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OPTICAL PUMPING OF HELIUM-3AT HIGH PRESSURE AND MAGNETIC FIELD�P.-J. Na
her, E. Courtade, M. Abboud, A. Sinatra, G. TastevinLaboratoire Kastler Brossel, 24 Lhomond, 75231 Paris Cedex 05, Fran
eand T. DohnalikM. Smolu
howski Institute of Physi
s, Jagellonian UniversityReymonta 4, 30-059 Kraków, Poland(Re
eived June 4, 2002)At low magneti
 �eld, the e�
ien
y of metastability-ex
hange opti
alpumping of helium-3 is known to be optimal for pressures around 1mbar.We demonstrate on several examples (up to 32mbar) that operating ina higher magneti
 �eld (here 0.12T) 
an signi�
antly in
rease the nu
learpolarisations a
hieved at higher pressures. Sin
e polarisation measurements
annot be made with the standard te
hnique, we use a general opti
almethod based on absorption measurements at 1083 nm to measure thepolarisation of the atoms in the ground state.PACS numbers: 32.80.Bx, 32.70.�n1. Introdu
tionHighly polarised 3He gas is used in various domains, for instan
e to pre-pare polarised targets for nu
lear physi
s experiments [1℄, to obtain spin�lters for 
old neutrons [2, 3℄, or to perform Magneti
 Resonan
e Imag-ing (MRI) of air spa
es in human lungs [4, 5℄. All these appli
ations re-quire a very high nu
lear polarisation, also 
alled hyper-polarisation sin
eit is orders of magnitude above the Boltzmann equilibrium value (of order10�5/Tesla at room temperature).A very e�
ient and widely used polarisation method relies on opti-
al pumping of the 23S metastable state of helium with 1083 nm resonantlight [6, 7℄. Transfer of nu
lear polarisation to atoms in the ground state is� Presented at the Photons, Atoms and All That, PAAT 2002 Conferen
e, Cra
owPoland, May 31�June 1, 2002. (2225)



2226 P.-J. Na
her et al.ensured by metastability ex
hange 
ollisions. Opti
al Pumping (OP) is usu-ally performed with a low applied magneti
 �eld (up to a few mT). This �eldis required only to prevent fast magneti
 relaxation of the opti
ally preparedorientation and has negligible e�e
t on the stru
ture of the atomi
 states. Inparti
ular, all Zeeman splittings are mu
h smaller than the Doppler width ofthe atomi
 transitions and the pumping light must be 
ir
ularly polarised tosele
tively depopulate sublevels and deposit angular momentum in the gas.OP 
an provide a high nu
lear polarisation, above 80% for optimal 
on-ditions [8℄, but operates e�
iently only at low pressure (of order 1mbar) [9℄.Produ
tion of dense polarised gas is a key issue for some appli
ations.Polarisation-preserving me
hani
al 
ompression of the helium gas after OPat low pressure is performed by several resear
h groups using di�erent meth-ods [10�12℄, but it is a demanding te
hnique and no 
ommer
ial apparatus
an 
urrently be used. Improving the e�
ien
y of OP at higher pressures
ould fa
ilitate this 
ompression by signi�
antly redu
ing the requirementson 
ompression ratio and pumping speed. It is also a way to obtain dire
tlylarger magnetisation densities. This has been used to perform lung MRI inhumans, simply adding a neutral bu�er gas to the polarised helium to rea
hatmospheri
 pressure and allow inhalation [13℄.The e�
ien
y of OP 
an be improved at high pressures by operation ina magneti
 �eld higher than is 
ommonly used. High �eld OP in 3He hadbeen previously reported at 0.1T [14℄ and 0.6T [15℄, but the worthwhileuse of a high �eld (0.1T) for OP at high pressures (tens of mbar) had notbeen highlighted until re
ently [16,17℄. A systemati
 investigation of variouspro
esses relevant for OP in non standard 
onditions (high �eld and/or highpressure) has been initiated, and there is experimental eviden
e of mole
ularformation (metastable He2 mole
ules) and of in
reased relaxation when anintense OP laser light is used in a high pressure plasma [18, 19℄. In thisarti
