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Characterization of the 1De autodetaching resonance in H2 and D2
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We have measured the hydrogen-deuterium isotope shift in the energy of the lowest1De autodetaching
resonance in the two-photon absorption spectrum of H2. The 1De resonance in negative deuterium lies 2.0
60.5 meV, with a possible systematic error of 0.4 meV, above the corresponding resonance in negative
hydrogen when measured with respect to the ion ground state. From the isotope shift, we obtain a mass
polarization of 2.461.1 meV, with a possible sytematic error of 0.8 meV, for the1De in H2 under the
assumption that the Fano shape parameters,q, for the two isotopes are the same. Recent theoretical calcula-
tions give the mass polarization for this resonance in H2 as20.1 meV. The generalized absolute cross section
of two-photon absorption at the peak of the1De is found to be (3.221.2

11.8)310249 cm4 s. The measured
asymmetry parametersb2 andb4 of the photodetachment process are 1.961.2 and 2.2160.45, respectively,
consistent with a pureD-wave distribution. Upper bounds on the second recursion of the lowest1Se resonance
and three-photon excess photon detachment are 2.8310249 cm4 s and 3.1310278 cm6 s2, respectively.
@S1050-2947~98!07509-X#

PACS number~s!: 32.70.Jz, 31.25.Jf, 32.80.Wr
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I. INTRODUCTION

The negative ion of hydrogen (H2), because of its rela
tive simplicity, has long been an important laboratory for t
study of electron-electron correlations. Understanding
elementary three-body Coulomb problem, for which t
electron-electron interaction is as strong as the elect
nucleus interaction, is a critical first step toward the eluci
tion of the more complex atomic structures. In this paper
report the results of an experiment designed to characte
the dynamics of the electron-electron interaction in a dou
excited H2 state. We compare measurements on this ion
which the nucleus is a proton with those for which t
nucleus is a deuteron. Isotopic shifts provide a way to st
correlations in the electron momenta.

There are no singly excited states in negative hydrog
The ephemeral doubly excited states decay principally
autoionization. Since they are embedded in the continu
and can be formed in electron-neutral-atom collisions as w
as by photoexcitation, the doubly excited states are o
termed ‘‘autodetaching resonances.’’ The spectra of
negative ions of the isotopes of hydrogen differ in sub
ways that reflect the properties of the nuclei. We have cho
as the principal subject of our study the1De state just below
the N52 threshold in electron-hydrogen scattering, whi
we excite from the ground state of H2 using two-photon
absorption.

Two-photon spectroscopy techniques developed by S
et al. @1# made possible high-resolution studies of the low
1De. More recent measurements accurately determined
1De resonance parameters in both H2 and D2 @2#. Most of
the isotope shift of the resonance energy can be accou
for using the known isotope shifts of both the electron affi
ity of H2 and the binding energy of H0 ~Fig. 1!. Any remain-
ing isotope shift is the result of a mass polarization effe
which directly reflects the two-electron momenta corre
PRA 581050-2947/98/58~3!/1889~9!/$15.00
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tions. The large relative mass difference between H2 and D2

results in an isotope shift that can be easily resolved in
experiment.

Two-photon excitation of the1De is in itself a physically
interesting process, and several parameters, including
electron-autodetachment angular asymmetries and the ge
alized absolute cross section, are determined from our d
The 1Se symmetry of the H2 ground state requires that a
even number of photons excite the1De resonance, 10.873
eV above the ion ground state. Since the energy necessa
remove one electron from H2 is only about 0.75 eV, the
photon energy necessary to excite the1De by simultaneous
absorption of two photons is also sufficient to detach an e
tron through single-photon absorption. Absorption of mo
photons than necessary to detach an electron from a neg

FIG. 1. A simplified energy-level diagram of negative hydrog
and negative deuterium~not to scale!. The origin of the energy axis
has been set to the three-body continuum in both isotopes.
1889 © 1998 The American Physical Society
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1890 PRA 58D. C. RISLOVEet al.
ion is referred to as excess photon detachment~EPD!. The
presence of the1De resonance increases the two-photon a
sorption rate by approximately two orders of magnitude@3#.
Thus two-photon excitation of the1De is a unique example
of final-state resonant EPD. Resonant EPD through an in
mediate window resonance has been reported@4#, as well as
several observations of nonresonant EPD@5–8#.

