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A study is presented of the photodetachment cross section of the H ion near the one-electron
threshold in electric fields ranging from approximately 5)& 10 up to 2.4X 10 a.u. The lowest-

field data, nominally at zero field, are consistent with the Wigner threshold law for p-wave process-
es. At larger field values, photodetachment using o-polarized laser light displays the expected
lowering of apparent threshold and evidence of tunneling. Using m-polarized light, the same

features are seen with the additional feature of oscillations superimposed on the cross section.
Three complementary explanations are presented for the oscillations.

I. INTRODUCTION

Fj =y(Fj+v XB),
(2)

allows us to impose a modest magnetic field in the labora-

The experiments described here are the most recent in
a series exploring the H ion using the relativistic H
beam at the Clinton P. Anderson Meson Physics Facility
(commonly known as LAMPF for Los Alamos Meson
Physics Facility) at the Los Alamos National Laboratory.
The recent experiments have explored the behavior of the
photodetachment cross section of the H ion in
moderate electric fields. Much of this work is described
in detail in a recent dissertation' and a preliminary report
on part of the work has been already given.

H provides a simple test of theoretical models of pho-
todetachment from negative ions in electric fields. This
paper describes experiments which tested three such
models. The experimental technique was similar to ear-
lier work at LAMPF. The relativistic H beam at
LAMPF intersected by a Nd: YAG (yttrium aluminum
garnet) laser beam allows us to use the relativistic
Doppler shift,

E, =yE„b(1+Pcosa),

to achieve a photon energy which is continuously tunable
over a wide range in the rest frame of the target particles.
p=v/c; y=1(1—p )'; a is the angle between laser
beam and particle bea~ defined such that head-on is zero
degrees; E&,b is the laboratory photon energy.

The Lorentz transformation for electric and magnetic
fields (in SI units),

tory frame which transforms to a substantial electrostatic
field in the barycentric frame. We take the barycentric
magnetic field interaction to be negligibly small in com-
parison to the electric field interaction.

The experiments described were mounted to explore
the behavior of the photodetachment cross section of the
H ion near the one-electron threshold in electric fields.
In particular, we were motivated by a prediction of
Reinhardt that we would observe oscillations in the
cross section in the case where the photons were polar-
ized parallel to the imposed electric field. An earlier pre-
diction of oscillations in the photodetachment cross sec-
tion in electric fields was made by Fabrikant. Recently,
Wong et a/. formulated a general theory of photode-
tachment of a negative ion in an electric field, an approxi-
mation for which, presented by Rau and Wong, dealt
specifically with H photodetachment in moderate elec-
tric fields. Again, oscillations are predicted.

Two series of experiments were conducted. One
looked at the effect of photodetaching the loosely bound
(0.75 eV) second electron of the H ion in electric fields
of as much as 1.3 X 10 V/cm using o-polarized light. (o.
polarization corresponds to the electric field of the light
wave perpendicular to the applied electric field; m is
parallel. ) The second used a modified apparatus to look
at the effect of ~ polarization, although with smaller
fields, of the order of 0.2X 10 V/cm.

The field-induced oscillation s are a phenomenon
roughly similar to that observed by a number of other
workers looking at neutral atoms of Rb, Ba, and Na.
Theoretical explanations have been put forward by Har-
min, Luc-Koenig and Bachelier Rau;" Rau and Lu. '

Blumberg et al. ' have reported observation of oscilla-
tions in the S photodetachment cross section in the
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presence of a magnetic field, where they presume the os-
cillations are due to the excitation of the detached elec-
tron to discrete cyclotron levels. An important difference
between the negative ion and neutral atoms is that, in the
former case, the photodetached electron sees, at long
range, only a uniform electric field while, in the latter
case, the electron moves in the combined Coulomb field
of the core ion plus a uniform electric field.

An "electrostatic potential well" was built to look at
the effects of a pure electric field on the cross section and
an electron spectrometer was made to be used in conjunc-
tion with the potential well to detect electrons which,
once photodetached, were "tagged" with an energy
difFerent from background electrons. Most of the data
were taken using an older setup with one of two elec-
tromagnets supplying a motional electric field.

The potential-well-spectrometer combination was use-
ful to prove that the ripple effect is due in fact to the elec-
tric field and not a combination of crossed electric and
magnetic fields.

cleus and moves to the far region dominated by the elec-
trostatic field.

