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In April, 1978, the UNISOR executive committee requested a
study be done on the feasibility of optical spectroscopy
experiments at UNISOR in order to determine nuclear spins,
moments and changes in the root-mean-square charge radius
(6<r2>). The study showed that it is indeed feasible to
perform these measurements on many new isotopes which are
produced at UNISOR. Subsequently, plans were made for the
development of such a facility and funds were obtained for
the capital equipment. A brief review of the technique is
given with the details for the experimental procedure we
intend to implement. The resolution and sensitivity expected
at UNISOR is discussed.

INTRODUCTION

The basic experimental techniques of the study of hyperfine structure of atoms has
been known for about 50 years. Table 1 is a list of most of the methods which have
been used to measure nuclear spins and/or moments. While a detailed analysis of
each method is not presented, it is pointed out that all of the techniques, with
the exception of optical spectroscopy, require a large sample (1010 atoms) or short
half-life (<10~G s). This is to be compared to the conditions available at the on-
line isotope separator producing nuclei far from stability where the half lives
range from milliseconds to minutes and the number of atoms produced by the isotope
separator are typically much less than 108 sec"1, in some cases by several orders
of magnitude.

Table 2 is a list of the methods of measuring the root mean square charge radius,
6<r2>. Each of these techniques, with the exception of optical spectroscopy, can
be applied only to nuclei very close to stability or in cases where large quantities
(>1010 atoms) are available. Note also that measurement of the hfs via optical
spectroscopy is the only technique which is in both tables. Thus the measurement
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w In April, 1978, the UNISOR executive committee requested a
study be done on the feasibility of optical spectroscopy
experiments at UNISOR in order to determine nuclear spins,
moments and changes in the root-mean-square charge radius
(f,<r2>). The study showed that it is indeed feasible to
perform these measurements on many new isotopes which are
produced at UNISOR. Subsequently, plans were made for the
development of si'ch a facility and funds were obtained for
the capital equipment. A brief review of the technique is
given with the details for the experimental procedure we
intend to implement. The resolution and sensitivity expected
at UNISOR is discussed.

INTRODUCTION

The basic experimental techniques of the study of hyperfine structure of atoms has
been known for about 50 years. Table 1 is a list of most of the methods which have
been used to measure nuclear spins and/or moments. While a detailed analysis of
each method is not presented, it is pointed out that all of the techniques, with
the exception of optical spectroscopy, require a large sample (1010 atoms) or short
half-life (<10~5 s). This is to be compared to the conditions available at the on-
line isotope separator producing nuclei far from stability where the half lives
range from milliseconds to minutes and the number of atoms produced by the isotope
separator are typically much less than 108 sec"1, in some cases by several orders
of magnitude.

Table 2 is a list of the methods of measuring the root mean square charge radius,
6<r2>. Each of these techniques, with the exception of optical spectroscopy, can
be applied only to nuclei very close to stability or in cases where large quantities
(>1O10 atoms) are available. Note also that measurement of the hfs via optical
spectroscopy is the only technique which is in both tables. Thus the measurement
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TABLE 1

TECHNIQUES WHICH MEASURE I, n, Qs

Paramagnetic Resonance
Microwave Spectroscopy
Quadrupole Resonance

Nuclear Magnetic Resonance
Atomic and Molecular Beams

Optical Spectroscopy
Optical Double Resonance and Pumping

Nuclear Orientation, Perturbed Angular Correlation
Coulomb Excitation Reorientation

TABLE 2

TECHNIQUES WHICH MEASURE 5<r2>

Electron Scattering
Muonic X-rays

Electronic X-rays
Optical Spectroscopy

Mossbauer Isomer Shift

of hfs is an extremely versatile experiment in terms of determining a whole set of
nuclear parameters and now has the potential for being the most sensitive
technique.

