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ABSTRACT

The photodetachment cross section of a charged particle bound
in a short range potential is an oscillating function of frequency
of incident light, in the presence of a magnetic field. The theory
of this effect is described, and calculated cross sections are
shown. For photodetachment of electrons from negative atomic ions,
this constitutes an additional magnetic field effect beyond the ones
associated with fine and hyperfine structure of the ion and atom and
with spin of the detached:electron.

INTRQDUCTION
Electron detachment by laser in a magnetic field is of interest
as a possible method for neutralizing negative ion beams. For
exanmple, Hershcovitch and Hinds' have proposed a laser

photodetachment scheme to generate a spin-polarized proton bean,
taking advantage of the final-state interaction of the atom with a
magnetic field. Also, we suggest that a magnetic field might
improve the efficiency of photodetachment, due to a cross section
enhancement arising from the interaction between the freed electron
and the field. The theory of the effects on the photodetachment
process of this electron-field interaction will be described here.
A novel experimental approach to measurement of these effects is
discussed in the following paper.2

Magnetic-field-dependent structure in the photodetachment cross
section of a negative ion was first observed by Blumberg, Jopson,
and Larson.” Performing high resolution photodetachment
spectroscopy on sulfur negative ions in an ion trap, they discovered
oscillations in the cross section versus laser frequency, with a
period proportional to the magnetic field strength. Blumberg and
coworkers”'* attributed these features to detachment into a series
of Landau states of the electron in the maghetic field.

A charged particle in a magnetic field has an infinite set of
quantized energy levels (Landau levels) fof motion perpendicular to
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the field (while motion parallel to the field is unquantized).® The
spacing between these levels is th. where Wy = 2WDH = eH/mc, by

being the cyclotron frequency and H the magnetic field.
As a consequence, there is an infinite series of thresholds,
separated by energy th. for detachment of an electron in a magnetic

field. The theory of Blumberg et al. predicts that the cross
section o for photodetachment into the nth Landau state is infinite

b2
at the threshold frequency. v and decreases as (v —un) for laser
frequency v > v The tatal photodetachment cross section, obtained
by summing the o thus consists of a series of infinite spikes.

However, the result of convoluting over a distribution of Doppler
shifts (to account for thermal motionj is finite. Using as free
parameters the scale of :the cross sections, the origin of the
frequency scale, and the 10n temperature, a good fit* to experiment
was achieved.

Subsequent work has shown the importance of incorporating the
final state interaction,® '® i.e., between the electron and the atom
into the theory. It has been proven7'9 that the cross section
remains finite, given this interaction.

Recently, Gurvich and Zil'bermints® presented a detailed theory
for photodetachment of a charged particle bound to a small-radius

center in a magnetic field. Although motivated by experiments on D

+ . . . .
and A centers in semiconductors, this theory is apnlicable to the

problem of interest here, as well. The treatment of Gurvich and
Zil'bermints has been extended'' to handle arbitrary values of
angular momentum and arbitrary laser polarization. Below,

theoretical results for some cases of interest will be displayed and
discussed.

THEORY

Consider a particle of charge -e bound to a potential of radius
T beyond which its value is negligible. We choose initial angular

momentum and laser polarization to be such that dipole selection
rules (ignoring the field) would determine unique values,'? ¢ and m,
of the particle's final angular momentum quantum numbers, where m
is'® the component in the direction of the magnetic field. The
charged particle of interest is an electran, but its spin does not
enter into the theory of the effect under consideration here. The
interaction of the spin with the magnetic field simply shifts the
cross section in frequency.
Following Gurvich and Zil 'bermints,® we assume

kr << 1 IBLI < 1, (1)

where



B = -2 (20 + it g, a2t (2)

where k is the wavenumber of the electron and a, the scattering
1

length, both in the final state, and ay = UH—A is the cyclotron

radius of the electron. The second condition in (1) is satisfied
when the scattering length exists, thus excluding a zero-energy
bound state, and when the magnetic field is correspondingly not too
large.

