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THE `HOW AND WHY' OF NUCLEON TRANSFERREACTIONS WITH RADIOACTIVE BEAMS�Wilton CatfordDepartment of Physis, University of SurreyGuildford GU2 7XH, UK(Reeived February 2, 2001)The intensity of seondary radioative beams has now reahed the stagewhere it is su�ient to perform nuleon transfer reations with them. Tra-ditionally proven spetrosopi tools suh as (p; d) and (d; p) reations mustbe performed using inverse kinematis, whih introdues harateristi ex-perimental onstraints. In partiular, it is not possible to ahieve resolu-tions better than 200 keV typially, using just the detetion of the outgo-ing harged partiles, and gamma-ray detetion is required to improve theahievable resolution for bound states. The kinematis are insensitive tothe details of individual reations, so it is possible to onstrut a dediateddetetion system with wide appliability, for example the TIARA arraybeing onstruted in the UK for use at GANIL.PACS numbers: 25.40.Hs, 25.45.�z, 25.60.Je, 29.30.Ep1. IntrodutionThe omplexity of experiments that an be attempted using nulearbeams is a funtion of the beam intensity that an be obtained. Usingstable beams, with inreasing omplexity in the apparatus, the seletion ofvery rare reation produts has been pursued and it has been shown at thisonferene how reoil deay tagging has taken this to new levels. For ex-ample, studies in the neutron de�ient Pb�Po�Rn region an aess nuleiprodued with ross setions of order � = 0:1 �b, using typial experimentalparameters and beams of order 6�1010 partiles/se (pps), i.e. 10 pnA. Witha radioative beam of an interesting isotope, quite removed from stability,it is realisti to suppose that a beam of order 10�6 of this intensity ouldbe produed at present. Thus, reations of order 0.1 b an be onsidered,and if a highly e�ient detetion system were developed then it ould be� Presented at the XXXV Zakopane Shool of Physis �Trends in Nulear Physis�,Zakopane, Poland, September 5�13, 2000.(1049)



1050 W. Catfordsupposed that a ross setion of 10 mb would be aessible. These are thetypial magnitudes of nuleon transfer ross setions, so it an be seen thatthese reations � a proven means for studying single-partile struture andhene shell struture � beome aessible at beam intensities in exess of1�10 �104 pps.Proven traditional spetrosopi tools suh as (p; d) and (d; p) reations,when applied to radioative beams, must be performed using inverse kine-matis. This introdues ertain experimental onstraints that are hara-teristi of the reation geometry and vary only a little between di�erentspei� reations. In general, it is not possible to ahieve resolutions betterthan typially 200 keV for the exitation energy of the �nal partiles, usingjust the detetion of the outgoing harged partiles. Gamma-ray detetion,whih is possible for exited bound states, is required to improve the ahiev-able resolution. Fortunately, the kinematis are very similar for a wide rangeof beam masses and inident energies, and this allows the onstrution of adediated detetion system with wide appliability. One suh system is theUK's TIARA array, whih is presently under onstrution.The need to develop new spetrosopi tehniques to deal with the ex-tremely low intensity of radioative beams, ompared to traditional stablebeams, has led to the study of nuleon removal via a knokout mehanismwhih was not widely used previously. This has suessfully been appliedto very exoti beams with extremely low intensities, of the order of 1 par-tile/min or less, and is an interesting omplement to the study of transferreations. 2. Transfer reations and knokout reationsNuleon transfer reations have a long and venerable history in nulearreation studies [1, 2℄. They have well-de�ned two-body initial and �nalstates, and the interation involves the transfer of a nuleon between thetarget and projetile nulei. The probability for this proess involves kine-mati mathing onditions as well as strutural overlap ontributions. Thetransfer probability falls with inreasing beam veloity, and an energy regimeof 10�20 MeV/u has proven most useful for the study of transfer, free of om-pound nulear e�ets. Di�erential ross setions are typially of the orderof 10 mb sr�1.In the most ommonly applied theories (e.g. DWBA), the transferrednuleon is represented as being in a single partile orbital before and afterthe transfer, or at least in a state that an be represented as a linear om-bination of suh wavefuntions. This is a reasonable approximation, so longas the various on�gurations involved are not strongly oupled together, asthey ould be for example by a strong olletive rotational or vibrational



