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We use the 800-MeV LAMPF H beam to Doppler-shift the energies of photons from a Nd:YAG laser
(where YAG denotes yttrium aluminum garnet) up to the 10-13-eV range. Using these Doppler-shifted
photons and calibrating our apparatus by observing the Lyman resonances in H, we find that the energy of
the first Feshbach resonance below n =2 in the H ion is 10.9264(6) eV. This energy is in good agree-
ment with predictions and appears to indicate that the one-electron reduced-mass rydberg, rather than the
infinite-mass rydberg, is appropriate to use for this Feshbach resonance.

Although there appear to be no singly excited states in
the H ion, ' there are many doubly excited states, of
which only the 'P states can be excited in zero electric field
by single-photon absorption from the 'S' H ground state.
In the photodetachment process on H, which is the in-
verse of the e -H scattering described in Ref. 3, two prom-
inent 'P resonances have been observed in the photode-
tachment spectrum of the H ion at photon energies just
below 11 eV. The lower of these states, first predicted from
the Feshbach projection-operator formalism, 4 is commonly
called the Feshbach resonance (see Table I). The higher-
energy 'P state, much broader than the Feshbach reso-
nance, is usually called the shape resonance. 5 The method
of laser photodetachment is a precise probe of these reso-
nances in the H ion. Figure 1 shows a comparison of the
theoretical prediction of Broad and Reinhardt for the Fesh-
bach and shape resonances with experimental data from an
early version of our experiment.

Our method depends on the' intersection of the 800-MeV

TABLE I. Theoretical predictions for the first Feshbach reso-
nance energy EF. For purposes of comparison we take our value of
EF =10.9264(6) eV and subtract the accurately known H electron
affinity of 0.7542 eV given by Pekeris (Ref. 9), which gives a value
of 10.1722(6) eV.
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H beam at the Clinton P. Anderson Meson Physics Facili-
ty at Los Alamos laser (LAMPF), with photon beams
derived from a Nd: YAG laser (where YAG denotes yttrium
aluminum garnet). The apparatus used in this measure-
ment, discussed in more detail in Ref. 8, is shown in Fig. 2.

Feshbach
resonance

energy (eV) Authors Date Ref.

10.173
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10.1692
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FIG. 1. Comparison of previous data with the calculated cross
sections of Broad and Reinhardt (Ref. 6). Error bars reflect count-
ing statistics only. The set of experimental points is normalized to
fit the theoretical prediction in the continuum.
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Schematic of LAMPF Photodetachment Apparatus

FIG. 2. Schematic of the photodetachment apparatus. The uv laser beam crosses the ion beam at the center of the chamber; the pulsed
laser beam is aligned to enter the chamber along the vertical axis of the rotating optical bench and is directed across the interaction region by
mirrors mounted on the optical bench. A calorimeter monitors the laser-beam intensity, the downstream analyzing magnet directs the reac-
tion fragments into their respective detectors, where they are observed in coincidence with the laser pulses, and a stepping motor turns the
optical bench with a minimum increment of 30.2 p, rad through 360 . The intersection angle o. of the two beams is monitored by a 14-bit
shaft angle encoder (CL stands for the turntable center line). The infrared (ir) laser beam can be used as needed to create Ho's from H 's
in the particle beam by photodetachment.

Two photon beams are derived from the Nd: YAG laser —the
fundamental, of energy 1.16487 eV, and the fourth har-
monic, of energy 4.65948 eV. The fundamental infrared
(ir) beam can be directed to intersect the H beam
upstream of the principal interaction region. The ir beam
photodetaches some of the H ions to form a beam of neu-
tral H atoms with essentially unchanged velocity, and the
ultraviolet (uv) beam intersects the H (or Ho) beam in the
principal interaction region. Changing the angle between
the uv laser beam and the particle beam varies the
Doppler-shifted energy, in the range from 1.4 to 15.8 eV, of
the fourth-harmonic photons seen in the particle rest frame.
A magnet downstream along the path of the particles
separates the positive and neutral reaction products from
the residual H beam so that the products may be detected
by scintillation counters.