Several authors have explained electric field oscilla-
tions which appear in the photoionization cross section of
neutral atoms. Harmin modeled the data of Freeman
et al. ' ' by considering two distinct regions: one where
the Coulomb potential was dominant and the imposed
electric field could be ignored and one where the electric
field was dominant. Harmin's work provided a partial
basis for Rau and Wong's predictions for negative ions.
Luc-Koenig and Bachelier' proposed that the oscilla-
tions arise from cancellations of oscillator strengths of
different Stark states due to symmetries between the wave
functions and the light.

Rau" and Rau and Lu, ' by considering neutral hydro-
gen in an electric field in parabolic coordinates, find that
oscillations with equal spacing dependent on F are
present. These oscillations have, in fact, been observed in
the photoionization spectrum of neutral hydrogen in an
electric field. '

II. THEORY OF H PHOTODETACHMENT

We look at three situations for which we invoke
difFerent theories. These cases are photodetachment in
zero field, in a dc electric field with a photon polarized
perpendicular to the field (o ), and in a dc electric field
with a photon polarized parallel to the field (m. ).

A. Zero field

1. Time-dependent outocorrelation approach

Reinhardt gives a specific theory for negative ions.
The photodetachment cross section is given as (in Ref.
18)

o(co) =2naaoto f exp(icot)(P(t) ~P(0) )dt .

Reinhardt assumed a Gaussian, p-wave initial state of
the form

At zero field, we expect the Wigner' threshold law to
apply. Wigner found that the cross section is proportion-
al to

T

$(0)=2~a
' 3/4

z exp[ —a (x +y +z2)],

(E E )(2l+ i)/2
0 (3)

where E is the energy of the photon and E0 is the binding
energy so that (E —Eo) gives the kinetic energy of the
detached electron. The angular momentum quantum
number of the final two-body state is l. In the case of
photodetachment of the H ion, 1=1. We expect that
the cross section will depend on (E Eo) . The r—ange
of validity of the Wigner law must be determined by ex-
periment.

Fano and Rau, ' following Armstrong, ' obtain a sim-
ple characterization of the H cross section over a wide
energy range in atomic units,

E'"« —Eo)'"
3(137)

where a =1/(8p ) with p equal to the ionic radius. '9 A
further assumption is that there is no final-state interac-
tion between the detached electron and the neutron
atom —a reasonable assumption in light of the fact that
the multipole elements which describe the polarized atom
decay rapidly with distance.

The final state P(t) is given by

P(t)= fd x'U(x, x', t)P(0), (7)

where U(x, x't) is the propagator for an electron in a dc
electric field.

A substantial amount of algebra leads to the result

o(to)=2naaoco e' ' 4a F t (1+iat)—
00 4a (1+iat)

B. m polarization
X exp (3+iat) dt,

p2t 2

24a
(8)

The impetus for the ripple experiment was the predic-
tion by Reinhardt. Reinhardt's approach is based on a
time-dependent autocorrelation function Fourier
transformed into the energy domain. Rau and Wong
have also predicted oscillations in the H cross section
by considering a frame transformation" of the system
from spherical to cylindrical coordinates as the escaping
electron leaves the short-range field dominated by the nu-

which must now be numerically integrated.

2. Frame transformation appro-ach

Rau and Wong*s frame transformation is based on the
work of Harmin and Fano. The problem is considered
in spherical symmetry while the electron is close to the
atom and essentially uninfluenced by the external field.
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k /2
o (k)=cr (k)I d(q /2)IU &( (9)

At some appropriate distance a transformation is made to
the cylindrically symmetric wave function which de-
scribes the electron in an electrostatic field.

They write the cross section in an electric field as

where e is the zero-field photodetachment cross sec-
tion, Eq. (4). The initial energy k /2 is divided into ener-

gy in the z direction, along the field q /2 and transverse
energy (k —

q )/2.
U&] gives the frame transformation between the spheri-

cal outgoing p electron wave function and the cylindrical
wave function of the photoelectron in the field F„

/k 3)1/2( 16F)1/6A i( 2/(2F)2/3) m 0
UF

(3n/2k)' (4/F)' (1—
q /k )' Ai( —

q /(2F) ), m =+1 . (10}

where n =1,2, 3, . . . .

