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ANTHONY F. STARACE 
Department of Physics and Astronomy 

The University of Nebraska 
Lincoln, NE 68588-0111 

ABSTRACT 
The long-range dipole field interaction between a low energy electron and 

the hydrogen atom in the n = 2 state is shown to be the key for understanding 
significant features of a number of H- detachment processes. Collisional, 
single photon, and two-photon detachment processes are examined, each of 
which is shown to be sensitive to different aspects of low-energy H(n=2&e- 
interactions. Specifically, these detachment processes are best suited 
respectively for exhibiting the finite threshold cross sections for certain Ise,  
1 ~ 0 ,  and 1De final-state channels, the shape resonance in one of the IPO h a 1  
state channels, and the near-threshold Galitis-Damburg oscillations in 
certain 1 ~ e  and 1De final state channels. The latter oscillations have yet to be 
observed experimentally in any process. 

This paper is focused on processes involving the detachment of the 
H- ion and the simultaneous excitation of the resulting H atom to its n=2 
state. The processes we shall discuss are quite different from one another 
and involve different experimental technologies. They are high energy col- 
lisional detachment, photodetachment, and two-photon detachment, i.e., 



In Eq. 1, T denotes an atomic target atom .and the asterisk on the right hand 
side of Eq. 1 denotes that this target atom may be in either its initial state, 
an excited bound state, or  an ionized state as a result of the collision. 
(Typically, the final state of the target in collisional detachment processes is 
not measured' experimentally. 1 

The aim of this paper is to show that key features of the very different 
detachment processes in Eqs. 1-3 may be understood from a unified point of 
view. This point of view has as its focus the low energy states of the fun- 
damental H(n=2) - e- three-body system. It will be shown that each of the 
processes in Eqs. 1-3 is ideally suited for exhibiting different aspects of 
these low energy states. 

In what follows, we discuss first the low-energy states of the H(n=2) - 
e- three-body system, using an adiabatic hyperspherical representation.1 

We then examine how these states affect each of the detachment processes 
in Eqs. 1 3  in turn. Readers interested in hrther details of the theoretical 
work (i.e., on collisional detachment24 and on one- and two-photon 
detachments processes) upon which the present paper is based are referred 
to recent publications of the author and his collaborators.~ These 
publications should also be consulted for more complete references to 
related experimental and theoretical work by others. 

2. h w - m  States of the H(nd2) - e- System 

In our calculations we describe the H(n=2) - e- three-body system in 
an adiabatic hyperspherical representation13637 since this is known to de- 
scribe fairly accurately the key dynamical features of this system8 and since 
this representation is known to diagonalize asymptotically the long-range 
dipole interaction for this system.138 

In the hyperspherical approach the exact two-electron wave function 
y(rl,r2) is expanded in a complete set of adiabatic eigenfunctions 
$p(R,a,?1,P2), which depend parametrically on a hyperradius R z (r +r )* 1 2  and are functions of the five angular variables a = tan-l(r21rl), and rz. 



The OP satisfy an angular equation19697 having eigenvalue Up(R). The Fp 
satisfy a set of coupled radial equationsl.697; however, in the adiabatic ap- 
proximation all but the diagonal coupling matrix elements are dropped so 
that each Fp(R) satisfies a one-dimensional radial Schriidinger equation, 

In Eq. 5 the effective radial potential Vp(R), which characterizes the dy- 
namical features of a particular hyperspherical channel p converging to 
the nth level of the H atom is defined by 

where (0~,d2$~/dR2) is the R-dependent diagonal coupling matrix element 
for the pth channel. Since the long-range dipole interaction due to the de- 
generacy of the H(n=2) states9 is diagonal in the hyperspherical represents- 
tion,lta the asymptotic form of the effective radial potential is 

In Eq. 7 XP is an effective orbital angular momentum, which may be 
real or  complex depending on the channel p.. For channels p in which the 
long-range dipole interactiong is repulsive at asymptotic distances, 3c is t real. Hence at threshold the cross section for any excitation to the c annel 
p. is zero since it depends on I k&+mP, which is zero for k + 0. On the 
other hand, for channels p in which the long-range dipole interaction9 is at- 
tractive at asymptotic distances, one may write quite generally,l* 



As a consequence,the threshold value of the cross section for any excitation 
to the channel p is finitell since it depends on lk$+U2l2 = 1. In addition, as 
noted by Gailitis and Damburg,ll the transition matrix elements for chan- 
nels having complex Xp are influenced above threshold by the term k$+u2 
= kicyl (cf. Eq. a), which, when re-written as exp ( i 9  In k), may be seen to 
oscillate as a function of ln k. 

