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Generation of nuclear-spin-polarized protons by resonant ionization of hydrogen atoms
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An atomic beam of H atoms was crossed by a pulsed beam of narrow bandwidth (4v —700 MHz} circu-

larly polarized tunable vuv laser radiation at 1=121.6 nm. The atoms were excited into a single magnetic

substate in the 2p P&~2 le~el and thus polarized. This polarization is transferred via hyperfine interaction to

the nucleus. A second tunable uv laser served to ionize these atoms, thereby producing nuclear-spin-

polarized protons with, theoretically, 100k degree of polarization. By changing the helicity of the circularly

polarized vuv laser with a quarter-wave plate, the polarization direction of protons is changed.

Polarized proton beams have proven to be a very power-
ful tool in nuclear and high-energy physics, as witnessed by
the three recent major conferences on this subject. ' ' Usu-
ally the nuclear-spin polarization of the protons is created by
electron impact ionization of either polarized ground state~
or magnetically selected polarized metastable 2'5 hydrogen
atoms. '6 At high energies stripping ionization of polarized
H beams is frequently used. " Recently, charge exchange
collisions between unpolarized beams and polarized targets,
mostly alkali-metal atom vapors, have been developed as
polarized ion sources. ' Although these methods are reli-
able and well established, they have some disadvantages.
(1) Depolarization effects through electron impact ioniza-
tion of the polarized atoms and in the charge exchange col-
lisions between H atoms and polarized alkali-metal atoms
limit the degree of proton polarization to about 60-80% in

practical applications. (2) A change of the polarization
direction may require large magnetic fields and supercon-
ducting devices. '0 (3) The ionization cross section of H

atoms by electron impact is fairly low. (4) Often other
charged particles are created in the last stage of polarized
proton production, which makes a mass selective ion extrac-
tion necessary. (5) Short pulse proton beams which are
desirable to achieve a higher signal-to-noise ratio, are not
simple to obtain. "

%e want to report results of two-step photoionization ex-
periments on hydrogen atoms with high spectral resolution,
demonstrating an alternative approach for the efficient pro-
duction of spin-polarized protons. This method can provide
100 /o nuclear-spin-polarized protons without generating
charged atoms or molecules other than the H+ ions.
Depending on the exciting laser power, ionization efficien-
cies of greater than 70% are feasible. In addition, a con-
venient and straightforward means of changing the direction

of the nuclear-spin polarization is possible.
In resonantly enhanced two-step photoinnization one can

make use of the quantum structure of the atomic system for
selecting a specific state to be ionized; this is not possible in

single-photon ionization or in electron impact ionization.
The selection rules for polarized dipole radiation enable one
to impose an alignment or an orientation upon the atom pri-
or to ionization. In the case of atomic hydrogen, irradiation
with 0-+ polarized light allows the population of the single
magnetic substate, mF = + 1, in the 2p 'Plg2 fine-structure
level, if the initial state is the (ls S~~ F2=0) ground level.
Similarly, irradiation with cr polarized light leads to the
population of the single magnetic substate with mF= —1.
Excitation into the 2p 'Py2 fine-structure level always popu-
lates more than one magnetic substate, since the hyperfine
structure is not resolvable (hvhr, —24 MHz, whereas the
natural width of 22P is hv —94 MHz). Also, using the
1s Stl2, F =1 as the initial level leads always to the popula-
tion of more than one magnetic substate in the 2'P inter-
mediate level.

After the atom is electronically polarized in this way this
polarization is transferred to the nucleus via the hyperfine
interaction. Subsequent photoionization of these atoms by a
second circularly polarized photon results in the production
of nuclear-spin-polarized protons with 100% degree of polar-
ization, polarized parallel or antiparallel to the propagation
direction of the light beams, depending on the helicity of
the light polarization. A detailed calculation of this two-step
photoionization process can be performed using second-
order perturbation theory. The probability 8' that the

proton nuclear-spin component ~ml) is parallel to the direc-
tion of the light beams is then given by (assuming right-
circularly polarized light)

(mI) =g $ g $ &&&JmJI (~mllP&122PJ. , F'm, ) &2 PJ, F'mF IP&li2&&g, FmF)
(mF i) (JmJ) (F )

