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Abstract

An atomic beam magnetic resonance (ABMR) apparatus has been constructed at
Orsay, and has been installed at the CERN PS Booster ISOLDE mass separator
facility for "on-line” work with radioactive isotopes in a program to measure hy-
perfine structure anomalies (the Bohr-Weisskopf effect) over long isotopic chains.
The hfs anomalies result from the effect of the spatial distribution of the nuclear
magnetization on the atomic his interaction. Constructional details of the sys-
tem are described: emphasis is placed on the measurement of nuclear g-factors
by a triple resonance, laser state selected, ABMR method. A precision better
than 107* for g; values has been obtained in stable atomic beam tests, leading
to hfs anomaly measurements better than 10 percent. Two types of detection
systems are described - laser fluorescence and surface ionization coupled with
mass spectrometry.
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1 Introduction

Isotope shifts (1S) in optical atomic transitions have been measured for many years
on long chains of radioactive isotopes, allowing a study of the variation of the nuclear
mean square charge radius when neutrons are added to a reference nucleus. These studies
have been very fruitful in the understanding of nuclear structure and have revealed a
number of unexpected features.[1] In 1950, Bohr and Weisskopf[2] pointed out that, sim-
ilarly, an extended nuclear magnetization has observable consequences on atomic spectra
as it modifies the form of the hyperfine structure (hfs) interaction. Physically, the opti-
cal electron creates a non-uniform magnetic field over the region of the nucleus, and the
interaction therefore depends on the distribution of nuclear magnetization. This leads to
an "anomaly” in the hfs interaction, the Bohr- Weisskopf (BW) effect, the interaction
being slightly different from the value that it would have for a hypothetical point nucleus.
Inversely, a measurement of the Bohr-Weisskopf correction epw to the point nuclear in-
teraction can provide information on the distribution of spin and orbital moments in the
nuclear volume, and can thus serve as a new, independent, test for nuclear models.

We note at the outset that, as in the case of isotope shifts, only 'A?, the Bohr-
Weisskopf effect of isotope 1 relative to isotope 2, is measured. A direct determination
of egw would require a precision in the calculation of the point nuclear interaction much
better than ~ 1 percent which is currently obtained. [3] Furthermore, for the differential
Bohr-Weisskopf effect, ' A?, the Breit-Rosenthal correction|4], ¢ g, which reflects the effect
of the extended nuclear charge distribution on the hfs interaction, becomes negligible.

The determination of ' A? for a long isotopic chain requires highly precise and sensi-
tive techniques since the effect tends to be small and the measurements involve radioactive
isotopes produced at very low rates. (These rates are insufficient to obtain nuclear mag-
netic moments by NMR, which are usually required to determine A). The experimental
setup described is designed for a systematic measurement of the Bohr-Weisskopf effect
in a sequence of radioactive cesium isotopes to be done on-line with use of the new
PSB-ISOLDE (PSB, proton synchrotron booster) mass separator facility at CERN. A
triple resonance ABMR apparatus, with state selection by laser optical pumping was con-
structed for this work and the achieved performance studied off-line with stable potassium
and rubidium atoms.

2 Bohr-Weisskopf effect or hfs anomaly
2.1 Theory

For radioactive isotopes, for which the number of atoms is insufficient to perform
bulk NMR experiments, nuclear magnetic moments, uy = grluy (g;, nuclear g-factor,
I, nuclear spin, gy, nuclear magneton) are generally evaluated from measured magnetic
dipole constants "a” in the hfs interaction by direct comparison with known values of
Lref, fires and o In a stable isotope of the same element as a reference, for which the
NMR experiment is possible:

J1 al g a (1)

