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Relative emission yields of Balmer lines as functions of the dwell time (tD ——0.97—S4.1 fs) in thin

carbon foils (2—68 pg/cm ) have been measured with (0.2—0.8)-MeV/amu H+, H2+, and H3+ in-

cident on thin carbon foils. Large molecular effects for emission yields of Balmer lines have been
observed for H2+ and H3+, where the molecular effect for H3+ is larger than that for H2+. The
molecular effects for Hz+ and H3+ depend on the principal quantum number (n =3—6), but this n

dependence disappears at the largest t& (=54. 1 fs). The molecular effects rapidly decrease with in-

creasing tD in the small-tD ( &2 fs) region and more slowly decrease in the large-tD (& 2 fs) region.
The magnitudes of the molecular effects at the largest tD (=S4.1 fs) are in good agreement with

those by Andresen et al. [Phys. Scr. 19, 335 (1979)]. Relative populations of n-state hydrogens in

the large-tD ( & 2 fs) region have been derived from the relative yields of Balmer lines as functions of
n and tD. The molecular enhancement for relative populations of n-state hydrogens for H2+ de-

pends on n and tD, and decreases with increasing tD and increases with increasing n. Some discus-
sions are presented on the mechanism of production of excited H(n) atoms from incident H+ and of
H( n)+H+ or 2H+ breakup fragments from incident H2+ (H3+).

I. INTRODUCTION

Recently, the molecular effect for yields of neutral hy-
drogen atoms H emerging from very thin carbon foils
bombarded with swift beams (U »uo ——e /A') of H2+ and
H3+ ions has been studied as a function of the dwell time
(time spent in a foil) tD 'The o. bserved molecular effect
can be separated into two tD regions. (a) For t~(2 fs
(=2&&10 ' s), the overproduction of neutrals is very
large but rapidly decreases with increasing tD (b) For.
tD &2 fs, the overproduction of neutrals is also observed
but diminishes slowly with tD, whereas for the production
of the neutral fraction for the incident H beam an equi-
librium is completely achieved even at tD —1.5 fs.'

When incident H2+ molecules traverse a thin foil at
0.4—1.2 MeV/amu, the dwell-time dependence of the
yield of emergent H2+ has also shown the existence of
two well-separated transmission regimes, ' corresponding
to the above two tD regions, i.e., the original regime where
the incident species (diproton) carry their original
electron(s) and the reconstitution regime where Hz+ is
reconstituted by the process of target electron capture
after the loss of the incident electron(s). Concerning the
reconstitution of H2+, Cue et al. have estimated the prob-
ability for the diproton to capture a target electron as a
function of the effective nuclear charge of the molecular
orbital (MO) states which depends on the internuclear dis-
tance at the exit side of the thin foil.

For incident H3+, recent data ' ' show that the recon-
stitution of H3+ is not observable, while the yield of emer-
gent H2+ exhibits the same trend as that for incident Hz+
in the tD region corresponding to the reconstitution re-
gime. No clear explanation for the H2+ formation for in-
cident H3+ is reported as yet. However, a model similar
to the reconstitution model for incident H2 will be possi-

ble to apply to the production of Hz+ from a breakup
triproton system for incident H3+.

Transmission data mentioned above may lead to an idea
that the overproduction of neutrals for incident H2+ and
H3+ arises mainly from an enhancement of the electron-
capture probability to the dissociative molecular orbitals
which subsequently lead to the production of an H atom
plus a proton. As the by-product of the reconstitution
model, Cue et al. have also calculated the ratio of the
yield of H per nucleon for incident Hz+ to that for in-
cident H+ in the reconstitution regime. The estimated
yield ratio gives the tD dependence similar to, but of the
magnitude markedly smaller than, that measured by Gail-
lard et al. ' Cue et al. took account of only the isa& and
the 2pcr„MO states of H2+, whereas the measured H
yield contains all the hydrogen atoms H(n) with
n =1,2, . . ., Oo, where n is the principal quantum number.
Therefore, the discrepancy between calculation and exper-
iment may be attributable to the existence of dissociative
MO states which lead to various sets of breakup frag-
ments, H(n)+H+, where much higher molecular effects
for the H(n & 2) production than for the H( ls) production
will be expected to explain the discrepancy. The existence
of the dissociative MO states will be closely connected
with the observed energy-angular distributions of H
atoms. ' Furthermore, it is expected that the above
conjecture should be consistent with the beam-foil experi-
ments" ' which have shown molecular effects for emis-
sion yields of Lyman and Balmer photons from the break-
up fragments H(n &2) much larger than that for total
neutrals as functions of tD.

The electron-capture probability to the dissociative MO
state is very sensitive to the value of the effective nuclear
charge and the latter strongly correlates to the internu-
clear distance(s) (or tz) and to the n value of the breakup
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fragment H(n) dissociated from the corresponding MO
state. Therefore, detailed studies of the excited breakup
fragments as functions of n and tD should give data fruit-
ful to elucidate the interactions of the molecular ions with
thin foils.

Several studies on the n-state hydrogen atoms excited

by thin foils have been reported to date using the bearn-
foil spectroscopy. Gabrielse" and Brooks and Berry'2
have measured the Lyman-a emission yields as functions
of tD in carbon foils for H+, H2+, and H3+ (0.2—1.75
MeV/amu) and observed the molecular effect for the
emission yields. Bukow et al. ' have observed the molecu-
lar effects for Lyman-a and Balmer-a emission yields for
H+, H2+, and H3+ (50—200 keV/amu) at relatively large
values of tD (7—14 fs). Similarly, Andresen et al. ' have
measured Balmer emission yields for H+, H2+, and H3+
for larger tD (27 fs for 100 keV/amu and 55 fs for 50
keV/amu), and shown the n-independent molecular effect
for the n-state populations for n & 3. Astner et al. '5 have
also reported similar results for 50-keV/amu hydrogen
and deuteron molecular ions at tD ——6—23 fs. We have re-

cently measured Balmer emissions for H+, H2+, and H3+
incident on 2—37 pg/cm carbon foils at 0.5 and 0.8
MeV/amu, ' ' where the range of tD is from 0.97 to 18.0
fs, and observed the relatively large n-dependent molecu-
lar effect for the emission yields.

A detailed description of measurements is presented in
the present paper, covering wider ranges of tD as well as
of projectile energies. Measured emission yields of Bal-
mer photons are converted to the relative populations of
the n states (n =3—6} in hydrogen fragments, for which
the molecular effects are much larger than that for the to-
tal neutral H in the reconstitution regime. These molecu-
lar effects are discussed in relation to the reconstitution
model.
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FIG. 1. Schematic diagram of the experimental setup for the
beam-foil experiment and the photon counting system. S1 and
S2, 0.5 and 2.0 mm inner diameter apertures, respectively,
which are separated by 1194 mm; F1, target foil; F2, dissocia-
tion foil; MFC, movable Faraday cup; M, magnetic analyzer;
SSD, solid-state detector; FC, Faraday cup; W, quartz window;
L1 and L2, quartz lenses having a 30-cm focal length; C, 70-Hz
chopper; G, chopper gate signal generator; GM, grating mono-
chromator having an entrance slit MS1 and an exit slit MS2;
HT, high voltage supply; PM, photomultiplier; PA, preampli-
fier; MA, main amplifier; SCA, single channel analyzer; MCC,
monochromator and multichannel sealer control circuit; MS,
multichannel sealer; CI, current integrator; and CPU, micropro-
cessor.