II. EXPERIMENTAL TECHNIQUES

The experimental setup is almost identical to the one
scribed by Stinzet al. @1#. The essential feature is a colli
mated ion beam intersecting a focused pulsed laser bea
90° ~Fig. 2!. The laser is linearly polarized in the direction o
the ion velocity vector. The kinetic energy spectrum of t
photodetached electrons is acquired using a magnetic ti
of-flight ~TOF! spectrometer adapted from a design by Kr
and Read@9# and modified by Kyrala@10#. In the two-photon
absorption process described here, the kinetic energy of
detached electron in the rest frame of the ion beam isTe
52hn2Eb , whereEb is the binding energy of the negativ
ion species (H2 or D2) and hn is the photon energy. The
kinetic energy of an electron in the laboratory frame depe
on its angle of ejectionu in the ion center-of-mass frame
where u is measured from the ion velocity vector. In th
laboratory frame, the electrons are ejected in a forward c
and are captured in a magnetic bottle that directs them
microchannel plate~MCP! detector about a meter down
stream. The yieldY of electrons at the detector as a functio
of time is given by

Y5
1

AT0Te

md2

t3

s

4
f ~u!, ~1!

whereT0 is the kinetic energy of an electron traveling at th
velocity of the ion beam,s is the yield for a given photode
tachment process,d the distance to the detector from th
laser focus, andm the mass of the electron. Heref (u), the
angular distribution for two-photon detachment, is given

FIG. 2. A simplified schematic of the experimental setup~not to
scale!. A tunable uv laser is focused on a 1-mm-diam ion bea
emerging from a cylindrical hole in a permanent magnet. Detac
electrons are magnetically guided down a time-of-flight solenoid
a microchannel plate detector. Proper alignment was assured u
a 1-mm-wide, 10-mm-high removable slit in front of the Farad
cup, 30 cm downstream from the magnet.
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f ~u!5@11b2P2~cosu!1b4P4~cosu!#. ~2!

The parametersb2 andb4 are referred to asasymmetry pa-
rameters, while P2 and P4 are Legendre polynomials. Be
cause the kinetic energyTlab in the laboratory frame is re
lated to the angle of ejectionu according to

Tlab5T01Te12AT0Tecos~u!, ~3!

the angular distribution of Eq.~1! can be written as a func
tion of time using the substitution

cos~u!5
md2/2t22~Te1T0!

2ATeT0

. ~4!

Since the ions in our experiment are initially in the1Se

ground state, photodetached electrons will be ejected asP
wave (b252, b450) for the single-photon process or
mixture of aD wave (b2510/7, b4518/7) and anS wave
(b25b450) for two-photon detachment. One expects th
at the peak photon energy of the1De resonance, photode
tached electrons will be distributed primarily as aD wave.
The leading edge~highest energy component! of the much
weaker two-photon signal can be observed in the TOF sp
trum as a small but distinctive peak appearing just before
one-photon signal~Fig. 3!. Most of the two-photon signa
lies in the same time region as the much larger one-pho
signal and is obscured by it. Stinzet al. @1# demonstrated tha
this two-photon signal observed at the predicted photon
ergy of the1De is consistent with a resonance ofD symme-
try, although the actual asymmetry parameters were not
ported.

H2 or D2 ions were generated by a Penning surfa
plasma source and formed into a beam by a high-volt
extractor plate and a solenoid lens. The extractor plate v
age was varied to produce beam velocitiesbc between
0.0054c and 0.0076c. After passing through a 6 mm apertu
and two 1 mm apertures, the final ion current in the inter
tion region, which was monitored by a Faraday cup, w

d
o
ing

FIG. 3. A typical averaged oscilloscope trace. The spike at ti
zero is caused by uv photons produced by the laser. The l
feature is the one-photon signal. Note that its leading peak, near
ns, is clipped by the oscilloscope. The smaller feature in the ins
the leading edge of the two-photon signal.
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PRA 58 1891CHARACTERIZATION OF THE 1De AUTODETACHING . . .
;4 mA. A pulsed set of vertical deflector plates limited th
ion current pulse to a duration of between 50 ns and 100
so that a minimal number of gas-stripped electrons were
duced in the interaction region. The ion beam entered
interaction region through a concentric hole in a cylindric
samarium-cobalt permanent magnet~0.27 tesla! whose field
lines merged downstream with those of a solenoid tu
Electrons ejected in the interaction region were guided
magnetic fields through the solenoid to a two-stage chev
configuration MCP.

uv laser light near 228 nm was generated by su
frequency mixing in a beta–barium borate~b-BBO! crystal
of the Nd:YAG third harmonic and a tunable dye beam n
640 nm~DCM dye!. After generating the third harmonic b
mixing with the fundamental, the residual Nd:YAG seco
harmonic pumped the dye laser. The uv light had a 10 ns
width at half maximum~FWHM! Gaussian-like tempora
profile, a nominally Gaussian spatial profile, and an ene
of ;1 mJ per pulse. The beam was focused by a 10 cm fo
length spherical lens into the interaction region about 3 m
downstream of the permanent magnet. The transverse dim
sions of the laser focus were determined by scanning ac
the beam with a razor blade. In the interaction region
laser spot size was 13mm thick ~measured at the 1/e2 points!
along the direction of the ion beam and 27mm high in the
vertical direction with a peak intensity of 93109 W/cm2.
The dye laser wavelength was calibrated using a Fiz
wavemeter. The ions passed through the laser focus in a
tens of picoseconds.

