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Radio-frequency spectroscopy of ions has been performed on the (Sr ) ', (Cd )', and
(Cd )' ground states utilizing spin-exchange collisions with optically pumped rubidium atoms
for both producing and detecting the orientation.

I. INTRODUCTION

The ion ground-state orientations reported here
are the first to be both produced and detected via
spin-exchange collisions with polarized atoms.
This technique requires no ion resonance radiation,
which is often difficult to produce. Conceivably,
the technique could be applied to negative ions,
most of which have no resonance radiation. Also,
only small quantities of material are required,
making feasible an extension to rare isotopes. The

technique is rather general, since no resonant
collisions are required for detection. However,
the precision of the technique is not competitive
with the ion-storage collision technique, because
of the short relaxation times in the unconfined high-
density discharge; this may also restrict the meth-
od to S states. The possible extension of the tech-
nique to a measurement of g values and hyperfine
structures of any S-state ion is suggested by the
observation of Zeeman resonances in Sr' (which
is representative of the group-IIA tons) and Cd'
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(which is representative of the group-II 8 ions).
The technique is identical in concept to Dehmelt s

sodium-electron spin-exchange experiment, with
ions replacing the electrons. Radio-frequency
spectroscopy has now been performed on several
ions with various techniques. Magnetic resonances
have been observed by the polarization of fluores-
cence from Cd' and Zn' excited states produced
and aligned by electron impact. Alignment of H2'

has been produced and observed by selective photo-
dissociation. Orientation of He' has been achieved
by spin exchange with optically pumped Cs and de-
tected using the nearly resonant spin-dependent
charge-exchange reaction between Cs and He . '
Resonances in Sr' and Ba' ions have been seen by
direct optical pumping. ~ Electron-impact align-
ment of Xe'(~P, &2) has been detected via spin ex-
change with optically monitored and electronically
aligned Xe(BPI) metastable atoms. ~ Nuclear reso-
nance in Rb' has been observed by charge exchange
with optically pumped Rb. Orientation of Hg' has
been produced by electron-impact ionization of
electronically excited and optically oriented
Hg( P2) metastable atoms and detected by optical
absorption. Orientation of ions produced by Pen-
ning collisions with optically pumped He metastable
atoms has been detected by the polarization of the
fluorescence of excited group-II atoms or by opti-
cal absorption by ground-state group-IIX atoms. '
The present technique involving no ion resonance
radiation or resonant collisions should then make
new ions accessible for study. If previously pub-
lished signals are representative of the other
techniques, the present method should be highly
competitive whenever the discharge conditions can
be tolerated.

II. TECHNIQUE AND APPARATUS

Ion spectroscopy by spin exchange is described
simply as follows: The Rb is oriented optically by
its resonance radiation in the usual manner. '
Ions are produced by a weak discharge in a side-
arm. The ions are oriented in spin-exchange col-
lisions with Rb and with exchange-oriented elec-
trons. If the electron density is comparable to the
ion density, as in the case of ions and electrons
produced by Penning collisions of ion parent atoms
with metastable He atoms, the ion-electron and
atom-electron spin-exchange times are much
shorter than the ion-atom time because of the much
higher electron velocity. ' The electrons then
serve as messengers between the Rb and ions.
Such is believed to be the case for Cd' and Sr
(large electron signals are seen for either polarity
of the discharge). When the rf field is swept
through the resonant frequency, the ion orientation
is destroyed. By means of the spin-exchange pro-
cess, the Rb orientation is reduced slightly also;

this change is detected as. a decrease in Rb pumping
light transmitted through the cell.

The apparatus consists of the following: source
of Rb 7800- and 7947-A resonance radiation, '3

0
circular polarizer, ' interaction cell, 7947-A in-
terference filter, silicon photovoltaic cell, "
Princeton Applied Research HR-8 lock-in a,mpli-
fier, PDP-8 data-averaging system, ' Helmholtz
coils for producing a static magnetic field of a few
G, and an rf coil to transmit the amplitude-modu-
lated output of a General Radio 1164 synthesizer. '
The interaction cells, evolved from the one used
in the optical pumping of Sr', are sketched in Figs.
1 and 2. ~ A dc discharge of a few mA in He at a
pressure of a few Torr produced an ion density in
the interaction region estimated to be about 10'
ious/cm' from Sr' optical-absorption measure-
ments at a Sr density of about 3 m Torr.

III. DATA

A. Preliminary Studies

The detection of the orientation of the even iso-
topes of Sr' by spin exchange with Rb was attempted
first by monitoring the absorption of the Rb '
4215-A output of the Rb lamp by the Sr' ions. ' '
But it is extremely difficult to distinguish such a
Sr' signal from the electron-exchange signal which
changes the absorption of Rb ' 4215-A light by Rb '
atoms. Direct optical pumping~ was then observed
with a Sr' lamp, ' and spin-exchange orientation of
the even isotopes of Sr' was verified by monitoring
the transmission of the circularly polarized 4077-A
D2 line of Sr' which is not absorbed by the Rb. The
signal disappeared with either lamp blocked; the
4215-A and 4077-A signals were of opposite sign.
Optical-pumping transients were observed and
might be used to measure the spin-exchange cross
sections for the dominant collision processes,
probably Bb-e and Sr -e collisions.