II. EXPERIMENTAL

Hydrogen ions H+, H2+, and H3+ were accelerated to
the energy range between 0.2 and 0.8 MeV/amu by the 3
MV Pelletron accelerator with a duoplasmatron ion
source at the Tokyo Institute of Technology. A schematic
diagram of the experimental apparatus is shown in Fig. l.

Three different experimental arrangements have been
used to measure (a) the emission yields of Balmer lines of
emerging neutral atoms H from a carbon foil for incident
molecular ions Hz+ and H3+; (b) thicknesses, the unifor-
mity, and the density of the carbon foils; and (c) the neu-
tral fraction in the total transmitted beam for incident
atomic ions H+ and H .

In arrangements (a) and (b}, a movable Faraday cup
(MFC, Fig. 1) was inserted on the beam line behind a tar-
get foil (Fl) and was used for the beam current normaliza-
tion in the optical and the thickness measurements. In ar-
rangement (b), a foil holder wheel was moved along the
beam line and the target foil Fl was placed on the point
of intersection of the beam line and the 45' detection axis
of the foil-thickness monitor. In arrangement (c), the
MFC was removed and a charge state selector which con-
sists of a magnetic analyzer (M), a neutral hydrogen beam
detector [solid state detector (SSD)], and a proton beam

detector [Faraday cup (FC)] was used to measure the neu-
tral fraction.

After being energy and mass analyzed and before enter-
ing a scattering chamber, the incident beams were passed
through two apertures 1194 mm apart (Sl and S2) whose
diameters were selected to be 0.5 and 2.0 mm, respective-
ly. The beams were collirnated to less than 2.3 mm in di-
ameter at the target-foil position, and the angular spread
of the beams was less than 2.1 mrad.

The collimator system and the cylindrical collision
chamber, which has an inner diameter of 30 cm, were
pumped with a combination of four ion pumps, two ti-
tanium getter pumps, and two liquid-nitrogen traps. The
vacuum in the collision chamber was typically kept to
better than 3)& 10 Torr even during measurements.

Beams were passed through the target foils Fl mounted
on the movable and rotatable foil holder wheel which has
an opening window and can hold 15 foils with different
thicknesses. One or two windows of the holder wheel
were equipped with double-foil systems which consist of
the target foil Fl and a second foil (F2, 20 LMg/cm2). The
second foil F2 was set 13 mm upstream from the target
foil F1, and served as a stripper which produces a
charge-equilibrated H+ beam from the H2+ and H3+
beams, keeping the other experimental conditions the
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same. Mean internuclear distances of the dissociated
fragments produced by the double-foil system (Fl + F2)
are so large at the foil Fl that dissociated fragments may
be regarded to behave independently to each other.

For the usual type of beam-foil experiments, the beams
were finally collected by MFC which was located 160 mm
downstream from F1. The entrance aperture of MFC was
25 mm in diameter and was large enough to collect all the
secondary fragment ions passing through the thickest foil
used as well as primary ions.

The Balmer radiation emitted 5 mm downstream from
Fl was focused on an entrance slit (MS1) of a modified
Cerny- Turner-type scanning grating monochromator
(GM) equipped with a Hamamatsu R649S photomulti-
plier (PM) by a 6-cm-diam quartz lens system (Ll and L2)
with a focal length of 30 cm.

The monochromator GM with a focal length of 30 cm
and f value of 5.2 is equipped with a 52&(52 mm square
grating having grooves of 1200 lines/mm which gives re-
ciprocal dispersion of 25 A/mm. The sizes of the en-

trance and exit slits (MS1 and MS2) are variable from 0 to
12 mm in height (vertical to the beam) and from 0 to 5
mm in width (parallel to the beam). Since the emitted
Balmer intensities were extremely weak at the beam ener-

gy of 0.8 MeV/amu which was the highest energy in the
present measurements, we could not reduce the slit width
to below 3 mm for the slit height of 12 mm used through
measurements. This leads to a poor resolution of 89 A
full width at half maximum (FWHM).

The optical axis was set at a right angle to the beam
direction. The lens system has a conical solid angle of
0.025 sr and the Doppler broadening is estimated to be
12+1 A FWHM by the measurement of the H (6563 A)
line for 0.5-MeV/amu (U/c =0.04) H&+ passing through
a 10-pg/cm carbon foil.

The alignment of the optical system [W, Ll, L2, MS1,
GM, and MS2 (where W is the quartz window)] was at-
tained using a He-Ne laser (A, =6328 A). To improve the
signal-to-noise ratio, a chopper (C) was placed between L2
and MS1 in the optical path. The chopper gate signals
were generated by a circuit G with the duty rate being
38.1% at 70 Hz.

The photon intensities of Balmer lines were determined
from the peak area of each line. The spectra of Balmer
lines for n & 6 (Hs, H„t e)acre superposed on each other
because of the large FWHM. The peak area was estimat-
ed by a deconvolution technique from the measured spec-
tral shape which could be approximated by an isosceles
triangle. The typical photon counting rate was 130 H
counts per pC at 0.5 MeV/amu of Hi+.

A block diagram of electronics used is shown in Fig. 1.
Balmer photons chopped by G with 70 Hz were detected
by PM. The output pulses of PM were amplified and
discriminated by conventional electronics, which are com-
posed of a preamplifier (PA), a main amplifier (MA), and
a single-channel analyzer (SCA), and were fed into a
monochromator and multichannel sealer control circuit
(MCC) constructed in our laboratory. The programmable
MCC is a central part of our photon spectrometer system.
Roles played by MCC are, first, gating of the chopped
photon signals using reference signals from the chopper

gate generator G and, second, repetitive scanning of a
inultichannel sealer (MS) and GM whose scanning speed
is controlled by a preset beam charge measured with MFC
followed by a current integrator (CI). Background (stray
light and PM thermal noise) subtractions, peak-area cal-
culations, statistical treatments, and data corrections were
performed by a microprocessor central processing unit
(CPU). In summary, the functions of the photon count-
ing system are as follows: (i) A selected range of wave-
length is automatically and repetitively scanned, (ii) the
scanning speed is controlled by a preset beam charge, and
(iii) one-to-one correspondence between the channel num-
ber of MS and the wavelength is established.

The thicknesses of carbon foils were measured with a
quartz thickness monitor at the manufacturing stage of
foils by evaporation and later by the optical-interference
method. All foils were inspected for pinholes and folds
by a microscope. After foils were attached on the foil
holder wheel, the foil thicknesses were further measured
with a foil-thickness monitor utilizing the Rutherford
scatterings during measurements in order to observe the
uniformity of foils, the foil-thickening effect by ion bosn-

bardments, and also the foil thicknesses in units of
pg/cm . From these measurements, the density of carbon
foils was determined to be 1.66+0.10 g/cm, which is in
good agreement with the value of Gaillard et al. ' Accura-
cies of foil thicknesses were found, for a beam size of 1

mm in diameter, to be +0.1—+0.5 pg/cm for the thick-
ness range between 2 and 10 pg/cm and to be
+0.3—+2.7 pg/cm for foils thicker than 10 pg/cm, in-

cluding the uniformity fluctuation. A typical change of
the Balmer line intensity due to foil thickening was 0.32%
per mC of beam current for the 2 pg/cm foil, in which
case foil thickening per mC was 0.1 pg/cm .