In 1970 Otten pointed out the then recently developed tunable dye lasers should
enable the sensitivity of hfs measurements to be improved over the conventional
beta-radiation detected optical pumping experiments (g-RADOP). Subsequently, Duke
et al.2 used a dye laser to determine 6<r2> for L90Hg and, more important, showed
that 10 1 0 atoms was more than enough to do a good experiment. In 1976 Kaufman^
•proposed a technique utilizing collinear beams of fast atoms (or ions) and laser
light, now called the Fast Atomic Beam (FAB) or Fast Ionic Beam (FIB) technique.
This technique has two important characteristics: First, the line width due to
the thermal Doppler broadening is greatly reduced. Second, the sensitivity is
greatly improved. This technique has been proven in two demonstration experi-
ments.^>5> Anton et al.5 showed it was possible to see as many as 1.8 x TO1*
photons/sec from an atomic beam as weak as 5 x 10 7 atoms/sec. While a large
number of other techniques exist, it seems to us that this technique has the
greatest potential in terms of sensitivity and range of applicability for an
isotope separator. The Photon Burst technique developed by Greenlees et al.6
deserves mention since it may have immediate application in some special cases.
A detailed review of the methods presently employed has been given by Jacquinot
and Klapisch? and a brief review will be presented at this conference by E. W.
Otten.

PLANNED EXPERIMENTAL TECHNIQUE

The Tl ions from the reaction will be ionized, accelerated to 50 KV and mass
..lalyzed by the UNISOR isotope separator. The mass of interest will then be
electrostatically deflected down one of the 30 degree beam lines (Fig. 1). The
only state in Tl which can be excited by a tunable dye laser is the 2P3/2 meta-
stable state in the neutral atom, however, it has been pointed out^ that the ion-
ization energy of Na is within 0.003 eV of the binding energy of the 2P 3/ 2 state.
Therefore, by passing the ions through a Na charge exchange cell a resonate
reaction with the Na ground state should place a large fraction of Tl II into the



ORAU-l-79-57.1

Pump
Laser

Dye
Laser

«^t •

Stabilized
He Ne Laser

o*o#o*o#o#o*o

Charge
Exchange Cell

Dye Laser
Scanner

• • • Dye Laser Light

He Ne Laser Light

Electrical Signal

+ ion
O neutral atom

Etalon
Servo

300 MHZ
Etalon -v-* PD1

Gate 2
PD2

ADC Computer

Gate 1 Amp Disc

Fig. 1. Simplified block diagram of the proposed "h.f.s. spectrometer" system to
be placed on a 30° beam line from the UNISOR separator.

2p3/2 state of Tl I. The tunable dye laser can then excite into the 2 S w 2 state
via the 5350 A line. The resonance condition will be detected by decays to the
ground state via the 3778 A transition. A particularly nice feature of this
scheme is that detection is done at a different wavelength from the excitation;
hence, it will be possible to greatly reduce the background counts in the PMT due
to scattered laser light.

The basic measurements to be made are the transition separations in order to
determine the hyperfine splitting and the shift of transition frequency as a
function of mass which yields the isotope shift. Therefore, not only must the
laser be stable enough to produce narrow line widths, but we must be able to
measure frequency intervals accurately. Fig. 1 is a simplified block diagram of
the laser control and frequency interval measuring apparatus.

The pump and dye laser are commercially available and will provide laser line
widths sufficient (<5 MHz) for the experiments described here. Electronic scan
ranges to 30 GHz are available also. It will be necessary for us to provide a
method for accurate frequency markers in order to deduce peak separations. These
markers are generated by photodetector 2 (PD2). As the dye laser frequency is
swept PD2 detects transmission of the dye laser light through the 300 MHz etalon.
At each transmission peak, Gate 2 causes the dye laser scanner voltage to be
digitized and recorded in the computer, providing precisely determined intervals.
The etalon will be stabilized against pressure and temperature changes by
enclosing the etalon in a vacuum chamber and servo locking the etalon length to



a HeNe laser transmission peak via PD1. The HeNe laser will be stabilized to the
center of the Ne Lamb-dip. The interval marks should be determined to better than
0.3 MHz.

Data will be recorded as follows. The mass of interest will be directed down the
30 degree beam line. As the dye laser is scanned continuously over the frequency
range, the PMT will detect when a photon is received. This count opens the ADC
in order to digitize the scanner voltage which is a measure of the laser
frequency. This digitized signal is stored in the computer with the interval
markers discussed above. From these data, accurate frequency intervals can be
obtained.

