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b) GSI-Darmstadt, Plankstr. 1, D-64291 Darmstadt, Germany
c) CERN, CH-1211 Genève 23, Switzerland13th Marh 2006AbstratThe WITCH experiment aims to study a possible admixture of a salar or tensor type in-teration in β-deay by determining the β − ν angular orrelation from the shape of the reoilenergy spetrum. The installation period was ompleted and intensive ommissioning of theset-up was performed already. The lay-out of the WITCH set-up and results of ommissioningtests performed until now are desribed here, showing that the full set-up up to the spe-trometer is now operational, although several e�ienies are still to be improved. Due to itsfeature of being able to measure the energy spetrum for reoil ions, the WITCH experimentalso opens possibilities for other observables.Key words: weak interation, beta deay, salar interation, Penning trap, retardation spe-trometer1 IntrodutionDespite the fat that the β-deay proess was disovered already at the end of the 19th entury,our understanding of weak interations has developed only gradually. The Standard Model of theeletroweak interation is very suessful in desribing existing experimental data both qualita-tively and quantitatively, but a number of parameters have to be determined experimentally andseveral important properties of the interation are not well understood. The most general intera-tion Hamiltonian for nulear β-deay whih inludes all possible interation types onsistent withLorentz-invariane is given by [1, 2℄
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i, i ∈ {S, V, T, A, P} are the oupling onstants for Salar (S), Vetor(V), Tensor (T), Axial-Vetor (A) and Pseudosalar (P) ontributions. In the Standard Model ofthe weak interation only V and A interations are present at a fundamental level, whih leads tothe well-known V − A struture of the weak interation. However, this assumption is based onexperimental results only and the presene of salar and tensor types of weak interation is todayruled out only to the level of about 8% of the V- and A-interations [3℄.A possible admixture of a salar or tensor type weak interation in β-deay an be studied bydetermining the β − ν angular orrelation. This β − ν angular orrelation for unpolarized nuleian be written as [4℄:
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] (2)where θβν is the angle between the β partile and the neutrino, E, vβ/c and m are the total energy,the veloity relative to the speed of light and the rest mass of the β partile, Γ =
√

1 − (αZ)2with α the �ne-struture onstant and Z the nulear harge of the daughter nuleus, b is theFierz interferene term whih has experimentally been shown to be small (e.g. |bF | < 0.0044 at90% C.L. [5℄) and an as a �rst approximation be assumed to be zero, and a is the β − ν angularorrelation oe�ient. Sine the S- and V-interations lead to Fermi transitions (F) and the A-and T-interations to Gamow-Teller transitions (GT), the β − ν angular orrelation oe�ient aan be approximated as (assuming maximal parity violation for the V- and A-interations and realouplings)
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] (3)In the Standard Model, i.e. in the absene of S- and T-type interations, aF = 1 and aGT = −1/3.Any admixture of S to V (T to A) interation in suh a pure Fermi (Gamow-Teller) deay wouldresult in a < 1 (a > −1/3). A measurement of a therefore yields information about the interationsinvolved. However, the neutrino annot be deteted diretly and the β−ν angular orrelation thushas to be inferred from other observables. From the properties of the general Hamiltonian of theweak interation (Eq.(1) and [6℄) and of the Dira γ-matries it an be shown that the two leptonsin β-deay will be emitted preferably into the same diretion for a V (T) interation and intoopposite diretions for an S (A) interation. This will lead to a relatively large energy of the reoilion for a V (T) interation and a relatively small reoil energy for an S (A) interation (Fig. 1). TheWITCH experiment aims to measure the shape of the reoil energy spetrum with high preisionto determine the β − ν angular orrelation parameter a and from this dedue a limit on a possiblesalar or tensor admixture in weak interations.Due to its feature of being able to measure the reoil ion energy spetrum in nulear β-deay, theWITCH experiment also provides interesting possibilities for other observables, e.g. one an alsodetermine F/GT mixing ratios, Q-values, EC/β+ branhing ratios and harge state distributions[12℄, [27℄. In addition, the ion loud in the deay Penning trap an also be used for β and γspetrosopy, this time not using the reoil spetrometer but with β and γ detetors added to theWITCH set-up. For example, a β detetor on the axis of the deay trap at some distane behindthe trap opens the possibility for β spetrosopy with a pure sample without any sattering of the
β partiles in the soure. Adding γ detetors around the enter eletrode of the trap will makealso γ spetrosopy possible. 2



2 Experiment2.1 PrinipleAn experiment to measure the reoil energy spetrum in nulear β-deay faes twomajor di�ulties:(1) the β-emitter is usually embedded in matter, whih auses a distortion of the reoil ion spetrumdue to energy losses aused by ion sattering in the soure, and (2) the reoil ions have very lowkineti energy rendering a preise energy measurement di�ult.In order to avoid the �rst problem and to be as independent as possible from the properties ofthe isotopes to be used, the WITCH experiment uses a double Penning trap [7℄ struture to storeradioative ions. The ion loud in the seond trap, the deay trap, onstitutes the soure for theexperiment, where the ions are kept for several half-lives, i.e. of the order of 1 to 10 s for the asesof interest [8℄.To solve the seond problem and measure the reoil energy spetrum a retardation spetrometeris used. The working priniple of suh a devie is similar to the β-spetrometers used for thedetermination of the neutrino rest-mass in Mainz [9℄ and Troitsk [10℄. The WITCH spetrometeronsists of two magnets: the �rst one providing a �eld Bmax = 9 T, the seond one providing
Bmin = 0.1 T, and an eletrostati retardation system. Reoil ions are reated in the strongmagneti �eld region (i.e. in the Penning trap) and pass on their way to the detetor the regionwith low magneti �eld (i.e. the retardation setion of the spetrometer). Provided that the �eldshange su�iently slow along the path of the ions, their motion an be onsidered as adiabati.Aording to the priniple of adiabati invariane of the magneti �ux [11℄ p2

