curve II, a com-
pletely oxidized tar-
get.

0.10

0.08—
O
LLI

~ 0.06—
LLI

~ 0.04-
LLJ

K

0,02

0 0 I

Eb Er (KEV)

Fzo. 5. Calculated
yield curves and da-
tum points for target
E"-1, H2+ beam. The
abscissa values have
been converted to
the H~+ energy scale.
Curve I was calcu-
lated for a pure
aluminum target;
curve II, a pure tar-
get except for a 150-
eV layer of 67%
aluminum oxide on
the surface beneath
which is a 150-eV
layer of 33% alumi-
num oxide.
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cm', and x is the penetration distance into the target.
The two dissociation components gain energy in the
c.m. system according to the repulsive-state potential
curve. Further interactions with the lattice electrons
result in eventual excitation of the H2+ molecule to the
e'/r "state" or stripped. condition. The dissociation
continues until it is complete. Since at small values of r,
the various electronic repulsive curves are essentially

paralle1 to the e'/r curve, the dissociation as described

gives a similar overall result as if the original excitation
had been to the e'/r curve. And since the e'/r curve is

mathematically much simpler to handle than the ex-

cited electronic-state curves, the calculations were made
under the assumption of a one-step process to the e'/r

curve.
The initial distribution of proton energies in the bom-

barding beam is a function of effective beam analyzer

resolution, internal kinetic energy of the protons in the
H2+ molecules, and the distribution of internuclear axis

orientations. After the H2+ molecules have penetrated
far enough into the target to lose an energy of about 200

eV, the width of the initial distribution is small com-

pared with the broadening introduced by dissociation

of the molecules. Therefore, the effect of the initial

proton energy distribution was taken into account

as follows. The effective energy width of the beam

due to dissociation alone was computed. If this

width was less than 500 eV, it was assumed that the

effect of the initial energy distribution would cause the
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over-all energy distribution to be 500-eV wide. Thus,
the width of the undisturbed component e of the
initial beam remained constant at 500 eV, while the
width of the disturbed component 1-e * changed con-
tinually through the target as the internal kinetic energy
of the disturbed H2+ molecules increased according to
the e'jr potential curve.

The yield curves were computed under the following
particular assumptions and procedures. The average
population of vibrational levels of the H2+ molecules
corresponds to the v =3 level. Effectively, the probability
distribution of initial ro values (internuclear separation
distances) is flat, and the overall yield curve may be ob-
tained by combining with equal weight the yield curves
resulting from ro values of 1.4, 2.0, and 3.0 Bohr radii.
The internuclear axis has an isotropic orientation prob-
ability, and the cross section for excitation is inde-
pendent of this orientation. The H2+ ion loses energy in
the target at the same rate as two independent protons.
The densities of target materials are the handbook val-
ues of 2.7 g/cm' for pure aluminum and 3.7 g/cm' for
aluminum oxide. Possbily some assumptions compen-
sate for others; e.g., the average vibrational level might
be under v =3, but the e=3 assumption might compen-
sate for the independence of excitation cross section on
internuclear axis orientation.

The following effects were neglected: The effect of
target electrons on the dissociation process, fluctuations
in energy losses of the H2+ molecules and the dissocia-
tion components, molecular rotational energy, and
intrinsic resonance width.

Curve I of Fig. 4 shows the calculated yield for target
E-7,assumed to be pure aluminum. The experimental data
obtained with the H~+ beam on target E-7 agreed with
the H~+ beam yield curve calculated under the assump-
tion of complete oxidation of the target. ' Therefore,
curve II was computed for a completely oxidized target.
The effect of the oxidation of the target on the calculated
curve is to broaden it beacuse the oxidized target is
thicker in terms of both energy loss and penetration
time. Since more time is required for the H2+ molecules
to penetrate target E-7 if it is oxidized than if it is pure,
more internal kinetic energy is realized before the
molecules leave the other side of the target. Even though
the oxidized target E-7 is about 600-eV thick, the peak
of the yield curve is displaced only about 160 eV from
resonance energy. Whereas with thin targets bombarded
by the H&+ beam, the asymmetry of the yield curves was
due to fluctuations in energy losses of the protons in
the target, the asymmetry of the yield curves of thin
targets bombarded by the H2+ beam is due primarily to
the changing internal energy of the H2+ molecules in
repulsive electronic states.

Yield curves computed for thin targets E-3 through
E-6 (not illustrated) similarly agreed with the experi-
mental data, showing only very small displacements of
their peaks from resonance energy and similar asym-

metrics, thus, explaining the anomalies observed with
the H2+ beam on thin and moderately thin targets.

For target E-1, several yield curves were computed for
several assumed surface conditions. Most of these curves
were quite similar except in the immediate vicinity of res-
onance energy. So only the curve having best agreement
with the data in the vicinity of resonance energy is
shown in full in Fig. 5.