The effective potentials Vp(R) which converge asymptotically to the 
H(n=2) threshold and which are most relevant for the detachment pro- 
cesses in Eqs. 1-3 are shown in Fig. 1. All of the 1Se and 1PO potential 
curves are shown as well as the most important 1De potential curve. Since 
the total orbital and spin angular momenta are insufficient to specify the 
potential curves uniquely, additional specification is necessary. In Fig. 1 
we have employed abbreviated labels corresponding to Lids classification of 
doubly excited states.12 

FIG. 1. Effective radial hyperspherical potentials Vp in Ry plotted vs the hyperradius R 
for six channels converging to H(n=2): ~s(K= f I), l m ,  l ~ ( ~ d ) ,  and ID+. Note that the 
zero of energy is chosen to be the H(n=2) threshold and that near R = 25 the vertical energy 
scale is changed 



Note finally that the adiabatic lP+ and 1P- curves have a sharply 
avoided crossing near R = 13.3 a.u., implying a very strong interaction 
between them at  this value of R. Following others,l~8~12 we take this strong 
interaction into account by replacing the adiabatic potentials by the 
corresponding diabatic potentials (which cross near R = 13.3 a.u.1 and ig- 
nore any residual interaction between the potentials. We emphasize that 
this use of the diabatic approximation is limited to these two potentials. All 
of the other potentials (as well as the lP+ and 1P- potentials outside the R = 
13.3 a.u. region) are calculated by solving the adiabatic hyperspherical 
equations. 

The key features of the interactions within the H(n=2) - e- system 
are clearly exhibited in the effective potential cuves shown in Fig. 1. 
These are, first, that the lP+ potential is attractive at short distances and 
weakly repulsive at large distances thereby giving rise to a shape resonance 
(which is seen experimentally at about 18 meV above threshold).8 This 
shape resonance feature dominates the cross section of any process which 
populates the 1Po final state channels above the H(n=2) threshold. 

Second, because of their long-range repulsive behavior, the lP+, 
lP(pd), and 1S(K = -1) potentials all have zero cross sections a t  threshold. 

Third, the three potentials corresponding to the lS(K=+l), 1P-, and 
ID+ channels are attractive at asymptotic distances. As discussed above, 
they therefore have complex effective angular momenta. Hence the excita- 
tion cross section for each of these channels is finite at threshold (within 
the center-of-mass frame of the H(n=2) - e- system). Futhennore, the 
transition amplitudes for excitations to these three channels having com- 
plex effective angular momenta oscillate on a In k scale above threshold.11 

In what follows we shall examine each of the processes in Eqs. 1-3 in 
turn in order to show how these key features of the interactions within the 
H(n=2) - e- system are manifested both experimentally and theoretically. 



The cross sections for high-energy H- detachment collisions, partic- 
ularly those differential in the energy and angle of the detached electron, 
depend sensitively on the low-energy states of the fundamental H-e- three- 
body system. These low-energy states in the H- frame are related kinemat- 
ically to the small-angle (i.e., forward-direction) behavior of the detach- 
ment cross section measured in the laboratory. The closer to threshold in 
the H- frame that one wishes to probe, the closer in angle to the forward di- 
rection one must measure. These same kinematic relations, M e m o r e ,  
magnify the energy scale over which the fundamental dynamics of the H- 
e- system may be observed: e.g., for 0.5-MeV H- detachment collisions, 
features in the H- frame measured on a scale of tens of meV appear in the 
laboratory frame on a scale of tens of eV. 

It is usefiil to examhe how each of the final state channels for the 
H(n=2) - e- system contribute individually to the doubly differential cross 
section (DDCS) for the following collisional detachment process: 

DETACHED ELECTRON ENERGY (eV) 

FIG. 2. Projectile-frame DDCS's of Liu and Starace (Ref. 2) for the process 0.5 MeV H- + 
He -, H(n=2) + e- + He* for electrons detached at Op = 0°, for each of the six hyperspherical 
channels ~ S ( K  = f I), IPk, l ~ ( ~ d ) ,  and ID+ taken separately, plotted vs electron energy. 