The oscilloscope sampling rate of 1 GHz provides ab
50 data points in the region of the two-photon peak. Reso
tion was limited primarily by the response of the MCP a
the temporal profile of the laser pulse. Typically, at least 5
laser shots were averaged to produce an adequate two-ph
signal, since normally only about one two-photon event w
recorded for each laser shot at the peak resonance en
Figure 3 is a typical averaged oscilloscope trace. The in
spike is caused by scattered uv laser photons incident on
detector. The structure with the large initial peak and sma
secondary peak is due to one-photon detachments, w
have aP-wave angular distribution. The inset is a magni
cation of the much smaller two-photon detachment pe
Only those electrons ejected at smallu to the ion beam ve-
locity are visible. The remaining two-photon electron puls
are buried in the one-photon signal.

III. MEASURING THE ISOTOPE SHIFT

Averaged TOF signal traces were obtained at a numbe
different dye-laser wavelengths. The wavelengths were c
sen so that the two-photon energies of the sum-freque
generated light spanned a region centered on the1De peak.
For each averaged trace, the visible portion of the tw
photon signal~shown in the inset of Fig. 3! was integrated
and plotted as a function of the two-photon energy. In t
way we determined the spectrum of the resonance.

Figure 4 shows the integrated two-photon spectrum a
function of two-photon energy for typical H2 and D2 runs.
The solid lines are fits to the data using the Beutler-Fano
shape@11#:
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~11e2!
1sb with e52

~E2E0!

G
, ~5!

whereE0 is the position of the resonance,G is the width,q
is the shape parameter~line profile index!, andsa andsb are
relative cross sections. From an analysis of the theoret
form of the Fano shape parameter@12#, we conclude thatq
should be independent of the nuclear mass to a very g
approximation~i.e., the same for H2 and D2 resonances!.
Therefore the shape parameter was held at the same
value for fits to the spectra when comparing results for
two isotopes. Although our analysis shows that the fit
energy of the peak is strongly covariant with the value us
for q ~upper graph of Fig. 5!, the energy difference in the
peaks for the two isotopes is essentially independent oq.
Our best estimate isq525. Stinzet al. @1# usedq528 for
their fits while theoretical data provided by Proulx an
Shakeshaft@3# fit best with q526.9. More recent calcula
tions by Sanchezet al. @13# indicate that the shape paramet
should have an imaginary component, i.e.,q526.31 i1.5 .
Using the same theoretical data, we have determined tha
Fano profile generated byq526.6 is practically indistin-
guishable from the complex-valued profile. Because of
strong covariance ofE0 and q, we have assigned an add
tional uncertainty of61 meV to the positionE0 for both
isotopes based on an estimated uncertainty inq of 62. The
variation of G with q is negligible relative to the large un
certainties determined by the fitting algorithm. Most impo
tantly, the lower graph of Fig. 5 demonstrates that the m
sured isotope shift appears to be almost comple
independent of the choice of the shape parameter if we
sumeq is the same for both isotopes.

In a sensitive analysis such as we describe here, noni
circumstances can distort the results. In what follows we w
raise each possible source of systematic error, and discus
impact on our conclusion. In this experiment the princip
sources are mass-dependent departures of the interse
angle of the laser and ion beams from 90°.

FIG. 4. A plot of the integrated two-photon signal for H2 and
D2 as a function of two-photon energy. The dotted line represen
fit of the Fano profile to the hydrogen data while the solid li
represents a fit to the deuterium data. The peak shifts by;2 meV
with a change of isotopes. The isotope shift corresponds to;20%
the width of the peak.
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Precision estimates of the position of the1De resonance
in H2 and D2 must take into account possible inadverte
deviations of the angle of intersection from 90°. Althou
the ion velocitybc is too small to cause a measurable tra
verse Doppler shift of the photon energy, any deviation,a,
of the laser beam from 90° to the ion-beam direction w
cause a longitudinal Doppler shiftDE5bE0sina, whereE0
is the two-photon energy. This Doppler shift can be a s
nificant source of systematic error when measurements o
order DE/E51025 are being made. The anglea, if it re-
mains constant, can be determined indirectly by measu
the positionE0 of the resonance at several ion beam velo
ties and fitting the positions to a linear function ofb. How-
ever, a may not be constant from run to run because
beam optics must be realigned each time the ion momen
~i.e., beam energy and isotope! is varied. To circumvent this
difficulty, we placed a 1 mmslit 30 cm downstream of the
permanent magnet, just before the Faraday cup. By adjus
the final set of deflector plates to align the beam with the s
the intersection angle between the beams could be re
duced with an accuracy of 0.6 mrad, neglecting magn
deflections from the permanent magnet to the final slit.

