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ABSTRACT   

The present work proposes and studies a table-top 129Xe spin-exchange optical pumping polariser implementing a novel 
concept of interchangeable small-volume gas cells. The identified effect of relatively broadband medium absorption 
enabled efficient polarisation of 129Xe nuclear spins within volumes of tens of millilitres by the radiation from commercial 
diode lasers with output powers of several W and the output line width of about 1 nm. Details of the developed device are 
presented, and its application in various industrial fields are discussed. 
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1. INTRODUCTION  
 

Hyper-polarised (HP) noble gases are today considered as promising contrast media1 in nuclear magnetic resonance 
(NMR) spectroscopy and tomography in such applications as diagnosis of human pulmonary2 and brain3 diseases, material 
science, studies in ultra-weak fields4, and so forth. Noble gases with nuclear spin I=1/2, most sensitive to the surrounding 
substances, include helium-3 and xenon-129, but owing to ready availability and comparatively low cost, it was HP xenon-
129 that gained the broadest application5. Among the diversity of the existing methods for gas hyper-polarisation (brute 
force polarisation, BFP6; metastability exchange optical pumping (MEOP)7; dynamic nuclear polarisation (DNP)8; 
parahydrogen-induced polarisation (PHIP)9 and others), it is the spin-exchange optical pumping (SEOP)10, in which 
circularly polarised radiation is absorbed by an alkali metal vapour, that became most widely used. In this process, electron 
spin polarisation in the alkali metal atoms is created and then—as a result of spin exchanges after collisions with xenon-
129 atoms—transferred to their nuclei, thus producing a polarised noble gas population.  

In many aspects, the progress in spin-exchange polarisation of noble gases is due to the prospect of clinical applications 
of HP xenon, which set the requirement for production rate at the level of 10–1,000 litres a day, something possible with 
a powerful (> 100 W) laser radiation having the line width within 0.1 nm11. The demand for high-throughput systems 
spurred introduction of the first commercial systems for production of HP xenon at the rate of ~1 l/hour12–15. 

Alongside, however, there is an enormous range of problems related to applied NMR spectroscopy, which do not 
require large volumes of polarised gas for making an individual measurement, and in these cases a few millilitres of gas 
would be enough to fill a test tube16,17. Therefore, many research groups relying on NMR spectroscopy in their activities 
are forced to develop and maintain their own relatively compact polarisers on the basis of available less powerful laser 
sources18–21. Among the most wide-spread types of lasers used in those polarisers are narrow-band Ti:Sa lasers (whose 
output power usually does not exceed 1 W22,23) or laser diodes with a considerably broader output radiation line and, 
consequently, higher output power (exceeding 10–100 W24,25). In these cases, the polarisation degree of tens per cent can 
only be achieved at xenon concentrations within several per cent of the gas mix26, which may not always be sufficient for 
generation of a satisfactory NMR signal. The other problem is the requirement of periodical maintenance of the polariser 
cells, which consists in removal from the cell walls of oxidation products and deposition into the cell of a new dose of the 
alkali metal. This kind of procedures—because of extremely high chemical activity of rubidium—require special 
equipment and certain level of qualification of the personnel. 

In this connection, it becomes an important task to develop a low-cost table-top polariser on the basis of commercially 
available components that would allow production of small volumes of polarised gas sufficient for one or two NMR 
measurements, and in which an inexpensive disposable alkali metal cell could be used that could be replaced after few 
dozens of production cycles. 



 
 

 
 

The present work proposes and studies a table-top 129Xe spin-exchange optical pumping polariser implementing a 
novel concept of interchangeable small-volume gas cells. This simple device is based on an original concept of 
hyperpolarisation of small gas quantities sufficient for many purposes. The final degree of 129Xe nuclear spin polarisation 
exceeds that of thermal equilibrium by 3–4 orders of magnitude. We report on study of the identified effect of 
comparatively broadband radiation absorption, which makes it possible to pump Rb vapour with radiation whose line width 
by more than an order of magnitude exceeds the width of ordinary Doppler absorption contour in Rb. The effective spectral 
absorption width grows as the cell length and metal vapour concentration increase. The identified effect of relatively 
broadband radiation requires certain parameters of the absorption cell (such as that the cell length should be larger than its 
transverse dimension and that the buffer gas should have relatively high pressure).  

This work presents the design of the absorption cell with optimised radiation absorption length (~100 mm), an analysis 
of the optimal conditions for polarisation and a concept of a tabletop system for 129Xe hyperpolarisation.  
 