A hurried attempt to see a direct pumping signal
with Ne replacing He was unsuccessful. Direct
observation of optical absorption indicated that He
is about five times more effective than Ne or Ar in
producing Sr' ions. Since He and Ne metastables
are probably equally effective in producing Sr' ions
in Penning collisions, the excitation rate must be
slower in Ne than in He at comparable discharge
current and pressure.

B. Exchange Orientation and Detection

After the preliminary absorption and optical-de-
tection experiments, the spin-exchange orientation
of (Srs~)' was detected by spin-exchange collisions
with Rb. Sr is 7% abundant in natural Sr and has
nuclear spin I= ~. In spite of these handicaps, the
(Srs7)' resonance was clearly seen; see Fig. 1(b).
Its g value of + is easily distinguished from the
Rb and electron resonances, unlike the g= 2 of the
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even Sr' isotopes which coincides with the electron
g value.

The technique was then applied to (Cd"')' and
(Cd' )', both with I= +a and together constituting
about 25% of natural Cd. No Cd resonance radia-
tion at 2265 or 2144A was employed for optimizing
the Cd density; in fact, those lines are not trans-
mitted by the Pyrex end-windows. Instead, the
conditions of the Sr' experiment were approximated:
about 5 mTorr of Cd and 5 Torr of He. Large
resonances were seen as in Fig. 2(b) using the
simplified apparatus of Fig. 2(a). The Cd' reso-
nance vanished at low (& 1 mTorr) and high (& 30
mTorr) Cd densities, with no discharge, or with
no Rb circular polarizer. Good signals were seen
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FIG. 1. (a) Rb-Sr' spin-exchange apparatus. Dis-
charge and Sr oven tubes were wrapped with heater tape
and maintained at 500'C; Sr oven was needed to plate
the walls of the discharge tube with the highly reactive
Sr meta1, but the wall temperature controlled the vapor
pressure. The anode was a 1.3-cm-diam stainless-
steel disk, and the cathode was 0.5-mm-diam Nichrome
screen on a 3-cm-diam molybdenum ring. The Sr stain-
less-steel oven was heated by an American Standard
Aerorod BXA06-B12-6M noninductive heater. (b) Trans-

0
rmission of Rb 7947-A Df line through Rb vapor under-
going spin exchange with Sr ions as the rf is tuned from
100 to 200 kHz in a static field of 0. 5 G; a smooth curve
has been sketched through the experimental points. The
three resonances are superimposed on a curved back-
ground (dashed) which is the side of the Rb resonance
at 233 kHz, which was 2500 times larger than the (Sr )+

resonance. Resonances n and y are at the half-frequen-
cies of the Rb and Rb 7 resonances and result from
second-harmonic components in the rf or double quantum
transitions. The resonance labeled P is the (Sr )+ res-
onance ith gwr=-ft and I=(; it occurs only when the dis-
charge is on. This resonance represents 1363 up-down
cycles of 20 sec per cycle or about 7. 6 h total integra-
tion time; three-to-one signal-to-noise ratios were ob-
tained in 5—10 min total integration. Other conditions:
10-Torr He, Sr at 500 C (about 0. 3 m Torr), 8-mA dis-
charge current from 300 V across discharge tube and
14 700-~ series limiting resistor, rf modulation at 87
Hz, lock-in-amplifier time constant 0.1 sec, 0.4-sec-
per-channel integration per cycle. Under these condi-
tions 22% of the 4077-A. resonance radiation from a Sr
flow lamp was absorbed, suggesting a Sr' ion density of
about 10 ions per cm3.

(a)

Z
t2
CO
GO

COz
KI-

oc(

gl

635

0

+ ~ ~ ~
~ ~

670 700
FREQUENCY (KHZ)

~ ~
~ ~ ~

I

730

(b)

FIG. 2. (a) Rb-Cd' spin-exchange apparatus. The
1-cm-long && 1-mm-diam capillary retards the loss of
Rb. AEROROD noninductive heaters prevented con-
densation of Cd on the cell end-windows and controlled
the Cd vapor pressure in the discharge side-arm. (b)
Transmission of Rb 7947-A Dt line through Rb vapor
undergoing spin exchange with Cd ions as the rf is
tuned from 635 to 730 kHz in a static field of intensity.
slightly less than 0. 5 G. The resonance for Cd"' and
Cd with I= 2 occurs for gg = 1 as expected for Sf /2
ionic ground states. This curve is only one upward scan
with a lock-in —amplifier time constant of 1 sec and 4
sec per channel, i. e. , this curve could have been taken
in 100 sec with a lock-in —amplifier time constant of 4
sec and no additional averager. Other conditions:
10-Torr He, Cd at about 253 C (about 6 mTorr), 6-mA
discharge current from 300 V across tube and resistor,
and rf modulation at 88 Hz.
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from 3- to 10-Torr He but not below 1 Torr a
quick signal search under similar conditions, but
with Ne replacing He, yielded negative results.
Under the conditions of Fig. 2(b) the relative sig-
nal. s for Rb: Rb: e: Cd' were 1.0: 0. 67: 0. 27:
0.013. ' The discharge reduced the Rb signals by
30-40%. A Rb pumping time of 0. 2-0. 3 msec was
measured from the recovery transient after the
application of rf at the Rb or Rb resonant fre-
quencies.