le we �rst dis
uss various OP situations, with emphasis on the e�e
ts ofa high magneti
 �eld on the OP pro
ess in helium, then give experimentaldemonstration of the OP improvement obtained using a 0.12T �eld in highpressure situations.2. Known e�e
ts of pressure and �eld on OP in helium2.1. Standard OP 
onditionsIn order to populate the 23S metastable state and perform OP, a plasmadis
harge is sustained in the helium gas. This 
onstantly produ
es highlyex
ited states of helium atoms and ions. One of the radiative de
ay 
hannelsends at the 23S metastable state, whi
h in pra
ti
e may only de
ay througha 
ollision pro
ess:
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al Pumping of Helium-3 . . . 2227(i) di�usion to the 
ell wall and loss of ex
itation,(ii) ionising (Penning) 
ollisions [20℄He� + He� ! He + He+ + e�; (1)(iii) 3-body 
ollisions with 
onversion into a metastable helium mole
uleHe� + 2He ! He�2 + He ; (2)(iv) ex
itation quen
hing by gas impurities (non-helium atoms ormole
ules).In equations (1) and (2), He� refers to either the 23S or 23P state1. Insteady state, the repla
ement of He� atoms having de
ayed by pro
esses(i) to (iv) results in an angular momentum loss (e.g. through emission of
ir
ularly polarised �uores
en
e light or through depolarising 
ollisions in thehighly ex
ited states [21℄). On the one hand, this loss 
an be 
hara
terisedby the nu
lear magnetisation de
ay time T1, whi
h is found to de
rease forin
reasing plasma intensities. On the other hand, the steady state densityof the 23S metastable state atoms in
reases with the plasma intensity, andso does the OP light absorption and angular momentum deposition rate inthe gas. The most favourable plasma 
onditions, whi
h lead to the higheststeady state polarisations, are usually found for weak dis
harges (for whi
hpro
ess (ii) is redu
ed) in a very pure helium gas (3He or helium isotopi
mixture) for whi
h pro
ess (iv) is negligible.The rates and relative importan
e of pro
esses (i) and (iii) stronglydepend on the OP 
ell dimensions and on the gas pressure. When the trans-verse 
ell dimension (whi
h governs the lifetimes of all metastable spe
iesdue to pro
ess (i)) is of the order of a few 
m, an optimal pressure of order0.5�1mbar is experimentally found to be most suitable (see Fig. 1). Indeed,the a
tual optimal plasma and pressure 
onditions also depend on OP 
ellshape and size (e.g. due to radiation trapping), and on OP laser power andspe
tral 
hara
teristi
s [22℄. This will not be dis
ussed in the following,where we shall only 
onsider the 
onsequen
es of operation at pressure ormagneti
 �eld higher than usual.2.2. Pressure dependen
e of OPAt high gas pressure P (above a few mbar) the proportion of atomsin the metastable 23S state is redu
ed sin
e their number density tendsto be limited by the non linear pro
ess (ii). In addition, the rate of 
re-ation of metastable mole
ular states by pro
ess (iii) is enhan
ed with a P 21 In fa
t, in the presen
e of an intense OP light, the ex
ited 23P state 
an be almostas populated as the 23S metastable state and may play an important role in these
ollision pro
esses [18, 19℄.
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her et al.dependen
e (equation (2)) and the di�usion lifetime of these mole
ules lin-early in
reases with P , whi
h results in a higher density of mole
ular states.These fa
tors tend to redu
e strongly the e�
ien
y of OP at high pressure.Fig. 1 displays data already obtained at moderate (0.3W) [9℄ or high(several W) [23℄ laser power. For pure 3He; the polarisation is halved whenthe pressure is in
reased from 0.5 to 4mbar. For the tested isotopi
 mix-ture (25% 3He) the dependen
e on total pressure is mu
h weaker, and thepolarisation a
tually appears to depend only on the 3He partial pressure.
