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OPTICAL BACK�GOUDSMIT EFFECT:LASER DECOUPLINGOF HYPERFINE INTERACTIONS IN ATOMS�Wojieh Gawlik and Jerzy ZahorowskiM. Smoluhowski Institute of Physis, Jagellonian UniversityReymonta 4, 30-059 Kraków, Poland(Reeived June 14, 2002)Laser perturbation of an atom with �ne or hyper�ne struture is ana-lyzed. The use of su�iently powerful, or spetrally broad light produese�ets, whih form an optial analogue to the Bak�Goudsmit e�et. Suhlaser deoupling of hyper�ne interation is easily understood in terms ofan analogy of the level-rossing e�et and the double-slit experiment. Theonsequenes of the optial Bak�Goudsmit e�et for e�ieny of optialpumping in 3He are disussed.PACS numbers: 32.80.�t, 42.50.Hz1. IntrodutionInteresting e�ets our in a physial system when two, or more, pertur-bations of a omparable strengths at upon it. A familiar example in atomiphysis is when interation of an external magneti �eld with eletroni spinsis about as strong as the intra-atomi spin-orbit interation responsible forthe atomi �ne struture (fs) or the interation of a nuleus with an ele-troni shell, whih produes the hyper�ne struture (hfs). These e�ets areknown as the Pashen�Bak [1℄ and Bak�Goudsmit [2℄ e�ets, respetively.The paper revisits previous observations of the e�et of laser deouplingof hyper�ne interation on atomi-state interferene [3�5℄ and then disussespossible onsequenes of optial pumping with strong light on nulear po-larization of 3He, used for the magneti resonane imaging [6℄.As lasers are widely used in atomi physis experiments nowadays, it isappropriate to hek how strongly they perturb atomi energy-level stru-ture and whether they an at similarly to the magneti �eld in the abovementioned lassial examples. Fig. 1 demonstrates that the available lasers� Presented at the Photons, Atoms and All That, PAAT 2002 Conferene, CraowPoland, May 31�June 1, 2002. (2243)
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Fig. 1. Rabi frequeny of atom-light interation versus laser intensity for a typialallowed optial transition ompared to other intra-atomi interations.are apable of produing perturbations su�ient not only to saturate theatomi transition, but also omparable with the hyper�ne or �ne struture,suh that E �D � J � I or E �D � L � S, where E is the eletri �eld ofthe light wave and D is the atomi dipole moment, L and J are orbital andfull eletroni angular momenta, respetively. S and I represent eletroniand nulear spin, respetively. The strength of the light-atom interation isusually haraterized by the value of the Rabi frequeny 
 = E �D=h.The analysis of the light perturbation of atomi energy level strutureassoiated with the �ne and/or hyper�ne interation an be performed ina standard way, i.e., by diagonalizing the full atomi Hamiltonian. Suhtreatment has been applied in many ases, e.g., [7℄. Here we wish to presenta simple, intuitive model that allows understanding of experimental resultsin terms of atomi state interferene.2. Atomi state interfereneWe would like to disuss several onsequenes of suh strong perturbationby laser light starting with some experiments on atomi state interferene.To get some insight into the atomi-state interferene we �rst disuss a three-level atomi system onsisting of the ground state g with angular momentumJ = 0 and the exited state with J 0 = 1. Resonant light of a linear �polarization auses exitation only of the exited-state Zeeman sublevelsm0 = �1. The m0 = 0 upper-state sublevel is not exited and an beignored in the analysis, so the system {g; m0 = �1, m0 = +1} behaves likea three-level, V-like atomi struture (Fig. 2(a)). Levels m0 = �1 an deaybak to the g state or any other �nal state g0, as depited by broken lines inFig. 2(a).
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c) d)Fig. 2. (a) Atomi struture onsisting of a ground levels g and g0 with J = 0 andtwo exited sublevels with J 0 = 1; m0 = �1 interating with linear �-polarized light;(b) sheme of the Faraday e�et experiment: P and A are polarizers, B indiatesthe magneti �eld diretion; () light sattering an be ompared to (d) lassialdouble-slit Young's experiment when the �nal ground state is �ipped above theexited state. Di�erent trajetories between g and g0 via the m0 = �1 sublevelsorrespond to transitions through two slits.2.1. Observations of the atomi state interferenein the resonant Faraday e�et.Atomi state interferene an be observed in various ways. First ex-periment of this kind has been performed by Hanle [8℄ who studied depo-larization of the resonant �uoresene. Another possibility is the Faradaye�et observed in the geometry of Fig. 2(b). Results of suh experimentsan be interpreted in terms of the lassial interferene experiment. Sat-tering of linearly polarized photons on atomi system suh as in Fig. 2(a)proeeds along two quantum pathways between initial and �nal states g andg0 via two intermediate states m0 = �1 (Fig. 2()). This orresponds totwo optial trajetories in the double-slit Young's experiment (Fig. 2(d)).The phase di�erene responsible for the interferene pattern is ontrolledby the magneti-�eld splitting of the two relevant m0 sublevels in the aseof the atomi-state interferene and this determines the Faraday rotationangle. In partiular, the interferene is the strongest when the m0 sublevelsare degenerate around the magneti �eld B = 0 and disappears as the leveldegeneray is lifted, sine then the m0 sublevels are no more degenerate andthe quantum trajetories lose their indistinguishability.