Now, consider the case {m

Im| = ¢. This holds. for example, for
detachment into an s wave or a

Py wave.'? One finds that the cross

section aH (knm) for photodetachment into the Landau level with
quantum numbers nm is given approximately by

Hoom) = af2ie1)1t 9% .f¥2L-1 M [ (+n ] " ]‘” Im|=t
o (knm) = af ! ay n o . fml=

(3)

where
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H
n
where ©- is the threshold frequency times 2w,
©Oon = A+ (n+ %|m| + ¥%m + %) Wy (5)

A being the (field-free) binding energy in the initial state. The
sum in Eq. (4) goes from n = O to the first value of n for which w -
©on < 0. The constant o in Eq. (3) 1is defined as the

proportionality factor between the wavenumber and the cross section
o(kL) in the absence of a magnetic field,

o(ktl) = a2t i, - (6)
These equations are equivalent to thé results of Gurvich and
Zil'bermints.” When written in the above form, they remain valid
for two- or multi-photon processes, pravided intermediate states are
not affected by the magnetic field.
Fig. 1 shows a calculation for detachment into an s state,
taking a, =a-= 1. This result is relevant to photodetachment of

S . Of course, the latter would be modeled by a superposition®'* of
curves such as shown here, of differing magnitudes and threshold
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FIG. 1. Cross sections for photodetachment into an s state
in a 1.07 T magnetic field (solid curve) and in zero field
(dashed curve), as functions of relative frequency of
incident light. The frequency here and in Figs. 3 and 4 is
measured relative to the threshold for H = O
photodetachment.

frequencies due to the presence of fine structure in both the ion
and the atom, and the spin of the detached electron. The solid
curve is calculated for a magnetic field of 1.07 T (where vy

GHz or Wy = 4.56 x 10_6 a.u.) and the dashed curve is for zero
field.
The solid curve in Fig. 1 consists of a series of sharp spikes

is 30

appearing identical to the k 1 singnlarities predicted by Blumberg
et al.? This is also the behavior predicted by Eq. (3) when M = 1.
From Eq. (4) it follows that M is identically unity when the
potential vanishes, in agreement with the original theory.”'* Also,

" _ . 2 _
M = 1 when, for all n, |w wmlle >> B,°. Here, a, = 468 a.u.,

and B, = - 1.51 x 10_3 a.u., so the major departures from k_1
L

behavior occur within only narrow regions, def ined by

lo - anl £2.3x 10-6 wy = 68 KHz, around each threshold.
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FIG. 2. <ross section for photodetachment into an s state
in a 1.07 T magnetic field, as a function of relative
frequency of incident light. The frequency is measured
relative to the n = 1 threshold.
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The details of o near the n = 1 threshold are shown in Fig. 2,
This is part of the cross section curve displayed in Fig. 1, but now
on a greatly expanded frequency scale. Here, zero relative
frequency denotes the threshold. We see peaks on both sides of
threshold, with maxima at w - W, = + Bo Wy = + 68 KHz.

The above features of the cross section have the following
explanation. The Hamiltonian in the n = 1 channel has, whenever
BL > 0, a bound state, of (very small) binding energy BL W in its

spectrum, when coupling to the n = O channel is ignored. That state
manifests itself in two ways, First, because of the channel
coupling, a resonance appears in the n = 0O channel (at the same
total energy)., which shows up in Fig. 2 as the very sharp peak below
the n = 1 threshold. Second, the n = I cross section becomes very
large just above its threshold, just as ido elastic s-wave cross
sections when a barely bound state exists. ¥

The nature of the resonances below thresholds is clarified by
considering that, in the final state wave functions, the x and y
coordinates (perpendicular to H) play the role of internal degrees
of freedom. The problem becomes a one-dimensional multichannel one.
(This representation is central to some of the previous work, and is
implicit in the above discussion of coupled channels.) The features
below thresholds are then identified as core-excited (Feshbach)
resonances. These resonances occur below all but the lowest
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FIG. 3. Cross sections for photodetachment into an

(t,m) = (1,-1) state in a 1.07 T magnetic field (solid
curve) and in zero field (dashed curve), as functions of
frequency of incident light.

threshold when BL > 0, but are missing altogether when ﬁL < 0. On

the other hand, the structures above the thresholds are virtually
independent of the sign of BL' This is a familiar feature of

single-channel s-wave scattering in the usual 3D situation. What is
essential in the case ilustrated by Figs. 1 and 2, however, is the
even symmetry of the final-state wave function with respect to
reflection in the xy plane (guaranteed whenever |m| = (), rather
than the rotational symmetry at small r.