F

where P~ = 2 ' '(P„+iP~) is the spherical component of the
momentum operator P, and g is a proportionality factor in-
dependent of J', F, and mF. (FIJmj. ~ characterizes the
emanating photoelectron. The degree of nuclear polariza-
tion of the proton is then given in the usual way by

W, (t) —8', (j)
W, , (t)+W, (J)

This quantity depends on the total angular momentum I: of
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the initial 'St~2(F) state and on the electronic angular

momentum J of the intermediate 'P state. As a result we

obtain for right-circularly polarized light, in agreement with

other recently published approaches, '2 '

J -i/2, r=O

7PJ'=3/2, F =O

1 PJ,F =1 + J,F'=o

The "+"sign denotes polarization parallel, the "—"sign
antiparallel to the wave vector of the light beams. It is ap-
parent that the two-photon ionization process with
'Stg(F = 0) as the initial and 'Pt g(F = 1) as the intermedi-
ate level produces 100% polarized protons. In the case of
hydrogen the photoelectron is emerging as a d wave. Con-
tributions to the ionization from s-wave photoelectrons are
found to be zero, in agreement with Ref. 13. Such s-wave
photoelectrons, which could cause interferences in the pho-
toionization and thereby lead to a diminution of the proton
polarization, are possible for linearly polarized ionization
light and also for atoms other than hydrogen. Changing the
helicity of the light beams to left-circular polarization re-
verses the signs in the calculation and also in the results,
thus reversing the polarization direction of the protons.
This is conveniently accomplished without changing the ex-
citation frequency of the laser.

The experimental apparatus was similar to that described
by us previously. '4 For our purposes, tunable vuv radiation
for excitation of the Lyman-n transition at A. -121.567 nm
was produced by third harmonic generation in krypton gas,
as described in detail previously. ' '~ Tunable light near
X-364.7 nm, i.e., the fundamental of the Lyman-o. , was
obtained by frequency mixing the nearly Fourier-
transform-limited output of the tunable dye laser (6 v —100
MHz) (Ref. 16) operating around h. = 554.6 nm with that of
a Nd:YAG laser (h. =1064 nm) in a deuterated potassium
dihydrogen phosphate (KD'P) crystal. The second har-
monic of this Nd:YAG laser served to pump the dye laser.
The bandwidth of the Nd:YAG laser was also narrowed to
the Fourier-transform limit (hv —65 MHz) by inserting a
3.5-mm air-spaced etalon (finesse —15) and a 13-mm solid
fused-quartz etalon (finesse —5) into the cavity. We also
extended the mode buildup time by electronically control-
ling the opening on the 0 switch. A similar system has
been described in detail recently. " Due to its unstabilized
resonator, the output frequency of the Nd: YAG laser varied
occasionally between two longitudinal cavity modes with a
frequency separation of about 250 MHz. After mixing this
Nd:YAG laser radiation with the dye-laser radiation about
3-mJ linearly polarized light at X —365 nm in a 5-ns-long
pulse was obtained. The pulse repetition rate was 10 Hz.

This radiation was focused with a 70-mm focal length lens
into a cell containing Kr at a pressure of 130 mbar. About
3X 10 linearly polarized vuv photons were generated, corre-
sponding to a pulse energy of about 5 nJ. The spectral
bandwidth of this tunable vuv radiation was about 700
MHz. The vacuum ultraviolet light and the generating fun-
damental at P =364.7 nm, which served to ionize the excit-
ed 2 P atoms, were collimated by a MgF2 lens and directed
into the ionization region of a quadrupole mass filter
(length —8 mm). The diameter of the light beams in the

interaction region were 1.3 and 5 mm for the exciting and
ionizing radiation, respectively. A MgF2 quarter wave plate
for the production of circularly polarized light at Lyman-o
was placed between the MgF2 lens and the interaction re-
gion. The plate had a measured transmission of (37+5)oio
at Lyman-a. Hydrogen atoms were produced by a cooled
microwave discharge in pure H2. The gas was expanded
through a capillary of 10-mrn length and 1-mm diameter
into the first stage of a differentially pumped vacuum sys-
tern. The second stage contained the interaction region with
the mass filter. A skimmer with a 0.25-mm-diameter open-
ing placed 49 mm away from the capillary orifice defined a
collimated atomic hydrogen beam with a residual Doppler
width in the interaction region of ~v~ —550 MHz at
Lyman-o. . In this setup the H atom density in the beam at
the interaction region was about 6 x 10 cm '. The mass
spectrometer was tuned to transmit mass m/e = 1 amu, and
the signal from a secondary electron multiplier (SEM) was

measured by a gated integrator, before being displayed on
an x-y recorder.