A more subtle variation ina results from variations in the
ion velocity due to magnetic deflections along its trajecto
These deflections can result from the relatively large m
netic fields present in the region of the permanent mag

FIG. 5. The upper graph shows the variation of the positionE0

as a function of the Fano shape parameterq for the two isotopes.
The lower graph indicates that the isotope shift does not vary
preciably withq.
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The experiment was designed so that the ions enter the
teraction region along the central axis of the permanent m
net, in which case the magnetic field is entirely parallel to
ion beam velocity. However, ions that are not aligned alo
the z axis of the permanent magnet may be magnetica
deflected, particularly at the laser focus where the magn
field reaches a local maximum. If the deflection is in t
plane of intersection of the laser and ion beams~which is the
case when the ion beam is vertically misaligned!, an addi-
tional Doppler shift will result. The total Doppler shift, in
cluding the linear effect described in the preceding pa
graph, is given by

DE5E0Fb sin a1
e

~M12m!cE B'dsG , ~6!

wheree is the electron charge,c the velocity of light,M the
nuclear mass, andB' the component of the magnetic fiel
normal to the plane of intersection. The integration is ov
the ion trajectory from the entrance of the interaction reg
to the laser focus. The second term of Eq.~6! is an approxi-
mation relying on the assumption that the transit time of
ion in the magnetic field is much shorter than the gyrat
frequency. The equation is presented for the convenienc
the reader. In actuality, our numerical calculations took in
account the full equations of motion for an ion in a magne
field. In general, then, one must have information on
initial conditions of the ion, particularly the vertical compo
nent of the velocity, in order to calculate the Doppler shi

For a perfectly aligned system, the vertical deflec
plates should be set to zero voltage during the 50–100 ns
pulse. We found, however, that the plates had to be set
small, nonzero voltage during the pulse to successfully dir
the ion beam into the interaction region. Furthermore,
voltage was dependent on the ion momentum, sugges
that the vertical deflector plates were correcting for so
systematic misalignment upstream. From the voltages on
plates, we were able to calculate the initial vertical angle
the ions with respect to thez axis of the permanent magne
as they entered the interaction region. Numerical calculati
of the ion trajectory as it passed through the magnet and
the laser focus allowed us to estimate the Doppler shift. T
resulting corrections to the resonance energies were ge
ally small, the largest beingdE520.1460.30 meV for H2

at a velocitybc50.0062c. The net effect of the magneti
deflection was to decrease the apparent isotope shift by;0.2
meV. We also studied the magnetic deflection induced by
TOF solenoid~which is two orders of magnitude weake
than the permanent magnet! and determined that it had a
insignificant effect on the measured isotope shift.

Sixteen photon energy scans of the1De resonance in H2

and D2 were made using the 1 mm slit 30 cm downstream
the permanent magnet for alignment. A photon energy s
is constructed from a set of electron TOF spectra taken
series of photon energies spanning the range where the
nance is expected to reside. For each TOF spectrum,
integral of the forward, two-electron peak is computed a
normalized to the beam current and the laser intensity;
two-photon yield vs the corresponding photon energy
termed a ‘‘photon-energy scan.’’ Of these 16, four were
from the final set of data for having signal-to-noise rati

p-
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PRA 58 1893CHARACTERIZATION OF THE 1De AUTODETACHING . . .
less than 1 or inordinately large backgrounds~twice the level
of a typical scan! or both. Three sets of two scans tak
contiguously were averaged to reduce the statistical sprea
the data. The final set of eight scans, four H2 scans and four

FIG. 6. The positions of the final set of eight data runs
plotted as a function of ion beam velocity. The solid lines repres
the best-fit Doppler shift, which is a linear function ofb. The
dashed lines represent the best fit using the theoretical value o
isotope shift.
in

D2 scans, were fit to a Fano profile with constant sha
parameter as described above. Constant error bars wer
signed to the data points based on a multiple of the expe
Poisson uncertainty at the peak of the resonance, i.ed
}V/AN, where V is the maximum measured signal. Th
multiplicative factor was found to be approximately 1.6 b
comparing the statistical spread of data points acquired
two consecutive resonance scans with the Poisson un
tainty. The additional uncertainty was probably due to ra
dom fluctuations in the laser intensity. In addition, the no
linear crystal was retuned by hand as the dye wavelength
varied, leading to some variation in the average laser int
sity. There is, however, no reason to expect this latter sou
of error to be proportional to the Poisson uncertainty.