The `How and Why' of Nuleon Transfer Reations with : : : 1051exitation. Experimental measurements give the angular momentum trans-ferred by the nuleon and measure the overlap of the atual nulear stateswith spei�ed single-partile states, haraterised by a spetrosopi fator.Knokout reations measure the probability of nuleon removal from theprojetile by observing the surviving nulei [3,4℄. These reations are studiedin an energy regime where the interation with the target an be taken tobe extremely peripheral, namely 100�200 MeV/u. The nuleon is removedby the interation between the tail of its wave funtion, where it extendsbeyond the ore of the projetile nuleus, and the target nuleus. It is thenobvious that this mehanism is an exellent probe of halo nulei and otherweakly bound nulei, suh as those found near the neutron drip line. Theross setions in these ases are of order 100 mb sr�1. Most likely, theappliability of knokout reations will eventually be demonstrated over awide range of masses and binding energies, though for more bound nulei theross setions will be muh loser to those for transfer. In knokout studies,the ground state of the projetile an again be haraterised in terms of singlepartile struture using a spetrosopi fator. The angular momentumof the removed nuleon an be determined diretly from the width of thelongitudinal momentum distribution of the surviving ore, whih arries theimprint of the sudden removal.It is lear that transfer reations an be used to identify single partilelevels, and the fragmentation of single partile strength, near losed shellssuh as 132Sn for example. Another appliation that is less widely appre-iated is to the study of deformed nulei. Single nuleon transfer on aneven-even deformed target an populate states in a rotational band builton a partiular Nilsson orbital. The wave funtion of the orbital an bewritten as an expansion in terms of the spherial orbitals in the same majorshell, whih have a well de�ned angular momentum. When the transferrednuleon populates a state in the rotational band, it arries in a spin j whihmust math the spin of the state, and it selets just the omponent of theexpansion that has spin j. For eah state in the band, this orrespondsto a di�erent omponent in the expansion, and the result is a `�ngerprint'pattern aross the states in the band, whih is harateristi of the Nilssonorbital [5, 6℄. The ability to identify the Nilsson orbitals helps to determinethe deformation. In priniple the knokout studies an also be adapted tostudy `�ngerprint' patterns from deformed nulei.3. Inverse kinematisWhen dealing with radioative beams, transfer reations suh as (p,d),(d,p) and (d,3He) need to be studied using hydrogen targets. In general, thebeam partile is many times heavier than the target, and the kinematis aremassively inverse. Transfer reations initiated by heavy ions (as the target



1052 W. Catfordnuleus) lead to problems if the target-like reoil is to be observed exept inspeial ases (sine, exept for the lightest heavy ions, the reoil will usuallybe too low in energy to esape from the target) and will not be disussedhere.A key result of the highly inverse kinematis is that the energy-anglesystematis of the target-like partiles (the d, p or 3He in the above examples)are very similar for all reations of a given type. That is, the mass or energyof the inident beam, and to a large extent the Q-value, all have relativelylittle e�et. The over-riding fator is the hange in mass of the target-likepartile: from 1 to 2, 2 to 1, or 2 to 3 in the examples.To see this, it is perhaps easiest to onsider the veloity addition dia-grams for the two-body kinematis. Even though these are not relativisti-ally aurate, they give a good qualitative indiation of the results and areeven rather good quantitatively in the energy regime of interest. For elastisattering (see Fig. 1) the target-like partiles emerge lose to 90 degreesin the laboratory frame, for small entre of mass sattering angles. Theirenergies also start at zero and rise rapidly with inreasing .m. satteringangle. For the beam-like partile, the veloity in the .m. frame is very muhlower (by the ratio of the target to the beam mass) and the de�etion angleis also very small. These results are learly independent of the preise massor veloity of the inident beam partile, so long as it is heavy ompared tothe target.
ve

lab
ve

Rv
lab

vR
v cmθ

Fig. 1. For elasti sattering, the veloity of the .m. in the laboratory is equaland opposite to the initial veloity of the target in the .m. frame, and small .m.sattering angles give laboratory angles near 90 degrees.Now, onsidering transfer reations, the key fator is the hange in massfor the target-like partile, sine this dramatially a�ets its .m. veloity.In the .m. frame, the kineti energy of the heavy (beam-like) partile issmaller than that of the light partile by a fator of order 1=mbeam andis negligible for mbeam � mejetile. Considering (p,d) as an example, and