+(c,r/c —r,)/ T«»+ (r —r, )/T, ,

d, = (-,
' e —e,)/T, +(r, e/r —e,)/ T»,

+ (c.e/c —e.) / T«

c, = (-,' c —c,) / T, + (r, c/r —c,) / T» c&

(2)

IV. DISCUSSION

A plausibility calculation can be made for the
effect of the destruction of the Cd' polarization
upon the Rb polarization (and optical-pumping sig-
nal). The Sr'density was calculated to be 10' cm '
from the 22% absorption of the 4077-A line.
Assuming that the Cd' and Sr' production rates are
identical and noting that the Cd vapor pressure was
about twice the Sr pressure, one has a Cd' density
of 2~10' cm . The combined density c of Cd' '
and Cd ions was then about Sx10 cm . With a
pressure of 10 Torr of He, ambipolar diffusion
dominates, and the electron density e is about
2&&10' cm '. Finally, the Rb density r was about
10"cm according to RCA vapor-pressure curves.
The population equations can be written as

r, = (-,' r —r,) / T„+(e, r/e —r, ) / T, »

Cd ions and vice versa. Under the assumptions
Rb-e e-cd' cd -e ~ e-Rb ~ Tr y e ~ c cd-Rb ~

T» «, one can show that the equilibrium Rb po-
larization P„depends upon the Cd ions as follows:

P„=2r-, /r 1=-(1+ T, /T) ',
with

(5)

(6)
This formula may be understood as follows. In the
absence of the Cd ions and assuming the electrons
are unpolarized, spin exchange with the electrons
shortens the Rb relaxation to T„'b = T„'+T,'». If
the electrons attain a polarization P„(1+T»,/T, )

as a result of competition between exchange with
Rb and nonexchange relaxation then the electrons
are less effective in relaxing the Rb:

Tab= T~ + [T~ sb(1+ T,/Tsb ~)]
'

r Rbe e- Rb e

manner yielding Eq. (6).
For 10 Torr of He the Rb relaxation time is about

msec. ' The observed recovery time of 0. 25
msec after rf depolarization of the Rb without a
discharge is then a measure of the pumping time
T~. The presence of the discharge reduces the
signal or polarization by about 35% so the effective
relaxation time T„ is about 0. 5 msec [using Eq.
(5)]. T, and T, can probably be taken equal to T„
without great error. The change in the Rb polari-
zation upon destruction of the Cd' polarization by
a resonant rf field is then given by

P„(T,)-P„(0) T„~ T, c~
' 1 1

+ (e, c/e —c,) / T, « . (3) (7)

T-1
Rb-e ~@-Rb~~ -Rb.

If one assumes all the spin-exchange cross sections
are equal to 2x10 '4 em~, which is typical for Rb-
Rb and Rb-Cs spin exchange, ' and if all species
are thermalized to 325 'C, then we have (in msec)

TRb, =0.05,

Tcd-e

T, Cd =0.25,
T~ Rb =0.25,

TRb-cd —13 y

TCd- Rb

These values emphasize the essential role of the
electrons in transferring the Rb polarization to the

The Rb and Cd nuclear spins have been neglected.
The + subscript refers to the spin-up state. T„,
T„and T, are the nonexchange spin relaxation
times, and T~ is the optical-pumping time. The
remaining times are spin-exchange times; for ex-
ample,

~-1
B-Rb +B-Rb 8-Rb

This agrees well with the =1.6%% average observed
for the two Rb isotopes. Clearly there are factors
of 2 or more uncertainty in various densities, re-
laxation times, and exchange times, but this simple
calculation should illustrate the magnitudes involved
and the importance of the electrons. Note that a
factor-of-5 reduction in electron and ion densities
(as observed with Ne replacing He) decreases the
polarization change to 0. 04%, requiring an integra-
tion 2500 times longer for the same signal-to-noise
ratio. This explains the absence of a signal with
Ne.

V. CONCLUSION

Ion spectroscopy has been achieved using spin-
exchange collisions with optically pumped Rb atoms
both for polarizing the ions and for detecting their
depolarization by a resonant rf field. The limita-
tion on the Rb density imposed by optical-pumping
requirements (=10"cm ) results in a fairly long
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Rb-ion spin-exchange time (=10 msec). But in a
weak plasma with electron and ion densities of
about 10' cm, the high electron velocity at
thermal energies reduces the atom-ion and ion-
atom communication times to 1 msec or less. If
relaxation times approaching 1 msec and pumping
times less than 1 msec can be obtained, large ion
signals (=1% of Rb signals) can be observed by this
technique. The advantages of this method are that
no ion resonance radiation, resonant collisions, or

large quantities of material are required. It should
work for spectroscopy of the ground states of all
the group-II ions.
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