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Spontaneous radiative recombination between protons and electrons to form hydrogen atoms with
8 <n =19 has been measured. CO, laser light has been shown to induce stimulated radiative recom-
bination to the n=11 and 12 levels with an inferred gain in the cross section of 1720 %860 and
4790 %+ 2830 for a laser power of 12.6 and 15.3 W, respectively. This is in line with that predicted

theoretically.

PACS numbers: 34.80.Kw, 32.90.+a, 35.80.+s

When a thermal-energy electron makes a close collision
with a free proton, during a very short interval (~10~'°
s), the system can have the configuration of a bound elec-
tron moving in an excited Bohr orbit around the nucleus.
If, during this interval, this quasi hydrogen atom under-
goes a transition down to a lower orbit, emitting a pho-
ton, then the energy of the electron may be insufficient to
escape and the recombination process is stabilized. This
is known as radiative recombination and is in fact a very-
low-probability process since the characteristic time for
radiation emission is of the order of 10 ~° s. Usually, the
electron will simply be scattered by the proton and con-
tinue on its way.

Bethe and Salpeter [1] derived the following expression
for the radiative-recombination cross section for capture
into a given state with principal quantum number n:
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where E. =+ mv? is the kinetic energy of the electron
and F(=13.6 eV, the ionization potential of the n=1 lev-
el of atomic hydrogen. The frequency v of the stabilizing
photon is given by

hv=3mv2+E/n>. )

If the electron-proton collision takes place in an intense
photon field, then it is possible that the stabilizing transi-
tion can be pumped by photon impact. In other words,
stimulated emission of the stabilizing photon can occur
with the frequency of the pumping and emitted pho-
tons being the same. This process, referred to as laser-
stimulated radiative recombination can be expressed as

hvt+e +H*— H0m)+2hv, 3)

and leaves the hydrogen atom in a particular n state
determined by the pumping photon frequency. Neumann
et al. [2] have examined this process and its possible ap-
plication to the production of atomic antihydrogen. They
have given an equation for the ratio of the stimulated

recombination rate over the spontaneous rate:
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where P is the laser power in watts, F is the cross-
sectional area of the laser beam, and v is the laser fre-
quency. (This equation assumes that there is complete
overlap between the laser beam and the electron-ion in-
teraction region.) In order to stimulate a given electron
to recombine with a proton, the photon frequency must
match the frequency of the photon which would be emit-
ted and this is given by the sum of the binding energy of
the level into which the electron capture occurs and the
kinetic energy of the electron, as given by Eq. (2).

In practice, the frequency spread of the laser will be
much smaller than the energy spread of the electrons in
the center-of-mass frame of reference and so the Av term
in Eq. (2) will be dominated by the electron velocity
spread Av,:

Av=(mv./h)Av, . (5)

In the experiment reported here, a CO; laser is used to
stimulate the recombination of electrons and protons col-
liding at low energies in a merged-beam configuration.
The center-of-mass collision energy is given by

Ecm=E++E,—2(E+E,)"?cosh, 6)

where 0 is the intersection angle between the two beams,
E. is the electron-beam energy, and F +, the reduced ion
energy, is given by E 4+ =E;m./m;, E; and m; being the
ion energy and mass and m, being the electron mass. If 6
is small then cos@==1—062%/2 and Eq. (6) can be written
as

Ecm =(E}?—EY)2+(E.E+)'?62. (7)

By differentiating this equation with respect to E 4+, E.,
and 0, it is possible to derive an expression for the uncer-
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tainty in the center-of-mass collision energy:
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It can be seen that when E, =E 4, the first two terms go |
to zero, and the uncertainty is determined mainly by 0 signals is achieved by modulating the electron beam and
and A6. Using well-collimated beams and careful align- counting the detector signal in and out of phase with this
ment, these quantities can be made very small and so in modulation. The background count rate is very low (typ-
principle the merged-beam approach can produce very- ically 5 counts/min), but given the small cross sections
high-energy-resolution measurements even though the being measured, counting times of up to 24 h per point
uncertainties in the electron and ion energies are quite are required to reduce statistical errors to acceptable lev-
large. Calibration of the center-of-mass energy was per- els.
formed using a procedure described in Ref. [3]. The beam from a 20-W CO, laser, operated in cw