3. Simple theory to find minima

Bryant et al. use a simpler approach to predict the lo-
cations of minima in the cross section. Considering the
final state of the electron siinply to be that of an electron
in a dc field, i.e., no final-state interaction, they show that
the energy of a minimum in the cross section can be writ-
ten as

' 1/3

Z, = (eF}2/'-
2m

Ia, , (12)

where the a,' are arguments of the Airy function at its ex-
trema, s =1,2, 3. . . . ' Then the photon energy required
to make a transition to a minimum is E, plus the electron
affinity of H (0.7542 eV).

By considering how the spreading wave function of the
photodetached electron reflects off the barrier formed by
the dc potential we can learn something about the coher-
ence time of the process. If the time to travel to the bar-
rier and back exceeds the coherence time of the photode-
tachrnent process, the reflected wave cannot interfere
with that still emerging from the ion and we will see no
ripples.

The time to travel to the classical turning point and
back is given by

E/eF dx
v.=2

0 U

&SmE
eF

(13}

By observing the approximate energy where ripples fade
away we have a measure of the coherence time and,
through Heisenberg's uncertainty principle, a measure of
experimental resolution.

Here Ai and Ai' are the Airy function and its derivative. -

Rau and Wong point out three characteristics of the
cross section. (1} Above threshold tr oscillates about
o" with an amplitude proportional to F' . (2) tr is
finite and positive at the zero-field threshold with a value
proportional to F. (3) o decreases rapidly and monoton-
ically below threshold.

Additionally, they point out that the energies of maxi-
ma in the cross section are given by

(3nFn)
n

1 Q.eV(z}= ezF—
2 (r+r~)

(14)

where a is the polarizability of the atom and
r =0.583ao. We can use this to make a rough calcula-
tion of the classical threshold for comparison to the ex-
perimental result.

Rau and Wong's work accommodates o polarization
as well as m. Equation 9 includes an m =El result [see
Eq. (10)], which is the o polarization case. We became
aware of their work too late to include a comprehensive
analysis in this paper.

III. APPARATUS AND EXPERIMENTAL
TECHNIQUE

A. Overview of experiment

The experimental setup is simple in concept. Figure 1

shows a large scale view of the apparatus as set up for
one series of later experiments. Several pieces of equip-
ment are shown which played no role in these experi-
ments. These are the polarimeter, foil box, fluorescent
well, and the Rydberg well.

Figure 2 shows the "vertical bender" detection scheme
where the electric field in the interaction region was
motional due to a laboratory magnet, and Fig. 3 shows
the "electron spectrometer" scheme with a longitudinal

C. cr polarization

Without recourse to a detailed theory in the 0 case, we
can make some assumptions about the form of the cross
section. When an electrostatic potential is superimposed
on the binding potential of the ion, one side of the bind-
ing well will be depressed and tunneling becomes possi-
ble. We expect then to see an exponential decrease in the
cross section below the zero-field threshold, with increas-
ing electric field.

We define a classical threshold energy in an electric
field as simply the energy needed to raise the electron up
to the now depressed top of the well. But, as seen above,
we must include the effect of tunneling.

As the kinetic energy of the ejected electron is in-
creased, the details of the potential at threshold must be-
come less and less important, so we expect the cross sec-
tion to approach that of zero field.

A simple characterization of the potential is
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FIG. 1. Layout of later series of experiments.

electrostatic field in the interaction region. The vertical
bender scheme was used in the earlier series and for the
bulk of the later data. The electron spectrometer was
used for a small portion of the later experiment. The
changes to different detection schemes were small varia-
tions on the large scale setup, so Fig. 1 serves as a reason-
able descriptor of all cases. The H beam entered the
scattering chamber where it was intersected by a light
beam at A, =1.06 pm as seen in the laboratory from our
Nd:YAG laser. The photon energy as seen by the H
particles was dependent on the angles of intersection and
is given by the Doppler formula, Eq. (1).

The products of the interaction were then detected
downstream using one of two methods. In the first, the
vertical bender scheme, the different charge states were
magnetically separated and then the neutral products of
the process were detected in a scintillator near the end of
beam pipe (not shown in Fig. 1). In the second method,

FIG. 3. Potential well in place.

which could be used only when no appreciable transverse
magnetic field was present in the scattering chamber,
electrons liberated in the photodetachment process were
separated in an electron spectrometer with a momentum
resolution of —1.5% and detected by a small scintillator
at the focal plane. In this case, we could distinguish elec-
trons tagged in the electrostatic potential well with an en-
ergy difference of as little as 5 keV and so were able to
discrim. inate against background electrons.