0.5-MeV H- + He + H(n=2) + e- + He* . (9) 

The asterisk on the right-hand side of Eq. 9 indicates that the He atom may 
be either in an excited state, bound or continuum, or in the unexcited 
ground state. The projectile frame DDCS's for electrons detached in the 
forward direction (8p = 0°) are shown in Fig. 2 in the theoretical 
approximation that each final state channel is treated separately (i.e., 
incoherently rather than coherently). One sees from Fig. 2 that the IP+ 
shape resonance channel dominates the collisional detachment process 
near threshold except for the region right at threshold. At threshold the 
cross sections for channels having asymptotic repulsive potentials are all 
zero. In contrast, the cross sections for the three channels having 
asymptotic attractive potentials are finite at threshold. Fig. 2 shows DDCS 
results calculated for a He target, but it is typical of results one obtains for 
any rare gas target. We examine now how the features shown in the 
projectile frame in Fig. 2 appear in the laboratory frame in actual 
experimental measurements. 

In Fig. 3 we compare our laboratory frame DDCS's with experimen- 
tal data of Duncan and Menendezl3 for the process, 

0.5-MeVH- + Ar + H* + e-+ Ar*, (10) 

for three laboratory-frame detachment angles. The experimental mea- 
surements did not determine the final state of the H atom, which fact is 
indicated by the asterisk on the right hand side of Eq. 10. Our theoretical 
caldations4 were carried out for both H(n=l) and H(n=2) final states. 
Clearly the large DDCS for the H(n=2) final state is a major feature of the 
experimental data. In our calculations this feature is shown to be due to 
the lP+ shape resonance. For small angles it is clear that the shape 
resonance must be taken into account in order to achieve good agreement 
with the experimental data. For larger angles Q, the kinematics of the 
transformation from the projectile frame to the laboratory frame results in 
progressively less contribution of the lP+ shape resonance to the H(n=2) 
cross section for the process in Eq. 10. 
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FIG. 3. Laboratory-frame DDCS's for the process 0.5 MeV H-+ Ar + H* + e- + Ar* for 
electron-detachment angles of (a) BL = 0.8'. (b) BL = 1.3', and (c) OL = 3.8'. Theoretical 
results of Liu and Starace (Ref. 4) are indicated as follows: Dashed curves, results for 
H(n=l) final states; dotted curves, results for H(n=2) final states; solid,curves, sum of 
H(n=l) and H(n=2) results. Experimental results of Duncan and Menendez (Ref. 13) are 
indicated by triangles; they are normalized to the solid curves a t  the position of the lower- 
energy peak for BL = 0.8' and 1.3' and a t  the position of the single peak for BL = 3.8'. 



In order to exhibit the fact that three channels of the H(n=2) - e- sys- 
tem have finite cross sections a t  threshold in the projectile frame (cf. Fig. 
21, one must measure the detached electrons in the laboratory at or very 
close to 8~ = 0'. One experiment which has done this is that of Anderson, 
Bangsgaard, and Sgirensenl4 for the process, 

0.1-MeV H- + Xe + H(n=2) + e- + Xe* . (11) 

Their results are shown in Fig. 4 in comparison with our theoretical re- 
sults* for this process. The sharp cusp feature in both the experimental 
and theoretical results is the earmark of the finite threshold cross sections 
in the projectile frame. The cusp arises because in transforming the finite 
projectile frame DDCS's to the laboratory &ame one must divide the DDCS's 
by kp, the detached electron's momentum in the projectile frame.15 At and 
near threshold, kp = 0, which gives rise to the cusp behaviour seen in the 
laboratory frame results in Fig. 4. The experimental results14 were mea- 
sured at O0 in the laboratory with an angular acceptance of 0.506". As the 
theoretical results show, the cusp feature is disappearing rapidly as €IL in- 
creases from 0~ = 0'. Thus a convolution of the theoretical results over a 
finite angular range is necessary for a precise comparison with the exper- 
imental results. However, qualitatively, the agreement of theory and ex- 
periment regarding this cusp feature is quite good. 

The shoulder features on either side of the cusp in both theoretical 
and experimental results is another earmark of the low-energy states of 
the H(n=2) - e- system. These shoulders are due to the lP+ shape reso- 
nance shown in Fig. 2 for the related detachment process given in Eq. 9. 
For angles €IL 5 0.4' the kinematic transformation from the projectile to the 
laboratory frame results in a sampling of the lP+ shape resonace feature 
twice. once on either side of the swalled equal velocity energy of the de- 
tached electron (in which the detached electron travels with the same veloc- 
ity as the incident H- projectile). The asymmetry seen experimentally in 
the relative magnitude of the lP+ shoulder features is not reproduced well 
by the theoretical caldations and remains a question for fkture investiga- 
tions. 