The final positions of the peaks and the isotope shift w
determined by plottingE0 as a function ofb ~Fig. 6! for the
reduced set of eight runs. After correcting theE0’s for the
second term of Eq.~7!, the contribution from the first term
was determined by fitting the data to a function of thr
parameters:~i! the position of the1De peak in H2, ~ii ! the
Doppler shift anglea, and~iii ! the isotope shift. The devia
tion of the intersection angle from 90° was found to
small, i.e.,a526622 mrad. The positions and widths re
sulting from the fit are shown in Table I along with oth
experimental and theoretical values@1,3,13–28#. We report
an isotope shift of 1.9760.53 meV with respect to the

e
t

he
TABLE I. Positions and widths of the1De resonance.

H2 Year Position~eV! c Width ~eV!

This work ~experimental! a 1997 10.873260.0027 0.008960.0012
Chen~theoretical! 1997 10.8732 0.008651
Ho ~theoretical! 1995 10.87291 0.008601
Sanchez, Martin, and Bachau~theoretical! 1995 10.8755 0.00889
Stinzet al. ~experimental! b 1995 10.87260.002 0.010560.0010
Proulx and Shakeshaft~theoretical! 1992 10.877 0.0096
Bhatia and Ho~theoretical! 1990 10.8730460.00004 0.00861360.000027
Scholz, Scott, and Burke~theoretical! 1988 10.8739 0.00881
Pathak, Kingston, and Berrington~theoretical! 1988 10.875 0.0088
Warneret al. ~experimental! 1986 10.86960.0013 0.00660.002
Callaway~theoretical! 1978 10.8735 0.00872
Lipsky, Anania, and Conneely~theoretical! 1977 10.8747
Bhatia and Temkin~theoretical! 1975 10.8727 10.0
Register and Poe~theoretical! 1975 10.8759 0.0090
Sanche and Burrow~experimental! 1972 10.88260.010 0.007360.002
Bhatia ~theoretical! 1972 10.86912 0.00100
Seiler, Oberoi, and Callaway~theoretical! 1971 10.914 0.00774
Ormonde, McEwen, and McGowen~experimental! 1969 10.8860.015
Taylor and Burke~theoretical! 1967 10.873 0.0088
Burke, Ormonde, and Whitaker~theoretical! 1967 10.873 0.0088

D2

This work ~experimental! a 1997 10.875260.0027 0.008760.0009
Isotope shift:d 2.060.5 meV

aq525(2).
bq528(2).
cThe reduced Rydberg was used to convert to electron volts.
dMeasured from the negative ion ground state.
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1894 PRA 58D. C. RISLOVEet al.
negative-ion ground state. The isotope shift has been co
niently rounded to 2.060.5 in Table I and the abstract, a
though all three significant digits were retained in calculat
the mass polarization below. Within our uncertainty the re
nance width is not isotope dependent; the difference in w
between the two isotopes~hydrogen and deuterium! was
found to be 0.261.4 meV.

The internal kinetic energy of a three-body system
given by

T5F 1

2m
1

1

2M G~p1
21p2

2!1
pW 1•pW 2

M
, ~7!

where, for H2, M is the proton mass. The final term, ofte
referred to asmass polarizationor specific mass shift, de-
scribes the portion of the Hamiltonian that is dependent
correlations of the electron momenta. Recently, several
published calculations of the mass-polarization contribut
to the 1De have been made. Chung@29# calculates a mas
polarization of20.103 meV, while Lindroth@30# and Ho
@31# obtain the values20.093 meV and20.095 meV, re-
spectively.

As we demonstrate below, our results indicate that
mass-polarization correction to the1De state is positive and
somewhat larger than predicted. Figure 1 shows some
evant energy levels in H2 and D2 relative to the three-body
continuum energy. Since D2 is more tightly bound than H2

by EB2EB850.4060.08 meV@32# and D0 is more tightly
bound than H0 by ER2ER853.70 meV@33#, the shift with
respect to the three-body continuum isE2E852.1360.54
meV. The virial theorem,̂T&52E, indicates that̂ T&5EB
1ER2E053.480 eV for hydrogen ions in the1De state.
Here^T& is approximated by neglecting the last term of E
~7!. The reduced mass portion of the isotope shift is

DE5^T&S mD

mH
21D , ~8!

accounting for 0.95 meV of the observed shift. Neglect
the volume shift~which is of the order of a neV@34#!, the
difference is the mass-polarization energy correction for
two isotopes:

^pW 1•pW 2&H

M
2

^pW 1•pW 2&D

2M
51.1860.54 meV. ~9!