The absolute projectile energy can be determined with
an uncertainty of 5 keV, but its precision was estimated
to be less than +1 keV, typically +200 eV. Energy losses
in carbon foils were estimated using data by Andersen and
Ziegler' and primary energies were adjusted for the emer-
gent velocities after foils to be the same for various foil
thicknesses.

In order to obtain initial population probabilities, one
must determine the intensities of the Balmer lines im-
mediately after the foils, before the cascading rearrange-
ments take place. The Balmer line intensities were mea-
sured at 5 mm downstream from the target Fl and the in-

tensities at the origin were obtained using decay curves
which were previously measured. For example, the decay
of Balmer-a emission yield at 5 mm was 3% for 0.5-
MeV/amu Hi+ and H3+. The cascading rearrangements
were estimated as shown in Appendix A.

The measured beam currents were corrected for the
neutral fractions and, typically, the maximum correction
was estimated to be 1.2% to the measured emission yield
ratio for Hz+. The measured photon counts were correct-
ed for the wavelength response of the whole optical sys-
tem, including the transmission efficiency of the Ll, L2,
and GM and the quantum efficiency of the PM, using a
calibrated tungsten halogen lamp (Osram model 64425, 12
V, 20 W, 2850 K). Further, the light intensities were
corrected for the difference in the time intervals of light
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observation seen by the optical system due to the differ-
ence in the projectile energies, 0.2—0.8 MeV/amu.

III. DATA ANALYSIS

A. Balmer emission yield ratios

2 1

A zt2I P( nl, tD )
1 —0 1'

(A„(tD)) =
P(nl, tD)

1=0

(4)

Molecular enhancement R r(n, tD ) as a function of the
principal quantum number n and the dwell time tD is
written as

R~(n, t~) = Y "(n,tD)/Y (n, oo ),
where Y "(n, tD) is the relative Balmer emission yield per
proton for incident molecular ions Hq+ and H3+, and
Y (n, oo) is the yield for the proton beam under the
equilibrium charge condition. The yield Y (n, oo ) can
be measured using the double foil for incident molecular
ions. The double foil is used to dissociate the molecular
ions and produce the equilibrated fragment beams which
are mostly composed of protons in the energy range in the
present measurements and the contribution of minor frag-
ment components such as H was corrected for the deriva-
tion of the Y (n, oo ). The use of the double foil ensures
that fragments are well separated via the Coulomb repul-
sion mechanism at the position of foil F1. For example,
Kanter et al. measured the joint energy-angular distribu-
tion for proton arising from the dissociation of 1.4-MeV
H2 in an 88-A-thick carbon foil, which gives the inter-
nuclear distance of -70 pm at 13 mm downstream from
the foil. The same order of internuclear distances are ex-
pected under our experimental conditions, which are long
enough to assure that there is no correlation effect be-
tween fragments. Hereafter, the yield measured by the
double foil experiment is denoted as Y (n, oo ).

B. Population ratios of n-excited states

The relative population of the n-excited state at tD,
P(n, tD), can be given by

n —1

P(n, tD) = g P(nl, tD),
1=0

where P(nl, tD) are the relative population of the substate
(nl) of emergent hydrogen atoms at tD The relative . Bal-
mer emission yield Y(n, tD) (n &3) is connected to the
substate populations by the following relation:

2 1

Y(n, tD)=g g g Ant2tP(nl, tD), (3)
1 =01'=0

where An121 is the transition probability for the transition
from the substate ( nl ) to the substate (2l'), and g is the
geometrical detection efficiency of the optical system.
The values of ~n121 are given by Wiese et al. ' The effi-
ciency depends only on the projectile velocity, if other ex-
perimental conditions, such as the slit width of GM, the
amplifier gain, the discriminator threshold, etc., are being
kept the same. The contribution of the cascade process to
the Balmer emission is estimated to be negligibly small
(see Appendix A) and is disregarded in Eq. (3).

When the average transition probability ( A„( tD ) ) is de-
fined as a function of tD by the relation

Rt (n, tD) =P "(n,tD)/P (n, oo ), (6)

where P (n, oo) is the corresponding population ob-
tained by the double-foil measurement. If Y(n, to) and
( A„(tD) ) are known for proton and molecular ions, Eq.
(6) is rewritten using Eq. (5) as follows:

Rp ( n tD ) =[ Y "(n, tD ) / Y"+( n, oo )]

X[(A." (t ))/(A. "(t ))]. (7)

Now, the ratio RI (n, tD) becomes essentially independent
of the geometrical efficiency g as well as the wavelength
response of the optical system.

In order to obtain ( A„(tz)) from Eq. (4), the relative
initial populations P(nl, tD) of the nl substates must be
known for both proton and molecular ions and for various
dwell times. Unfortunately, the measurements of
P(nl, tD) have, so far, only been done for n =2 and 3 and
are limited with respect to ion species, ion velocities, and
dwell times. ' '

Bukow et al. ' experimentally derived the ratio of initial
populations, P(3p)/P(3s) and P(3d)/P(3s), for proton
and molecular ions with the energy range from 50 to 200
keV/amu incident on a carbon foil (7+2 pg/cm ), corre-
sponding to the dwell times from 7 to 12 fs. They as-
sumed that ratios for H2+ and H3+ are of the same value
and are independent of the t~ value. Their ratios
P(3p)/P(3s) and P(3d)/P(3s) are 0.608 and 0.422 for
H+, and 1.08 and 1.29 for H2+(H3+), respectively, and
these experimental values are smaller than those derived
on the statistical model.

Alguard and Drake obtained the ratio of substate ex-
citation cross sections from the beam-foil measurement of
the Stark beat of Lyman a (n =2) and P (n =3) for in-

cident protons. Their experimental data for H+ show
that the cross-section ratios o.2, /o. 2~, o.3, /o 3z, and
cT3Q /cT3p may be regarded to be independent of the projec-
tile energy between 255 and 508 keV within experimental
errors, supporting the results of Bukow et al. ' Taking
into consideration the above experimental results, ' ' the
following assumptions are introduced to analyze our ex-
perimental results.

Assumption 1. (a) Regardless of n, the ratios
P(np)/P(ns) and P(nd)/P(ns) are independent of projec-

we have from Eqs. (2) and (3)

P(n, to) =(I/g) Y(n, tD)/(A„(tD) ) .

If the value of ( A„(to) ) defined by Eq. (4) is known, the
relative population of the n state can be derived from Eq.
(5) using the relative Balmer emission yield Y(n, tD).

The ratio of the n-state relative population per proton
for the molecular ion, P "(n, tD), to that for H+,
P (n, oo ), is defined as
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tile energy at least up to 800 keV/amu for protons and
molecular ions. (b) The ratios are also independent of tD

for molecular ions. (c) Each ratio has the same value for
H2+ and H3+.

Although assumption l(c) is based on the assumption by
Bukow et al., since their data analysis for the H3+ data
seems to be questionable, more detailed studies would be
needed with respect to initial substate populations for H3+
and, therefore, the populations for H3+ are derived only
for reference in the following.

