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WHAT THE THIRD RANK TENSOR ANALYZINGPOWERS CAN TELL US�E.E. Bartosz, P.D. Cathers, K.W. Kemper, F. MaréhalD. RobsonDepartment of Physis, Florida State UniversityTallahassee, Florida 32306, USAG. GrawertPhilipps-Universität, Fahbereih Physik35032 Marburg, Germanyand K. RusekThe Andrzej Soltan Institute for Nulear StudiesHo»a 69, 00-681 Warsaw, Poland(Reeived Otober 24, 2000)The odd rank analyzing powers TT10 and TT30 for 12C(7 ~Li;7Li)12C and12C(7 ~Li; �)15N have been measured with high preision for a 7 ~Li bombard-ing energy of 34 MeV. The angular distributions of the TT10 and TT30 dataare strongly orrelated, marking the �rst experimental evidene of a re-lationship between analyzing powers of di�erent rank. The ratio of TT30to TT10 obeys limits derived from the assumptions that the reation isboth peripheral and well loalized in the reation plane, allowing, for the�rst time, a third rank analyzing power to ontribute to our understandingof 7Li.PACS numbers: 24.70.+s, 24.10.�i1. IntrodutionA surprising result has been found experimentally. For sattering andreations indued by a polarized 7Li beam, the �rst rank (TT10) and trans-verse third rank (TT30) analyzing powers follow eah other. A rather simplemodel that only assumes that the sattering takes plae in a plane and isperipheral is able to predit this result.� Presented at the XXXV Zakopane Shool of Physis �Trends in Nulear Physis�,Zakopane, Poland, September 5�13, 2000.(757)



758 E.E. Bartosz et al.The major thrust of the Florida State University polarized Li satteringand reation program has been to measure omplete sets of analyzing pow-ers for both 6Li and 7Li beams. The Florida State University aeleratorsystem onsists of a Super FN tandem, apable of terminal voltages up to10 MV, that an injet a superonduting lina whih uses Argonne typeresonators. The system an be used as a tandem alone or in its oupledmode. The Florida State laser pumped polarized Li ion soure [1℄ is basedon the very suessful Hamburg, Heidelberg, Marburg soure [2℄. Typialon-target beam urrents are 150 �A with beam polarizations of 70% of thetheoretial maximum for 7Li and 90% for 6Li beams. The experimental de-tetor hambers onsist of a main sattering hamber followed by a helium�lled one.The Madison referene frame is sometimes used, but often the transverseoordinate system provides a better frame with whih to haraterize thedata. The transverse frame or Basel frame [3℄ is de�ned with the ŷ axisalong the inoming beam momentum and the ẑ axis normal to the satteringplane. The diretion of the spin axis on target is de�ned by the angles  and � where  is the polar angle from the ẑ axis to the spin axis and � is theazimuthal angle measured from the x̂ axis to the projetion of the spin axisin the x̂� ŷ plane. The analyzing powers expressed in this frame are denotedby a left supersript T , and the polarized ross setion �pol is written�pol = �unp h1 + os t10 TT10 + 12 �3 os2  � 1� t20 TT20� p3=8 sin2  t20 �TT2;�2 e2i� + TT22 e�2i��+ 12 �5 os3  � 3 os � t30 TT30+ p15=8 sin2  os t30 �TT3;�2 e2i� + TT32 e�2i��i : (1)For spin 1/2 projetile one just has the �rst two terms in the expressionabove; for spin 1, terms through seond rank are needed, and for spin 3/2projetile, the ross setion and seven analyzing powers must be measured.To measure all analyzing power ranks it was neessary to �rst estab-lish both alibration and monitoring reations. The easiest way to measurethe tensor polarization of the beam is to plae a detetor at 0Æ, where theonly analyzing power is T20 and its value is �1:0 for the reation p(7Li,�).While one an use 0Æ detetor to establish the beam polarization, the mainproblem with using it to monitor the beam polarization is that the intenseneutron �ux produed in the foil that stops the primary beam from reah-ing the detetor auses the detetor rapidly fails. Consequently it was found



What the Third Rank Tensor Analyzing Powers Can Tell Us 759neessary to establish seondary standards for 7Li + 4He sattering. Onethis work was ompleted by Cathers et al. [4℄, it was possible to begin theexperimental program.The general experimental proedure is similar to that desribed in Ref. [4℄,and here only the features relevant to the present experiment are given.The Florida State University (FSU) optially pumped polarized lithium ionsoure [1℄ was used to produe polarized 7Li ions in the four polarizationstates N 32 , N 12 , N� 12 and N� 32 that orrespond to populating the 7Li beammagneti substates mI = 32 , 12 , �12 , and �32 . The data aquisition systemyled the polarization state of the beam automatially through the unpo-larized and all polarized states Ni, spending approximately three minutes ineah state.Figure 1 shows the angular distributions of the analyzing powers TT10(solid irles) and TT30 (open irles) measured for the elasti and inelastisattering of 7Li by 12C at 34 MeV with purely statistial error bars. As pre-viously observed [5,6℄, the analyzing power TT30 is small, so that extremely
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Θc.m. (deg) Θc.m. (deg)Fig. 1. Angular distributions of the analyzing powers TT10 (solid irles) and TT30(open irles) for the elasti and inelasti sattering of 7Li on 12C at 34 MeV. Theleft and right olumns show the nuleus 7Li elastially sattered and inelastiallysattered to its �rst exited state, respetively.