Assuming^pW 1•pW 2& to be the same for the two isotopes, w
conclude that mass polarization shifts the1De resonance in
H2 by 2.461.1 meV. Our measured value is thus 2.3 sta
dard deviations from the theoretical prediction.

Two possible systematic interpretations for the discr
ancy between our experimental results and theory have b
considered:~i! the uncertainties in the data were undere
mated and~ii ! the ion beam optics were misaligned. Som
evidence that the error bars were too small was obtained
comparing the statistical spread with the calculated error b
of Fig. 6. The standard deviation of the measured positi
of the 1De in H2 and D2 was about 60% larger than th
quadrature sum of the uncertainties computed by the fit
algorithm, which were used above in the calculation of
isotope shift. This difference could be corrected by incre
e-
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ing the error bars used for the photon-energy scans by o
25%, which is difficult to justify given the limited amount o
redundant data available. Second, a misalignment of the
beam could result in a magnetic deflection, and thus a D
pler shift, that would be more significant for H2 than for D2,
resulting in a net systematic isotope shift. Fortunately,
two 1 mm apertures just before the interaction region
separated by 4 cm, which limits any possible misalignm
to 25.3 mrad relative to thez axis of the permanent magne
This corresponds to an additional isotope shift of at most
meV. The maximum systematic effect on the ma
polarization term in this resonance in hydrogen is thus ab
0.8 meV. To summarize, our result for the mass-polarizat
term for the lowest1De term in negative atomic hydrogen i
2.461.1 ~experimental! 60.8 ~systematic! meV.

Because of the relatively large experimental uncertai
and possible systematic error, we cannot regard our exp
mental result to be in definitive disagreement with theo
We believe, however, that this result should serve as a sti
lus for a more precise measurement, for which this wo
could be a valuable guide.

IV. GENERALIZED ABSOLUTE CROSS SECTION
MEASUREMENTS

The generalized cross section is based on the premise
the yields can be adequately described by lowest-order
turbation theory. In this case, with two-photon absorptio
the generalized cross section is given by the ordinary cr
section divided by the photon flux per unit area. The det
mination of this quantity requires detailed knowledge of t
parameters of the overlap of the two interacting beams
rather elaborate modeling. Using a modified version o
model developed by MacKerrow and Bryant@35#, we de-
rived a formula to calculate the number of two-photon d
tachments per laser pulse~see Appendix!. The mathematical
description uses a thick-target approximation that inclu
depletion effects due to one-photon detachment. The m
numerically efficient means of calculating the number
two-photon detachments from Eq.~A5! was to evaluate the
x, y, and t integrals in a single quadrant. Also, improp
integrals were truncated at twice the 1/e2 half-width, i.e.,

Nd2'8
s2

bcE0

2tE
22wz0

2wz0 E
0

2wy0E
0

2r0
dx dy dz dt

3F2~x,y,z,t !J~x,y!

3expS 2
s1

bcE2`

z

dz8F~x,y,z8,t ! D . ~10!

Heres1 is the one-photon absolute cross section, ands2 is
the generalized absolute cross section for two-photon det
ment. The ions are assumed to be propagating along tz
axis at velocitybc. The 1/e2 half-widths of the laser focus
along they and z axes are represented bywy0 and wz0,
respectively, whiler0 is the 1/e2 half-width of the ion beam
andt the temporal 1/e2 half-width of the laser pulse. In ou
calculations, the photon flux densityF and the ion number
current per unit areaJ were assumed to be Gaussian dist
butions.
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To evaluate Eq.~10!, no less than nine independent e
perimental parameters had to be determined in addition
s2. We compared predictions of Eq.~10! with the measured
number of two-photon detachments at different laser inte
ties and found that the predicted variation with intensity w
approximately linear and consistent with our data. The g
eralized absolute cross section was estimated by adjustins2
until we obtained an optimum least-squares fit to the d
Error bars were assigned by adjusting each experimenta
rameter by one standard deviation and recomputings2. In
this way the rms deviation of the generalized cross sec
was computed for each parameter and summed to produ
total rms deviation.