The ratios for molecular ions should finally approach
that for protons with increasing tD. This apparently con-
tradicts the assertion of assumption 1(b). Therefore, the
application of assumption 1(b) must be limited to some tD

range which is not so much extended over the range in the
measurement of Bukow et al. The n-state molecular
enhancement in the tD ( )2 fs) region may be interpreted
as an enhancement of the cross section for electron cap-
ture to the corresponding molecular orbital at the internu-
clear distance d. Then, the electron-capture cross section
depends on d in the vicinity of the exit surface of the foil.
In the LCAO approximation, the electron-capture cross
section depends on the overlap integral of the wave func-
tions of excited hydrogen atoms as a function of d.
Therefore, the diameter or radius of the excited hydrogen
atom is a good parameter to describe the molecular
enhancement. Later, it will be shown experimentally that
the molecular enhancement does not disappear even when
d exceeds the corresponding orbital diameter but slowly
decreases with increasing d. From the above discussion
assumption 1(b) should be modified as follows.

IV. RESULTS AND DISCUSSIONS

A. Balmer emission yields and the molecular effect

Relative Balmer emission yields per proton, Y

[—:Y (n, ao)], Y ' [—:Y ' (n, tD)], and Y '
H, +[—= Y ' (n, tD)], are plotted against n for tD ——0.97 fs (2

pg/cm, 0.8 MeV/amu) and 6.17 fs (10 pg/cm, 0.5
MeV/amu) in Fig. 2, where regression lines, assuming a
functional form n ~, are also shown. The yield Y is
equivalent to that for the equilibrium foil thickness and
was measured by the double-foil technique. Error bars in
Fig. 2 stand only for statistical errors. In Table I some p
values obtained by the regression analysis for 0.97—54. 1

fs are shown. For protons, an average p value and its
standard deviation are shown as obtained from 18
double-foil measurements for the energy range from 0.2 to
0.8 MeV/amu in Table I. For Hz+ and H3+, uncertain-
ties indicate the 68% confidence intervals which corre-
spond to the width of one standard deviation.

The following results were obtained. (i) Relative yields
H, + H, +

~ H+Y ' and Y ' are higher than Y for n=3—6. (ii)
H, + . H, +

The yield Y ' is higher than Y ' . (iii) Yields Y
H, + H3+

Y ', and Y ' are all well fitted by a functional form
n ~ for n =3—6, where the values of the exponent p for
H2+ and H3+ are higher than for H+. (iv) The value of p
for H+ is independent of proton energies between 0.2 and

I I I I & I

C FOIL

Assumption 1(b'). The ratios for molecular ions are in-

dependent of tD only in the tD range between 2 fs and the
tD value corresponding to the d value equal to the orbital
diameter of the n-excited hydrogen atom.

We can write P(nl, tD) as P(nl) for n=2 and 3 on this as-
sumption in the following.

No data on P(nl, tD) have been reported for n )4.
Therefore, additional assumptions are required with
respect to ( A„(tD) ).

Assumption 2(a). For l &2, the ratios P(nl)/P(ns) are
equal to P(31)/P(3s ) for all n values of n & 4.

Hopkins and Brentano theoretically investigated the
high n-state populations in hydrogenlike ions immediately
after emerging from a solid foil and derived the general
form for the populations
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P( ln)=P(1, 1) n (l/n)", n &4, l)1 (8)
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where P(1,1), b, and h are parameters to be experimental-
ly determined. Then we introduce the following assump-
tion.

Assumption 2(b). The values of P(nl)/P(ns) for n &4
and l &3 are estimated by extrapolation of P(31)/P(3s)
(I &2) to higher l values (l &3) using Eq. (8).

FICx. 2. Relative Balmer emission yields Y(n, tD) per nucleon
per unit beam current (60 pC) as functions of the principal
quantum number n. Solid symbols and solid lines represent ex-
perimental data and least-squares fits to the data, respectively,
for 0.8-MeV/amu H+, H2+, and H3+ at a dwell time of 0.97 fs.
Open symbols and dashed lines are those for 0.5 MeV/amu at
6.17 fs. , 0, H+; A, O, H2+; and L,6, H3+. Error bars
represent statistical uncertainties.
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TABLE I. Values of p. Emission yields of Balmer photons are fitted by a functional form n

(n =3—6). The values of adjustable parameter p are given for tD ——0.97—54. 1 fs and for H+, H2+, and

H, +.

Dwell time
(fs)

0.97
1.23
6.17

22.8
29.5
54.1

Projectile energy
(MeV/amu)

0.8
0.5
0.5
0.5
0.3
0.3

H+
p values

H, +

7.03+0.30'
6.86+0.17
6.78+0.30
6.71+0.49
6.40+0. 14
6.05 +0.17

H3+

6.99+0.29'
6.81+0.17
6.97+0.51
6.70+0.30
6.79+0.18
6.48 +0.05

0.2—0.8 6.07y0. 11b

'68%%uo confidence intervals.
The value for H+ is that corresponding to the foil with infinite thickness and the listed mean value and

the standard deviation are for the 18 double-foil measurements for proton energies between 0.2 and 0.8
MeV.

0.8 MeV within experimental uncertainties, and the aver-

age value of p is 6.07+0.11 (n =3—6} for 18 double-foil
measurements with different combinations of energies and
species of incident projectiles, Hz+ and H3+. Results
(i)—(iii) are valid for the whole measured range of the
dwell time from 0.97 to 54.1 fs.

Andresen et al. ' and Astner et al. ' estimated the n-

state population following the n scaling law at 25
keV/amu and the n scaling at 50 keV/amu and 100
keV/amu for H+, Hz+, H3+, D+, Dz+, and D3+, assum-

ing an n dependence of the transition probability. The
exponent in the above scaling law approaches —3 at large
velocities. Their p values in the expressions for Balmer
emission yields should approach 6 with the increase of en-

ergy. Their results are in agreement with some of our re-
sults, i.e., p =6.07+0.11 for (0.2—0.8)-MeV H+ and
p=6.05+0.08 for 0.3-MeV/arnu Hz+, at the largest tlat

(=54.1 fs), whereas larger p values were observed for oth-
er tD and velocities of Hz+ and H3+.

The ratios Rr(n, tz) are shown as functions of n at
tD

——0.97, 1.2, 22.8, and 54.1 fs for Hz+ and H3+ in Fig.
3, where regression lines assuming a functional form n

are also shown. The values of q so obtained agree well
with the p values for molecular ions subtracted by that for
H+ within experimental uncertainties. The values of q
slowly decrease with the increase of tD for both Hz+ and
H3+ and should eventually approach zero at some large
dwell time. At the largest tD (=54.1 fs} used, the value q
for 0.3-MeV/amu Hz+ and H3+ is close to zero and
found to be —0.05+0.08 and +0.37+0.27, respectively;
in good agreement with that of Andresen et al. ' within
experimental uncertainties.

The ratios Rr(n, tz) for n=3 (H ) and n =4 (HtI) are
shown as functions of tD for 0.3, 0.4, 0.5, and 0.8
MeV/amu in Figs. 4(a) and 4(b), respectively. The ratios
for the yields of total neutrals (n & 1), @0'/@0",' are
also shown by a thin solid curve for H3+ and a thin
dashed curve for H2+ in Fig. 4. The values of d for H2+
and H3 calculated on a simple Coulomb repulsion model
are for convenience shown on the upper part of Fig. 4(a).