2246 W. Gawlik, J. ZahorowskiThe �rst experiment of the nonlinear Faraday e�et with a narrowbandlaser light has been performed by Gawlik et al. [9℄ on sodium vapor. Theinterferene of quantum trajetories between Zeeman sublevels yields a nar-row feature in the sattering signal around B = 0. This feature is seen inexperimental reordings for di�erent light intensities and for both resonantlines of sodium in Fig. 3(a). Fig. 3(b) depits results of the similar exper-
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a) b)Fig. 3. Faraday e�et signal: transmitted light intensity versus magneti �eld fordi�erent light intensities and for both resonant sodium lines: (a) monohromatiw laser [9℄, (b) broadband, pulsed laser [4℄. The signal shows narrow featuresaround B = 0 due to atomi-state interferene and a broad bakground of thelinear Faraday e�et. For monohromati laser the narrow features our for bothlines, for powerful, broadband exitation thy appear for D2, but not for the D1line.iment performed with a broadband laser by Gawlik and Zahorowski [4℄.One an observe the narrow interferene features around B = 0 for both Naresonane lines D1 (32S1=2�32P1=2) and D2 (32S1=2�32P3=2) in the ase ofthe narrowband laser, but only for the D2 line, and not for the D1 line withthe broadband laser.2.1.1. InterpretationAs the hyper�ne splittings of the sodium 2P1=2 and 2P3=2 states are ofthe same order (Fig. 4), the absene of the interferene pattern for a strongbroadband exitation of the Na D1 line annot be related to the size of thehyper�ne struture.
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Fig. 4. Energy-level struture of sodium D lines.The simplest possible atomi struture, where explanation of the resultsshown in Fig. 3 is possible, is the model of an atom with I = 1=2 andJ = 1=2 or 3/2 [3, 5℄. Interpretation taking into aount the exat energy-level struture of sodium has been presented in [4℄. In our simple model,the D1 line exited by a linearly �-polarized light onsists of transitionsshown in Fig. 5(a) in the jJ; I; F; mF i representation (labelled jF; mF i forompatness). If one ignores the hfs oupling, then the transitions an alsobe shown in the jJ; mJ ; I; mIi basis as in Fig. 5(b) (in short the jmJ ; mIibasis).
2
P1/2

2
S1/2

F=1

F=0

F=1

F=0

|0 0ñ

|1-1ñ |1 0ñ |1 1ñ

|F mFñ

|0 0ñ

|1-1ñ |1 0ñ |1 1ñ

|– –ñ |– +ñ |+ –ñ |+ +ñ

|mJ= -1/2ñ |mJ= +1/2 ñ

|mJ mIñ

a) b)Fig. 5. Energy-level struture of an atom with J = J 0 = 1=2 and I = 1=2 (a) inthe jF; mF i representation, (b) in the jmJ ; mIi basis.