The `How and Why' of Nuleon Transfer Reations with : : : 1053ignoring Q-value e�ets for the moment, the kineti energy of the d in the.m. frame is thus about the same as that of the p in elasti sattering.However, its mass is doubled and therefore sine K � p2=2m its momentumis inreased by p2, and its veloity v = p=m in the .m. frame is multipliedby a fator of p2=2. In the general ase where the mass of the target MTand the ejetile Me are in the ratio f = MT=Me then the fator is � pf .The onsequenes for the veloity diagrams are illustrated in Fig. 2. Ifthe masses of the projetile and beam-like `reoil' are denoted as MP andMR respetively, then [7℄vev:m: = � q f MRMP�1=2 � p qf if MR �MP ;where v:m: is the veloity of the .m. in the laboratory frame and q = 1 +Qtot=E:m:, with Qtot = (Qg:s:�Ex) being the Q-value for a state at energyEx in the reoil, and E:m: the ollision energy in the .m. frame. Typiallyq di�ers from unity by less than 10%, getting loser as the beam energy pernuleon (E=A) is inreased: q � 1 +Qtot=(E=A)beam.
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Fig. 2. As for the previous �gure, exept for the situation when transfer hangesthe mass of the light partile (and reoil): (a) for reations suh as (p,d) or (d,3He)where the target-like mass inreases, (b) for reations suh as (d,p) where the massis dereased.Thus, for a reation suh as (p,d) the light ejetiles are on�ned (f.Fig. 2) to within a one of half-angle POZ given by �max � sin�1pf wheref = 1=2 for (p,d) and f = 2=3 for (d,t). This gives about 50Æ in eah ase, butthe extra foussing for (p,d) an be signi�ant experimentally. Appliationof the osine and sine rules shows that, for a (d,p) reation, the satteringangles �:m: < 30Æ are foussed to laboratory angles bakward of about 110Æ.Note that the beam mass and bombarding energy have no e�et on theseresults, within the q = 1 approximation.



1054 W. CatfordThese general results are illustrated in Fig. 3 using two examples withsubstantially di�erent projetile masses and veloities. The �gures are la-belled with the .m. sattering angles (aording to the traditional `normalkinematis' onvention, where the light partile is the projetile) from 0to 30 degrees, where the di�erential ross setion is the greatest. The �g-
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Fig. 3. Typial energy-angle systematis for transfer reations in inverse kinematis:(a) for 16C at 35 MeV/u, and (b) for 74Kr at 12.16 MeV/u, eah on proton anddeuteron targets.



The `How and Why' of Nuleon Transfer Reations with : : : 1055ures on�rm that the yield for partile removal from the projetile, for elastisattering, and for partile addition are onentrated at forward angles, near90 degrees, and at bakward angles respetively. An important additionalresult is that the energies of the sattered light partiles are similar for thevarious reations, whih means that an all-purpose harged partile arrayan be onsidered for transfer studies with radioative beams. It is also ap-parent that, if the Z of the beam-like partile is measured, then the energyand angle of the light partile largely serve to identify its Z and A.An interesting further feature of the inverse kinematis is the e�et of thejaobian whih relates the di�erential ross setion measured in the labora-tory frame to that in the .m. frame (see, for example, Ref. [8℄). The natureof the kinemati foussing of angles an be inferred from the labelling of the.m. angles in the kinematis of Fig. 3. In some angular ranges, the experi-mental angular resolution beomes ritial. A partiularly interesting resultis the defoussing that ours for (d,p) at the small sattering angles in the`light ion' onvention (near 180 degrees in the laboratory frame). This isillustrated in Fig. 4 whih refers to a proposed study of Sr isotopes [9℄.In Fig. 4 the dashed line would be the mirror image of the solid line,around 90 degrees, if it were not for the jaobian e�ets. Due to the kine-mati foussing, the region of largest di�erential ross setion is no longerthe region of smallest sattering angles. However, it is still true in generalthat the smallest sattering angles are the ones best modelled by the reation
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Fig. 4. Calulation of the di�erential ross setion for (d,p) on 95Sr, using zero-range DWBA, plotted as (a) solid line, d�/d
 vs �:m: in the traditional light iononvention, (b) dashed, d�/d
 vs �lab in the laboratory frame, see text.