Exhibition of Gailitis-Damburg oscillations 11 by studying collisional 
detachment processes is difficult. In collisional detachment all the final 



DETACHED ELECTRON ENERGY (eV) 

FIG. 4. Laboratory-frame DDCS's for the process 0.1 MeV H- + Xe + H(n=2) + e- + Xe*. 
(a) Theoretical results of Liu and starace (Ref. 4) for electron detachment angles eL =,O.OO, 
O.lO, 0.2O, and 0.3". (b) Experimental results of Andersen, Bangsgaard, and Serensen 
(from Ref. 14) for eL = 0.0'. The experimental angular acceptance is 0.506'. 



state channels are populated. Hence the strong lP+ shape resonance 
feature dominates the cross sections except for the very narrow energy 
region near threshold in which the fP+ channel cross section is smaller 
than those for the channels which have finite threshold. cross sections. But 
in this region, the laboratory frame DDCS has a cusp. Thus another 
process must be used to make the Gailitis-Damburg oscillations manifest. 

Because of electric dipole selection d e s ,  the photodetachment pro- 
cess in Eq. 2 is a much more selective process than collisional detachment 
for studying H(n=2) - e- states. Since the initial state of H- has 1S symme- 
try, photodetachment accompanied by excitation of H(n=2) populates only 
the three final state channels whose effective potentials are shown in 
Fig. 1, i-e., the IP+, IP- and lP(pd) channels. 

As discussed in detail by Lin,8 the lP+ potential is attractive a t  short 
distances and weakly repulsive at large distances thereby giving rise to a 
shape resonance (seen experimentally a t  about 18 meV above threshold). 
The lP(pd) potential is strongly repulsive at al l  distances. Finally, the 1P- 
potential is repulsive only a t  short distances, but is attractive at large dis- 
tances. This channel has a complex effective angular momentum, Xp, 
and, as discussed above, gives rise to a small but finite cross section at 
threshold. However, due to the shape resonance near threshold, Gailitis- 
Damburg oscillationsll near threshold are obscured. In addition, Gailitis- 
Damburg oscillations are extremely weak for the 1P- channel.16 For these 
reasons, we do not examine the near threshold behavior of the cross section 
in detail for this process. 

The dominant feature of the near threshold photodetachment cross 
section of H- is the lP+ shape resonance feature. Our results for the total 
n = 2 cross section, i.e., 02, + OQ, are shown in Fig. 5 in comparison with 
the relative experimental data of Butterfield.17 As pointed out by Lin,B the 
hyperspherical potentid lP+ predicts a shape resonance about 18.9 meV too 
high. In order to compare our n = 2 cross sections with experiment, we 
have therefore shifted our curves 18.9 meV lower in energy for this figure 
only. The experimental data in Fig. 23 of Ref. 17 have a non-zero back 



ground below threshold; we have subtracted this background from the data 
above threshold. Furthermore, we have normalized the experimental data 
to our theoretical prediction at the peak of the shape resonance. As shown 
in Fig. 5, o u r  theoretically predicted n = 2 cross section is somewhat wider 
in energy than measured experimentally. Nevertheless, the agreement is 
quite reasonable considering that our final state hyperspherical potentials 
are uncoupled. Indeed, the adiabatic hyperspherical results appear to be 
intermediate in accuracy between the three-channel close-coupling re- 
sults of Hyman, Jacobs, and Burke18 and the very detailed results for the to- 
tal cross section of Broad and Reiahardt,lg as discussed in detail else- 
where.5 

11.2 11.5 
PHOTON ENERGY (eV) 

FIG. 5. Photodetachment cross section for the process y + H- + H(n=2) + e-. Solid line: 
(dipole length) adiabatic hyperspherical results of Liu, Du, and Starace (Ref. 5) shifted to 
the experimental peak position. Solid circles: relative experimental data of Buttefield 
(Ref. 17) normalized to the theoretically predicted peak height. 



