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Measurements of the enhanced Lyman-a radiation following beam-foil excitation of
H,* and H;* molecular ions are presented for incident ion energies of 0.2—1.75
MeV/amu. The enhancement is with respect to radiation observed with the use of in-
cident protons of the same velocity. This enhancement is small (factors of 2—10) at large
foil dwell times (greater than 1 fs) and large (factors of 50) at small dwell times (less than
1 fs). A phenomenological model which fits the data for both dwell-time regions, and at
the same time fits other results of the transmission of H,* and of the production of H°

atoms from incident H,™ ions, is presented.

I. INTRODUCTION

The interaction of fast molecular-ion beams with
solid targets has received extensive scrutiny in re-
cent years.! Much of the work has been performed
using ion beams in the energy range of 0.2—2.0
MeV/amu which pass through thin self-supporting
carbon foils. In this work we shall restrict our-
selves to presenting data acquired only with hydro-
gen molecular-ion beams (both H,* and H;*) and
to offering comparisons to other experiments per-
formed exclusively with H, ™", the simplest mol-
ecule.

It now is well established that molecular ions
can survive passage through thin carbon foils.?
The penetration depth of a projectile in a foil has
most often been described by its dwell time, the
time spent in the foil. One can then distinguish
two classes of survival for molecular ions. For very
short dwell times (<0.5 fs), the electrons incident
with the molecule maintain some correlation with
the nuclei while in the target and the ion may
emerge in a stable molecular state. This short
dwell-time region has been labeled the & regime
for survival of the originals. For longer dwell
times, correlation of the nuclei with the original
electrons is lost and capture of target electrons
close to the exit surface may occur. This has been
called the # or reconstituted regime.> One should
not lose sight of the fact that even for the thinnest
foils and highest beam velocities employed, molec-
ular breakup with ionization of the fragments is

the dominant occurrence.
The ¢ regime has also been clearly observed in

an experiment in which neutral hydrogen atoms

were detected after passage through a foil upon
which neutral atoms were incident.® This experi-
ment yielded a lifetime for neutral survival in the
foil of 0.2 fs, which is taken to be characteristic of
the & regime.

We shall present measurements of optical emis-
sion from n =2 to n =1 (Ly @) in neutral hydro-
gen obtained with beams of H,* and H;™" after
passage through a thin carbon foil. Many foils
with a range of nominal thicknesses from 1.5 to 92
pg/cm? were used. Incident beam energies from
0.2 to 1.75 MeV/amu were also used. These mea-
surements extend and complement previous studies
performed in this laboratory using incident molec-
ular jons.*>

Comparison of the results using an incident H,*
beam will be made to a phenomenological model
presented here for the first time. Measurements by
other workers of emergent H,* and H° with an in-
cident H,™ beam under comparable beam energy
and foil conditions will also be compared to the
model predictions.

II. EXPERIMENTAL METHOD

Mass analyzed beams of H,™ and H;* from the
Argonne 5-MV Dynamitron were employed in a
standard beam-foil configuration. Up to 20 foils at
a time with differing thicknesses could be mounted
on a foil wheel positioned approximately 1-mm up
beam from the focusing position of the optic axis.
One or two positions on the wheel contained a
double foil; that is, two foil supports mounted to-
gether such that the foils were separated by about
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3 mm. The radiation was monitored at right an-
gles to the beam through a 1-m, vacuum, normal
incidence, McPherson monochromator equipped
with an EMR solar blind photomultiplier. Stan-
dard photon counting techniques were employed.

For a selected beam energy and mass number (2
or 3) the foil wheel was positioned to a gap and the
beam current recorded. Counts were then acquired
for a preset time using the double foil followed by
each foil on the wheel in turn, finishing with the
double foil. The current was then recorded with
no foil in position. The beam was stable during
the time for each measurement and corrections for
slow drift in the beam current (less than 10%)
were then applied to the entire set during analysis.
The procedure was repeated for a selection of beam
energies with data acquired using both H,* and
H;™ ions from the accelerator.