= or = .
Href a"r-e_fLr-e_f Gref Qref

The hfs anomaly may, however, affect significantly the results obtained from (1),
at a level of precision better than ~ 1 percent. In the ground state of the heavier alkali
elements, neglecting the Breit-Rosenthal effect described in sec. 1, the main contribution
to the hfs anomaly arises from the distribution of nuclear magnetization over the extended
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nuclear volume. The hfs anomaly, or so-called Bohr-Weisskopf effect & (we now drop the
subscript BW), is defined by
a = apt(l + 5)7 (2)

where a is the measured magnetic dipole hfs interaction constant and a,; the value cor-
responding to a point nucleus. For a pair of isotopes, the differential hfs anomaly 1A% s
defined by

o _sallte) _alte) 0 6 5 o ®)
ay  apa(l+e2) gl +€2) as g2 ’

where, for small values of &, 'A? is given by
NP =g —ea. (4)

Since the effect is generally of the order of less than one percent, it is seen from (3) that,
in order to determine the hfs anomaly, high precision measurements are required for both
the magnetic dipole hfs interaction constant and the nuclear g-factor in pairs of isotopes.

Formalisms for calculation of the Bohr- Weisskopf effect with different nuclear models
are summarized in ref.[3].

2.2 Proposed experiments

Alkali atoms are particularly suitable for the observations because the valence elec-
tron has a non-zero probability to penetrate the nucleus, the properties of which are
probed. An extensive series of measurements done earlier at ISOLDE by laser and rf
spectroscopy|6] indicate that the hfs anomalies in cesium would be of much interest.
These experiments yielded the nuclear spins and the hyperfine structure separations Av,
which are related to the magnetic dipole hfs interaction constants by

Av = a(l +1/2). (5)

The nuclear moments which were obtained, either by (1) or directly from a measured
gr-factor, are not adequate to determine e.

3 Experimental method
3.1 Principles

As stated above, the Bohr-Weisskopf effect measurement requires precise determi-
pations of a and g;. This is achieved with use of magnetic resonance transitions between
his levels or magpetic sublevels of the ground atomic state. Fig. 1 shows a typical energy
level diagram of an alkali atom in an external magnetic field. F is the total angular mo-
mentum quantum number, where F =1 + J, and J is the electron angular momentum.
The allowed rf transitions are given by the selection rules AF = 0,+1,Amp = 0, 1.
The determination of a requires the measurement of the (F* =1+ 1/2) - (F~ =1-1/ 2)
transitions in zero field. As detailed in sec. 4.2 and given by (8), gs can be obtained by
the difference of two transition frequencies at relatively high fields.

High resolution and sensitivity are required of the atomic beam apparatus shown
schematically in fig. 2. The atomic beam is first polarized with the use of an optical
pumping method: light from a laser diode, frequency tuned to the resonant transition
(810 F* =I1+1/2) = (Papp, F' =1+ 1/2) transfers the population of F* to the other
hyperfine level F~ = I —1/2 of the ground 28,2 state. The atomic beam then crosses an
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interaction region, described below, whose main effect is to induce a depolarization of the
beam.

Finally, the depolarization (i.e. repopulation of F'*, empty after the optical pump-
ing) is analyzed either with the use of a six-pole magnet, the property of which is to
focus only atoms with my; = +1/2 onto a detector, or by observing the fluorescence of
the atomic beam excited by the same laser light as the one used for the polarization.
This second method, has been used advantageously in preliminary experiments on stable
atoms (see fig. 4).

The measurement of the magnetic dipole interaction constant a by this experimental
method is straightforward: in the interaction region, a simple rf loop allows, when at res-
onance, the excitation of the hyperfine transition = — F*, which leads to a population
of the F'* level, and consequently a detectable signal. Such measurements were already
done successfully earlier. [7]

The measurement of g; is much more complex; for this we use the triple loop tech-
nique which is explained in more detail in sec. 4.2. Its principle is the following: the
interaction region is composed of three separated magnretic field zones, successively A,
C, B, in which three rf loops allow excitation of transitions between hfs levels and mag-
netic sublevels (see figs. 1,2). The rf in A acts on the atoms as a "wpulse” excitation to
populate efficiently a single, well defined sublevel of the F* manifold (i.e. mp = 0); the
excitation in B is identical so that it cancels the effect of the first excitation. No change
will thus be observed on the signal under the combined effect of these two excitations:
they just provide the population of the desired level in the C region where a third rf loop
(or for better resolution a Ramsey loops system) permits the excitation of the transition
to be measured. At resonance, the populations of the different sublevels will be modified,
leading to a detectable signal.