2248 W. Gawlik, J. ZahorowskiIf the J �I hyper�ne oupling is taken into aount, the states with di�er-ent mJ , mI values are oupled as shown by broken lines in Fig. 6(a). Whenspontaneous emission an be negleted (ase of a strong light intensity), thestruture of Fig. 6(a) splits into two independent four-level substrutures(Fig. 6(b)) and eah of them an be analyzed separately.
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a) b)Fig. 6. (a) The energy-level struture of Fig. 5(b) with hyper�ne oupling indiatedby broken lines. (b) When spontaneous emission an be negleted the strutureonsists of two separate subsystems.As an example, we take a loser look into light sattering proess in oneof these strutures Fig. 7(a). Similarly to the three-level system disussedabove (Fig. 2), the proess an be analyzed in terms of an interferene ex-periment Fig. 7(b).
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Fig. 7. (a) Single substruture of Fig. 6(b) and (b) its equivalent form orrespondingto the double-slit interferene.There are two distint limits of the ompetition between the light E �Dand hyper�ne J � I interations. If E � D � J � I , the states oupledby the strong hyper�ne interation are degenerate and well haraterized by



Optial Bak�Goudsmit E�et: Laser Deoupling of : : : 2249quantum numbers F; mF . This orresponds to the situation when hfs is wellspetrally resolved. Optial transitions indued by the linearly polarizedlight are then between well-de�ned initial and �nal states with mF = 0via two intermediate states mF = �1 (Fig. 8(a)). This is analogous tothe Young's experiment when it annot be spei�ed through whih slit thephoton has been transmitted (Fig. 8(b)) and results in interferene patternaround B = 0 suh as in Fig. 3(a).
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a) b)Fig. 8. (a) Atomi interferene for strong hyper�ne oupling: F; mF are goodquantum numbers, (b) interferene ours and shows up as narrow features inFaraday e�et signal (inset).In the opposite ase, i.e., when E �D � J � I , the hyper�ne ouplingan be negleted. This orresponds to the situation when power broadening(on the order of the Rabi frequeny 
) makes the hyper�ne struture unre-solved. The light-indued transitions proeed on two independent pathways(Fig. 9(a)). The initial and �nal states for both pathways are no longer de-generate, whih orresponds to the ase when the photon trajetories in theYoung's experiment an be identi�ed resulting in no interferene pattern.In the sattering experiment this orresponds to signals without narrow fea-tures at B = 0, suh as seen in lower part of Fig. 3(b) shown as an inset inFig. 9(b).The analogy with the interferene explains also the fat that for the NaD2 line there is interferene feature around B = 0, despite strong intensityand wide spetral width of the laser (upper part of Fig. 3(b)). As seen inFig. 10(a) there are two sets of transition pathways for the D2 line that aninterfere within eah set: the �rst one with initial and �nal states mJ =�1=2 and two indistinguishable intermediate states mJ = �3=2 and +1/2,
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|+ -ñFig. 9. (a) Atomi interferene for weak hyper�ne oupling: mJ ; mI are goodquantum numbers, (b) interferene does not show up: narrow features are absentin Faraday e�et signal (inset).the seond one having initial and �nal states with mJ = +1=2 and twoindistinguishable intermediate states mJ = �1=2 and +3/2. In that ase,the interferene pattern is well visible (Fig. 10(b)).
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Fig. 10. (a) Atomi struture for sodium D2 line with powerful, broadband laser.Even in the jmJ ; mIi basis there are indistinguishable pathways, (b) interfereneours and shows up as narrow features in Faraday e�et signal (inset).3. E�et of the optial Bak�Goudsmit e�eton nulear spin polarization of 3HeHaving disussed the e�ets of the optial Bak�Goudsmit e�et on theatomi state superpositions or interferene, we turn now to the analysiswhether suh an e�et ould be important in redistribution of atomi statepopulations, i.e., in optial pumping. As pointed out by Naher [6℄ in this