Data acquired with the double foil are interpret-
ed as being equivalent to those of a proton beam of
the appropriate current. Results presented below
are intensities divided by the double foil value.

No attempt was made to remeasure the
thicknesses of the foils used. Previous measure-
ments in this laboratory indicate that the foils are
nominally the thickness indicated to within 20%.
Most of the scatter of our data is caused by uncer-
tainty in the foil thickness; however, approximately
40 different foils were used for the data presented
which significantly alleviates the problem caused
by using the nominal thicknesses.

III. EXPERIMENTAL RESULTS

The intensity of Lyman-a emission as a function
of foil thickness and beam energy will be presented
in a manner that removes much of the energy
dependence. The data are first normalized to the
double foil values (which are strongly energy-
dependent) and then graphed versus foil dwell
time, ¢4, given by
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Here T is the foil thickness, E, the incident beam
energy with velocity vy, and (dE /dx) the energy
loss per unit thickness in the foil. This is
equivalent to dividing the foil thickness by the
beam velocity at the center of the foil. A carbon
foil density of 2.0 g cm ™ has been assumed.
Recently it has been suggested that data obtained

with an incident diatomic molecular ion should be
graphed versus internuclear separation of the com-
posite particles.® By doing so, data taken at ener-
gies differing by a factor of 100 can be shown to
lie on a smooth curve. Since neither our data nor
those of others presented later for comparison
differ in energy by nearly so great a factor, we
have chosen dwell time for expediency. Further-
more, this permits direct comparison of the H,*
and H;* experiments.

Figure 1 displays our results taken with an in-
cident beam of H,* while Fig. 2 is for a beam of
H,;*. The division of the figures into two parts
represents more than just an extension of the
abscissa. The two are also entirely different exper-
iments with no common data points. The pro-
cedure of double foil normalization described above
holds for the shorter dwell-time data (a). Double
foil values were not acquired for the longer dwell-
time data (b), and each energy was normalized to
minimize scatter of the composite graph. This ex-
plains the occurrence of some data points of (b)
with values less than unity.
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FIG. 1. Lyman-a emission as a function of dwell
time in the foil for H,* incident projectiles. Short and
long dwell-time data are given separately and are from
different experiments. The lines represent three (a) and
two (b) exponential fits to the data with shortest life-
times labeled.
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FIG. 2. Lyman-a emission as a function of dwell
time in the foil for H;* incident projectiles. The lines
represent fits as in Fig. 1.

The smooth curves are multiexponential fits to
the data with the lifetimes of the shortest com-
ponents shown. The data of (a) and (b) for both
figures have been independently analyzed and no
common parameters appeared. Considering the
significant overlap in the region of 1 to 12 fs, one
is forced to conclude that no interpretation can be
applied to these derived lifetimes. In particular,
the shortest value quoted, 0.05 fs, has a large un-
certainty; we conclude it represents some com-
ponent smaller than 0.2 fs. The purpose in
displaying the curves is to indicate that a multiex-
ponential form is adequate to smoothly fit the data
and this fact will help to justify the model present-
ed below.

The curves obtained at different energies should
not necessarily be the same. Small and usually con-
sistent differences can be observed. However, these
differences will be generally neglected in the
analysis which follows. Further comments on this
energy independence will be made later.

The enhancement of Lyman-a radiation for very
short dwell times is genuinely dramatic. The sharp
rise as the dwell time is reduced is clearly indica-
tive of the & regime though neutral hydrogen was
not incident upon the foil. What is perhaps more

interesting is the rise visible at the beginning of the
longer dwell-time curves (b). This can be interpret-
ed as the enhancement of the probability for elec-
tron capture by the presence of a nearby proton.
This interpretation is reinforced by noting that this
enhancement is larger for incident H;* than for
incident H,*. Furthermore, this longer dwell-time
curve (b) is itself composed of at least two very
different lifetime components which probably indi-
cates that more than one mechanism is responsible
for electron capture.