In past experiments we have used the laser in the Q-
switched mode with a pulse width of -8 ns and, due to
jitter in the laser firing circuits comparable to the spacing
of the H micropulses, the laser has been fired randomly
into a macropulse giving a random overlap with any
given micropulse. (The LAMPF H beam was delivered
in macropulses of -700 ps duration with a m.icrostruc-
ture of pulses 0.25 ns wide, spaced 5 ns apart. ) This tech-
nique gives high power densities and extremely low back-
ground counts. However, it requires relatively precise
timing of detector circuits and may even saturate the mi-
cropulse so that essentially all the H are photodetached
and the signal is no longer proportional to the photon
current. In the later series we decided to try using the
same laser in non-Q-switched mode. We simplified tim-
ing at the expense of additional background. The laser
pulse was now —100 ps, so, with roughly the same num-
ber of photons, our detector gates had to be open about
10 times as long as with the Q-switched mode. This
change also eliminated our concern about saturating the
H beam or the detector.

B. Methods to generate electric Seld
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Encoder

nsator

larizer
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Scintillators

H

FIG. 2. Electromagnet in place.

We used three methods to impose an electrostatic field
on the interaction region in this experiment. Most of our
field measurements were taken using one of two elec-
tromagnets.

In the earlier series the magnetic field imposed on the
interaction region was normal to the laser-H plane so
the motional electric field lay in the laser-H plane, per-
pendicular to the H beam. Because, near the Doppler
free angle (cosa= —P), the laser beam appeared to the
H to be near 90, the laser was effectively o. polarized no
matter how the laser was polarized in the laboratory
frame.
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In the later series most of our field measurements were
taken using an electromagnet with holes through the pole
tips to allow the laser beam to pass through, as shown in
Fig. 4. This put the magnetic field in the same plane as
the ion and laser beams. The magnet was mounted on
the laser table, and thus it rotated with the laser beam.
Because the electric field seen by the ion is dependent on
the angle between the velocity vector and the magnetic
field vector, the electric field changed as the angle of the
laser changed.

The magnetic field being parallel to the laser beam
gave a barycentric electric field normal to the laser-H
plane; in this case, if the laser light was polarized normal
to the laser-H plane, it would be pure m. polarized and if
it was polarized in the laser-H plane with the laser
beam effectively at 90', the light would be predominately
o. polarized.

The third method of generating a field was to impose
directly an electric field in the laboratory frame using a
"potential well, " as in Fig. 5. When using the potential
well we detected and analyzed photodetached electrons
that were tagged with a distinct energy depending on
where in the well they were detached. An electron which
existed in the beam in a free state before reaching the well
passed through with no net change in energy. An elec-
tron which was freed through the photodetachment pro-
cess between the center plates could emerge with an addi-
tional energy. The additional energy would then give a
unique trajectory in the spectrometer.

IV. DATA AND ANALYSIS

The data discussed here are the results of a number of
experiments spread over two years. Several different ex-
perimental setups under differing conditions were used.
In the later series all of the data were taken at a primary
beam energy of 500 MeV. We explored the H cross sec-
tion using o polarized light in large motional electric
fields. In the later series we used two primary beam ener-
gies, 800 and 318 MeV and we looked at both cr and m

polarization. We used the vertical bender detection
scheme in the earlier series and for the later series 800
MeV runs. We used the electron spectrometer for the
318 MeV runs. Table I provides an overview of what was
done when, and how it was done.

In our ana1ysis we refer to the condition when the
current in the magnet which provided the motional elec-
tric field was zero as "zero field, " although at zero
current there was still some residual magnetic field,

TO CATCHER

POTENTIAL WELL
FIG. 5. Schematic of interaction region with potential well.

which in turn transformed into magnetic and electric
fields in the rest frame of the ion. Typical residual fields
varied from case to case, and will be given later.

