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The results are presented of further studies of the effects of electric fields on the photodetachment
cross section of H™, for both 7 and o polarization. Data are fitted to the theory of Rau and Wong
[Phys. Rev. A 37, 632 (1988)], which predicts a modulation about the zero-field cross section.
Agreement is good for 7 polarization, but the predicted profile for o polarization does not appear to

match the data quite as well.

The recent experimental verification"? of the theoreti-
cal prediction®* of electric-field-induced modulations in
the photodetachment cross section of H™ near the
single-electron threshold spurred further theoretical
efforts to describe more accurately the shape of the cross
section, as a function of photon energy, in static electric
fields.’~” (An earlier sighting of this effect, in the photo-
detachment cross section of Rb™, was not recognized as
such until recently.)®® We give here the results of a fur-
ther investigation, with two important differences from
that reported previously: first, this experiment was car-
ried out in a well-determined electric field; and second,
emphasis was focused on the region very close to the
zero-field threshold, where any effects due to the residual
polarized neutral hydrogen atom should be felt most
strongly. These results are fitted to the theory of Rau
and Wong.® In addition, we present data from an earlier
experiment'® in which the field strengths were consider-
ably higher, but the light was exclusively o polarized.

The experimental method was similar to that previous-
ly described in some detail? A relativistic (8=0.786)
beam of H™ ions, produced at the high-resolution atomic
beam (HIRAB) experimental area at the Clinton P. An-
derson Meson Physics Facility (LAMPF) of Los Alamos
National Laboratory was allowed to intersect a Nd:YAG
(yttrium aluminum garnet) laser beam. Varying the angle
of intersection of the two beams, by means of a system of
mirrors mounted on a turntable as shown in Fig. 1,
changes the center-of-mass photon energy according to
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the relativistic Doppler-shift formula
E=E;y(1+Bcosa) , (1)

where 8 and y are the usual relativistic parameters, a is
the angle of intersection of the laser and particle beams
such that a=0 is head on, and E|; is the laser photon en-
ergy in the lab (1.164 88 eV). Thus the cross section for
photodetachment can be measured as a function of pho-
ton energy.

In order to produce a uniform electric field, two pol-
ished stainless-steel plates were mounted, 1 cm apart, on
either side of the interaction volume. With a potential
difference of up to 60 kV between these plates, barycen-
tric electric fields of up to 96 kV/cm became available.
Both 7 (electric vector of laser light parallel to external
electric field) and o (perpendicular) polarizations were
obtainable in this manner.

This method was in contrast to that used in the previ-
ous experiment, where the laser light was passed through
the pole pieces of an electromagnet in order to obtain
both 7 and o polarizations. The relativistic transforma-
tion of the magnetic field produced a large electric field in
the barycentric frame. The magnetic field, however, was
nonuniform, and its strength was not very well known.
The electric plates had the additional advantage that
their electric field was not angle dependent, unlike the
field produced by the electromagnet, which was fixed
with respect to the laser beam. Other differences are
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FIG. 1. Schematic of experimental apparatus.

that, in the previous experiment, the laser was focused
with a cylindrical lens into the plane of the laser and par-
ticle beams, primarily in order to let it pass through the
pole pieces of the magnet; and the laser was not operated
in Q-switched mode as was the case in the most recent ex-
periment, so the peak power was much lower.

In the 1985 experiment, the electric field was also pro-
duced by the relativistic transformation of a magnetic
field; however, the magnet consisted of a pair of
Helmholtz coils, which were energized in very short
pulses in coincidence with the laser; thus high fields were
obtained for short periods of time, but the geometry of
the system permitted only o polarization of the light.

The neutral hydrogen atoms from photodetachment
were separated magnetically from the primary H™ beam
and detected, downstream of the interaction region, in a
scintillator, also shown in Fig. 1.

The resulting yields were converted into relative cross
sections by applying a multiplicative factor, sina/
(1+Bcosa), which allows for the relativistic variation of
intensity with angle as well as the change in overlap
volume of the two beams. The energy scale for the 1988
(electric field) experiment was calibrated by fitting a series
of near-threshold curves at zero field—as shown in Fig.
2—to find the angle of the threshold itself; it was also
checked by exciting transitions in neutral hydrogen from
n=4to n=12,13,14, and 15. The uncertainty in energy
is less than 1 meV.