2. POLARISER PROTYPE 
 
2.1 Polarizer 

For polarisation of xenon via spin-exchange optical pumping, the following basic components are needed: circularly 
polarised optical radiation at the wavelength corresponding to the absorption line of the chosen alkali metal (rubidium in 
our case), optical cell containing alkali metal vapour and xenon, magnetic field parallel to the optical axis. Under the action 
of circularly polarised optical radiation in the presence of magnetic field, rubidium electrons acquire spin polarisation, 
which is then transferred to xenon nuclei by collisions. 

  

 
Figure 1. 3D view of the optical train of the table-top polariser. 

A prototype diagram of a table-top polariser is presented in Fig. 1. Linearly polarised radiation from a laser diode emitting 
at ~795 nm is collimated with a lens, then passes through a quarter-wave plate, thus acquiring circular polarisation, and is 
further guided into an optical cell about 10-cm long (a detailed description of the cell design will be found in the following 
subsection). At the end of the cell, there is a metal mirror bending the radiation emerging from the cell by 90°. That 
radiation is registered with a photo-detector 

In order to create a magnetic field inside the optical cell, a system of six 5-mm wide solenoids uniformly distributed along 
the cell was used, the field strength at the cell axis reaching about 5 mT at the current of 2 A. For heating the cell and 
maintaining a high density of rubidium vapour, IR heaters were used with the total power of 1 kW. The heating time to 
100°C for this cell was about 2 minutes. The heated area was insulated with a double-layer cover having an opening for 
quick installation and removal of the cell, and also with an opening at the bottom of the cover for the exiting radiation. The 



 
 

 
 

entire set-up was affixed to an extruded aluminium frame, under which were placed power supplies, laser diode and IR 
heater drivers. Also, a control panel was installed with controls and indicators for adjustment of the laser diode injection 
current, cell temperature, turning on the solenoid current, and measurement of the power of radiation exiting from the cell 
(see Fig. 2).  

 

 
Figure 2. Photograph of the prototype table-top xenon polariser. 

The dimensions of this installation were 40х30х20 cm (LxHxW) and the weight about 3 kg. 

In order to achieve a high polarisation degree of xenon nuclear spins, it is necessary to ensure powerful optical pumping 
of the alkali metal vapour, which, in its turn, depends upon the number of photons absorbed from the pump radiation. 
When the used radiation has a line width exceeding that of the medium absorption line, it is possible to achieve stronger 
absorption by elongation of the cell and increasing the rubidium atom concentration. In this case, the absorption line width 
is determined by the properties of alkali metal atoms, but the absorbed radiation line width is broadened (mathematical 
difference between the radiation spectrum prior to and after the cell). In low-absorbance medium, both these spectra are 
essentially the same and the absorption line width is equal to the width of the absorbed radiation spectrum. However, in 
highly absorbing medium where pumping depletion occurs (i.e. significant decrease of the optical intensity in the centre 
of the absorption line), the absorbed radiation spectrum may be substantially, by a few orders of magnitude, broadened. 
The medium absorption coefficient, in this case will be determined not only by the ratio of the atomic absorption line width 
and the pumping radiation spectral width, but also by the optical absorbance of the medium 

In our prototype, we used a commercial model of 4-W diode laser with a typical output line width of 2 nm. Fig. 2a shows 
the radiation spectra at the exit of the cell at different cell temperatures. The graph demonstrates that at 60°C—when 
rubidium atom concentration is comparatively low—the dip width (and that of the peak in the absorbed radiation spectrum, 
see Fig. 3b) is only 0.1 nm, corresponding to the impact-broadened absorption line width at the gas mix pressure of 4.5 
atm. The absorption in this case was 4%. At higher temperature of 100 °С, the dip width (and that of the peak in the 
absorbed radiation spectrum) grew to 1.3 nm, the absorption growing to 17%. Subsequent increase in the cell temperature 
to 150 °С may boost absorption to over 50%. An optimal temperature exists, at which the maximal polarisation of xenon 
nuclei is achieved. At this temperature, a balance is struck between growing number of absorbed photons and pump 
depletion, which causes polarisation degree to drop progressively from the input end of the cell to the output.  

 

 



 
 

 
 

Our preliminary experiments have shown that the optimal cell temperature lies within the 90–100 °С range, the absorption 
measuring around 10–17%. For estimation of the xenon nuclear polarisation degree, we used the approach earlier presented 
in works27,28 that is based on measurement of the transmitted radiation with and without magnetic field in cold and hot cell. 
This method produces the estimate of over 40% degree of xenon nuclear polarisation. Although it is more suitable for the 
case of low optical absorbance and in our case clearly gives too high results, it may probably be used for qualitative 
measurements during preliminary optimisation of the polarisation conditions 

 
а) 

 
b) 

  
Figure 3. а) Radiation spectrum at the exit of the cell at different cell temperatures: blue curve –20°С, green curve – 60°С, red curve 
– 100°C. b) Absorbed radiation spectrum (mathematical difference between the spectra before and after the cell) at different cell 
temperatures: green curve – 60°С, red curve –100°C.  