Our results indicate that at the peak of the1De, the gen-
eralized absolute cross section is 3.221.2

11.8310249 cm4 s, or
4202160

1240 G/I 2 ~a.u.!, in approximate agreement with the th
oretical value of 703G/I 2 calculated by Sanchezet al. @13#.
Proulx and Shakeshaft@3# obtain a similar value of
;710 G/I 2. The fact that our experimental value is som
what smaller than the theoretical predictions may be the
sult of imperfect beam alignment or the use of laser wa
lengths that are slightly off resonance.

A search was made for the second recursion of the1Se

resonance below theN52 threshold and three-photon EPD
Neither process was observed. We were, however, abl
assign an upper limit to the generalized absolute cross
tion for these two processes by comparing the noise leve
our data with the size of the1De peak. The second1Se is
bounded by 2.8310249 cm4 s, which disagrees with the
calculations of Purviset al. @36#, who predict that the secon
1Se has a larger cross section than the1De. Three-photon
EPD is bounded by 3.1310278 cm6 s2; no theoretical pre-
dictions exist at the photon energies used in our experime

Finally it should be mentioned that the absolute cross s
tion for one-photon photodetachment,s1, was not measured
Because of the large number of electrons incident on
MCP, gain saturation effects distorted the signal. The gain
an MCP in pulsed-mode operation~where the duration of the
measured signal is much smaller than the internal resis
capacitor time constant of the MCP! is given by a particu-
larly simple formula@37#:

gc5g0

ln~11aq0!

aq0
, ~11!

whereg0 is the unsaturated gain,q0 the input charge, anda
is a parameter we will call thesaturation coefficient. Using a
theoretical absolute one-photon cross section from Broad
Reinhardt@38# and calculating the predicted number of on
photon detachments from Eq.~A2!, we were able to estimat
the gain saturation coefficient for our particular MCP. W
obtained a5(1.2560.15)31016, which agrees well with
other values found in the literature@37,39#.

V. ANGULAR DISTRIBUTION MEASUREMENTS

Theoretical predictions indicate that the asymmetry
rameters of Eq.~1! vary significantly with photon energy in
the region of doubly excited resonances@40#. In order to test
this prediction, we analyzed 122 TOF spectra acquired
various photon energies in the region of the1De. Using a
to
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computer-generated model to fit Eq.~1! to the TOF spectra,
the asymmetry parameters were determined for a numbe
different photon energies. The results are plotted in Fig
along with theoretical data from Ref.@40#. Each data point
represents the weighted average of at least five separate
surements. Althoughb4 is not predicted to vary significantly
in this region of the photodetachment spectrum, theory in
cates thatb2 should decrease with increasing photon ener
There appears to be some evidence for this conclusion in
data. Unfortunately, there is no way to exclude the possi
ity that the asymmetry parameters assigned by the fit
algorithm decrease systematically with the size of the tw
photon signal, particularly far from resonance where
signal-to-noise ratio falls below 1.

We also determined the asymmetry parameters at the p
of the 1De. Only the 25 TOF spectra acquired at phot
energies within;1 meV of the peak were included in th
analysis. Because the majority of the asymmetry parame
appeared to be normally distributed, they were plotted
histograms using a bin size of 0.5. By fitting Gaussian cur
to histograms, we obtained values of 1.961.2 and 2.21
60.45 forb2 andb4, respectively. The ellipse of concentra
tion for the asymmetry parameters is shown in Fig. 8 alo
with the experimental data points generated by the fitt
algorithm. The wedge-shaped contour defines the region
physically allowed parameter space, which is determin
from the condition that the photodetachment yield rem
positive for all angles@41#. Because of the occasional poo
convergence of the fitting algorithm, a larger number of o

FIG. 7. The asymmetry parametersb2 andb4 as a function of
two-photon energy. The solid lines represent calculated theore
values.
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liers were generated than one would expect from a nor
distribution. In fact, only 32% of the data points fall withi
the ellipse of concentration. However, the method of fittin
Gaussian curve to a histogram reduces considerably the
tistical weight of any outliers present in the data. Thus, if
ignore the eight data points that are well beyond the reg
of physically allowed values~six of which are also beyond
the boundaries of the figure!, we see that 53% of the remain
ing data fall within the ellipse of concentration, which
more consistent with the 68% one would expect from a n
mal distribution. Finally, we note that the values obtained
the asymmetry parameters are consistent withb2510/7 and
b4518/7, which are the values one would expect for pu
D-wave photodetachment.