In the absence of any electric field, the photodetach-
ment cross section depends upon photon energy E ac-
cording to a power law

g _lom Eg”(E—E)? 4
3(137) E’

l_kBreﬂ- ’ (2)

E, here represents the threshold energy, 0.7542 eV;

k3=2E,, and the effective range, r.q, of the potential is
2.646a,. Du and Delos’ point out that the factor
1/(1—kgr.4), numerically equal to 2.65, was absent from
the paper (although included in the calculation) of Rau
and Wong;’ it was also omitted from our previous paper.2

We may make an estimation of the absolute cross sec-
tion: with a pulsed H™ beam crossing a pulsed laser
beam, the number of photodetachments per pulse is given
by
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FIG. 2. H™ photodetachment cross section at threshold in
zero electric field. Five runs are combined here. The solid line
is a simplex fit to the theoretical threshold power law, as given
in the text. The fit has a y?/v value of 1.9. The error bars are
statistical only; they represent the standard deviation of the
mean number of signal counts per laser shot for each angle.
The apparent sudden changes in the sizes of the error bars
occur because not all runs span the entire photon energy range.
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where V|, and T, are the volume (at =90°) and time, re-
spectively, of interaction of the pulses, p is the number
density of H™ in the pulse, o is the cross section, and ¢
is the photon flux. The photon flux ® and particle densi-
ty p are assumed constant over the volume ¥V, and time
T, of integration. Using our estimated typical values of
N =30 counts per pulse at a center-of-mass photon ener-
gy of 0.82 eV, with V;=6X10"2cm’, T,=10""7 s,
p=500 H /cm®, a=140°, and a photon flux of
1.6 X 10?7 /(cm?s) , we obtain 0 =10""® cm?, in compar-
ison with the expected value of 7X107'® cm? This
discrepancy is a cause of minor concern; however, the
volume of overlap, the particle density, and the photon
flux have only been estimated approximately, each
perhaps within a factor of 2.

With m-polarized light, “ripples” appear on this cross
section. This effect may be understood in a simple way
by considering just the wave packet of the ejected elec-
tron, spreading preferentially ‘“‘upstream” and “down-
stream” in the electric field (o polarization, in contrast,
would produce preferential spreading transverse to the
field); the part of the wave packet that spreads
“upstream” will reflect from the potential barrier of the
external field and will return to interfere with the wave
spreading ‘“downstream,” thus producing the characteris-
tic interference pattern.!

The frame-transformation approach of Rau and Wong®
predicts that the zero-field cross section will be modified
by a modulating factor H(k),

ofk)=cF=HF (k)

2
=o" k) [* Patg? /UL, @)

where
UL =Gm/k®)'V2(16F) Al —q*/Q2F 7). (5

The expression for the cross section ignores the final
state interaction of the electron with the neutral atom.®
This is a good approximation, since the electron-
scattering phase shifts are small (6 <0.01 rad) for H™ in
this energy range. The overall effect of 8 is to replace
H¥(k) by

HF(k)/[cos?6+ HF(k )*in%8] ,

producing a fractional deviation of the order of 107>,
The simpler formulation has therefore been used in this
analysis.

Du and Delos’ have produced an equivalent formula
that may be closely approximated by a simple analytic
function for energies somewhat above the zero-field
threshold; to be specific, they define a parameter

2VIE—E,)
X :—777/3—* s (6)

and give as the cross section
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a=0.3604—F;D(x )ag )
E

where
2

dz , (8)

px)=[" lg;Ai(—z)

Ai(z) being the standard Airy function. For sufficiently
large x,

D(x)= =[x+ cos(x )] . ©)
4T

The difference between the function D(x) defined in (8)
and the analytic approximation (9) is 2% for x =2, and
0.2% for x =4 (corresponding to photon energies of 0.78
eV and 0.80 eV, respectively, at a field of 64 kV/cm).
Thus, the analytic formula is extremely good once past
the first “ripple”.

Figures 3—6 show the results of some typical runs, tak-
en with electric fields of 64, 80, 83.2 and 96 kV/cm. Indi-
vidual sets of data from all runs are tabulated in full in a
Los Alamos report.!! The theoretical prediction is
represented in each figure by the solid line; the data
shown include error bars that are the standard deviation
of the mean signal at a given angle (energy). The
confidence levels of the fits are low; 29% for the data tak-
en at 64 kV/cm, and < 1% for the other data; we suspect
that this indicates that the error bars are too small, since
they do not allow for systematic effects such as changes
in the temporal overlap of the laser and particle beams,
and a fluctuating background from ‘“‘spray” with the par-
ticle beam. Visually, the curves appear to match well.
However, it is interesting to note a tendency for the
theoretical curve to lie above the data in the *“toe” region,
and to lie below it at lower energies as the cross section
tends to zero.
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FIG. 3. Relative photodetachment cross section near thresh-
old in an electric field of 64 kV/cm with 7-polarized laser light;
four data sets combined. The solid line represents the best fit to
the theory of Rau and Wong; y/v=1.08.
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FIG. 4. Relative photodetachment cross section, with 7 po-
larization, near threshold in an electric field of 80 kV/cm; three
data sets combined. y?/v=2.32.

The apparent nonzero cross section below threshold is
due in part to back-reflected photons from the laser-beam
calorimeter, which intersect the H™ beam at a very for-
ward angle and thus have a barycentric energy well above
threshold. The cross section at these high energies is,
however, relatively flat, and provides a constant back-
ground over the small angular range of the near-
threshold measurements.

