
Fig. 1: 13C polarization versus time as the field 
is switched from 0.5  G to 2 mG and back. 
 

 
Fig. 2: Top:  Hydrogenation scheme.  Bottom: 
13C spectra as a function of the time at ultra-low 
field, indicated by T in Fig. 1.    
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Introduction:  Parahydrogen-induced polarization (PHIP) [1] is a fast and comparatively simple method of preparing hyperpolarized 
contrast media.  In PHIP, parahydrogen gas is used to hydrogenate a larger substrate molecule, resulting in hyperpolarized protons.  
For in vivo applications, it is generally necessary to transfer this polarization to a long-T1 nucleus such as 13C or 15N.  Present 
implementations of PHIP generally rely upon one of two methods to achieve this, namely the application of suitable RF pulses in a low-
field spectrometer [2], or semi-adiabatic field cycling [3].  In semi-adiabatic field cycling, the hydrogenated sample is abruptly placed in 
an ultra-low  (~1 mG) magnetic field, where the hyperpolarized protons couple strongly to adjacent 13C nuclei, resulting in substantial 
13C polarization.  This polarization can be preserved by slowly returning the sample to a moderate magnetic field over a period of 
several seconds.  One drawback of this method it that it is relatively slow and therefore may suffer from T1 decay.  In addition, we have 
found that while the method is highly reproducible, it is not readily optimized for use in a wide variety of compounds.  By contrast, RF 
pulse techniques are fast (generally requiring only tens of milliseconds), and can be tailored to the particular J couplings of a range of 
compounds [2].  Here we show that an alternative field cycling method that uses a sudden transition back to moderate field may be able 
to achieve fast and simple polarization transfer.  We present theoretical demonstrations of this effect and data to show that the 
qualitative expectations of the theory are borne out experimentally.  
Theory:  When a compound is hydrogenated with parahydrogen in the fringe field and then 
abruptly placed in an ultra-low (~few mG) magnetic field, the compound’s low-field density 
matrix contains both populations and coherences.  At low field the Zeeman interaction is 
negligible and the J-couplings of the system drive coherent oscillations of the 13C 
polarization.  By abruptly turning the field back on at a suitable point in time, these 
oscillations can be ‘frozen,’ yielding a sizable 13C polarization. This is illustrated In Fig. 1, 
which displays computations of the 13C polarization in a time-dependent field for a three-
spin system consisting of two parahydrogen protons and one 13C nucleus.  The J-couplings 
have been set equal to those of succinic acid at a pH of approximately 5.7 [4].  At t=100 ms 
the field is switched from 0.5 G to 2 mG, initiating a series of oscillations.  At t=460 ms the 
field is abruptly switched back to 0.5 G, halting the oscillations and yielding roughly 80% 
polarization.  Because the initial 100 ms waiting period is unnecessary, and because the 
polarization oscillates to sizable values as soon as t=160 ms, it should be possible to obtain 
roughly 70% polarization in as little as 60 ms. In Fig. 1, the initial density matrix was 
computed using methods outlined in [2], while the subsequent evolution was computed using an adaptive fourth-order Runge-Kutta 
algorithm including all coherences but neglecting relaxation effects. 
Materials and Methods:  The field cycling device consists of a magnetic shield to achieve very low fields, together with a solenoid that 
can be rapidly switched on and off.  The shield consists of three concentric layers of mu-metal together with a set of insert coils to 
cancel (or adjust) the residual field inside the shield.  By adjusting the current on the insert coils, the field inside the shield reduced to 
less than 0.5 mG in all three directions, and was homogeneous to less than 0.1 mG over the sample region. Field measurements were 
performed using a three-axis milligauss meter (Alphalab, Salt Lake City, UT).  The field cycling solenoid was placed at the center of the 
shield and connected to a power supply regulated by a PC-controlled switching signal.  The solenoid was flux-balanced using methods 
similar to Ref. [2] to minimize eddy currents in the shield.  For polarization experiments, 
ethyl propiolate containing natural abundance 13C was hydrogenated with enriched 
parahydrogen prepared at liquid nitrogen temperature as illustrated in Fig. 2 (top).  
Samples were hydrogenated in 5 mm NMR tubes and then placed inside the field-cycling 
solenoid.  The solenoid, initially at a field of approximately 0.5 G, was abruptly switched 
off and back on after a controlled delay time. The sample was then transported to a 400 
MHz spectrometer for acquisition of a 13C spectrum. 
Results and Discussion:  Natural abundance ethyl acrylate can contain 13C nuclei 
adjacent to the parahydrogen protons at three sites:  the ‘CH2,’ ‘CH,’ and ‘COO’ groups 
on the left of the molecule in Fig. 2.   Fig. 2 (bottom) shows the amplitudes of these lines 
as a function of the time spent at ultra-low field (the period T indicated in Fig. 1).  The 
spectral lines show time dependence that qualitatively supports the theoretical 
expectations.  In particular, the CH and CH2 lines show rapid oscillations, as would be 
expected on account of their strong J-couplings to the parahydrogen protons.  In 
contrast, the COO line has smaller J-couplings and slower time variation, starting at an 
initial maximum at 10 ms, oscillating to lower values, and returning to higher values at 
370 ms. Though the method has not yet been optimized to consistently yield higher polarization levels than existing semi-adiabatic 
techniques, theory indicates that substantially larger polarization can be achieved by fine-tuning the field strength during the ultra-low 
field waiting period.  We are currently performing a full two-dimensional optimization of the polarization transfer, varying both the field 
strength and the waiting time at ultra-low field.  This optimization may yield fast and efficient 13C polarization transfer.  
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