Figure 1 shows the H+ ion signal recorded as the exciting
laser frequency is tuned across the Lyman-o. transition. As
can be seen, boih fine-structure lines 1s 'St~2 2p Pt(2 and
1s 'Si~2 2p 'Py2 are resolved further into their hyperfine
components. This splitting reflects the hyperfine structure
of the 1s 'St~2 ground state with a separation of about 1420
MHz. Thus, the resonance observed at the relative position
of 11 GHz (denoted by the arrow) reflects the excitation
and subsequent ionization of the (2p 'P~g, F = 1, mF = + 1)
state, producing protons with nuclear-spin polarization paral-
lel to the direction of the light beams. The degree of polari-
zation, however, could not be verified in this simple ap-
paratus. The theoretically expected' line positions are indi-

cated in the lo~er part of Fig. 1. The measured line intensi-
ties of the hyperfine components correspond to the theo-
retically calculated relative line strengths in the
(1'$~~2 2'P) Lyman-n transition. " We thus conclude

I Sl/2 =2 PP/2

I Sl/2 =2 Pl/2

F= 0 I 0 I
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FIG. 1. High-resolution scan of the exciting right-circularly polar-
ized vugg laser across the hydrogen Lyrnan-a line. Laser bandwidth
~as about 700 MHz, scan time —20 min, integration time constant
3 s. In the lower part the expected positions of the transitions are
indicated. The arrow denotes the transition where 1000k spin polar-
ized protons can be produced.
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that within the experimental uncertainties the ionization
probabilities of the magnetic substates in 2 I' populated
within each line are about equal, in agreement with theoreti-
cal predictions. ~

The overall two-step ionization probability of a hydrogen
atom can be calculated by a rate equation model, which
takes losses in the intermediate state due to spontaneous
and stimulated emission into account, ~~ which is necessary
due to the high spontaneous decay rate of the 2 P state.
Under the given experimental conditions with 1~ =2.5 X 10"
vuv photons per cm' and I~ = 2.5 x 10' ionizing photons per
cm' at the interaction region, an ionization probability for
ground-state hydrogen atoms of about 1.6'/0 is calculated.
This value already compares favorably with the most sophis-
ticated electron ionizers currently in use on polarized proton
sources. ' In this calculation we used an effective excitation
cross section o-~=Sx10 "crn' and an ionization cross sec-
tion of the 2'P state of o-q=1.3S&10 "cm'. At the given
H-atom density of 6X10 cm ' and an effective ionization
volume of 1.3X10 ' cm a production of 1.2x10 nuclear-
spin-polarized protons is estimated. From the measured sig-
nal and the previously determined transmission of the ion
optics and the quadrupole, " we deduce a production of
7.5X10 polarized protons, in good agreement with the ex-
pected value. These protons are produced in about 5 ns,
yielding a peak current of about 2.4 p, A.

%'hen compared with established sources, this current
seems to be rather low—the ground-state sources deliver

about 100 p, A and the metastable state sources about 1 p, A
time-averaged proton current'6 —however, these results
thus far are preliminary. The ion intensity can be improved
by designing an appropriate reaction chamber, improving
the Lyman-a generation, and using a second, more power-
ful laser for the ionization step. The necessary techniques
are readily available. A Lyman-a light intensity of 40 nJ,
which has already been obtained in our laboratory, together
with moderate 30 mJ per pulse from the third harmonic of a
second Nd:YAG laser will increase the overall ionization
probability to about 73'lo. %'ith such improvements the po-
larized proton production can potentially be increased by at
least three orders of magnitude. The clean ionization
mechanism —only H atoms were ionized; no other ions,
e.g. , Hq+ or H&+, were observed in the mass spec-
trometer —the high degree of polarization, the inherent
short proton pulse, and the simple method of changing the
polarization are promising features of this new polarized
proton source. Finally, it should be noted that with the
current spectral resolution polarized tritons can also be gen-
erated. For polarized deuterons the resolution has to be in-
creased.
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