The rest of the analysis will be divided into two groups
with appropriate subdivisions. We will look at the earlier
data first with consideration of the zero-field data and
then of the field data which were all taken with 0 polar-
ization. Then the later data will be divided into three
subtopics: zero field, a-polarization field data, and finally
n-polarization field data (the ripples). There are few later
cr-polarization runs. They serve primarily to confirm the
polarization dependence of the ripple phenomenon.

In the later experiments there was no on-line analysis
of the data. Raw data were written to a file on the hard
disc of the Micro-Vax and then were analyzed on a mi-
crocomputer using Lotus 1-2-3.

The cross section was calculated using the formula

p sina
IJ(1+Pcosa)

(15)

where G is a geometric factor depending on the spatial
and temporal overlap of the laser and particle beams, R is
the rate of photodetachment, and J and I are the photon
and ion currents, respectively. Since we are unable to
determine accurately the overlap, G becomes an arbitrary
constant and we measure relative, not absolute, cross sec-
tions.

The zero-field data were analyzed to establish zero an-
gle and the power law obeyed by the cross section above
threshold. The data were first fit using a simplex rou-
tine which fed its results into a covariant matrix calcu-
lation which computed the standard deviations of the
fitted parameters.

The function fitted to the zero-field data is a
modification of Eq. (4),

TO ANALYZER

A (E Eo)E-
E3 +B . (16)

i.oe

FIG. 4. Schematic of interaction region; vertical benders
detection.

Here are four parameters: A, an arbitrary amplitude; B,
a background, which in theory should be zero; P, the ex-
ponent describing the behavior of the cross section above
threshold; and Eo, the threshold.

Only the values of P and Eo are of interest. Unfor-
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TABLE I. Overview of experiments for (a) the earlier series and (b) the later series.

Beam
energy

500 MeV

Experiment

(a)
Zero field

Pure cr polarization
High motional electric fields

0—1.3 MV/cm

Detection
scheme

Vertical benders
Vertical benders

800 MeV

318 MeV

(b)
Zero field

Pure cr or m polarization
Moderate motional electric fields

0-160 kV/cm
Zero field

Pure ~ polarization
Low electrostatic fields

0-50 kV/cm

Vertical benders
Vertical benders

Electron spectrometer
Electron spectrometer

tunately, we are unable to say anything about the abso-
lute value of Eo. We use the fitted value of Eo only as an
approximate calibration. The value of P, however, is an
important experimental result which we shall see approx-
imately confirms the prediction made by the Wigner
threshold law.

A. Earlier series zero-field data

The electromagnet used in the earlier series had a field
at zero current of about 150 G. This transforms to 52
kV/cm (approximately 10 atomic units) at 500 MeV.
This zero field which provided the basis for the earlier
analysis, is of the order of the low field runs in the later
runs.

The results from fits of zero-field data are summarized
in the ideogram, Fig. 6. All data files were cut off at ap-
proximately 0.805 eV and fit to Eq. (16). The files were
then cut off closer and closer to threshold and fit again in
order to determine the trend towards the power obeyed
by the cross section at threshold. These data imply that
the power law changes in the region between threshold
and 0.8 eV, but we are reluctant to draw any conclusions
from these data particularly in comparison to the later
data. Recall that the Wigner prediction does not tell us
how far above threshold the power of 1.5 should apply.

Several things are obvious from the data displayed in
Fig. 6. A systematic error gives rise to the apparent
grouping. These two groups correspond to data taken
with the laser intersecting the H beam from different
sides. An apparently anomalous data point has been
dropped from this figure. It is included in Ref. 1. We see
that one side gives consistently a lower power than the
other. We have been unable to explain the discrepancy
and must leave it to some unknown systematic error. We
will see that this discrepancy does not exist in the later
data.

Eq. (16). These "Armstrong"' fits allow us to take a sys-
tematic look at the measurements.

Table II summarizes the results for all data from the
earlier runs. As expected we see a lowering of threshold
and an increase in exponent as electric field is increased.
The "classical threshold" computed from Eq. (14) for
each field value is given at the top of each column.

In Fig. 7, we see a series of data runs showing the pro-
gressive change in the cross section as the field is in-
creased. Figure 8 illustrates the change in exponent and
threshold as the field is increased.