The ratios Rr(n, tD) (n &3} for Hz+ and Hz+ decrease
very rapidly in the tD ( (2 fs) region and decrease slowly
in the tD (&2 fs) region with the increasing t~ In thi.s
figure, a similar tendency is seen between Rr(n, tD) for
n & 3 and 4c "/+0", ' and also Rr(2, tD) measured by
Brooks and Berry' (not shown in Fig. 4), but the magni-
tudes of R r(n, tD ) (n & 3) are much greater than those of
4c "/@c" and R r(2, tD ). While @0"/@0" approaches
unity as tD increases to —15 fs, R„(n, tn) for n & 3 still
shows appreciable molecular enhancement even at the

8
C

Cl

C

to (fs j O.97, ].23, 22.8, 54.1

H ——&—~—+-+

s s+
f12 --&---&---o---0--

II

C3

t:
LX

1 I I I I

3 4 5 6 7 8 910
PRINCIPAL QUANTUM NUMBER n

FICx. 3. Molecular effects for Balmer emission yields,

Ry(n, t&)=Y (n, t&)/Y (n, oo), as functions of n. Symbols
and lines represent experimental data and least-squares fits to
the data, respectively. Solid symbols and solid lines are for H3+,
and open symbols and dashed lines for H2+. e, 0, 0.8
MeV/amu and 0.97 fs; k, Q, 0.5 MeV/amu and 1.23 fs; ~,G,
0.5 MeV/amu and 22.8 fs; and f,Q', 0.3 MeV/amu and 54.1 fs.
Error bars represent statistical uncertainties.
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FIG. 4. (a) Molecular effects for Balmer emission yields,
H+Ry(n, t~)=~"(n, tD)/Y (n, oo), as functions of the dwell

time tD for Hq+ (solid symbols and solid curve) and H2+ (open
symbols and dashed curve) for n=3 (Balmer a) and (b) for
n =4 {Balmer P). ~, , 0.8 MeV/amu; O, O, 0.5 MeV/amu;
4,0, 0.4 MeV/amu; 4,A, 0.3 MeV/amu; and V,V, 0.2
MeV/amu. Error bars statistical uncertainties. Production ra-
tios for total neutral hydrogens, Np "/4o", given by Gaillard et
al. (Ref. 1) are also shown for Hq+ (thin solid curve) and H2+
(thin dashed curve). Internuclear distances in A are shown for
Hq+ (initial distance do ——0.96 A) and for H2+ (do ——1, 17 A) at
the upper part of (a).

102

H H H+

0.97 fs
--o--w---&-- 6.17 fs

I I I I I ~

3 4 5 6 7 8 910
PRINCIPAL QUANTUM NUMBER n

FIG. 5. Relative n-state populations P(n, tD) as functions of
n for 0.8-MeV/amu H+, H2+, and H3+ at tD ——0.97 fs and
those for 0.5 MeV/amu at 6.17 fs. Values P(n, t&) are derived
from data in Fig. 2, using Eq. (S). Notations are the same as in
Fig. 2.

largest tD The ra. tios Rr(n, 54. 1 fs) for n=3, 4, and 5
are 1.13+0.02, 1.15+0.05, and 1.16+0.12 for 0.3-
MeV/amu H2+; and 1.59+0.04, 1.42+0.06, and
1.32+0. 16 for 0.3-MeV/amu Hz+, respectively. These
ratios were close to those for the low-energy studies (25
and 100 keV/amu; to ——55 and 27 fs) by Andresen et al. '

which are 1.20 for Hz+ and 1.45 for Hs+.

B. Molecular effect for n-state populations

I. n dependence of beam foil excited pop-ulations

In order to derive the average transition probabilities
from n ( & 3) states to the n =2 state, ( A„(tD ) ), with the
use of Eq. (4), values of transition probability A„I2I

(n & 3) and of the substate population ratios P(nl )/P(ns )

(n & 3) are needed. Values of A„I2& (n & 3) were given by
Wiese et al. ' and values of P(nl)/P(ns) (n &3) are de-
rived with the use of assumptions 1 and 2, combined with
the empirical values for P(31)/P(3s) by Bukow et al. '

Now, the relative n-state populations P(n, tD) can be es-
H+ H2+ H, +

timated from measured Y values ( Y, Y ', and Y '
)

as functions of n and tz by Eq. (5). Two sets of P(n, tD)
are plotted as functions of n at tD ——0.97 fs for 0.8-
MeV/amu H+, H2+, and Hq+, and at 6.2 fs for 0.5
MeV/amu in Fig. 5. Straight and dashed lines in Fig. 5
are regression lines obtained assuming a functional form
n ' for P(n, tD) at 0.97 and 6.2 fs, respectively, where z is
an adjustable parameter.

TABLE II. Values of z. The relative n-state populations P(n, tD) are fitted by a functional form
n ' (n =3—6). The values of adjustable parameter z are given for tD ——0.97—54. 1 fs and for H+, H2+,
and Hq+. The ta values correspond to those given in Table I.

Dwell time
(fs)

0.97
1.23
6.17

22.8
29.5

Projectile energy
(MeV/amu)

0.8
0.5
0.5
0.5
0.3

H+
z values

H, +

2.33+0.30'
2.23+0.29
2.09+0.13
1.92+0.34
1.62+0.02

H, +

2.21+0.16'
2.18+0.30
2.19+0.13
2.00+0.34
2.10+0.13

0.2—0.8 2.30+0.11"

'68% confidence intervals.
As in Table I.
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Values of z and of the 68% confidence intervals are

given for five different to values from 0.97 to 29.5 fs in

Table II. It is shown in Table II that the z value for H+
is independent of t~, for H2+ z slowly decreases with tD

in the tD ( & 2 fs} region, and for H3+ z is almost indepen-

dent of t~, having slightly lower values than that for H+.
In Table II, the same ta values as in Table I are chosen

except for 54.1 fs, for the reason that the population ratio
for n =3 at 54.1 fs, Rp(3, 54. 1 fs), gives an unreasonably

lower value than unity for H2+, while an appreciable
molecular effect (enhancement) for emission yield

[Rr(n, tD) & 1] has been observed at 54.1 fs as shown in

Fig. 3. This result inay be due to the use of the incorrect
substate population ratios instead of more correct ratios
which are expected to asymptotically approach those for
H+ with increasing tD. The dwell time 54.1 fs corre-
sponds to d =35 A which is about 2.5 times greater than
the average diameter of the hydrogen 3s-state orbit.
Therefore, the electron capture to proton process should
be independent of the presence of another fragment (pro-
ton), that is, the enhancement of the probability for elec-
tron capture by the presence of a nearby fragment be-
comes weaker with increasing d to a magnitude much
greater than the diameter of the orbit of interest. The re-
striction for the tD range by assumption l(b') is based on
this fact.

2. Population ratios of n =3 state

Population ratios Rp(3, tD) can be derived using Eq. (7)
together with assumption 1 and are plotted for
(0.2—0.8)-MeV/amu H3+ and (0.3—0.8)-MeV/amu H2+
as functions of tD for the tD ( & 2 fs) region in Fig. 6. In
this figure, ratios for the tD ( (2 fs} region are not shown.
As shown in Appendix B, we can estiinate Rp(3, tD)
values from the 3d-3p emission yields which have been
obtained by Bukow et al. (a3d in Ref. 13) at various tD,
and the results are also shown in Fig. 6 by double circles
for Hz+, which are in fair agreement with our results
within experimental uncertainties. Since the agreement is
rather poor for H3+, their values are not shown in Fig. 6.
This disagreement for H3+ may mean that the relative
substate populations in Eq. (4) given by Bukow et al.
would be valid for H2+ but invalid for H3+. Therefore,
P(n, tD) in Fig. 5 and Rp(n, tD) in Fig. 6 for H3+ are
shown only as references as already noted in Sec. III.