A ten percent accuracy in the measurement of a 0.1 percent hfs anomaly (the order
of magnitude expected in our studies) indicates that the errors in the individual quantities
appearing in (3) should be less than a part in 10%. This is easily achievable for the hfs
separations Av (typically several gigahertz), but not in the measurement of g;. With the
goal of this precision, or better, while retaining the sensitivity of the apparatus described
in ref. [7], we had to devote a major effort to obtain a suitable magnetic resonance zone.

The accuracy in the determination of the resonance frequency depends on the line
width and the signal-to-noise ratio. The former depends on the interaction time of the
atom with the rf field and the homogeneity of the magnetic field in the interaction region.
The latter depends on the effective solid angle of the apparatus. Besides these two well
known requirements, the precision in the measurements of g; increases with the magnetic
field strength. With these considerations in mind, we have optimized the ABMR appa-
ratus, in particular the magnet and rf loop systems, and have adopted the triple loop
technique [8] with which g7 is measured at much higher fields than in the classical field
independent doublet method.[9] Furthermore, this method is applicable to I = 1, which
is the case of a number of isotopes which we intend to measure, and for which the field
independent doublet method fails.

3.2 Atomic beam production

In test experiments, atomic beams of stable alkalis (potassium, rubidium, cesium)
are produced by a conventional oven heated to ~ 200°C. A second oven for a reference
beam of stable atoms, located in the vicinity of the first one, is installed to allow the
calibration of magnetic field strengths for the on-line work. It also permits preliminary
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tests of the apparatus before the on-line work. Collimation of the atomic beam is achieved
with the use of cooled diaphragms.

3.3 DMagnets

The triple loop method requires three homogeneous magnetic fields: A and B op-
erating at low fields, and C, located between A and B, operating at a high field for g7
measurements (see fig. 2). To have the maximum effective solid angle for the transmission
of the atomic beam apparatus, the A, B and C magnets have to be as close as possible
to each other. On the other hand, in order to avoid the deterioration of homogeneity
caused by stray fields, the A, B and C magnets have to be separated as far as possible.
In this apparatus a compromise has been found with pole pieces of the A and B magnets
located 7cm apart from both ends of the pole pieces of the C magnet. These pole pieces
are mounted in the vacuum chamber.

3.3.1 C magnet

The C magnet has been designed to give the desired homogeneous magnetic field. It
has a 25-mm gap, with pole pieces 20 cm high and 30 cm long. The pole faces are polished
to an optical quality and spaced with quartz blocks to give a gap parallel to within a few
microns. The field calibration, as described in sec. 4.3, has shown the homogeneity to be
about 5 x 10~ at 0.65T in the central region where the rf loops are located. The magnet
current is supplied by a power supply with a long term stability better than 3 x 10~¢ (Dan
Fysik MPS858 system 8000, 1004, 47V). A current of 62A gives a magnetic field of 0.7T.
This field is monitored by a NMR magnetometer.[10] The field strength is given by the
NMR resonant frequency vy (Tp o = 4257.608(12)Hz/G). To stabilize the C field, an
external rf generator is set to the frequency v corresponding to a desired field strength.
The rf generator ouput is then applied to the NMR detector. The error voltage which is
proportional to the difference between 1y and vg(t) is converted by feedback electronics
into a current which is fed to a correcting coil on the C magnet to induce the AB field
required for the stabilization. In this way the field could be stabilized at the level of
2 % 10~° for many hours.