5. !hv+Photon Detachment of H- 

The two-photon detachment process in Eq. 3 is a very favorable one 
for observing Gailitie-Damburg oscillationsll above the H(n=2) thresholds 
This is so for two reasons. First, electric dipole selection rules do not per- 
mit population of I F  final state channels. Hence the strong shape reso- 
nance in the IP+ find state channel about 18 meV above threshold cannot 
obscure these near-threshold oscillations. Second, the two-photon process 
does populate ISe and 1De finRl state channels, one of which, the ID+ chan- 
nel, is the only one with significant, undamped oscillations above thresh- 
01d.5 

Before demonstrating these Gailitis-Damburg oscillationsll for this 
process, we must ask how we can be sure that the wiggles our calculations 
give for the two-photon detachment plus excitation cross sections of H- are 
really due to long-range dipole field affects and are not due to some other 
cause. The answer is that the generalized quantum defect theory (QDT) of 
Greene, Fano, and Strinatizo for a long range dipole field enables us to dis- 
entangle dipole-field effects from our numerical results m. In 
this way we are able to state with assurance which features of our cross 
section results &e truly the Gailitis-Damburg oscillationsll and which fea- 
tures are energy-dependent wiggles arising from other causes. 

Through use of the QDT for long-range dipole fields,20 one may show 
that our  adiabatic hyperspherical radial functions, defined by Eq.(5), tend 
asymptotically to 

where qp is the phase shift in the pth channel and kp is an analytic phase 
dependent on the effective angular momentum Xp characterizing the long- 
range dipole interaction of the H(n=2) - e- system.20 For real values of Xp, 



while for complex values of $20 

where (cf. Eq. 8) 

and 

The generalized QDT may also be used to extract the long-range dipole- 
field-induced energy dependence of F*(R) by representing our adiabatic 
hyperspherical radial wave functions as21 

where Np(k) is an effective normalization factor an which determines 
essentially all of the energy dependence of the radial wave fkction near R = 

0, and where F&(R) is a more smoothly varying h c t i o n  of k. The 
oscillatory, energyaependent normalization factor Np(k) is an analytically 
known fkction of In k.5921 

There are two ways in which an attractive dipole field introduces 
oscillations in measured cross sections on a In k energy scale. The first is 
due to the rapid variation of the analytically determined dipole phase ep (cf. 
Eqs. 14 and 15) for those hyperspherical channels p having complex values 
of the effective angular momentum Xp This analytically determined phase 
0 (through $) appears explicitly in the phase factor included in the two- 
p ! oton transition arnplitudes.5 Interference effects between different 



amplitudes, such as occur commonly in calculating the angular distribu- 
tions for the detached electrons, generally lead to sizable, undamped oscil- 
lations in the corresponding cross sections due to the rapid decrease of the 
analytically determined phases 8 with increasing In k. This analytic be- 
havior is shown in Fig. 6 for all tkea channels having complex AP above 
the H(n=2) threshold. 

The second way the long-range dipole field introduces oscillations in 
the cross sections is through the effective normalization Np(k) introduced 
in Eq. 17. Its behavior is shown in Fig. 7 for each of the three channels 
above the H(n=2) threshold having complex 2 One sees clearly that 
whereas the long-range dipolefield-induce oscillations of Np(k) for the 
lS(K = +1) and 1P- channels are strongly damped, those for the ID+ 
channel are quite sizable.5 

FIG. 6. Analytic phase [defined in Eq. 151 vs lnk, where k (a.u.) is the detached- 
electron momentum, for the three adiabatic hyperspherical channels p = ~ S ( K  = + I), IP-, 
and ID+. 



The total cross sections for the two-photon detachment of H- with 
excitation of H(n=2) (cf Eq. 3) are given for the cases of linearly (L) and cir- 
cularly (C) polarized light in Figs. 8(a) and 8(b) respectively. In Figs. 8(c) 
and 8(d) we have used the generalized QDT2021 to extract analytically the 
energy-dependence arising from the long-range dipole field in order to 
give renormalized cross se~tions.~ One sees clearly that for electron mo- 
menta such that In k 5 - 3.0, the oscillations of the cross sections are due 
to the long-range dipole field. Now, for In k - 6.0, the assumed 
degeneracy of H(2s) and H(2p) breaks down due to spin-orbit and Lamb 
shift effects. Thus, for - 6.0 < ln k S- 3.0 or, alternatively, for detached 
electron kinetic energies from = 0.1 meV to - 34 meV, the energy 
dependence of the cross sections may be ascribed to Gailitis-Damburg 
 oscillation^.^^ As shown in Figs. 8(a) and 8(b), this energy region 
corresponds to a half-cycle of such oscillation over which the L cross 
section increases by = 30% and the C cross setion increases by = 50%. 