1056 W. Catfordodes and therefore most important to measure. The di�erene omparedto traditional measurements is that it beomes relatively easy to extend theexperiment to inlude larger sattering angles as well.4. Summary of experimental onstraintsThe experimental fators a�eting the energy resolution that an beobtained in pratie have been disussed by Win�eld et al [10℄ and previousauthors [11, 12℄. The fators taken into aount inluded the energy andangular resolution of the beam, as well as those of the detetors.To summarise, the best resolution attainable for exitation energy is oforder 200 keV, and this requires targets as thin as 0.5 mg/m2. (If plastipolymer targets are used, rather than say solid hydrogen, then the partialthikness of hydrogen is even less). In the ase of light beams (A < 20) goodresults an be obtained by reording the angle and energy of just the beam-like partile preisely (though the oinident detetion of the light partilefrom the target an remove bakground reations on target ontaminantsvery e�etively). More generally, the light partile needs to be reorded. Thevarious options have been enumerated previously [13, 14℄ and are disussedin more detail below:1. Rely on deteting the beam-like ejetile in a spetrometer: This has theadvantage that the partiles are kinematially foussed into a smallangular range that an be spanned by a high resolution magnetispetrometer. If the beam mass is too high, however, the foussingis so great that the required angular resolution beomes prohibitive.A disadvantage is that any spread in the beam energy is translated di-retly into exitation energy resolution. This must be overome eitherby using a dispersion-mathed spetrometer (whih implies a spatiallydispersed beam spot at the target), or else by tagging the energiesof individual beam partiles somehow. Even then, the resolution isintrinsially limited by the gamma-deay of the deteted partiles in�ight, whih spreads the image at the foal plane.2. Rely on deteting the target-like ejetile in a Si detetor: In this ase,the partiles are spread over a signi�antly larger angular range, but itis possible to envisage overing this range with suitable high resolutiondetetors suh as Si strips. Any spread in the beam energy has littlee�et on the resolution, so no energy tagging is needed and a foussedbeam spot an be employed. However, the target thikness beomesan important onstraint, due to the di�erential energy loss su�eredby ejetiles produed at di�erent depths, and gives the limit itedabove. This method is of ourse the only possible hoie to study the



The `How and Why' of Nuleon Transfer Reations with : : : 1057prodution of unbound states. It an be ombined with the detetionof reoils or breakup partiles near zero degrees, to give improvedhannel seletion.3. Detet deay gamma-rays in addition to partiles: The limitations onresolution that are imposed by the target thikness an be avoidedwhen gamma-ray energy information is used to give preise exita-tion energies. This method is learly limited to bound exited states,but that inludes many ases of interest. Taking into aount thelow intensities of radioative beams, an exeptionally high gamma-raye�ieny is demanded, say of order 25% or better. This is ahiev-able with modern arrays, but a losely paked geometry is implied,and the Doppler broadening introdued by the angular aeptane ofthe gamma-ray detetors is a potential problem. This also an besolved, using a segmented germanium detetor to measure the pointof gamma-ray interation. For example, with the EXOGAM array [15℄is its losest geometry, a typial Doppler-limited resolution of 20 keVis attainable. Then, the target thikness requirements an be relaxed,and the new limitation beomes the multiple angular sattering of theejetiles. This must not obsure the angular distribution from thenulear reation, whih is required to identify the transferred angularmomentum. Typially, this allows almost an order of magnitude in-rease in the target thikness, so overall there is an inrease in ountingrate of a fator of � 2 ompared to option 2 above.Whilst the third option is very attrative, the experimental hallengesshould not be overlooked. Of ourse, gamma-deays will in general ourin asades and with branhing ratios. It will be neessary to measure thisinformation in order to extrat angular distributions for individual exitedstates. Some (usually small) orretions will need to be applied for gamma-ray angular distribution e�ets. The e�ieny of the gamma-ray detetorswill also need to be known aurately, espeially in order to extrat theresults for the ground state. The ground state distribution must be obtainedfrom a partile singles measurement, by subtrating suitably saled numbersof gamma-ray oinident ounts. The feasibility of suh tehniques has beendemonstrated in the knokout studies mentioned earlier, e.g. Ref. [3℄, whihfollowed just suh a proedure.