8.3.2 A and B magnets

The A and B magnets are of much simpler design, 25-mm gap, 9x4-cm pole pieces.
A field mapping has shown the homogeneity to be about 1072. The current in the A and B
magnets is supplied by regulated power supplies (2A, 15V) with 10~2 stability. A current
of 1A gives a magnetic field of about 300G. The A and B magnets are excited to produce
a field in a direction opposite to the one of the C magnet so as to compensate the stray
field from the latter when g¢; is measured. The fields are monitored with a Hall probe
which can be inserted permanently near the A and B loops.

3.3.3 Six-pole magnet

This focussing magnet has been described in ref.[11]. A current of 120A creates
a magnetic field of 1T at the pole tips. To meet the solid angle requirements in this
apparatus, the pole tips have been reshaped to a length of 43cm and the entrance and
exit apertures to a diameter of 14mm.

All these magnets were constructed at Chalmers University of Technology and
Uppsala University.
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3.4 Radiofrequency system .

Schematic drawings of the rf loops are shown in fig. 3. These are essentially shorted
terminations of a coaxial tube of copper. In the A and B regions we induce Amp =
0 auxiliary transitions, so that the loops have a structure to produce the necessary rf
magnetic field parallel to the static one (fig. 3a). On the other hand, in the C region,
as we induce Amp = 1 transitions, the loops are made so as to produce an rf field
perpendicular to the static one (fig. 3b). As mentioned earlier, to increase the transit
time, i.e. to get narrower line widths, two 2-cm long loops separated by 2 ¢m are used in
the Cregion to produce a Ramsey pattern transition.[12] In order to achieve the required
large acceptance of the apparatus, the apertures of the A and B loops were made wide,
1.2 x 1.2 cm?. The width of the C loops is 9 mm.

Radiofrequencies up to 1GHz are produced by several generators: Rohde & Schwarz
SMS (0.4-1040MHz) and Marconi Instr. 2022C (0.01-1000MHz). With frequency doublers,
this range could be extended to 4GHz. Higher frequencies are obtained from the generator
Gigatronics 7100 (0.01- 20GHz). The rf frequency and output level can be controlled
automatically by an IBM-PC with an IEEE-488 (GPIB) bus interface. The radiofrequency
is counted in specific cases with the use of a CW microwave counter, EIP Microwave 625A.
As illustrated in sec. 4.3, rf power of the order of 1W may be needed, so that we used
different amplifiers according to the required frequency ranges, Nuclétudes S.A. (SCD)
ARS series, and Avantek APT series. The rf power was measured with a Marconi Instr.
6960A power meter, with attenuators used when necessary.

3.5 Laser system

The potassium, rubidium and cesium atomic D lines all lie in a wavelength region
accessible to available diode lasers. The single mode diode lasers (Mitsubishi ML series)
which we use are selected ones, with wavelengths emitted at room temperature near the
D, lines. Stable emission in a single mode was obtained by controlling the temperature of
the diode holder to 107® degrees and the current of about 40mA to 1zA. The emitted
intensity of a few mW is sufficient to produce strong optical pumping. The laser frequency
is locked with the use of a feedback system to a stable Fabry- Perot cavity, as shown in
fig. 4.

3.6 Detection system

As noted in sec. 3.1, the polarization of the atomic beam can be analyzed with use of
the six-pole magnet.[7] The atoms are then ionized by surface ionization on a hot tantalum
tube, passed through a mass spectrometer, and counted, as described in detail in earlier
on-line work. [13] Detection by the simpler laser induced fluorescence (LIF), which we used
in the test experiments with stable isotopes (see fig. 4), may also be possible for the on-
line studies. The laser beam is split into two parts. The major one is used to polarize the
atomic beam by optical pumping. The other one allows us to analyze the atomic beam
polarization after the rf interaction region by detecting, with use of a photomultiplier,
the induced fiuorescence. The anode current of the photomultiplier is amplified and fed
via an ADC board into the computer, and is also monitored on a chart recorder. We
have obtained the same results when we use the six-pole magnet for the atomic beam
polarization analysis. A more efficient scheme for fluorescence detection is to use, after
the third rf zone, the optical pumping-free transition (F* = I +1/2 —» F' = I + 3/2)
to probe the population of F*. This makes possible the multiple re-excitation of a single