 

2.2 Cell 

The optical cell was made from a high-pressure (up to 6 atm) borosilicate test tube with thick walls for chemical synthesis. 
Since these tubes are mass-manufactured, they exhibit minimal geo¬metrical variations from one sample to another. This 
makes it possible to avoid readjustment of the optical system for each particular cell, a procedure sometimes necessary 
when manually glass-blown cells are used.  

  

 
Figure 4. Optical cell diagram. 

 

 

 



 
 

 
 

A picture of the cell is given in Fig. 2. The test tube had the volume of 10 ml, its outer diameter being 20 mm, wall thickness 
3 mm, and length, 100 mm. The tube cap was replaced by a made in-house needle valve. The valve base was made of 
PTFE with a titanium alloy needle. As the valve knob is rotated, the needle moves along its axis, shifting out of a 
fluoroplastic seat, thus allowing gas flow in or out of the tube. Thanks to this axially symmetric design, the gas supply 
tubing exits from the magnetic field created by the polariser solenoids along their axis, thus reducing the risk of passing 
through a zero-field space, which would lead to immediate depolarisation of xenon. Inside the cell, a polished titanium 
reflector is installed for bending the pumping radiation by 90°. The choice of materials for the valve is dictated by extreme 
chemical activity of rubidium, as well as by the need to avoid any ferrimagnetic parts, which could create local magnetic 
fields and thus depolarise xenon atoms.  

      In the first batch, 4 copies of the optical cell were fabricated (see Fig. 4). Each of them was tested for air-tightness by 
evacuation down to 1·10–2 torr (the residual pressure of the vacuum station). Opening or closing of the valve upon reaching 
the lowest possible pressure did not produce any change of pressure in the vacuum system. Approximately 150 mg of 
rubidium was deposited into each cell, the procedure being performed inside a glove box with an inert atmosphere. 

 

 
Figure 5. Photograph of the first four cells after rubidium deposition. 

Additionally, the gas leakage rate from the cells was measured at high internal pressure. For this, the cells already 
containing rubidium were filled with the gas mix at 5 atm and stored away at normal ambient conditions and temperature 
of 22–25 ºС. Measurements conducted after 73 days have shown that the internal pressure drop in the cells was within 
2.5%, which is comparable to the precision of the available pressure gauge. After this period, the rubidium droplets kept 
their metallic shine, indicating that there was practically no ingress of oxygen into the cell. These measurements confirm 
the possibility of long-term storage of cells charged with rubidium 

 

3. NMR EXPERIMENT 
From the practical viewpoint, we were interested in the possibility of using a table-top polariser in conjunction with an 
NMR spectrometer in order to develop the procedure of filling the NMR spectrometer cell and to measure the resulting 
polarisation degree of xenon. For this, the polariser prototype with a set of rubidium cells was temporarily moved into a 
laboratory where an NMR spectrometer with the magnetic field strength of 9.4 T was installed. The schematic diagram of 
the experiment on practical use of the developed polariser is presented in Fig. 6. The cells of the polariser and the NMR 
spectrometer were connected with a thin (internal diameter below 2 mm) fluoroplastic tube through a three-way valve also 
connected to a vacuum pump. Prior to the experiment, the vacuum pump removed air from the tubing and then was cut 
off. The valve in the polariser cell was opened and the gas mix filled the NMR spectrometer cell at the resulting pressure 



 
 

 
 

of ~1 atm. In the course of this experiment, it was found out that proper evacuation of the gas tubing is a critical step that 
may take several hours if PTFE tubing is used. As a result of multiple experiments on measurement of the xenon nuclear 
polarisation state, the best reading was 1.34%, which exceeds by a factor of 1680 the equilibrium polarisation of xenon in 
the field of the NMR spectrometer. The results were calibrated against the earlier recorded NMR spectrum of xenon, which 
was measured after filling the spectrometer cell with pure xenon at the pressure of 4 atm. Before these measurements, 
xenon was thermalised during 18 hours. 

 

 
Figure 6. Layout of the experiment on NMR spectroscopy of polarised xenon. 

 
Figure 7. NMR spectra of xenon: а) equilibrium polarisation, b) polarisation after the table-top polariser. 

4. CONCLUSION 
 
In this work, a prototype of a table-top xenon polariser was demonstrated, which was based on a diode laser with the output 
power of 4 W and radiation line width of 2 nm. Also demonstrated was an original design of the optical cell based on a 
type of mass-produced test tubes. The achieved level of xenon polarisation was 1.34%, which is sufficient for many NMR 
measurements, including characterisation of various porous materials. 
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