1058 W. Catford5. Experimental resultsSeveral experimental studies of transfer reations, to measure spetro-sopi information, have now been reported. The reader is referred to theoriginal artiles for details. The �rst example is the experiment by Rehm anoworkers [16℄, who measured reation probabilities of astrophysial interestusing the reation 56Ni(d,p)57Ni in inverse kinematis. The beam of 56Niwas obtained using radioative soure material and a tandem aelerator,and was of relatively high optial quality. The protons were deteted in anarray of silion strip detetors at bakward angles, as an be understoodfrom the above disussion of the kinematis (Method 2). The seond ex-ample is a study of the struture of the ground state of the halo nuleus11Be, using the reation 11Be(p,d)10Be in inverse kinematis [17, 18℄. The10Be reation produts were deteted using a dispersion mathed magnetispetrometer (Method 1). The oinident detetion of deuterons was vitalin the elimination of bakground events arising from the arbon in the ex-tended (CH2)n polymer target. A third example is a study of the low-lyinglevels of the unbound nuleus 10Li using the reation 11Be(d,3He)10Li ininverse kinematis [14, 19℄. The 3He produts were reorded using an ar-ray of silion strip detetors (Method 2), and the Li ions originating from10Li breakup were reorded in a sintillator telesope spanning the forwardangles. An indiation of how gamma-ray oinidenes (Method 3) an beexpeted to improve transfer measurements with radioative beams is givenby the exploratory work of Ref. [20℄.The 11Be(p,d)10Be is an interesting example, beause the interpretationof the experimental data has led to new theoretial ideas: the oupling be-tween weakly bound nulear states and the ontinuum has been extended toinlude breakup of omplex nulei suh as 11Be [21℄. The data also highlightthe di�ulties in extrating spetrosopi data for nulei in whih the singlepartile orbitals are strongly oupled [18℄, a situation that was mentionedin setion 2. It should be noted, however, that more generally the interpre-tation an be expeted to be more straightforward. The 11Be experimentwas aimed at quantitative measurements of spetrosopi fators at the 10%level. A more typial experiment would be seeking to loate states with alargely single partile harater and the level of auray required in theabsolute spetrosopi fators will be relatively modest.6. OutlookThe MUST array [22℄ developed in Frane is an example of a high solidangle silion strip system that is suitable for this type of experiment, and ithas been used suessfully to study inelasti sattering in inverse kinematisand for the 10Li experiment desribed in Setion 5. This array is partiularly