A discussion of this experimental method and its rela- mode (TEMqo) at a wavelength of 10.535 um, is reflected
tionship to antihydrogen production has been given in into the collision chamber through a zinc-selenide win-
previous reviews [4-6]. dow. It crosses at right angles with the merged ion-

The merged-electron-ion-beam apparatus has been de- electron beam in the interaction region and then exits
scribed in detail elsewhere [7]. A proton beam of 10 "% A through a second window. A computer-controlled feed-
is produced using a radio-frequency (rf) source mounted back system assures that the laser remains tuned to the
in the terminal of a 400-keV Van de Graaff accelerator. desired wavelength. By measuring the laser-intensity
The ions are mass analyzed and injected into the collision profile, with a two-dimensional scanning pinhole, just be-
chamber where they are deflected to eliminate neutral fore and just after entry, the divergence of the beam can
atoms formed in the beam line. An indirectly heated be determined and losses due to transmission through the
barium-oxide cathode emits a 100-uA electron beam windows can be corrected for.
which is merged with the protons using a trochoidal The ionizer was operated with an on-axis field of 105
analyzer. The two beams interact over a distance of 8.6 kV/cm so that hydrogen atoms with n = 8 would be field
cm, the overlap being measured at two points along the ionized. The resulting proton signal was counted as de-
merging region using scanners which intersect the beams scribed above. Prior to arriving at the field ionizer, how-
horizontally and vertically [8]. After the interaction re- ever, the atoms had to pass through the charge-state
gion the ions are electrostatically analyzed and the pro- analyzer where the field was 2.4 kV/cm, which is suf-
tons are deflected into a Faraday cup. ficient to field ionize atoms with n = 19, so that they did

The neutral hydrogen atoms formed in the interaction not arrive at the field ionizer. A length of 1.4 mm of the
region, due to both electron-ion recombination and interaction region was illuminated by a 10.535-um beam
charge exchange with the background gas, pass from the CO;, laser and the absolute value of the effective
undeflected into a static electric-field ionizer which con- recombination cross section was measured as a function
sists of two highly polished aluminum surfaces separated of center-of-mass energy. [Since the measured stimulat-
by 1.0 mm, each with an aperture of 1.2 mm diameter. ed recombination cross sections are a function of laser
This device can generate an on-axis electric field of up to power, illumination, distance, etc., they are referred to as
150 kV/cm along the axis of the beam which is high effective cross sections. In the absence of the laser beam
enough to ionize atoms in excited Rydberg states with (and off resonance), the cross sections are absolute.] The
n=7. lons produced by field ionization are then results are shown in Figs. 1(a) and 1(b).
deflected onto a surface-barrier detector. Much attention The peak in the effective cross section in Fig. 1(a) at
has been given to the elimination of neutral atoms not 5.33 meV is due to the enhancement of the recombination
formed by electron-ion recombination. Charge exchange to the n =11 level of atomic hydrogen, by the stimulated
with the background gas is minimized by maintaining the emission of radiation induced by the laser beam. This
pressure in the chamber below 10 ™' Torr, and a high enhancement only occurs when the resonance condition
primary ion-beam energy (330 keV) is used so that the given in Eq. (2) is satisfied. The width of the peak (0.5
total charge-exchange cross section is low (~5x10 "% meV) reflects the energy resolution of the experiment.
cm?). Furthermore, the principle behind this measure- Figure 1(b) shows the same process occurring for the
ment is to examine the formation of hydrogen atoms in n=12 level. Here, the peak width is 0.7 meV. The ion
high-n states using the field ionizer and this further energy used for these measurements was 330 keV. In or-
reduces the background since the charge-exchange cross der to achieve such a high energy resolution, Eq. (8) indi-
section into a particular # state scales as n 3. cates that @ and A@ must be less than one-tenth of a de-