atom (up to ~ 10 times for alkali atoms), thereby increasing by many orders of magnitude
the available signal.

4 Measurements on stable alkalis

Test experiments have been done on stable *°K, ®*Rb and 3"Rb. These isotopes
were chosen because their his separations are similar to those of the I=1 cesium isotopes
to be investigated. Furthermore, since precise values of ¢;,¢9;7 and Av are known for
them[14](15][16][17], they can serve to test the performance of the apparatus.

Here we explain the present method of the measurements for the case of 3°K, with
1=3/2.

4.1 Ay measurement

In fig. 1 we show the energy level diagram applicable to *K in a magnetic field.
The ground electronic Sy, state is split into two hyperfine levels with F*=2 and F~=1.
The excited 2P5/, state is split into four hfs levels, F'=0, 1, 2 and 3. The optical excitation
from the 25, ;; F+=2 sublevels to the 2Py, F'=2 level transfers the population from F+=2
sublevels to those of F~=1, thus producing a beam polarization. The energy levels as a
function of the magnetic field B are given by the Breit-Rabi formula[12],

_ hAv hAv dmp 5
W(F’mp)__gj(1+1)+gI”BBmFi 5 \/1+21+13,+x, (6)
where the field parameter z is defined by

Tr = (QJ — g;),uBB/hAy. (7)

The electronic and nuclear g-factors, g; and g;, are expressed in Bohr magnetons, with
g7 = —pg/J and g1 = —ps/1. The £ signs refer to the hyperfine levels F'%.

In fig. 5 we show a spectrum observed for a low value of ¢ with the present apparatus
using one of the rf loops in the Cregion. The central dip in the field independent transition,
AF = £1,mp = 0 — mp = 0 (labelled by ¢2) appears as a result of effective Ramsey
transitions, the phases of which differ by 7, as described in ref.[7]. We can thus readily
determine directly the hfs separation within an error of +1kHz.

4.2 Measurement of g; by the triple resonance method

The triple resonance technique has been devised as a method for obtaining the
nuclear magnetic g-factor directly by observing Am; = 0, Am; = x1 transitions.[8] It is
applicable to atomic nuclei with spins larger than 1/2. The principle of this technique has
been given in sec. 3.1. Here we describe the triple loop technique in more detail in the
case of ¥K (I=3/2) (fig. 1). We illustrate it with use of the relative signal levels shown in
fig. 6.

We consider the three-level system applicable to the present triple resonance exper-
iment, fig. 7. The population of F*=2 sublevels is transferred to F~=1 sublevels equally by
the optical pumping. We take the popuiation of each F~=1 sublevel to be one unit before
the rf excitation, whereas the population of the F*=2 sublevels is zero. First suppose that
in the loop A we induce the transition v4 between (F=2, mr=0) and (1,0) sublevels with
the transition probability a. This leads to an increase of light induced fluorescence (LIF)
proportional to a (fig. 7-b), since we have transferred atoms from a non-focussing (mj; =
-1/2) to a focussing (my = + 1/2) state. Similarly, with rf in loop B only, we induce the



same transition ¥p with probability b. Thus we can select values of a and b so as to give
the maximum increase of observed LIF signal. When both loops A and B are excited, the
resulting population of the (2,0) level will be proportional to a+b(1-a}-ba. The first term
results from the first transition v4, the second and third terms account for the popula-
tion transierred from (1,0) to (2,0) and the depleting one from (2,0} to (1,0) caused by
the following transition vg (fig. 7-c). It is seen in fig. § that this relation reproduces the
observed rf power dependence of the signals. Next suppose that we induce the transition
11(2,0) < (2,1) ,with probability ¢, between the transitions v4 and vg. The resulting
population in the F=2 sublevels is expressed as one proportional to a+b(1-2a)+abc (fig.
7-f). For the case of fig. 6, one finds a=b=0.99, and ¢=0.72.