While it has been suggested’ that capture of an
electron into repulsive molecular orbitals may be
responsible for some observations in the .# regime,
no quantitative mechanism has previously been ad-
vanced. In Sec. IV we show that the simple
electron-loss and electron-capture method used by
Gaillard et al.? to explain the & regime result with
incident H® can be extended to simultaneously ex-
plain both the ¢ and # regimes using incident
H,*.

IV. MODEL DESCRIPTION

Figure 3 presents a potential-energy-level dia-
gram® for H,*. The inset clearly demonstrates the
collapse of six molecular orbitals to three Stark
shifted atomic levels. The central level is doubly
degenerate composed of 2p; and 2p_;. Note that
even at 90 a.u. (48 A) the energy splitting is a fac-
tor of 200 times larger than the neutral hydrogen
fine structure, thereby justifying the neglect of
spin.

Our model simplifies this potential-energy dia-
gram into a system of five levels represented by
Fig. 4. The molecular ion H,* is on the left-hand
side while the neutral atom H° is on the right-hand
side. Level 1 represents those two molecular orbi-
tals which in the limit of large internuclear separa-
tion become the n =1 energy level of the neutral
atom. Similarly, level 2 represents those six orbi-
tals which become the n =2 energy level of the
neutral atom. Level 3 represents the ground state
of the neutral atom, while level 4 is the first excit-
ed state. Level 5 represents the continuum, com-
mon to both the atom and molecular ion which
corresponds to the beam projectiles made up entire-
ly of protons. Pickup of two electrons leading to
the neutral molecule or to the negative hydrogen
ion is not considered.

The oy; represent a number of different
processes. Those associated with upward pointing
arrows ending in the continuum can be thought of
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FIG. 3. Partial molecular diagram for H,*. The
upper right-hand corner shows an expanded view of the
six orbitals ending in H(n =2) state on the same abscis-
sa as the main diagram.

as electron-loss cross sections. Upward pointing
arrows ending in an excited state are excitation
cross sections. Downward pointing arrows
represent electron-capture cross sections. While a
total of 20 arrows could be drawn on such a dia-
gram, physical considerations rather than numeri-
cal ones have limited our choice to the 10 shown.
Subsequently, we will indicate that postfoil evolu-
tion of the system is a necessary consideration to
obtain agreement with the experiments for the sys-
tem described in Fig. 4.

We proceed as others have done by using foil
dwell time as a measure of penetration of the pro-
jectiles into the target. If f; is the fractional popu-
lation of the i” level (i =1—5) then the time evo-
lution of the populations is given by
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FIG. 4. Schematic of the five levels used in the
model analysis together with the ten rate constants o;;
as labeled.

with the understanding that any o;; not in Fig. 4 is
zero.

For an electron-loss cross section o;, one can
write

g =(Nm)™ ", 3)

where N is the number of target atoms per unit
volume, v is the projectile velocity, and 7 is the
lifetime which characterizes the process. Since
each oy; has the dimension of t~!, its associated
cross section can be found by substituting o;; for
1/7 in the above expression. Throughout this pa-
per we may refer to the o;; parameters themselves
as cross sections though more properly they are
rate constants.

Equation (1) may be written in matrix form as

—

d =
i =Mf, 4)

where, for the moment, M is a matrix of constants
formed from combinations of o;;. The solution to
this system is given by

).j(t—to)

5
j=1

where U is the matrix that diagonalizes M and A
are the eigenvalues

U-'MU=A\. (6)

The coefficients 4; can be determined from the ini-
tial conditions for f;(¢y) which are simply
f1(0)=1, f;(0)=0when i1.

This system of equations always has a zero
eigenvalue. Furthermore, the capture cross sec-
tions from level 5 are at least two orders of magni-
tude smaller than the other cross sections which
offers an approximation for the eigenvalues

}\,"~20ﬁ ’ 17/:5 . (7)
J

For the solution presented below the smallest value
for |A;| is 5 fs~!. The solution of Eq. (2) then
reduces to a constant for each level after about 1
fs. Such a time dependence may describe the ¢ re-
gime but is incapable of even approximately
describing the .# regime.