Many fitting equations have been examined to fit our
results, taking into consideration that Rp(n, tD) as a func-
tion of tD should have the asymptotic value of unity at
tD ——ao. The best fitting equation for the regression
analysis for the tD ( & 2 fs) region was found to be

Rp(n, tz)=ke +1, tD &2 fs (9)

where k and m are fitting parameters which should gen-
erally depend on n. Solid and dashed curves shown in
Fig. 6 are the resulting regression curves given by Eq. (9)
valid in the tD ( &2 fs) region for H3+ and H2+, respec-
tively.

The values of d for the initial internuclear distances are
1.17 and 0.96 A for H2+ (Ref. 9) and H3+, respectively,
as shown on the upper part of Fig. 6. Average diameters
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FIG. 6. Molecular effects RI (n, tD) for (n =3)-state popula-
tions as functions of dwell time tD. Symbols are the same as in

Fig. 4 except for double circles which are the values derived
from data of Bukow et al. (Ref. 13) using Eq. (7). Solid and
dashed curves at the tD ()2 fs) region are least-squares fits to
data for H3+ and H2+, respectively, which are given by Eq. (9).
Thin solid and thin dashed curves represent the molecular
enhancement for the total neutrals measured by Gaillard et al.
(Ref. 1) for H3+ and H2+, respectively. Arrows represent the
average diameters of 3s, 3p, and 3d atomic hydrogen orbits (Ref.
25). Internuclear distances in A units are shown for H2+ and
H3+ in the upper part of this figure.

of 3s, 3p, and 3d orbits of hydrogen atom are calculated
using 2( —,

' )[3n —l(l+1)] (Ref. 25) and are shown by ar-
rows in Fig. 6 for reference.

Thin solid and thin dashed curves in Fig. 6 represent
the ratios of the total neutrals (n & 1) measured by Gail-
lard et al. ' for H2+ and H3+, respectively.

3. Population ratios of n & 4 states

For n =3, to estimate the population ratio Rp(n, tD) for
Hz+ from Eq. (7) only assumption 1 is needed. However,
additional assumptions, 2(a) and 2(b), are required to ob-
tain Rp(n, tD) for n &4. Similar to the case for n =3, the
values Rp(n, tD) for n =4 and 5 are fitted very well by
Eq. (9), and regression curves given by Eq. (9) are shown
as semilogarithmic plots of the relation Rz —1

[Rp =—Rp(ii rD )] versus tD for n =3—5 in Fig. 7. Hereaf-
ter, Rz —1 is called "molecular enhancement. " Figure 7
also shows Rp —1 for n =2 (squares and solid line) which
are derived in the next paragraph, and No "/@0" —1

(dashed line) given by Gaillard et al. ' It can be seen that
the decrease of Rp —1 with increasing tD becomes slower
as the n value increases. In other words, the molecular ef-
fects are enhanced to a greater degree with increasing n at
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5 lent agreement with our regression curve fitted by Eq. (9),
at least in the tz ( (24 fs) region to which corresponding
d value is 2 times greater than the average diameter of the
2s hydrogen orbit.

S. Projectile energy dependence of Rr(n, to)
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FIG. 7. Molecular enhancements for n-state populations,

RI(n, t~) —1, as functions of tD for (0.3—0.8)-MeV/amu H2+.
Open circles are for the (n =3)-state population and double cir-
cles are those derived from data by Bukow et al. (Ref. 13).
Symbols L and Q are for n =4 and n =5, respectively. Regres-
sion lines are shown for n =3, 4, and 5. Long dashed line la-

beled n =00 represents our estimation extrapolated to n = oo

(see text). Open squares and their regression line are derived

from data of Brooks and Berry for n =2 (Ref. 12). Small dots
and their regression line (dashed line) are for total neutrals de-

rived from data by Gaillard et al. (Ref. 1). Arrows represent
the average diameters of several atomic hydrogen orbits. Inter-
nuclear distance in A is shown for H2+ (do ——1.17 A) in the

upper part of this figure.

To examine the energy dependence of Rz(n, tz), a re-
gression analysis was made to the relation Rz —1 versus
tD fitted by Eq. (9) for n =3 for H2+ with various ener-
gies. Most probable values of Rz(3, 10 fs) —1 were es-
tirnated by interpolation of values at 0.3, 0.4, 0.5, and 0.8
MeV/amu and are plotted by open circles in Fig. 8. Error
bars indicate the 95% confidence intervals which corre-
spond to twice standard deviations. The value R~(3, 10
fs) —1 by Bukow et al. ' at 95 keV/amu was estimated by
an interpolation to be 0.84+0. 19 (95%%uo confidence inter-
val) and is shown by a double circle in Fig. 8. For 50-
keV/amu H2+, the values Rr(3, t~) —1 were measured by
Astner et al. ' for tD ——6—13 fs. Their value at 10 fs was
obtained by an interpolation and is shown by an open
square in Fig. 8. For reference, Rz(3, tz) 1 mea—sured by
Andresen et al. ' are also shown by closed squares for 25-
keV/amu (tD ——55 fs) and 100-keV/amu (tz ——27 fs) H2+
in Fig. 8. From Fig. 8, whether the value of Rr(3, 10
fs) —1 depends on the projectile energy or not is unclear at
the present. However, if the data of Andresen et al. and
Astner et al. for large tD and low energies can be disre-

garded, we can see that the values Rp(3, 10 fs) —1 seem to
be independent of projectile energy. Thus, in this work,
the energy dependence is ignored for the energy range
0.3—0.8 MeV/amu. This is consistent with assumption
l(a).

a fixed tD in the tD ()2 fs) region. This noticeable result
will be discussed again in Sec. IV B6.

4. Population ratios of n=2 state

Brooks and Berry' measured the molecular effect for
yields of Lyman-a emissions following beam-foil excita-
tion of (0.2—1.75)-MeV/amu H2+ and Hs+. Bickel ' es-
timated initial population ratios P(2s ) /P(2p )

(=Nz, /Nzz, in Ref. 21) to be 1.45 and 1.08 for 0.233-
MeV/amu H+ and H3+, respectively, through measure-
ments of Stark-modified mean life of 2s and 2p states.
Molecular enhancements for the (n =2)-state population
can be obtained from the ratios P(2s)/P(2p) under as-
sumption 1. Since the ratio P(2s)/P(2p) for H2+ has not
been given at present, assumption 1(c) is needed in this es-
timation. The results with H2+ for n =2 are plotted by
open squares together with the regression curve best-fitted
by Eq. (9) in Fig. 7. Brooks and Berry' also gave the
model fit curve to the Lyman-a emission, Rr(2, t'ai ) versus
tz. Their curve can be converted to the relation
R (2, tr)—

i'll versus tD and the resultant curve is in excel-

0.3 - 0.8 Mev/arnu O' —C2

0 This experiment

Bukow et al.

Q Astner et al.