VI. CONCLUSION

We have measured the isotope shift of the1De resonance
of H2, from which we have estimated the magnitude of t
mass polarization effect using simple virial theorem arg
ments. Our results indicate that the mass polarization ma
larger than the theoretical predictions. We cannot, howe
consider the disagreement with theory definitive becaus
the possibility of systematic effects. The position of the1De

resonance in H2 is in excellent agreement with theoretic
calculations and previous experimental results. The wid
are also in agreement, and no isotope effects beyond
energy shift were observed. The two-photon resonance E
process was studied in detail, and the asymmetry param
of the angular distribution were found to be in agreem
with D-wave photodetachment. The measured general
absolute cross section at the peak of the1De is somewhat
smaller than theoretical predictions. Considering the la
number of independent parameters involved in the cro
section calculation, the agreement with theory is surprisin
good.

FIG. 8. The ellipse of concentration for the asymmetry para
eters is represented along with the data points generated by
fitting algorithm. The region of parameter space containing ph
cally allowed values is bounded by the wedge-shaped contour.
position of a pureD wave in parameter space is represented by
X. Note that six data points are beyond the boundaries of the fig
al
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APPENDIX: MODELING CROSSED-BEAM GEOMETRIES

In the thick-target approximation, depletion of the targ
ions has a significant effect on the total number of deta
ments. One must therefore define the probability of an
surviving one-photon detachment to a positionx,y,x at time
t, i.e.,

Ps1~x,y,z,t !5expS 2
s1

bcE2`

z

dz8F~x,y,z8,t ! D , ~A1!

where s1 is the one-photon absolute cross section,F the
photon flux density, andbc the ion velocity. Here, we have
defined the origin to be at the intersection of the laser and
beams, while thez axis is defined to be parallel to the io
beam direction. An implicit assumption in Eq.~A1! is that
the ions pass through the laser focus in a time much sho
than the duration of the laser pulse. From the probability
survival, one can derive an expression for the number
one-photon detachments:

Nd15E
2`

` E
2`

` E
2`

`

dx dy dt@12Ps1~x,y,z→`,t !#J~x,y!,

~A2!

whereJ is the number current of ions per unit area.
Except for cases where the photon flux density is v

large, depletion due to two-photon detachment is negligib
For ions surviving one-photon detachment, one can there
use a thin-target approximation to calculate the two-pho
detachment probability. Thus, the probability of two-phot
detachment per infinitesimal distance of penetrationdz into
the laser focus is given by

dPd2~x,y,z,t !

dz
'

s2

bc
F2~x,y,z,t !Ps1~x,y,z,t !, ~A3!

wheres2 is the generalized absolute cross section for tw
photon absorption. The total number of two-photon deta
ments is then

Nd2'
s2

bcE2`

` E
2`

` E
2`

` E
2`

`

dx dy dz dt

3F2~x,y,z,t !J~x,y,z,t !

3expS 2
s1

bcE2`

z

dz8F~x,y,z8,t ! D . ~A4!

-
the
i-
he
n
e.



he

is
m

be
e

l
e of
oxi-
e
st

er

s in

PRA 58 1897CHARACTERIZATION OF THE 1De AUTODETACHING . . .
At this point, one need only find an expression for t
photon fluxF and the ion number current per unit areaJ. In
many cases,F andJ can be approximated by Gaussian d
tributions. For a typical, low-divergence ion beam, the nu
ber current per unit area can be expressed as

J~x,y!5
2

p

I

qr0
2

expF22~x21y2!

r0
2 G , ~A5!

wherer0 is the 1/e2 half-width of the beam,q the charge per
ion, andI the current. A similar Gaussian distribution can
defined for the laser. Ifx is defined to be along the axis of th
laser beam, the expression for the photon flux is

F~x,y,z,t !5S 2

p D 3/2 Nph

twy~x!wz~x!

3expS 22t2

t2 D expS 22y2

wy~x!2D expS 22z2

wz~x!2D .

~A6!

HereNph is the number of photons per laser pulse andt is
the temporal 1/e2 half-width. The spot sizes in they and z
o,

n

we
H

B

ta
-
-

directions arewy(x) andwz(x), respectively. For long foca
geometries, the expansion of the laser beam on either sid
the focus is negligible, and the spot sizes can be appr
mated by constantswy0 and wz0. For beams that are mor
tightly focused, the fullx dependence of the spot sizes mu
be made explicit, i.e.,

wy~x!5wy0S xy0
2 1x2

xy0
2 D 1/2

~A7!

and

wz~x!5wz0S xz0
2 1x2

xz0
2 D 1/2

, ~A8!

wherexy0 and xz0 are the Rayleigh ranges in they and z
directions, respectively. For a cylindrically symmetric las
focus, they and z directions will be indistinguishable. A
more detailed derivation of the above equations appear
Ref. @2#.
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