FIG. 7. Normalization factors Np(k) [cf. Eq. 171 for the three adiabatic hyperspherical 
channels = ~S(K = + 11, IP-, and ID+ vs In k, where k is the detached-electron 
momentum. 



In Fig. 9 we present our results5 for the total n = 2 Merential cross 
section, which is the sum of the differential cross sections for the 2s and 2p 
states. Results are given for the six angles, @ = 0°, lBO, 369, 54.7', 72O, and 
90". mote that the results labelled & = 54.7O are actually calculated for 8k 
= 54.7356", at which P2(@) = 0. ] One sees fmm this figure that the energy 
dependence of the differential cross section in the region - 6 < In k < - 3 
(over which long-range dipole field effects play the major role) is highly de- 
pendent on the angle @ at which the photoelectron is detected. This en- 
ergy dependence may be enhanced by use of linearly polarized light and 
small angles of detection, 8k. 

Note that the energy-dependences of the total two-photon detach- 
ment cross sections presented in F'ig.8 are governed primarily by the long 
range dipole field normalization factors Np(k) (CE Fig. 7). The differential 
cross sections in Fig. 9 are strongly influenced in addition by the rapidly de- 
creasing analytic phases ep (Cf. Fig. 6). Indeed the energy-dependence of 
the 

FIG. 8. Generalized two photon cross sections for the cases of linearly (L) and circularly 
(C) polarized light for the process 2y + H- -, H(2s,2p) + e- plotted vs. In k, where k(a.u.1 is 
the photoelectron momentum. (a) L results; (b) C results; (c) renormalized L results; (dl 
renormalized C results. 



FIG. 9. Differential cross sections for the cases of linearly L and circularly (C) polarized 
light for the process 2( + H- + H(n=2) + e- plotted vs. In k, where k(au)  is the 
photoelectron momentum, for the detached electron angles % = 0°, 18O, 36O, 54.7356', 72O, 
and 90". (a) L results; (b) C results. 



asymmetry parameters for the two-photon process (Cf. Ref. 5) is primarily 
governed by these analytic phases. Thus, the long-range dipole field ef- 
fects due primarily to Np(k) can be found by measuring the total cross sec- 
tions, while those due primarily to can be found by measuring the angu- 
lar distribution asymmetry parameters.5 

In this paper we have shown how the low-energy states of the firn- 
damental H(n=2) - e- three-body system influence three very different pro- 
cesses for detaching the H- ion. We have also shown that these three dif- 
ferent detachment processes are each best suited to make manifest a differ- 
ent one of the properties of the long-range dipole field interactions within 
the H(n=2) - e- system. Thus, collisional detachment of H- with mea- 
surement of the detached electron in the fomard direction is best suited for 
demonstrating the finite threshold cross sections of those channels which 
have an attractive dipole-field interaction at asymptotic distances. This is 
so because the kinematic transformations from the projectile frame to the 
laboratory frame lead to a cusp behavior in the laboratory frame DDCS's 
which is possible only because of the finite threshold cross sections in the 
projectile frame. 

Single photon detachment of H- with excitation of H(n=2) is ideal for 
observing the shape resonance feature in one of the lPO final state channels 
above the H(n=2) threshold. Electric dipole selection rules result in only fi- 
nal state channels having lPO symmetry. The lP+ channel, in which the 
shape resonance occurs, has a cross section so much larger than those for 
other allowed lPO channels that the shape resonance feature can be ob- 
served very clearly. 

Finally, the twc+photon detachment of H- ~ t h  excitation of H(n=2) is 
the most likely process in which to observe the long-range dipole-field-in- 
duced oscillations above threshold that were predicted by Gailitis and 
Damburg11 but which have yet to be observed experimentally in any pro- 
cess. On the one hand, the 1P shape resonance feature is not populated in 
this process, and hence cannot obscure these oscillations. On the other 
hand, the ID+ final-state channel which is populated has the largest 
amplitude for such oscillations of any final state channel. Theoretical 
calculations5 predict a half cycle of such oscillation over the energy region 
from 0.1 meV to about 34 meV above threshold. 
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