+ Andresen et al.

th

o 1

P)
CL

lX

0— I I i l 1 & i I I

0 0.5 1.0
PROJECTILE ENERGY {MeV/arnu)

FIG. 8. Molecular enhancement Rp(3, tD) —1 as a function of
projectile energy at tD ——10 fs. Open circles are ours. A double
circle is a value at t& ——10 fs interpolated from data of Bukow et
al. (Ref. 9). Error bars indicate 95%%uo confidence intervals. An
open square is a value at tD ——10 fs derived from data of Astner
et al. (Ref. 15). Solid squares are values at tD ——27 and 55 fs de-
rived from data of Andresen et al. (Ref. 14).
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6. n dependence of Rp(n, ro)

One of the central problems in this paper is to deter-
mine the n dependence of the molecular enhancement,
Rp —1, at fixed dwell times and corresponding internu-
clear distances. In Fig. 9 are shown the values of
Rp(n, tD )—1 as functions of n for n =2—5 and tD ——2, 10,
and 20 fs. The values of RI —1 were obtained by interpo-
lation of values given in Fig. 7 with error bars of the 95%
confidence intervals and values for n =2 shown by open
circles were estimated from data of Brooks and Berry (see
Sec. IVB4). In Fig. 9, the molecular enhancement in-
creases with increasing n at fixed tD as predicted in Sec.
IVB 3, and Rp —1 seems to level off for n & 3 at -2 fs
which corresponds to the shortest dwell-time limit in the
tD ( & 2 fs) region. This result may be interpreted as fol-
lows.

Let us consider the case with relatively larger t~ values.
The dissociation mean free path of Hz+ in the carbon foil
can be estimated to be 24 A at 0.8 MeV/amu from the
transmission experiment and is considerably smaller than
the foil thicknesses in the present tD region ( & 100 A).
Thus, a major fraction of H2+ is dissociated at the depth
corresponding to the mean free path and the internuclear
distance d increases with increasing tz by the Coulomb
repulsion force. For instance, d increases from about 1.6
A at 2 fs (corresponding to —100 A depth from the in-
cident surface) to about 12 A at 20 fs ( —1$)0 A), typical-
ly at 0.8 MeV/amu. In this d range, each of two protons

I J ) I 1 I l I)

cannot capture an electron independently, since two wave
functions corresponding to nl orbits of two hydrogen
atoms should overlap on each other to form the linear
combinations of atomic orbitals (LCAO). In other words,
the probability of capture of an electron by one of two
protons should be affected by the existence of another
proton separated by the distance d. Thus, the capture
process must occur on H2+ molecular orbital (MO) states
with the distance d. Most of the formed Hz+ MO states
are regarded to be predissociating states of the molecular
ion H2+', which lead to H(nl)+ H+ breakup fragments.

The mean free path for electron loss of excited H2+' is
not known at present. For H, the mean free path for
electron loss was measured to be —18 A at 0.8 MeV/amu
by the transmission experiments. 2 Taking account of the
fact that the dissociation mean free path for H2+ is 24 A
at 0.8 MeV/amu, the electron-loss mean free path for
H2+* at 0.8 MeV/amu should be of the same order of
magnitude as 24 A or less. Then, the production of H2+'
MO states which produce the observed dissociation frag-
ment H(nl) should mostly take place within the depth of
about ten atomic layer from the exit surface and therefore
the value d, at the moment for the electron capture to
occur, can be approximated by that at the exit surface.
From the above discussion, it is assumed that the electron
capture into MO states near the exit surface may be the
main process for productions of H(nl)+H+ breakup
fragments in the tD ( & 2 fs) region and consequently the
electron-capture probability depends on d near the exit
surface.

Cue et al. could successfully construct the reconstitu-
tion model for the observed transmitted yield of Hz+ as
well as the associated yield of H(1s) breakup fragments.
Their model is based on the assumption that the cross sec-
tions for electron capture into the MO (a, and o,"), which
correspond to the 1so and 2pcr„states, can be expressed
as

cr,'"=[Zg „(d)]'o, , (10)

fs

n &5, - --: extrapolation

n= 3-5, ~: ours (Hs, HS, H„)

n=2, &: Brooks8
Berry(Lyet )

H2 C

I I

alt�&l

1 2 3 456 810 2030

FICr. 9. Principal quantum number n dependence of molecu-
lar enhancements Rp(n, tD) —1 for (0.3—0.8)-MeV/amu H2+ at
tD ——2, 10, and 20 fs. Solid circles are our results. Open circles
for n =2 are derived from data of Brooks and Berry (Ref. 12).
Error bars indicate 95% confidence intervals. Solid curves
represent the best fitted curves to Eq. (9) and dashed curves are
ones extrapolated from solid curves.

where o, refers to the cross section for electron capture
by a proton of the same velocity leading to an H(1s) and
Zg „(d) characterizes the effective nuclear charge of the
MO at d.

This model should be extended to other MO states
which lead to more highly excited H(nl) breakup frag-
ments. The d-dependent effective charge for H2+ arises
from a LCAO description as given by McCarroll et al.
Unfortunately, they calculated the Z, (der) value only for
the H(ls)+H+ system, and Z, (dry) values for other MO
states cannot be obtained at present. So we shall give
hereinafter only qualitative discussions.

Let us consider the effective charge Z,rr(r, /d) as a
function of the ratio r, /d where r, is a distance from the
electron to be captured to the one of two protons (dipro-
ton). When r, is much smaller than d/2 (2r, /d «1),
Z,ff(r, /d) may approach unity and electron capture may
occur to an individual proton. The effective charge
Z,rr(r, /d) may increase with increasing r, at a fixed d.
If the screening effect due to the medium electrons could
be neglected for swift projectiles as in the present case, the
value of Z,rr(r, /d) would approach -2 for 2r, /d »1,
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= —,
' [Z,tt((r, (n, d ) }/d )]' . (12)

Consequently, it may be understood from the above dis-
cussion that the molecular enhancement for the produc-
tion of H(n) breakup fragments increases with increasing
n at a fixed d [ =d(tD)] as shown in Fig. 9.

As seen from in Eq. (9), Rt approaches k+1 when tD

reduces to zero. It is found that k has an average value
2.50+0.22 at tD ——0 which is obtained by extrapolation of
R (nr, t ) —D1 curves for n =3—5 to tD ——0 in Fig. 7, where
one has a relation [2(r, (n, d))ld] »1 for MO states
leading to n & 3 excited breakup fragments. Then, in this
small tD region, Z,ff((r, (n, d)) jd) for n )3 are close to
2. Therefore, Rt at tD =0 is written from Eq. (12) as

Rp -2' (13)

for n =3—5. This leads to s =2.81+0.21.
Rt —1 values for the shortest t~ (-2 fs) in the tD ( ) 2

fs) region seem to level off for n )3 in Fig. 9. As shown
in the upper parts of Figs. 6 and 7, tD ——2 fs corresponds
to d = 1.6 A which is much smaller than ( r, ( n, d ) ) for
the MO states, all of which lead to H(n) (n & 3). Then, it
may be concluded that in this small tD region near 2 fs,
Z ff 2, and Rz should be independent of n for n & 3.