With the upstream infrared beam turned off, a photode-
tachment spectrum such as the one shown in Fig. 1 is pro-
duced by the reaction

where p = u/c, with v the velocity of the beam and
y= (1 —p')-'".

Data are taken at the same angle o. on both sides of the
particle beam so that the exact angle of the beam can be in-
terpolated from the data. The Lyman series is shown
schematically for both sides in Fig. 3. Figure 4 shows an
example of resonance line data taken with small energy
steps. The entire equation for the Doppler-shifted energy of
the photons is

Henc HOE=yEO 1+pcos K

Here H,„, is the angle of the resonance peak measured with
an optical encoder, 80 is the particle-beam position inferred
from the data, and K is a conversion factor. The experi-
ment was run twice. The first time K was measured directly

H +y (H )'~H +e n= ll. ... 4 3 2 Right

In our experiment we detect the H atoms. When the in-
frared beam is turned on, the H atoms produced are excit-
ed to states in the atomic hydrogen Lyman series by varying
the angle of intersection between the H beam and the uv
photon beam. Any H atoms in states of n =4 or higher are
ionized by passing through the field of the analyzing mag-
net, producing protons that are detected by the appropriate
counter. Measurement of the angles corresponding to exci-
tations of the very-well-known states in the hydrogen atom
establishes an absolute relationship between the collision an-
gle and the photon energy seen in the rest frame of the par-
ticle. The photon energy is dependent on the angle o.
between the beams and is given by E=Eoy(1+pcosa),

n= ll. ... 4 3 2 Lef t

FIG. 3. A schematic drawing of the Lyrnan resonance lines in H
showing the position of the laser beam on both sides of the H
beam.
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Theoretical predictions for the energy of the Feshbach
resonance are given in Table I. All of these are corrected
for the use of the one-electron reduced-mass rydberg
R, = R (1 —M, /M~). The units had to be changed on
some of the values using the conversion factors

R = 13.6058 eV and R, = 13.5984 eV
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FIG. 4. Sample of the H (n =5) Lyman resonance data. Each
point represents one angle where data were taken for —30 s. Then
the angle between the uv laser beam and the particle beam was
changed mechanically. The solid line is a X2 minimization fit of a
Gaussian line shape to the data. Each energy step represents—0.85 mev.

using a theodolite, and the result was EF =10.9265(7) eV
(with EF the Feshbach energy); the second time K was cal-
culated from a fit to the H data, with the result
EF =10.9259(14) eV. A weighted average of our two mea-
sured values gives 10.9264(6) eV as the Feshbach reso-
nance energy. Restating this result in terms of the energy
above the Ho electron affinity (given by Pekeris9 as 0.7542
eV), our result becomes Ep=10.1722(6) eV. In both ex-
periments the P for the particle beam was calculated from
the positions and well-known energies' of the Lyman reso-
nance lines in H .

Our result rules out very large values of EF and gives evi-
dence that Wishart's calculation" is correct. The two-
electron reduced-mass rydberg is defined as R2, = R
x (1—2M, /M~). Using either the infinite-mass rydberg or
the two-electron reduced-mass rydberg would change the
predicted Feshbach resonance energy by —5.5 meV. These
rydbergs would be required if the correlation between the
two electrons were completely positive or negative, respec-
tively. We see no evidence of a 5.5-meV effect and con-
clude that the one-electron reduced-mass rydberg is the
correct one to use in this case.

We have measured the energy of the Feshbach resonance
in the H ion to be 10.9264(6) eV, in good agreement with
recent theoretical predictions. This value suggests that the
one-electron reduced-mass rydberg is the correct one to use
with the first Feshbach resonance in the H system. This
measurement of the Feshbach resonance energy provides a
calibration for all of our other experiments that used this
resonance as a reference point. A new experiment we are
now preparing to measure the Feshbach resonance energy to
0.1 meV at LAMPF may further resolve the theoretical
discrepancies.
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