C. Later series of zero-field data

12"
10"

C
6

4

318 Mev, WEST
318 MeV, WEST

'I
I EAST

EAST
I

, I
I
I

Most of this zero-field data is not strictly taken at zero
field, just as in the earlier series. The magnet used in the
later series yielded a smaller transformed residual electric
field, approximately 4.8 kV/cm, which would shift the
classical photodetachment threshold downward by 0.5
mV. This shift is less than our experimental resolution
but certainly large enough to be considered in the next
generation of experiments.

All runs were cut off at the same maximum energy
value for an initial look at the power law. With a max-
imum energy value of 0.80 eV the average fitted exponent

B. Earlier series of cr-polarization field data 0 0.50 1.00 1.50 2.00 2.50
Data taken under o. polarization in the earlier series in

various motional fields were parametrized by fitting with
EXPONENT

FIG. 6. Ideogram zero-field power-law fits for earlier series.
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TABLE II. Average values of fitted parameters Eo and I', with statistical errors in parentheses, from Eq. (16) for the earlier data.
Data taken at various electric field values.

Electric field
(MV/cm)

Classical threshold (eV)
Fitted threshold, Eo
Fitted exponent, P

Zero field

0.7542
0.7618(5)'
1.42(4)

0.35

0.7307
0.7445(21)
2.08(14)

0.68

0.7144
0.6907(47)
3.36(22)

0.7003
0.666(12)
4.4(6)

1.18

0.6927
0.7044(71)
2.48(32)

1.32

0.6871
0.6509(37)
3.45(13)

'This value should no& be compared to the theoretical zero-field threshold for two reasons: the magnet giving rise to the motional
electric field had some hysteresis and certain parameters used in the initial on-line analysis were incorrect. The errors in the parame-
ters are approximately linear and should have little effect on the trends of fitted values shown here.

was 1.455(33). By successively truncating the data sets
closer and closer to threshold we see a consistency that
was not there in the earlier data. Figure 9 shows the re-
sults of this analysis. The plot labeled "all runs" includes
the two truly zero-field runs taken at 318 MeV when the
potential well was in place. These two runs yield the
same values for the exponent: 1.41(8), consistent with the
Wigner prediction of 1.5.

Table III summarizes the results of the zero-field fits
which appear in Fig. 9. The ideogram in Fig. 10 shows
the consistency between all of these runs.

D. Later series of o-polarization field data

The eight data runs in this category serve primarily to
verify the polarization dependence of the ripple
phenomenon in the m data that we shall discuss below.
The electric field strengths were not great enough to
cause the obvious shifts in apparent threshold that can be
seen in the earlier 0 data.

These runs were fit with Eq. (16), but the results are
not any more consistent than the earlier results. Figure

11 shows typical cr-polarization field data compared with
m data.

F=pyc8 sina,

where

1 Ea= cos —1
p YEI

(17)

The appropriate values for the constants are as follows:
y = l. 853; P=O. 842; Ei,b

= l. 1648 eV. The values for the

E. Later series of ~-polarization field data

Figure 12 shows curves generated with Reinhardt's
computer program, modified to model our experiment,
superimposed on our m data. In what follows, we refer to
the undulating character of cross sections as "ripples. "

As mentioned earlier, the transformed electric field is
not constant for these data. To find the electric field
value at any point one can use the formula

0.05
48 . INV/cm

16- 5
4-I
2.

EXPONENT vs FIELD

80
0

~~
VI

CO

0]
tO0
V 80 0 68

48 . MV/crn
~~

16COI
K ~ aks

80
48 MV/c

Ah

0.64 0.70 0.76 0.82
Energy (eV)

FIG. 7. Series of a-polarization runs at different motional
electric fields.

I
O
COI
I-

0 ~ ~ I I I

0 0.2 0.4 0.6 0.8 1 1.2 1.4
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THRESHOLD vs FIELD
0.78
076- *

0.74-
0.72-
0.70-
0.68-
0.66-

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Electric Field (MV/cm)

FIG. 8. Effect of electric field on exponent (power) and
threshold.
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FIG. 9. Fits of power-law exponent for cross section for
zero-field data taken in the later series. hE is the range of ener-

gies above threshold included in the data set. The maximum
photon energy included is 0.80 eV.

magnetic field, 8, appear in the appropriate figures.
Figure 13 shows the 143 kV/cm cross section from Fig.

12 now compared to the theory of Rau and Wong. In
this case the data have been normalized to the theory at
an arbitrary point which gives an absolute cross section.