Curve I was calculated for a pure target. Apparently,
if the target surface had been pure, a very pronounced
overshoot would have resulted in the experimental data.
But the weak overshoot implies that the yield from the
front layers of the target, when the incoming beam is
sharpest, is attenuated. An oxide layer on the surface
does have this effect because it dilutes that part of the
target by about a factor of two. A calculated curve for
a 150-eV layer of 100% aluminum oxide on the surface
still showed somewhat too much overshoot. But the
curve for a 300-eV layer of 100% aluminum oxide
showed too little overshoot, essentially none at all.

Curve II was calculated for a 150-eV layer of 66%
aluminum oxide on the surface beneath which is a 150-
eV layer of 33% aluminum oxide. The agreement is
escellent for all energies except very near resonance and
on the decreasing-yield slope. The agreement at reso-
nance would be improved if slightly more than 67%
oxidation were assumed in the erst 150-eV layer or if
this layer were assumed slightly thicker; and the lack
of complete agreement at the high-energy side may be
attributed, at least partly, to the effect of fluctuations
in energy losses in the target (these fluctuations were
ignored in the calculations).

Although target E-1 is not actually a thick target,
it is at the threshold of being thick because its yield
curve reaches the Anal thick-target plateau level, even
though the plateau is very short.

Curve II predicts all of the anomalies observed with
the H&+ beam on a thick target: the asymmetry of the
leading edge, the displacement of the midpoint of the
rise, the overshoot, the slow rise following the overshoot,
and the less steepness associated with the trailing edge
than with the leading edge.

VI. APPLICATION TO RESONANCE-ENERGY
DETERMINATION

The H2+ beam can be used for accurate calibration
of bombarding-beam energy analyzers provided that
either extremely thin targets are used (thinner than
about 500 eV) or the effects of dissociation are taken
into account with intermediate or thick targets.

A. Thin Targets

If extremely thin targets are used and if the H~+
and H2+ beam yield-curve peaks are compared on the
same energy scale, the positions of the peaks will agree
within 0.01%%u0. From the experimental data for target
E-7 and from the absolute calibration parameters of
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the electrostatic analyzer, the positions of the peaks for
the H~+ and H2+ beams occur at 992.10 and 992.17 keV,
respectively, thus differing by only 0.007%. These
values include no correction, theoretical or otherwise,
for any shift of the peak from true resonance energy.

B. Thick Targets

If thick targets are used, there are two methods which
will give the position of resonance within an uncertainty
of about 0.01%. The first is empirical, and therefore
much simpler, although slightly less reliable. The pro-
cedure is to extrapolate the slow rise of the experimental
yield curve after the dip to intersect with the steep rise;
this point of intersection is within 0.01% of resonance
energy.

The second procedure is to calculate a yield curve as
done herein and thus determine the position of the mid-
point of the rise with respect to resonance energy.
Reasonable assumptions may be made about target
surface conditions, and the energy of the midpoint
is not nearly so sensitive to surface conditions as the
overshoot. Such a computation can be performed by
hand in a period of a few hours.

VII. DISCUSSION

A preliminary account of part of the present paper
(the energy displacement of the Hs+ beam thick-target
yield curve and the asymmetry of the same curve) has
been published in abstract form. ' In the intervening
period, work closely related to the present series of
experiments has been performed at two other labora-
tories. The University of Oslo group has observed some
of the anomalous featurs of the H2+ beam thick-target
excitation curves and published their results. '3 The

"S.L. Andersen, K. Gjotterud, T. Holtebekk, and 0. Lonsjo,
Nucl. Phys. 7, 384 (1958).

University of Wisconsin group has also observed some
of the anomalous features with H2+ beams, and they
have published their results. '

Of the anomalies observed, the most important was
the "energy shift" of the midpoint of the rise in the
thick-target yield curve. In order to confirm the "shift"
as a real effect in nature, we undertook a detailed pro-
gram of examining all the parameters of the electrostatic
analyzer for linearity and compensating effects as a
function of voltage applied to the deflecting plates (and,
thus, particle energy). These checks and procedures,
as described in Sec. II, are a necessary and primary
means of proving an analyzer sufficiently linear to
establish the observed "energy shift" with H2+ beams
as a real effect. The internal and external magnetic
field corrections in Eq. (1), for example, are about the
same magnitude as the apparent midpoint displacement.

After the primary checks mentioned above, the
secondary check is to measure the resonance energy
with the H2+ beam on an extremely thin target and to
compare the resonance energy thus obtained with that
predicted from the measurement with the H~+ beam
and the absolute calibration parameters. As described
herein, we made this check and obtained agreement
within 0.01% between the two measurements.
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