In the case of isotope shift measurements, it is necessary to find the frequency
shift relative to another isotope. We propose to measure the light Tl isotope
shifts relative to stable 2 O 5T1. This will be very convenient since the frequency
shift due to the isotope shift decreases as one goes to lighter masses while the
Doppler shift increases the frequency. For a 50 KV ion, the two effects tend to
cancel eacli other exactly. By alternately directing the XT1 isotope and the
2O5T1 isotope down the 30 degree line, we will be able to measure both atomic
lines with a scan range of only 1-2 GHz. This is to be compared with the expected
isotope shift relative to 2O5T1 of 10-30 GHz as one goes to the light Tl isotopes.
This procedure will also allow us to easily make periodic equipment checks (check
for laser mode hops) as well as avoid the problems of counting a large number of
frequency markers and/or hopping the laser mode between the standard and unknown
peaks. It will, however, be necessary to know the acceleration voltage accurately
in order to extract from the Doppler shifted transitions the true difference in
frequency.

The efficiency and resolution we expect at UNISOR will now be considered. Table 3
includes the effects which we believe will most strongly influence our resolution.
The first two items are easily determined and contribute little to the resolution.
The contribution due to beam divergence is given by Kaufman^ and calculated for
conditions we believe we can obtain at UNISOR. The high voltage instabilities are
due to both ripple and regulation. The last item is due to the energy spread of
the ion beam out of the ion source. This contribution has not been considered by
either Kaufman3 or Meier et al.4 but seems to us to be important. We have esti-
mated the contribution from mass resolution measurements in the case of the UNISOR
plasma ion source to be 40 MHz. This estimate is uncertain but probably
represents an upper limit. The final resolution we expect at UNISOR should be
less than 50 MHz. This is certainly an acceptable value since isotope shifts on
the order of 1 GHz/mass for Tl is expected. Consistent with these estimates,
Anton et al.,5 using a surface ionization source, obtained 30 MHz resolution.
Meier et al.4 obtained 130 MHz for Xe using a plasma ion source. These two
results confirm our estimate above.

TABLE 3

ESTIMATED CONTRIBUTIONS TO LINE WIDTH

Contribution Av (MHz)

Laser line width 5
Natural line width 10
Beam divergence (10 mrad) 20
High voltage instabilities 8
Ion source energy spread 4(3

Expected Resolution <50



The system efficiency must be sufficient to perform experiments on-line to either
the Oak Ridge Isochronous Cyclotron or the Heavy-Ion Tandem Accelerator. Table 4
shows the estimated efficiencies for each step in the experiment. The total
efficiency is thus determined to be 7 x 10"1*. To estimate the amount of ORIC beam
time needed, let us choose 189T1 as an example, where we have measured 2 x 105

atoms/sec. At an efficiency of 7 x lO"4, this gives 140 cps. By assuming a
statistical population of mf-states, a continuous scan range of 1000 MHz, a line
width of 50 MHz and a background rate of 50 cps we estimate that a signal/noise
ratio of 10 can be obtained in approximately 2 hours of counting. Once all the
resonance lines are located, a reduced scanning range on each line will be used
to increase the counting statistics at a higher efficiency. Thus we expect that
high quality data on the hyperfine structure of 189T1 can be obtained in about
6-8 shifts of cyclotron time.

TABLE 4

ESTIMATED EFFICIENCIES FOR EACH EXPERIMENTAL STEP

Neutralize beam to Tl° ' •
Put Tl° in 2 P 3 / 2 state
Excite to 2 S ! / ? 30%
2 S ! / 2 decays within mirror 30%
Light collected, strikes filter 20%
Transmission through filter 40%
PM quantum efficiency 20%

CONCLUSION

In the foregoing we have attempted to describe the new optical spectroscopy
techniques which seem to us to provide the best sensitivity and resolution for
the experimental conditions at UNISOR. Our general approach will be to apply the
simplest techniques on the isotopes closest to stability and obtain experience in
these types of measurements. The first experiments we will do will probably be on
one of the laser accessible ions such as Xe or Ba. Since a charge exchange cell
is not required, this is in keeping with our general approach to do the simplest
experiments first. As we move farther from stability, it may be the case that the
procedure as outlined above will need to be modified and improved. We are pre-
pared to implement more sophisticated techniques such as phase locking, coincidence
detections, etc. as the case demands. The laser technology is advancing rapidly
and techniques for improved sensitivity and resolution are sure to be developed.
We are looking forward to a long and fruitful series of experiments in this new
area for UNISOR.
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