To remedy this problem, we postulate that the
two molecular capture rate constants o5 and o5
are not constant but can be represented by

UiS_:o'?Se_ai“_tC) y I>1c,
o (8)
O0is=0js, <l ,
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for i =1 or 2. The dwell time appearing in this
expression should more properly be internuclear
separation. If it were, there would appear a
minimum separation which can be accounted for
by introducing a cutoff at ., chosen to be 1 fs.
The consequences of choosing some other value
will be mentioned in the discussion below.

The exponential form for this function is
motivated by the multiexponential behavior attri-
buted to the experimental results presented above.
Additionally, such exponential dependence has
been observed by others in the # regime for
molecular-ion reconstruction.’

The solution to Eq. (2) can now be solved on a
selection of logarithmically spaced intervals with ¢,
representing the starting point of the interval. The
initial conditions for any interval are given by the
values at the last point of the previous interval. In
this way, the coefficients 4; of the solution acquire
some unspecified time dependence which is dom-
inated by the functional form chosen by Eq. (8).
The solution was obtained numerically for reason-
able choices of 0;; and a;. The results, represented
by a column of numbers for f; — fs, were then
graphed and f, f3, and f4 were compared to ex-
perimental measurements, after accounting for
postfoil evolution of the system as described below.
The process was repeated until rather good agree-
ment for each of these three-level populations was
achieved utilizing a single set of input parameters.

V. DISCUSSION OF RESULTS

Results of the model presented above will be
compared to three different experiments in this
section. It should be stated at the outset that these
experiments are insufficient to determine all 12
model parameters. For example, the five atomic
parameters on the right-hand side of Fig. 4 cannot
be determined, and the chosen values have been
based upon previous measurement as discussed
below.

Table I lists the values of the model parameters
(in fs~!) used to obtain the curves presented in this
section. Before comparison can be made to experi-
mental results, postfoil evolution of the system
needs to be taken into account. The populations of
the levels in Fig. 4 upon exit from the foil are not
the same as the populations in the detection region
of a given experiment. The assumptions used to
obtain values for comparison shall be given for
each of the experiments concerned.
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TABLE 1. Model Parameters (in fs=!).

Molecular Ion

Neutral Atom

05;=6.9
o, =1.1
05,=30
095=0.0038
095=0.0012

053=4.5
043=0.5
0'54230
035=0.0016
045=0.00105

(1]20.7 a2=0.08

Most of the molecular ions emerging from the
foil in level 2 will continue to dissociate and will
add to the population of level 4 within at least 1 ps
of exit. This follows from the fact that three of
the six molecular orbitals comprising level 2 are
strictly repulsive while two of the remaining three
have extremely shallow (<0.3 eV) potential wells.
The fraction of level 2 which does not dissociate
will be accounted for below. The fraction, then,
which has been added to level 4 is 0.998, or essen-
tially the entire population. Figure 5 displays the
results of the population of level 4 in the detection
region along with the data presented in Fig. 1.
The curve has been renormalized by setting the
very long dwell-time value to unity, the same pro-
cedure as used for the data. Exactly the same
curve appears in both parts of Fig. 5. Agreement
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FIG. 5. Model fit to the Lyman-a emission as a
function of foil dwell time (the same data as in Fig. 1).
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with the data is excellent.