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Pressure (mbar)Fig. 1. Steady-state polarisations, obtained by OP at room temperature and lowmagneti
 �eld, are plotted as a fun
tion of the gas pressure. OP was performed atroom temperature in 5 
m (diameter) � 5 
m (length) 
ylindri
al sealed 
ells �lledwith either pure 3He, with the OP laser tuned on the C8 or C9 transition (the moste�
ient one is 
hosen, depending on gas pressure and laser power), or a 3He�4Hemixture (25% 3He) with the OP performed on the 4He D0 line. The low powerdata (squares) are from referen
e [9℄, the other ones from referen
e [23℄.This remains to be fully veri�ed, but it may indi
ate that only part of themetastable He�2 mole
ules (those in
luding a 3He atom) 
ontribute to nu
learrelaxation in the plasma.An even stronger redu
tion of the e�
ien
y of OP is observed at higherpressures, as will be des
ribed and dis
ussed in Se
tion 3.3.2.3. Field dependen
e of OPAn important e�e
t of a high enough magneti
 �eld is to strongly redu
ethe in�uen
e of hyper�ne 
oupling in the stru
tures of the di�erent ex
itedlevels of helium. In the various atomi
 and mole
ular ex
ited states whi
h arepopulated in the plasma, hyper�ne intera
tion transfers nu
lear orientation
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troni
 spin and orbital orientations. This transfer of orientation hasan adverse e�e
t on the OP e�
ien
y by indu
ing a net loss of nu
learpolarisation in the gas. The de
oupling e�e
t of an applied �eld redu
es thispolarisation loss and may thus signi�
antly improve the OP performan
e,espe
ially in situations of limited e�
ien
y, su
h as low temperatures (below)or high pressures (Se
tion 3.3).At low temperature, a redu
ed metastability ex
hange 
ross se
tion setsa tight bottlene
k and strongly limits the e�
ien
y of OP2 [24�26℄. Sin
e theplasma-indu
ed relaxation rate is found to be mu
h faster than the redu
edmetastability ex
hange rate, even a strong OP and high polarisation of the23S state result in a limited nu
lear polarisation of the ground state: froma few per
ents at 1K [27℄ to 15�20% at 4.2K [28℄. In the latter situation,a �eld in
rease up to 40 mT was found to provide a signi�
ant improvementin nu
lear polarisation, as shown in Fig. 2. Both the relaxation time T1and the steady state polarisation in
rease with the operating �eld. In thislow temperature regime where the orientations in the ground state and themetastable state are only weakly 
oupled, the observed polarisation in
rease
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T1 (minutes)Fig. 2. Steady-state polarisations obtained by OP at 4.2K are plotted as a fun
tionof the measured relaxation time T1 for three values of the �eld B: OP is performedin a 5 
m (diameter) � 3.5 
m (length) sealed 
ell, �lled at room temperaturewith 1.33 mbar of 3He and 6mbar of H2 (to form a solid H2 
oating and preventwall relaxation). The OP laser (100 mW) is tuned on the C5 transition, the moste�
ient one in these 
onditions (data from [28℄).2 This was extensively studied [26,28℄ in an attempt to dire
tly obtain high polarisationsin a quantum �uid (a helium vapour or liquid, at low enough temperature for quantumstatisti
s to play an essential part in thermodynami
 and transport properties of the�uid).
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her et al.(proportional to T1) 
an be dire
tly attributed to the redu
ed relaxationassuming that OP and ex
hange pro
esses are not signi�
antly a�e
ted bythe �eld in
rease (a reasonable assumption for these moderate �eld values[17℄).The OP 
onditions at high pressure are a
tually quite di�erent sin
e veryfrequent metastability ex
hange 
ollisions strongly 
ouple the orientation inthe 23S state to that of the ground state. Still, it is not surprising thata signi�
ant improvement is obtained by suppressing relaxation 
hannels inhigh �eld [16℄, even if the details of the involved relaxation pro
esses remainto be fully elu
idated.3. New OP results at high pressure and high �eldAs a demonstration of the improvement of OP obtained at high pressurewhen operating in a high magneti
 �eld, we report measurements performedin similar 
onditions at 1mT and 0.115T, both in pure 3He and in an isotopi
mixture. 3.1. Experimental setupThe experiment arrangement is sket
hed in Fig. 3. The helium is en
losedin sealed 
ylindri
al Pyrex glass 
ells, 5 
m in diameter and 5 
m in length.Results presented here have been re
orded in 3 
ells �lled with 8mbar or32mbar of pure 3He; or 32mbar of helium mixture (25% 3He, 75% 4He).A weak RF dis
harge (< 1W at 3MHz) sustained by means of externalele
trodes is used to populate the 23S state in the 
ell. The magneti
 �eld Bis produ
ed by an air 
ore resistive magnet of su�
ient homogeneity overthe total 
ell volume to indu
e negligible magneti
 relaxation in these OPexperiments [17℄.The probe laser sour
e is a 50 mW laser diode (6702-H1, formerly man-ufa
tured by Spe
tra Diode Laboratories). Its output is 
ollimated intoa quasi-parallel beam using an anti-re�e
tion 
oated lens (f = 8mm), andattenuated to provide a weak probe beam. It passes a
ross the 
ell per-pendi
ular to B with linear polarisation su
h that the � and � polarisation
omponents are equal. The absorption of the probe beam 
omponents ismeasured using a modulation te
hnique. The dis
harge intensity is modu-lated at a low enough frequen
y (�100 Hz) for the density of the absorbingatoms 23S to follow the modulation, and the � and � intensities are analysedusing lo
k-in ampli�ers. The average values of the transmitted probe inten-sities are also re
orded, and used to normalise the absorption measurements.This eliminates errors due to laser intensity 
hanges and strongly redu
esthe e�e
ts of opti
al thi
kness of the gas [18℄.