that is, the electron to be captured can see the two protons
with distance d as if they form a united atom (diproton).
Now, let us introduce a quantity (r, (n, d)) which is de-
fined as follows: (r, (n, d)) is an average value of r, (n, d)
averaged over the whole space and the whole MO states
leading to breakup fragments H(n). It is expected that
higher-excited MO s which lead to a higher-excited frag-
ment H(n) are related to greater (r, (n, d)) values, and
thus to greater Z,ff((r, (n, d))/d) values at a fixed d.
The electron-capture cross section o, (n ) to excited MO
states corresponding to the production of H(n ) may be ex-
pressed as

o, (n) = [Z,ff((r, (n, d ) ) ld )]'a, (n),

where o., (n) is the cross section for electron capture into
the excited hydrogen atom and s is a parameter and is
generally not equal to the value (s =5) given in Eq. (10)
for isog and 2po„MO states. The values of s were given
for atomic ions on several theoretical models but not for
molecular ions. Using Eq. (11), the molecular effect for
the population ratio of the n state in the ta ( )2 fs) region
for H2+ is expressed as

0, (n)=Z, tt' '0, (n—), n .&3, tD=O. (14)

For the case in which the average distance from the
nearest-neighbor proton to the electron to be captured is
much larger than the internuclear distance of the dipro-
ton, [2(r, (n, d)) ld] ))1,Z,tt approaches 2. On the con-
trary, if [2(r, (n, d))/d]«1, Z,tt approaches 1. Equa-
tion (14) is contrasted with the expressiongiven by Cue et
al. with respect to the power of Z,ff cr —Z ffcT, , It
should be noted here that the above interpretation is based
on assumptions 1 and 2 stated in Sec. III, whose validity
was discussed in some detail, but, in order to make the
theoretical analysis more reliable, the experimental data
on the relative substate population ratios for higher n

( & 3) excited states for H+, Hi+, and Hq+, for tie values
longer than 20 fs are eagerly anticipated.
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fs for 0.3-MeVlamu H2+ and H3+ and this result is con-
sistent with data by Andresen et al. ' for larger tti values
(27 and 55 fs).

Next we estimated the n populations of H(n) for H+,
H2+, and H3+ incident on carbon foils. The n-state pop-
ulation for incident H+ follows the n ' +— " scaling
law (see Table II) for n =3—6 in the energy range
0.2—0.8 MeV/amu instead of the n scaling law
theoretically predicted and the corresponding n-state
populations for H2+ and H3+ also follow the n ' scaling
law similar to that for H+ where z values decrease with
increase of tD as shown in Table II.

The molecular enhancement for the n-state populations
of H(n) from H2+ was derived for n =3—5. We also es-
timated the molecular enhancement for the (n =2)-state
population using the experimental results of Brooks and
Berry. ' It was found that the molecular enhancement for
the n-state population for H2+ decreases with increasing
tD and increases with increasing n, and is almost indepen-
dent of the projectile energy in the energy range between
0.2 MeV/amu (2.8uo) and 0.8 MeV/amu (5.7uo) used in
the present work. However, the molecular enhancement
as a function of n seems to level off for n &3 at the
shortest dwell time (tD -2 fs) in the tD ( & 2 fs) region.

The above result can be well interpreted in terms of the
electron-capture probability related to the effective charge
Z,ff of the diproton. The electron-capture cross section
into the excited MO states of Hz+ leading to the produc-
tion of H(n), o, (n), is derived from the experimental
data as follows, for tD=0:

V. SUMMARY

We measured the molecular effect for Balmer emission
yields as functions of n and tD for H2+ and H3+ incident
on thin carbon foils for the beam energy range of 0.2—0.8
MeV/amu. The dependence of molecular effects for Bal-
mer emission yields on n =3—5 was observed at
tz ——0.97—54. 1 fs. However, this n dependence dimin-
ishes with increasing tz and finally disappears at tD-54
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APPENDIX A: ESTIMATION OF CASCADE EFFECT

The cascading rearrangement effect can be estimated as follows. The populations of nl-substate levels at time t after
exiting the foil, P„l(t), is determined from the following differential equation:

where

dP„I(t) 00 n" —1

= ( A„l )P„l(t)+ g g [ A„ I-„I5(l",I+ l)]P„ I (t),
n"=n+1 l"=0

n —1 n' —1

(Al)

( A„l )= g g A„I„I5(l,l'+1),
n'=1 I'=0

(A2)

and A„l„ I is the transition probability from the nl to the n'l' substate, 5 is the delta function, and /, l', and l" are zero
or positive integers. The exact solution of Eq. (Al) can immediately be written as

n"—1

P„l(t)= exp( —( A„l )t) P„l(0)+ g g A„ I-„I5(l",l+1) f P„ I (t)exp(( A„l )t)dt
n "=n+ 1 I"=0

(A3)

Since the cascading rearrangement effect to the n "(& n )-state populations from more higher excited states ( & n") for the
small t region gives only a negligibly small effect on the estimation of P„l(t) values, P„-I (t) can be approximated as

P -I-(t)=P -I-(0) exp( —( A -I )t) . (A4)

For instance, let us consider the 5g 4f cascad-ing rearrangement effect which should be the greatest contribution to the
n"=4 state. The Sg state contributes only 0.3% to the 4f state at t=8&&10 ' sec, which corresponds to the largest t
value in our measurements. Therefore, the approximation given by Eq. (A4) is pertinent with respect to our experimental
conditions. Equation (A3) becomes

n" —' A -I ~ I5(l" l+ 1)
P„,(t) = P„,(0)— g g " " '

exP( —(Anl )t)
n" =n+ I I"=0 Anl n "I

""-'An-l-. I5(/" /+1)
+ g g P„ I (0)exp( —~An-I" )t) .

Anl —An I-
(A5)

The emission intensity from the nl n'l' transitio-n, a„l„I, at time t is expressed as

I '!'(t) A I 'I'P l(t)

For the 3d-2p transition, the intensity is approximated as

(A6)

~3d 2p~4f 3da,„»(t)=A„»P,„(O)exp( —A3d»t) — -P4f(O)[exp( —A3d»t) —exP( —A4f3dt)],
~3d 2p

—~4f 3d

where the transition from the 4p state and from n" & 4 states can be ignored. Equation (A7) agrees with the correspond-
ing formula given by Bukow et al. '3

APPENDIX 8: ESTIMATION OF RI (,3, tlap)

FROM DATA OF BUKOW et al.

From results of Bukow et a/. ,
' we can estimate

RI(3,tD) values in the following way. They have mea-
sured the initial 3d-2p transition intensities a3d, as well as
the initial population ratios P(3d ) /P(3s ) and
P(3p)/P(3s), for H+, H2+, and H3+ at various velocities.
Molecular enhancement for the n=3 initial population
can be estimated from their initial population ratios as
follows:

P'(3d) P'(3s)/P'(3d)+P'(3p)/P'(3d)+1
P(3d ) P(3s )/P(3d )+P(3p)/P(3d )+ 1

(B1)

P (3d ) (a 3d )'+ (a 4f )' (a 3d )'

P(3d) a3d+a4f a3d

where ( a 3~)' and (a4f )' denote initial intensities for the
molecular ions.

(B2)

where P(3d), P(3p), and P(3s ) are initial substate popula-
tions for the proton, and P'(3d), P'(3p), and P'(3s) for
molecular ions. The values P(3d) and P'(3d) are related
to the initial intensity a3d and the 4f 3d cascade inten-si-

ty a 4f [Appendix A and Eq. (3) in Ref. 13]. From our es-
timation, a4f is found to be 6.2% and 7.0% of a3d fol
the proton and molecular ions, respectively. Therefore,
P'(3d )/P(3d ) is approximated by neglecting the cascade
intensity within 0.8% errors as
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