Level 1 is composed of two molecular orbitals;
one is the ground state of H,™ while the other is
strictly repulsive and dissociates into level 3. A
dissociation fraction of 0.75 has been chosen as
this yields somewhat better agreement with the ex-
perimental results than the purely statistical choice
of 0.5. Figure 6 displays the results for level 1 in
the detection region and compares it to the data
given in Cue et al.? Normalization has been accom-
plished by dividing the population of level 1 in the
detection region by the predicted model value of
the neutral fraction of HC for a very long dwell
time. This is the model analog of the manner in
which the data were normalized. Better agreement
with the data beyond about 12 fs can be obtained
by adding to level 1 0.2% of the population of lev-
el 2. This small admixture from level 2 represents
either radiation from the 2pm, or survival of the
H,* ion in the excited state. While the 3do, orbi-
tal contains the largest potential well of level 2,
electric dipole transitions from that orbital ter-
minate on the 2po, which is strictly repulsive and
such transitions cannot increase the population of
bound H,* ions. The population in this 3do, or-
bital has been improperly added to the population
of level 4. This is of no consequence, however,
since the adjustment of an indeterminate model
parameter (0s;) could compensate for the effect
upon level 4. This seemed preferable to introducing
an additional “branching ratio” which would, with
present experiments, be indeterminate. Should ra-
diation from the H,* molecular ion be detected,
the results could readily be accommodated by this
model and would significantly reduce the indeter-
minacy of the parameters described below.

The third experiment to which we compare this
model was performed by Gaillard et al.*> who mea-
sured the neutral fraction of H° using a beam of
H,*. This total neutral fraction is then the popula-
tion of level 3, along with 75% of level 1, and the
entire population of level 4 when it passed through
its detection zone. Figure 7 compares this result
with the aforementioned data. Renormalization has
been accomplished by setting a very long dwell-
time value to unity.

The postfoil evolution for each of the three ex-
periments can be summarized as

H%n =2)=(f4+af,)/N,, 9)
H2+=[(1—b)f1+(1—a)f2]/N2 5 (10)
H=(f;+bf 1+ fs+af,)/N, , 1y

where a=0.998 and b=0.75. The normalization

factors N, and N, are given by
Ni=falt=0), (12)
Ny=f3{t=w0)+f4(t =) . (13)

Before examining which model parameters in
Table I influence dominant features in Figs. 5—7,
it will prove useful to examine the & regime in de-
tail. Figure 8 presents the relative level populations
upon emerging from the foil for dwell times less
than 1 fs. The first notable feature is that 99% of
the incoming beam is stripped of its electron in
less than 0.6 fs. The straight-line portion of f|
has a lifetime of 1/(03;+05) or 0.12 fs. That f,
appears to have the same lifetime is a consequence
of the large value of o5, and the fact that the po-
pulation is initially fed into this level through level
1. Postfoil evolution will then attribute this short
lifetime value to both the H (n =1) and H° (n =2)
levels and this contributes to the sharp rise in the
curves of Figs. 5 and 7 below 1 fs. This lifetime
is then characteristic of the & regime for incident
H," molecules. The value is somewhat less than
0.2 fs which was determined by Gaillard et al.* for
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FIG. 6. Model fit to transmission probability of H,*
through thin carbon foils, normalized to twice the atom-
ic neutral fraction, as a function of the foil dwell time.
Data from Ref. 2.



25 MEASUREMENTS AND A MODEL FOR THE ENHANCEMENT OF. . . 167

10 - 7
la
£ | s 05 MeV/amu
s S5r®
CEI:N ‘\g » 0.75 MeV/amu
2
T \‘ o 1.0 MeV/amu
] 4
o B “. = 12 MeV/amu
s \

&
\‘AED e

1F T 3

\,
(S
x & g e

L : : ;

0 5 10 15
Dwell Time (fs)

FIG. 7. Model fit to the production probability of
neutral hydrogen molecules, normalized to the atomic
neutral fraction, as a function of the foil dwell time.
Data from Ref. 3.

Relative Level Populations

ST

. e ~

107 ¢ - \\?!
-/ f4 ]
F e 1
/.
0 02 04 06 08 1

Dwell Time (fs)

FIG. 8. The relative level populations | —f's at the
foil exit surface, for the rate constant values given in
Table I, as functions of the foil dwell time.

incident H®. It is also greater than the curve-
fitting value of 0.05 fs (Fig. 1) but, as mentioned
previously, that number has a large uncertainty.
According to this model, the value of 0.2 fs mea-
sured for incident HO particles should be attributed
to 1/(o43+0s3), and indeed this number has been
‘used to establish that sum.