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Fig. 3. The main elements of the OP experiment are shown (not to s
ale). Thepump beam, parallel to the magneti
 �eld B; is 
ir
ularly polarised using a linearPolarising Cube (P.C.) and a Quarter-Wave plate (Q.W.). The absorption of thepump beam is monitored by a Photo-Diode (P.D.) after a double pass through the
ell. The transverse probe beam is prepared with � and � polarisation 
omponentswhi
h are separated after 
rossing the 
ell and simultaneously re
orded.The OP laser used for these experiments is a se
ond laser diode ampli�edusing a 0.5W �bre ampli�er [33℄ (YAM-1083-500, manufa
tured by IPGPhotoni
s). The pump beam is expanded (diameter � 3 
m) to mat
h theplasma distribution in the 
ells, and ba
k-re�e
ted after a �rst pass in the
ell to take advantage of the usually weak light absorption.3.2. Opti
al dete
tion methodIn the standard opti
al dete
tion te
hnique [8,29,30℄, the 
ir
ular polar-isation of a 
hosen helium spe
tral line emitted by the plasma is measuredand the nu
lear polarisation M of the ground state of 3He is inferred. Thiste
hnique relies on hyper�ne 
oupling to transfer angular momentum fromnu
lear to ele
troni
 spins in the ex
ited state whi
h emits the monitoredspe
tral line. The de
oupling e�e
t of an applied magneti
 �eld unfortu-nately redu
es the e�
ien
y of this angular momentum transfer, whi
h isalso sensitive to depolarising 
ollisions. This te
hnique must then be usedat low �elds (. 10mT), low gas pressures (. 5mbar) and limited 4He 
on-
entrations (. 50% 4He) to avoid a signi�
ant sensitivity loss (�2 for ea
hof the quoted limits).
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her et al.Other opti
al methods, whi
h rely on absorption measurements on the23S�23P transition, have been su

essfully used to quantitatively determinethe nu
lear polarisation of 3He [6, 8, 31, 32℄. They provide information bothon the total number density of atoms in the 23S state and on the relativepopulations of the probed sublevels. In usual situations3, the populationdistribution in the 23S state is strongly 
oupled by metastability ex
hange
ollisions to that in the ground state. These populations would exa
tly beruled by a spin temperature distribution in the absen
e of OP or relaxationpro
esses, both in a low [7℄ and a high [17℄ magneti
 �eld.When two absorption measurements dire
tly probe two populations ofatoms in the 23S state, the derivation of M is a straightforward pro
edure.This is for instan
e the 
ase at low �eld when the line C8 or D0 is probedwith �+ and �� 
ir
ular polarisations, or at high enough magneti
 �eldsfor the Zeeman shifts to remove all level degenera
ies (B & 50mT [17℄).When transitions simultaneously probe several sublevels (e.g. in low �eldwith � polarisation on any line, with any polarisation on line C9, et
 ...),the measurements of two independent 
ombinations of populations 
an stillbe used to infer the nu
lear polarisation M , but spe
i�
 
al
ulations arethen required [8℄. Similar results are indeed obtained in an isotopi
 mixturewhen 4He atoms are probed to measure relative populations among the threesublevels in the 23S state [17℄.In this experiment, absorption spe
tra of the probe beam are re
ordedfor � and � polarisations over the C8�C9 transitions (for pure 3He) or the D0transition (for mixtures), both forM = 0 and in steady state OP situations.Re
ording both polarisation 
hannels is required to infer the value of Monly in low �eld situations. The high �eld spe
tra provide a redundantdetermination of population ratios, whi
h is used to 
he
k for the 
onsisten
yof the measurements. 3.3. Experimental resultsFig. 4 displays an example of absorption spe
tra obtained at 0.115 T inthe 32mbar 
ell �lled with pure 3He gas, for the �-polarised probe beam
omponent. As the laser frequen
y is tuned over the 23S�23P0 transition,four resonan
e lines (two for C8 and two for C9) are re
orded, whi
h 
orre-spond to opti
al transitions between hyper�ne sublevels of identi
al angularmomentum proje
tions mF along the �eld axis. All the peak amplitudes arepre
isely measured. The probe beam intensity is here too weak to opti
allypump the metastable state. The data redundan
y 
an be used to 
he
k3 This would not hold at very low pressures, nor in the low temperature 
onditionsdis
ussed in Se
tion 2.3, but is expe
ted to be very well veri�ed for pressures abovea few mbar at room temperature.