A similar resonance is obtained for the transition 21, 0) « (1,1), with an identical
sequence as described above.

Finally, one can find readily the frequency separation év from the Breit-Rabi for-
mula,

bv =w — vy =2g1upBc/h. (8)

We can thus obtain g; directly from §v and the known value of the magnetic field Bc.
In the present case with 1=3/2, we can obtain the same quantity from another pair of
transitions, »{(2,0) < (2, -1) and v4(1,0) < (1,-1).

The transitions used in the triple resonance method are usually less field dependent
at higher fields, scaled by the parameter z. For an atom with larger hfs separation, the field
dependence of the resonance frequencies is relatively larger, so that field inhomogeneities
become more important and contribute to a loss of accuracy in the measurements.

4.3 Procedure and results _

The 1f power needed to obtain a high transition probability in the loops A and B
depends critically on the homogeneity achieved in these fields and the efficiency of the
loops. In this apparatus, because of the mutual stray fields of the A, B and C magnets,
the best conditions are sought by systematic trials of the combination of these fields. Even
under these conditions, the line width of the A and B transitions is quite large, and thus,
to saturate the transition, about 500 mW rf power is required for the A or B loops (see
fig. 8).

‘The transition probability of Am; = 0, Am; = +1 transitions (i.e., the transitions
for measuring ¢; in the C field for large =), depends on the value of the magnetic field. It
is roughly proportional to 1/z%.[18] Much more rf power was thus required to observe the
resonances for K (~ 500 W,z = 39.45) than for 3>87Rb isotopes (~ 20mW,z = 6.00
and 2.67, respectively) at 0.65T.

In order to deduce the g; factor with the desired accuracy, the average value of
Bc over the Ramsey loops must also be similarly well known. The value Byasg seen by
the NMR probe is found to be different from the true magnetic field B,iom seen by the
atoms in the Ramsey loops. The relative difference is 1 x 10~*, To measure B,;om, a beam
of 1%3Cs or *'Rb atoms from the same oven or the reference oven was used. The highly
field-dependent transition (F*, -1-1/2) « (F~, -1+1/2) is measured with each loop in turn
with the use of LIF detection. By adjusting the A and B (stray) fields, the two resonance
frequencies can be set equal to better than one part in 10°. One then determines the
correction needed to obtain Byiom from Byar. We have also measured g; after reversing

the direction of the static magnetic field to eliminate the so-called Millman effect[12}:

this was found to be negligible for rubidium isotopes within the present experimental
uncertainty.




As mentioned in sec. 3.1, narrow line widths are necessary to obtain sufficiently
precise measurements. At first, we used a 3-cm long single loop in the C region. It gave
resonance widths of ~ 6 to TkHz, limited by the transit time through the rf loop. To get
better precision, the Ramsey loop system is used to achieve a line width of 3 to 5 kHz,
depending on the strength of the rf field.

A typical resonance curve is shown in fig. 9. The rf frequency was scanned in
0.4kHz steps, and the time required to record one resonance was a few minutes. Most of
the error arises from the uncertainty in the determination of the central frequency, which
is obtained, by the method described in ref. [15], to a precision of almost one percent of
the resonance line width.

The same procedure was used with 3Rb and 3"Rb to measure the hfs separation Av
at low fields (~ 0.1G) with a single loop, and the nuclear g-factor at high fields (~ 0.65T)
with the triple resonance method.