Fig. 3 gives the cross section for photodetachment into an
(t.m) = (1, - 1) state, calculated from Eq. (3). (As above, { has a

definite meaning only at small r.) An example is H neutralization
by a circularly polarized light beam propagating parallel to H. To
strengthen this connecticn, the constant:a was given the value'* 871

a.u. appropriate to H . However, a probI"éh arises in assigning the
p-wave scattering length a, for e - H- Scattering. Because the
potential falls off only as r--‘1 at large r, due to the

polarizability, the p-wave scattering length cannot be defined. For
the calculation, a value of unity was chosen for this quantity. The
figure resembles the one, Fig. 1, for detachment into an s wave, in
having a series of what appear (at GHz resolution) to be sharp
spikes, separated by the cyclotron frequency. There are some
differences, however. The zero-field cross section (dashed line)
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FIG. 4. Cross sections for photodetachment into an

(L.m) = (1,0) state in a 1.07 T magnetic field (solid curve)
and in zero field (dashed curve), as functions of frequency
of incident light.

has a different shape. Still, aH, which oscillates about o, has
approximately the same value, when averaged over an Wy interval, as

o. The other difference, apparent from Eqs. (2) -~ (4), is that the
near—threshold maxima are located much closer to thresholds when
L =1.

Now consider the case where the final states are characterized
by |m] = ¢ - 1. Here, the final-state wave functions have odd
symmetry with respect to reflection in the xy plane. We find'' that
the photodetachment cross section for {({,m) = (1,0) is given by

mn

w-w %
oH(knO) =3V2 a mH3/2 [ Oy ] L, L=1 (7)

We have assumed that neither bound nor virtual states of odd
symmetry occur very close to threshold wherr H = 0. They will not be
created when the field is applied. Therefore the large features
seen abeve where |m| = ( would not be expected here, and Eq. (7)

shows that such is the case. A plot of aH for photodetachment from

H in a 1.07 T field by a laser polarized in the z direction
(x =871 a.u., m = 0) is shown in Fig. 4. One can see that although

o increases monotonically, staying close to o, the thresholds are
clearly evident.



Detailed comparison with existing experimental data is not
possible because of broadening of spectroscopic features, due mainly
to thermal motion. Nonetheless, Larson and Stoneman were able to

find an indication, in their recent S experiment, that the peaks
are shifted upward in frequency compared with the locations of the
Landau level thresholds, in qualitative agreement with a proposal by
Clark.” These shifts are orders of magnitude greater than expected

10

from present theory (cf. Fig. 2}. (Indeed. at the level of
resolution achieved so far, predictions of the theory discussed here
for the m = + { case. where the large oscillations occur, are

experimentally indistinguishable from the results of the theory of
Blumberg and coworkers.)} Furthermore, Larson and Stoneman find that
the data taken with w polarization tend to fit the model better than
those taken with o polarization. These findings suggest that a
closer examination of the theoretical treatment of transitions
between fine structure components would be useful.

* + CONCLUSIONS

Experiments at higher resolution are needed® to provide
critical tests of the theory of photodetachment in a magnetic field.
In the meantime, the theory requires further development. There is
already a suggestion that it be reexamined., particularly where
transitions between fine structure components of ion and atom are
involved.'® Furthermore, the theory requires extension to cover
cases where the scattering length in the exit channel is undefined,

as in photodetachment from H .
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Although the angular mcmentum is not well defined in the field,
the assumptions made allow us to treat the wave function at
small r as though it had a definite value of (.

Atomic units, a.u. (e = m_ = h = 1),

e are used except where
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