Multiple apertures inside the chamber minimize the gree. Off resonance, the measured cross sections are for
chance of scattered particles hitting the detector. Final the spontaneous radiative recombination of protons and
discrimination between background and true electron-ion electrons to form H(8 =< n < 19) and the peaks are super-
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FIG. 1. Measured effective electron-proton recombination
cross section with, @, laser on and, O, laser off. (a) Peak at 5.33
meV corresponds to stimulated recombination to the n =11 lev-
el. (b) Peak at 23.3 meV indicates stimulated recombination to
the n =12 level.

imposed upon this background process. The data points
shown as squares indicate measurements that were taken
with the laser beam off so that there was no stimulated
contribution. Using Eq. (1), the calculated values for
Gepon(8 =n=<19) are 4.92x10 """ and 9.41x10~?° cm?
at 5.33 and 23.3 meV, respectively. The corresponding
measured values are (4.2+1.4)x10 "' and (1.4+0.7)
x10 7" cm? Considering the difficulty of measuring
such a small cross section, the agreement can be con-
sidered to be very good. The peak values of the cross sec-
tions, including the stimulated contributions, are (15.96
+3.8)x107 " and (11.2£3.0)x10 7' cm? Subtract-
ing the spontaneous recombination contribution to the
cross section in each case yields effective stimulated
recombination cross sections of (11.7+4.0)x10~'° cm?
for n=11 and (9.8 %£3.1)x10~'* cm? for n=12. Equa-
tion (1) shows that ospon(n)/05pon(8 <n <19) are 0.097
and 0.089 for n =11 and 12. Using these ratios and the
measured values of ogpon(8 <n=19) at 533 and 23.3
meV, one obtains corresponding values for ogpon(n=11)
and Gypon(n=12) or (4.2+1.4)x10 "% and (1.25+0.6)
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x10 72 cm?2. Taking the ratio osim/0spon gives 28 + 14
for n=11 and 78 =46 for n=12. The laser beam, how-
ever, has a FWHM diameter of 1.4 mm and this inter-
sects the interaction region (length 86 mm) at right an-
gles. The stimulation only applies therefore to the small
overlap region. If the entire interaction region had been
illuminated, the resulting gains would have been 1720
+ 860 and 4790 £ 2830. The large errors are due to sta-
tistical errors in the measurements of the cross sections.

The laser powers used were 12.6 and 15.3 W for the
measurements in Figs. 1(a) and 1(b), respectively. Using
these powers, Eq. (3) predicts gains of 2388 and 1139,
respectively. Given the uncertainties associated with
matching the profiles of the three beams, the agreement
between the predicted and measured gains can be as-
sumed to be reasonable.

Neumann et al. [2] have discussed the consequence of
using too much laser power. This would result in the
reionization of the recombined atom by the impact of a
second photon. This phenomenon becomes important if
the photon flux ¢= (rop,) ™', where t is the exposure
time (or the lifetime of the n state, whichever is shorter),
oph is the photoionization cross section, and ¢ =P/Fhv.
In our experiment 7=0.1 ns and ¢==3%10%2 pho-
tonsem ~ 2. Since opp=7.7%107"7 cm? for 10.535-um
photons interacting with the n =11 level of atomic hydro-
gen [9], the maximum photon flux before reionization can
be problematic is ~102* photonscm ~2. This phenome-
non has little effect on our results.

Clearly, there are many improvements that can be
made to this experiment, the most important being to
modify the apparatus so that the entire length of the in-
teraction region can be illuminated by the laser beam.
The data in Figs. 1(a) and 1(b), however, clearly show
that laser-stimulated radiative recombination has been
demonstrated in the fundamental electron-proton system.
Analysis of these data indicates that, even with moder-
ate laser powers, one can obtain several thousandfold
enhancements of the recombination cross sections to
moderately high-n states. One can envisage that this new
atomic collision process will have numerous applications,
including perhaps the modification of, and diagnosis of,
the physical and chemical state of ionized media.

The support of the United States Air Force Office of
Scientific Research (Grant No. AFOSR-89-0327) and
the Canadian Natural Sciences and Engineering Re-
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Note added.— The authors have been informed that
laser-stimulated radiative recombination to the n =2 level
of atomic hydrogen has been observed by Schramm e al.
[10].
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