It should be pointed out that magnetic effects cannot
be ruled out; the pure electric field in the laboratory pro-
duced a magnetic field in the barycentric frame of up to
250 G, which, although small, may not be negligible.
The Landau levels'? (resonances due to quantized cyclo-
tron orbits) are unlikely to be the cause of such effects, as
their energy spacing is 2.9 ueV at 250 G, which is well
below our resolution of 0.5 meV.
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FIG. 5. Relative photodetachment cross section, with 7 po-
larization, near threshold in an electric field of 83.2 kV/cm;
three data sets combined. y2/v=1.87.
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FIG. 6. Relative photodetachment cross section, with 7 po-
larization, near threshold in an electric field of 96 kV/cm; one
data set. The absence of data in the region between 0.741 and
0.758 eV was caused by an equipment failure. y?/v=1.98.

Although Du and Delos’ do not give a formula for the
photodetachment cross section in o-polarized light, Rau
and Wong>® predict that there are once again oscillations
on the zero-field cross section. These, however, have a
considerably smaller amplitude than their 7-polarization
counterparts, and therefore may only be seen in very
strong fields, such as those of our 1985 experiment. The
modulating factor in this case is again H(k),

oflk)y=cF=HF (k)

2
aF=k) [ a2/ uf 1, (10)

where, for o polarization,
UL =03m/2k)*(4/F)"*(1—q*/k?)'?
X Ai[ —q?/(2F)*3] . (1

Unfortunately, the oscillation cannot be visualized in a
simple manner as can the m-polarization ripples, except
that the largest effect is a field-induced increase in the
cross section in the threshold region due to the lowering
of the potential barrier. Figure 7 shows the near-
threshold photodetachment cross section as a function of
photon energy, for an electric field of 1.32 MV/cm. The
solid line is a fit [using the computer routine MINUIT (Ref.
13)] to the theory of Rau and Wong; the dashed line is
the zero field cross section. Although data above 0.9 eV
are available, these were not used as there is a possibility
that our detectors may have begun to saturate somewhere
above this value. Data below 0.9 eV are believed to be re-
liable.

The energy scale in the o-polarization experiment!? is
less well determined than for the 7-polarization runs, and
it may be offset by a few meV. This offset was therefore
allowed to vary as a free parameter in the fit, the result
indicating that a shift of —8.7 meV was appropriate; the
data shown already incorporate this energy shift. The
only other free parameters were the amplitude and a
background.
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FIG. 7. Relative photodetachment cross section in an elec-
tric field of 1.32 MV/cm, with o-polarized light. The solid line
is the best fit to the theory of Rau and Wong. y2/v=6.5; the
dashed line is the zero-field cross section.

It appears that the theoretically predicted shape of the
cross section oscillates about the data. This, with the os-
cillatory nature of the cross section itself, becomes more
apparent in Fig. 8, which shows the difference between
the data and the calculated zero-field cross section. (The
difference between the fitted theory and the zero-field
cross section is represented by the solid line.) Since the fit
only had three free parameters, namely the scale factor,
the background, and a small energy scale offset, we must
conclude that the actual shape of the cross section is
different from that predicted, although the difference is
small. The fit has a y? of 6.5 per degree of freedom. As
with the m7-polarized light, the theoretical curve appears
to be too high just above threshold, and to be too low at
lower energies; in fact, the data do not seem to fall off
with the exponential tail that would be expected from a
model of field-assisted tunneling below the zero-field
threshold.

Data also exist for lower fields; these are published else-
where.!® The effects are seen most clearly in this high-
field example. The lower-field data also have fewer points
below the threshold, reducing the quality of the fits.

Fabrikant* also predicts oscillations for both 7= and o-
polarization photodetachment in a field of strength F.
He introduces a parameter f3,

miv? gk

Fer' ' m,

=2
B=13 (12)

In terms of this parameter, the formulas for the photode-
tachment cross section are

FIG. 8. Difference between relative photodetachment cross
section in an electric field of 1.32 MV/cm and the calculated
zero-field cross section. The solid line is again the best fit to the
theory of Rau and Wong.

P 1+E9—Sg"—1+0(3—2) ,
(13)
_ I'(1/3) sinB _
O,—0g 1+W—?+O(B 3) 5

for 7 and o polarizations, respectively, with /=m =0.
These “ripples” appear to be different in nature from
those of Rau and Wong.> Unfortunately, Fabrikant’s
theory only claims to be valid for B> 2w, which, in our
case, implies photon energies greater than about 1 eV; in
this region, our data may be unreliable due to saturation,
and we therefore can make no claims for the validity of
either theory.

In summary, the theoretical model of Rau and Wong5
of the threshold photodetachment cross section of the
H™ ion in an electric field appears to be accurate for -
polarized light, but the profile seems to fit less well with
o-polarized light in much stronger electric fields. The
theoretical prediction of Fabrikant* differs from that of
Rau and Wong, but its range of validity lies beyond
currently available data.
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