The results for Ay and g; are given in table I. We also show for comparison pre-
viously measured values. Depending on the separation év, g; was measured with an ac-
curacy of better than 8 x 107°. The quoted error margins represent the spread of the
measured values. We obtained easily an accuracy of better than 107° for the hfs separa-
tions Av. From the measurements of ¥Rb and 8" Rb, the hyperfine anomaly is evaluated
to be A% = 0.00356(9). This value is to be compared with the most precise value
0.003514(2), which was obtained in a dedicated experiment[17] in which wall-coated cells
filled with ®*#"Rb were used. A similar setup would be very difficult to implement on line
for study of long chains of radioactive isotopes. In contradistinction, the apparatus that
we describe here is well adapted for this type of work, although the accuracy obtained is
smaller. Nevertheless a and ¢; have been measured with an accuracy of the order of 10~°,
which is better than the goal of 10™* which we set in sec. 3.1.

5 Conclusion

In the on-line case the conditions are of course different, in particular the number
of atoms is much less than in a beam of stable isotopes. We recall that in the previous
setup[7] the rf resonances, induced at low fields to measure the his of rubidium isotopes,
had a width of ~50kHz, an order of magnitude larger than in this apparatus. Never-
theless an uncertainty of 4kHz {about one tenth of the line width) was obtained in the
case of "Rb, produced at a rate of 2 x 10%/s. For the cesium isotopes to be investigated
the production rate is expected to be more than 10%/s. If the resonance frequencies are
measured to a conservative 1kHz, it is seen that such precision is adequate to measure
the hfs anomalies to about 10 percent or better. The apparatus is presently being set
up at the new ISOLDE facility at the CERN PS Booster (PSB ISOLDE) for the on-line

measurements of a sequence of radioactive cesium isotopes.
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Table 1: Measurements of Av and g; of *K, ¥Rb and %'Rb.

atom | I Ay[MHg] Av{MHz] —gr x 104 —gr x 104
present work prior work present work prior work
B¥K | 3/2| 461.7198(2) 461.7197202(14)° | 1.41935(11) | 1.4193489(12)°
%5Rb | 5/2 | 3035.7325(10) | 3035.732439(5) 2.93636(22) | 2.936400(6)°
SRb | 3/2 | 6834.6830(10) | 6834.682614(3)" 9.95170(44) | 9.951414(10)¢

oref.[15], ref.[16], °ref.[17]
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Figure Captions

Hfs energy levels in a magnetic field B for **K (I=3/2) in the ground 28,2 state. Low
field m and high field m, m; quantum numbers are indicated, as are the transitions
used for the triple resonance method and for the optical pumping via the excited 2Pss
state. The magnetic field parameter ¢ « B.

Schematic of experimental setup of ABMR at ISOLDE.

Sketches of rf loops a) for A- and B- and b) for C- field transitions.

Schematic of the laser optical pumping, laser induced fluorescence detection of the
triple resonance, and of the stabilization setup.

Spectrum of K at low field for AF = %1 transitions (¢ Am = 0,7 Am = x1).
The signal was obtained by light induced fluorescence {LIF).

Typical LIF signal strengths with applications of the if and light fields (see sec. 4.2).
O.P. denotes optical pumping, and S4, etc. the signals with the application of rf in
loops A, etc.

Diagrams for illustrating level populations with application of rf in the three loops.
The quantum numbers F, mg of the magnetic sublevels are indicated in the paren-
theses. The transition probabilities are labelled by a, b, c. The dotted arrows (I) —
(II) — (III) show the sequence corresponding to the application of rf to loops A and
B. The sequence (1) — (IV) — (V) — (VI) gives the populations with the excitation
of rf resonances in loops A, C and B.

Dependence on rf power of detected signals in *K (see, fig. 6).

Typical F=2, mp=0 « F=2, mg=1 resonance in **K obtained at 0.65T.
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