The analysis of the ripple data was aimed at character-
izing the location of the minima of the ripples. Since we
assume the ripples are a modulation imposed on the
zero-field cross section it seems reasonable to subtract the
zero-field form from the ripple data to expose the ripple
structure. This subtraction makes more apparent the ex-
act location of the minima and maxima of the ripple
structure. Figure 14 shows an example of the method.

The theory of Rau and Wong leads us to expect that
the oscillations should be symmetric about the zero-field
curve but this does not appear to be the case in our data
as it is presented here. This is at least partly an artifact
of the method used to normalize the data with respect to
the calculated zero-field curve. The data are normalized
so that the maximum point is the same value as the max-
imum point of the zero-field curve which is chosen to be
proportional to the maximum energy.

Once the subtraction was done we used visual interpo-
lation of the plotted results to determine the location of
minima. Additionally, we attempted to fit the minima in-

8-'
7-

E46- o
co 5c

4- e
CO

LU

2-

0
0.5 1.0 1.5 2.0 2.5

Exponent
FIG. 10. Ideogram of later zero-field fits to the exponent in

the power law for different runs.

dividually with a Gaussian. The Gaussian shape is not a
good descriptor of the shape of the ripples but it fit most
of them easily, giving reasonable values for the minima
with a useful error. About one-half the fits converged
and they are generally in very good agreement with the
eye.

Table IV also includes average values, labeled a,' and n,
as determined from the minima of the data. The a,'

values may be compared to the simple theory of Bryant
et al where .the energy of the minima are given by Eq.
(12). The a,

' values were calculated using

a,'=
(E;„—0.7542 eV)
—(eF) ($ /2nt )

We include also a calculation of n from

2' (E;„—0.7542 ev)'
(19)

based on Rau and Wong's statement, Eq. (11), for the
maxima. The threshold value of 0.7542 eV must be con-
verted to atomic units. We have assumed that the mini-
ma correspond to half integer values of n to make the
comparison. The results are quite consistent with this
premise.

Figure 15 plots the n values calculated from each data
set versus energy. We have a consistent picture of a
given oscillation associated with a particular value of a,'

or n; the energy location changes as the electric field is

TABLE III. Summary of fit to later zero-field data. Average fitted value of the parameter in Eq.
(16). (Statistical errors in parentheses. )

0.80 eV
Data cut off

0.78 eV 0.77 eV 0.76 eV

Laser on west
side of H beam

Laser on east
side of H beam

Laser on west side
with truly zero field
(taken at
318 MeV)

Combined average

1.45(3)

1.54(17)

1.45(3)

1.45(8)

1.50(24)

1.41(8)
1.43(6)

1.46(18)

1.44(55)

1.42(17)
1.44(12)

1.46(88)

1.42(83)
1.44(60)
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FIG. 13. Theoretical curve (solid line) calculated by Wong
and Rau compared to data. The arrow marks the normalization
point. The dash'ed line is the zero-field cross section.
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FIG. 12. Theoretical curves (solid lines) calculated from
Reinhardt's theory compared to data (crosses). The laboratory
frame value of the magnetic field producing the motional elec-
tric field is given.

changed but the order of the oscillation remains the
same.

Rau and Wong have predicted that the amplitude of
the oscillations about the zero-field curve will be propor-
tional to F'~. We measured the peak-to-valley ampli-
tude for the n =

—,
' and n =-,'minima and fitted the results

with the equation

F
A =Ao F

c

I 0.8- 72 kV/cm
Eh
co 0.0
V 0I
~ 0.
tpI

IX

0.0204 T6. ++

4-

2.
0 g I I I I

0.1-
++
+tI

V
CI
4I
O

0
+

~+ ~+ ~+~~++a +

+

V'+
+

+

+.
+
+ +

+

+ +

++
+ ++

+ +

+~

+
+

+
+

+

0.7 0.75 0.8 0.85 0.9
Energy (eV)

FIG. 14. Example of the subtraction method to extract ripple
structure, as described in text.

where Ao and P are free parameters and Fo was the
lowest field value in the data set.