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Fig. 4. Absorption spe
tra of the � 
omponent of the transverse probe, tuned to theC8 and C9 resonan
e lines of 3He, in the 
ell �lled with 32mbar of pure 3He gas.The applied magneti
 �eld is B=0.115T, and opti
al pumping is performed witha C9 pump beam and �� 
ir
ular polarisation at moderate dis
harge intensity.The nu
lear polarisation M is dedu
ed from the measured the peak amplitudesat null polarisation (solid line) and steady-state polarisation (dotted line). ThemF = +1=2 states are here depleted, and the resulting 3He nu
lear orientation is�0:13 [17℄.that the OP beam introdu
es no spurious population di�eren
es betweenpumped and unpumped metastable sublevels (i.e. no lo
al over-polarisationof the 23S state as 
ompared to the ground state). This e�e
t of OP on themetastable populations has been dis
ussed both at low and high �elds [8,17℄,and is indeed not expe
ted to be signi�
ant in the present magneti
 �eld andpressure ranges. The population ratio of two adja
ent hyper�ne sublevels isused to infer the spin temperature, and hen
e the nu
lear polarisation M .The total number of 23S atoms 
an also been extra
ted from these absorp-tion amplitudes. The a

ura
y of su
h transverse probe beam absorptionmeasurements is mu
h worse at low �eld, where the � mF sublevels are de-generate in ea
h hyper�ne level. In this 
ase, the absorption rates of the �and � 
omponents are even fun
tions of M; and the registered population
hanges s
ale like M2 only. A

urate results 
an be obtained with a longi-tudinal probe beam from the 
omparison of absorption rates for �+ and ��polarisations.The results of all polarisation measurements are presented in Table I.
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her et al. TABLE ITable 1. Typi
al steady state nu
lear polarisations a
hieved with the 0.5 Wmonomode laser for low dis
harge intensities. OP is performed on the C9 linewith �� polarisation in pure 3He, and on the D0 line with �� polarisation in thehelium mixture. B = 1mT B = 0:115T8mbar 3He 18% 28%32mbar 3He 7% 14%8mbar 3He + 24mbar 4He 14% 23%At low �eld, the pressure dependen
e of the polarisation in our data is
onsistent with the previously reported one (see Fig. 5, insert). A signi�
antin
rease of the steady state nu
lear polarisations a
hieved by OP is demon-strated at 0.115T for all 
ells. In 
omparison with results obtained at 1 mT,M is found to be 1.6 times higher at 8mbar in pure 3He or at 32mbar in
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Fig. 5. Insert: The nu
lear polarisation measured at 1 mT (�lled diamonds for pure3He; �lled star for the isotopi
 mixture) and 0.115T (open diamonds and open star,respe
tively) for the three 
ells are 
ompared to the previous data (from Fig. 1).Main plot: The total nu
lear magnetisation is proportional both to the polarisationM and to the 3He pressure (P3) in the 
ell. Improvement is parti
ularly importantat 0.115T in pure 3He:
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 mixture with 8mbar 3He partial pressure, and 2 times higherat 32mbar in pure 3He. The improved OP e�
ien
y at high �eld is furtheremphasized in Fig. 5 (main plot). The 3He nu
lear magnetisation a
tuallyprodu
ed in the 
ell, whi
h 
ombines the variation of the polarisation andof the 3He 
ontent, steadily in
reases with pressure. This net gain woulddire
tly result in a 
omparable enhan
ement of the NMR signal, hen
e ofthe image quality, for appli
ations in lung MRI for instan
e [34℄.4. Con
lusionThese positive results demonstrate the potential bene�t of high �eld op-eration for metastability ex
hange OP at pressures higher than a few mbar.Hyper�ne de
oupling in the 23S state [17℄ is expe
ted to set an ultimate limitto the intensity of the applied magneti
 �eld, beyond whi
h opti
al pump-ing would mainly 
reate ele
troni
 polarisation. A systemati
 study is thusneeded to determine the optimal operating �eld for maximum e�
ien
y asa fun
tion of the experimental 
onditions and requirements. On-going workaims at a detailed analysis of steady state polarisations at higher magneti
�eld as a fun
tion of pressure, isotopi
 ratio, dis
harge intensity and laser
hara
teristi
s. By opti
ally monitoring the evolution of metastable popu-lations, the polarisation pro
ess 
an also be dynami
ally analysed. A studyof the kineti
s of OP, fo
ussed on the in�uen
e of the magneti
 �eld on boththe pumping rates and the relaxation rates, is in progress.REFERENCES[1℄ D. Rohe et al., Phys. Rev. Lett. 83, 4257 (1999).[2℄ J. Be
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