Optial Bak�Goudsmit E�et: Laser Deoupling of : : : 2251issue, high degree of nulear spin polarization of 3He an be obtained byoptial pumping with laser tuned to the � = 1083 nm transition betweenthe metastable state 23S1 and the 23P0; 1; 2 states (Fig. 11(a)) taking ad-vantage of the metastability exhange ollisions [10℄. Sine the 3He nuleushas spin I = 1=2, the states have hyper�ne struture with many sublevelsharaterized by various F quantum numbers. In 3He, the magnitude of thehyper�ne struture is omparable with the �ne struture, whih addition-ally ompliates the disussion of the light perturbation. For a qualitativeanalysis, however, we onentrate here exlusively on the hyper�ne stru-ture deoupling. Fig. 11(b) depits the �ne and hyper�ne struture of the
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a) b)Fig. 11. (a) Struture of energy levels of 3He involved in optial pumping leadingto nulear spin polarization. (b) Transitions between various �ne and hyper�nestruture states ontributing to the 1083 nm line.1083 nm line. Optial pumping of the metastable state is performed es-sentially by two omponents that exite the 23P0 state. Fig. 12 shows theoptial pumping transitions indued by the irularly �+ polarized light inmore detail. All relevant sublevels are labeled with the mF quantum num-bers. They are also haraterized by the appropriate mJ and mI quantumnumbers (mJ = �1; 0; 1 and mI = �1=2 whih is symbolized by an arrowpointing up or down). In the jF; mF i representation it may be easily shownthat the mF = +3=2 sublevel is the one the most e�iently pumped by the�+ light. If hyper�ne oupling is strong enough that F and mF are goodquantum numbers, the mF = +3=2 sublevel is not oupled to any otherstate by the J � I interation and remains a pure state. Sine this sublevel
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Optial Bak�Goudsmit E�et: Laser Deoupling of : : : 2253tribute to given mJ values (marked by ovals in Fig. 12(b)). It an be seenthat in the jmJ ; mIi basis, the state that is the most e�iently pumped isthe mJ = +1 state, whih is no longer a pure state, but aquires admixtureofmI = �1=2. This means that the degree of nulear polarization is reduedwhen hyper�ne struture is unoupled.4. ConlusionsIn onlusion, we would like to point out that the optial analogue tothe Bak�Goudsmit (Pashen�Bak) e�et is quite feasible with the availablelaser powers. One an ahieve the situation when the strength of the E �Dinteration is bigger that the intra-atomi interation I � J (L � S). In suhase, the power broadening of the optial transition redues the resolution tothe extent that the hyper�ne (�ne) struture of the perturbed spetral linebeomes unresolved. Similar onsequenes our also in the ase that has notbeen expliitly disussed above, when the laser light is not monohromatiand its width is bigger than the hyper�ne (�ne) struture. Suh ase isreported in [4℄, where no interferene signal has been deteted, althoughit was well visible with monohromati laser, when the hfs struture hasbeen resolved. The e�et annot be attributed to the power broadeningas it remained even after redution of the power of the broadband laser.The two fators may at jointly, e.g., in ase of pulsed and powerful lasers,making the whole interation more ompliated. Additional ompliationsarise when the �ne and hyper�ne strutures are omparable, as it is the aseof the 1083 nm transition in 3He.The ourrene of the optial Bak�Goudsmit or Pashen�Bak e�etsan signi�antly alter the result of the light-atom interation. The examplesdisussed above are anellation of the atomi-state interferene or redutionof the optial pumping e�ieny.REFERENCES[1℄ F. Pashen, E. Bak, Ann. Phys. 539, 897 (1912); 540, 960 (1913).[2℄ S. Goudsmit,d E. Bak, Z. Phys. 543, 321 (1927); 547, 174 (1928).[3℄ A. Ekert, W. Gawlik, Phys. Lett. A121, 175 (1987).[4℄ W. Gawlik, J. Zahorowski, J. Phys. B 20, 5939 (1987).[5℄ W. Gawlik, Am. J. Phys. 59, 706 (1991)[6℄ P.-J. Naher, Ata Phys. Pol. B33, 2225 (2002).[7℄ B.A. Zon, B.G. Katsnelson, Zh. Eksp. Teor. Fiz. 65, 947 (1973) [Sov.Phys. JETP 38, 470 (1974)℄.
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