The `How and Why' of Nuleon Transfer Reations with : : : 1059well adapted to studies of inelasti sattering and of reations leading tounbound nulei, using Method 2.The TIARA array [23℄ has reently ommened development in the UK,and is planned to be installed at GANIL for experiments using both se-ondary fragmentation beams and reaelerated beams from the SPIRALfaility. The preliminary design for the silion array at the heart of TIARAis shown in Fig. 5. This is designed to be mounted inside of the EXOGAMgamma-ray array [15℄ in its most ompat geometry with the germaniumdetetors approximately 50 mm from the target. The paramount riterionwas to �t a high resolution, � 4� array within this small spae. The adoptedsolution inludes an otagonal barrel of silion detetors with resistive stripsoriented parallel to the beam diretion. One fae of the otagonal barrelis omitted, to allow the target to be inserted via a vauum interlok, andoriented at a suitable angle on its frame. The most forward and bakwardreation angles are instrumented using annular non-resistive strip detetorsthat are plaed further from the reation region and an be shielded from theEXOGAM detetors. The vauum vessel away from the interation regionis large enough to allow additional beam traking detetors. At angles loseto zero degrees, the beam-like partiles emerge and are deteted using eithera pixellated partile telesope or, ideally, a magneti spetrometer that andisard the atual un-reated beam partiles. The TIARA design has beenmade to allow the oupling of the array to the VAMOS spetrometer [15℄

Fig. 5. Preliminary design for TIARA (Transfer and Inelasti All-angle ReationArray) whih is being developed in the UK, spei�ally to use partile-gammaoinidenes to study transfer reations indued by radioative beams.



1060 W. Catfordwhih is designed with large angular and momentum aeptanes, spei�-ally for radioative beam experiments, and is being built at GANIL. Fig. 5shows the bak plate of the TIARA assembly, whih mounts diretly on tothe front of the entrane quadrupole of VAMOS.Transfer reations indued by radioative beams have already been es-tablished as a useful spetrosopi tool. The �rst generation of speialisedtransfer arrays, of whih TIARA is an example, is under onstrution. Theiruse is poised to esalate with the imminent availability, at several failitiesworldwide, of a wide range of reaelerated radioative beams at Coulombbarrier energies. This will reveal new information about shell struture nearexoti magi numbers, and also new information about low-lying levels indeformed nulei far from stability.REFERENCES[1℄ N. Austern, Diret Nulear Reation Theories, John Wiley, New York 1970.[2℄ G.R. Sathler, Diret Nulear Reations, Oxford Univ. Press, Oxford 1983.[3℄ T. Aumann et al., Phys. Rev. Lett. 84, 35 (2000).[4℄ V. Maddalena et al., Phys. Rev. C63, 024613 (2001).[5℄ B. Elbek, O. Tjørn, Adv. Nul. Phys. 3, 259 (1969).[6℄ A. Bohr, B.R. Mottelson, Nulear Struture, World Sienti�, Singapore1998.[7℄ W.N. Catford et al., Nul. Instrum. Methods A247, 367 (1986).[8℄ L. Shi�, Quantum Mehanis, 3rd Ed., MGraw-Hill, New York 1968.[9℄ J. Cizewski, Rutgers University, ORNL proposal (2000).[10℄ J.S. Win�eld et al., Nul. Instrum. Methods A396, 147 (1997).[11℄ J.C. Hardy, Chalk River preprint TASCC-P-93-7 (1993), unpublished.[12℄ H. Lenske, G. Shrieder, Eur. Phys. J. A2, 41 (1998).[13℄ W.N. Catford, Proeedings of RNB2000, the Fifth Int. Conf. on RadioativeNulear Beams, Divonne, Frane (2000), Nul. Phys. A, in press.[14℄ S. Fortier, Proeedings of ENS 2000, Debreen (2000), IPNO-DR 00-24.[15℄ W.N. Catford, J. Phys. G 24, 1377 (1998).[16℄ K.E. Rehm et al., Phys. Rev. C80, 676 (1998).[17℄ S. Fortier et al., Phys. Lett. B461, 22 (1999).[18℄ J.S. Win�eld et al., Nul. Phys. A683, 48 (2001).[19℄ S. Pita, thèse, Université de Paris, Orsay 2000.[20℄ C. Gund et al., Eur. Phys. J. A, in press.[21℄ N.K. Timofeyuk, R.C. Johnson, Phys. Rev. C59, 1545 (1999).[22℄ Y. Blumenfeld et al., Nul. Instrum. Methods Phys. Res. A421, 471 (1999).[23℄ TIARA proposal, W.N. Catford et al., Surrey�Paisley�Daresbury�Birmingham�York ollaboration, UK.