The curves marked f3 and f, in Fig. 8 show
that electron-capture and electron-loss equilibrium
is established in about 0.4 fs, which means that
capture of an electron must occur close to the final
surface for the electron to emerge bound to the
projectile. This is the way an intrinsically “bulk”
model points out the importance of surface and
near surface interactions in the # regime.

Three experiments have been satisfactorily
described by a model containing 12 parameters (10
0ij; 2a;). Additionally, there appeared the cutoff
t. and two postfoil branching ratios @ and b. The
method used to determine these latter two has al-
ready been described. Any value for ¢, less than 1
fs could be accommodated by simply increasing,
0% (i=1, 2). Values much larger than 1 fs would
first manifest themselves by producing an observ-
able “dimple” on the curve of Fig. 6 close to ¢,,
which, as ¢, became greater, would become an
unacceptably large discontinuity in the slope of the
curves of Figs. 5—7.

Results in the # regime are influenced most by
the molecular capture rate constants o5 and o5
which are functions of a; and a,. 1/a; is an ef-
fective lifetime which determines the slope of the
curve in the straight-line portion of Fig. 6. 1/a,
controls the decrease in the curves of Fig. 5 beyond
about 4 fs. Within the framework of this model,
both of these parameters are well determined.

The question of nonuniqueness for the ten o;
parameters can best be examined by considering
the five molecular or atomic rate constants
separately. Among the molecular rate constants,
four relations are well determined: o5, +05;, 055 /
(0’5|+02]), (2531 / Os), 0'85 / Os3. Osp has been arbi-
trarily set to a “reasonable” value which satisfies
the constraint o5, > (051 +05)).

The five analogous atomic parameters cannot be
determined from the experiments presented here.
However, comparison to the experiment by Gail-
lard et al.® using an incident H® beam allows
(0434053) and 035 to be determined, assuming a
beam energy of 1.2 MeV/amu. (Energy depen-
dence will be considered below.) The excitation
rate constant 0,43 has been chosen by appeal to the
theoretical work of Peterkop and Veldre.” The ra-
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tio 045/054 has been chosen such that the equilibri-
um population of H® (n =2) is % that of H°
(n =1). 054 has been set equal to os;.

Figures 5—7 present the experiments and the
model results in such a way as to remove much of
the energy dependence in the parameters from con-
sideration. By normalizing the model results to the
very long dwell-time equilibrium values of f3 and
f4, one has effectively eliminated the energy depen-
dence of 0,45 and o35. Implicit in the model is the
assumption that the other o;; parameters are ener-
gy independent. Over the rather narrow energy
range of these experiments that assumption may be
justified. There is no reason, from the model
viewpoint, why energy dependence could not be
imposed. For the present, however, it appears that
the experiments are not sufficiently refined to war-
rant separate analysis for each measured energy.

VI. CONCLUSIONS

We have presented measurements of Lyman-a
intensity following molecular-ion dissociation in
thin carbon foils. Using both H,* and H;* pro-
jectiles, an enhancement in this intensity of more
than 50 over that using atomic projectiles has been
observed for very thin foils at high velocity. By at-
tributing this enhancement to dissociation of elec-
tronically excited states of the molecular ion, a
conceptually simple, phenomenological model has

been motivated. Using a single set of model
parameters, the results of three experiments have
been satisfactorily reproduced by this model.

Whether such model parameters can prove to be
quantitatively useful will depend upon further
theoretical work on electron capture into excited-
state molecular orbitals. The model of Cue et al.”
seems to indicate that multiple-scattering effects
are responsible for what appears in our model as
the exponential decay of the molecular-ion
electron-capture rate constants. The complexity of
their model, especially if applied to the next six
molecular-ion orbitals, precludes any simple
correspondence with our capture rate constants.
Only further work may help us to decide whether
our qualitative approach can be sufficiently refined
to yield meaningful capture and loss cross sections
for molecular ions.
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