760 E.E. Bartosz et al.low statistial errors are required in order to get meaningful results. Themost striking feature of the data is that the third rank analyzing power TT30losely follows the vetor analyzing power TT10, with both analyzing powershaving the same zeroes and maxima. Similar strong orrelations were alsoobserved in the 12C(7 ~Li,�) transfer reation whose analyzing powers weremeasured during the same experiment.To understand the observed trends in the data, a simple reation modelis presented next. In the following disussion, the analyzing powers TTkq aremeant to be measured and expressed in the �transverse� frame in whih theẑ axis points up, normal to the sattering plane. In the two-body nulearreation ~a+A! b+B, very general results an be obtained for the analyzingpowers TTkq from the relation [7, 8℄� TTkq = 1(2Ia + 1)(2IA + 1) XmamAmbmB �� TMmbmB ;mamA��2�p2k + 1 hIa kma qjIamai ; (2)where TM is the matrix of sattering amplitudes in the transverse frame,and � is the unpolarized ross setion. In the partiular ase where spin 3/2projetile (e.g., 7Li) impinges on spin zero target (e.g., 12C) with the spinaxis oriented along ẑ, Eq. (2) simply redues to the following set of equationsfor the analyzing powers TTk0� TT10 = 3p5 [ (�3=2 � ��3=2) + 13 (�1=2 � ��1=2)℄ ;� TT20 = [ (�3=2 + ��3=2) � (�1=2 + ��1=2) ℄ ;� TT30 = 3p5 [13 (�3=2 � ��3=2) � (�1=2 � ��1=2) ℄ ; (3)where �i denotes the ross setion measured with the beam in the polariza-tion state Ni. The ratio R31 of the odd-k analyzing powers TT30 and TT10follows from Eq. (3) and an be simply written asR31 = 3 TT30TT10 = 1� 3Y1 + 13 Y ; (4)where Y = (�1=2 � ��1=2) = (�3=2 � ��3=2) and is a funtion of the satteringangle and the �nal states whih our.In the present work, we propose a more general treatment whih is notrestrited to any given �nal state. For the entrane hannel onsidered here(7Li and 12C), it is assumed that all the �nal hannels (elasti and inelasti)have transition densities in the peripheral region, i.e., at impat parametervalues where the two nulei are just grazing (for smaller impat parameters,strong absorption into other reation hannels ours). It is also assumed



What the Third Rank Tensor Analyzing Powers Can Tell Us 761that the interation ausing �m 6= ��m is well loalized in the peripheralregion of the projetile and target. The ombined e�et of these assumptionsis to onstrain the origins of (�ma � ��ma) to a small overlap region whihis lose to the equatorial (x� y) plane of eah nuleus when the transverseframe is hosen.To estimate the possible values Y an take within this model, one needsto assess how the initial density distribution of 7Li in the reation planedepends on the initial state spin projetion ma of the beam. The (� + t)-luster model [9℄ provides a simple and reasonably aurate model for thispurpose, and in the transverse frame, the wave funtions an be simplywritten as  32 ;� 32 = u(r)r iY1;�1(�; �) � 12 ;� 12 (�t; ��) ; 32 ;� 12 = 1p3 u(r)r iY1;�1(�; �) � 12 ;� 12 (�t; ��)+r23 u(r)r iY1;0(�; �) � 12 ;� 12 (�t; ��) ; (5)where � 12 ;� 12 (�t; ��) is a produt of the intrinsi states of the triton and the� partile, and the spherial harmonis Y`;m desribe the angular part ofthe relative motion of the � partile and the triton in 7Li whih has anorbital angular momentum `= 1. If the reation mehanism responsible for(�ma � ��ma) is predominantly sampling regions lose to the x � y plane,then � � �2 , and sine Y1;0, Y1;�1 involve os � and sin �, respetively, oneexpets the term ontaining Y1;0 in Eq. (5) to be negligible. In that ase,the ratio of densities for ma= 12 and 32 is given by:��� 32 ; 12 ���2��� 32 ; 32 ���2 = 13 = ��� 32 ;� 12 ���2��� 32 ;� 32 ���2 ; (6)and provides an expeted upper limit on jY j of 13 sine the ross setion �mais diretly proportional to j 32 ;ma j2.This restrition yields a positive value for R31 (see Eq. (4)) so that TT10and TT30 have the same signs and the same zeroes, as experimentally ob-served (see Fig. 1).This work was supported by the National Siene Foundation, the De-partment of Energy, the Polish State Committee for Sienti� Researh(KBN) and NATO.
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