The data points were all given equal weights. The re-
sult of the fit is P =0.340 for n =

—,
' and P =0.333 for

n =
—,'. The result is consistent with Rau and Wong's pre-

diction.
There were three useful field runs taken with the poten-

tial well and the electron spectrometer. These runs give
confirmation of the premise that the ripple effect is due
solely to the electrostatic field. None of these runs is a
particularly good example of the phenomenon. One has
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TABLE IV. Average values for a,
'

[treated as a parameter;
using Eq. (18)] and for n [using Eq. (19)] for each order of oscil-

lation. The true value of a,' is defined as the values of the argu-
ment x of the Airy function Ai(x) at its extrema (Ref. 21, p. 478).
(Statistical errors in parentheses. )

Average
I

a,

—1.75(16)
—3.67(13)
—5.15(21)
—6.49(14)
—7.66(24)
—8.79(12)
—9.81(16)

—10.78(29)
—11.88

True
t

&s

—1.02
—3.25
—4.82
—6.16
—7.37
—8.49
—9.54

—10.53
—11.48

Average

0.49(7)
1.49(8)
2.48(8)
3.51(12)
4.5(22)
5.53(11)
6.52(17)
7.51(31)
8.7

only one distinguishable minimum. The other two have
two minima.

V. CONCLUSIONS

We have examined the H photodetachment cross sec-
tion in electric fields using both n.- and e-polarized laser
light. With m-polarized light we have data taken with
fields from 0 to 164 kV/cm. With n-polarized light our
data was taken at fields ranging from 52 kV/cm (the pu-
tative zero-field data from the earlier series) to 1.32
MV/cm.

In our analysis we compared the data with the Wigner
threshold law which applies in the zero-field case. The
zero-field data from the earlier series are consistent with
a threshold power of 1.5. In the later series, although
most of the data were taken with a small residual electric
field of about 10 atomic units, we conclude that the
data are consistent with the Wigner law at least as far as
46 rneV above threshold. The two runs taken with no re-
sidual field yield a power law with exponent consistent
with that predicted by Wigner.

The cr-polarization data give a qualitative confirmation
of the expectations described earlier. The cross section is
apparently exponential below the zero-field threshold,
and it appears to follow the zero-field cross section well
above the zero-field threshold.

The m-polarization data are consistent with all three of
the theories described. The theory of Reinhardt does not
conform well to the overall shape of the cross section
above about 0.85 eV, although he has predicted the ap-
proximate location of minima well.

The theory of Rau and Wong, by describing the cross
section in a field as a modulation on the zero-field cross
section, does follow the general shape of the data as it be-
gins to turn down at about 0.85 eV. Their specific predic-
tion for the maxima of oscillations is in very good agree-
ment with our data. We find the positions of minima to
be well described by half integer values of n from Eq. (18)
and, by inference, believe the maxima to be well de-
scribed by integer values of n.

In a rather crude fashion we also confirm the predic-

+ vs. Energy of MlnllYla

6-
5-
4-
3
2-

0
0.76

4+
+

+.*++++ ++ +

+

I I I I I I

0.8 0.84 0.88 0.92 0.96

Energy of Minima (eV)
FIG. 15. The values of n plotted against energy for ripple

minima for many different electric field values. The mean
values of n are projected against the y axis.
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tion that the amplitude of the oscillations is proportional
to F' . For the first two cycles of oscillation we find the
amplitudes to b|: proportional to F and F ', respec-
tively.

We confirm two other qualitative statements by Rau
and Wong. In an electric field the cross section is finite
and positive at the zero-field threshold and it decreases
rapidly and monotonically below threshold.

We emphasize the fact that our analysis of field data
and the theories which describe them tell us nothing
about the detailed structure of the H ion itself. The os-
cillatory structure observed is what one would see if a
free electron suddenly appeared in a dc electric field.
Reinhardt assumes a generalized symmetric initial state
and a final state of a free electron in an electrostatic field.
We need only input the value of the zero-field threshold.
Rau and Wong include the zero-field H cross section
only after the details of the process have been worked
out, independently of the ion. Bryant et al. 2 use only the
zero-field threshold energy as input for their prediction of
minima.

In future experiments we will look for deviations from
Rau and Wong's theory in the region just below and just
above the zero-field threshold. It is here that the cross
section should be most sensitive to the details of the H
binding potential. We see no obvious deviations in our
data but a very careful study with this objective in mind
would give confirmation of the fine details of the theory.
Complete tabulation of the data is available in Ref. 1.
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