⊥
/B = const, where

p⊥ is the momentum projetion perpendiular to the magneti �eld B. From this it follows thatthe radial kineti energies of an ion in the trap (Etrap
kin, ⊥) and in the retardation setion (Eretard

kin, ⊥ )are related as Eretard
kin, ⊥ /Etrap

kin, ⊥ = Bmin/Bmax. Thus a fration
1 − Bmin/Bmax ≈ 98.9% (4)of the energy of the ion motion perpendiular to the magneti �eld lines will be onverted intoenergy of the ion motion along the magneti �eld lines. The total kineti energy of the reoil ionsan be probed in the homogeneous region of low magneti �eld Bmin by retarding them with awell-de�ned eletrostati potential. By ounting how many ions pass the analysis plane for di�erentretardation voltages, the umulative reoil energy spetrum an be measured [8, 12℄.2.2 Overview of the set-upThe general sheme of the set-up an be seen in Fig. 2. The installation at the ISOLDE failityat CERN was reently ompleted. In a �rst step the ions produed by ISOLDE [14, 15, 16℄ gettrapped and ooled by REXTRAP [17℄. As soon as a su�ient amount of ions (viz. 106 to 107ions) has been olleted by REXTRAP they are ejeted as a 60 keV (optionally 30 keV) bunhand are transmitted through the horizontal beamline (HBL) of WITCH into the vertial beamline(VBL). There the ions are eletrostatially deelerated from 60 keV to ∼80 eV in several steps.In order to avoid a high voltage platform a pulsed avity is used [18℄ (named Pulsed Drift Tube,PDT, in the ase of WITCH [28℄). When the ion bunh is inside the PDT the potential of theavity is swithed down over the range of 60 kV (30 kV) from 52 kV (26 kV) down to -8 kV (-4 kV).In this way the kineti energy of the ions is not hanged while the potential energy is shifted to-8 kV (-4 kV), so that the total energy beomes nearly zero (∼80 eV in pratie). The ions anthen be aptured in the ooler trap (the �rst Penning trap of the WITCH set-up), whih is atground potential. In this ooler trap the ion loud is prepared (i.e. ooled and entered) beforebeing ejeted through the pumping diaphragm (whih separates the vaua of the two traps) intothe seond Penning trap, the deay trap. The latter is plaed at the entrane of the retardationspetrometer. After β-deay the reoil ions emitted into the diretion of the spetrometer spiralfrom the trap, whih is in the strong magneti �eld, into the weak �eld region. In the homogeneouslow-�eld region the kineti energy of the ions is then probed by the retardation potential (Fig. 3).The ions that pass this analysis region are re-aelerated to ∼10 keV to get o� the magneti �eld3



lines. The re-aeleration also ensures a onstant detetion e�ieny for all reoil ion energies.Finally, the ions are foused with an Einzel lens onto the detetion miro-hannel plate (MCP)detetor. For normalization purposes several β-detetors are installed in the spetrometer setiontoo (also to hek the β-simulations, see Se. 2.6) [8, 12℄. The reoil spetrum an be measuredsetting one retardation step for one trap load (in this ase a normalization, e.g. by ounting the
β-partiles, is neessary) or sanning all retardation steps during the same trap load (in whihase a orretion for the time-dependene of the ount rate due to the isotope half-life has to beperformed). The latter ase also allows to avoid a possible e�et of the MCP degradation on theshape of the reoil spetrum.2.3 Response funtionSine the WITCH experiment measures the reoil energy spetrum, good knowledge of the spe-trometer response funtion is of high importane. The response funtion has been investigatedboth analytially as well as with numerial alulations of the ion trajetories through the spe-trometer [19℄. Two important issues regarding this response funtion are disussed below.2.3.1 In�uene of the residual gasThe residual pressure in the spetrometer setion (and also in the deay trap) should be as low aspossible. Indeed, in order to measure preisely the reoil spetrum it is very important to avoidsattering of the reoil ions. The residual gas an also ause another problem for the experiment,namely harge exhange whih leads to neutralization of the ions suh that they an not be probedanymore by the retardation priniple.The in�uene of ion sattering was investigated via simulations of the ion trajetories, takinginto aount a Stokes fore to desribe the damping of the ion motion. The results are presented inFig. 4. These simulations were performed for argon gas in both traps and in the spetrometer. Thesame pressure is used everywhere. For helium gas the indiated pressures have to be multipliedby a fator of ≈ 8. One an see that with inreasing rest gas pressure the response funtionbroadens. It an also be noted that for a pressure better then 10−6 mbar the energy distributiondeviates only a little bit from the ideal ase p = 0 mbar, meaning that for a suessful reoilspetrum measurement the residual gas pressure has to be ≤ 10−6 mbar in the deay trap andin the spetrometer. Up to now no estimates were made for the e�et of harge exhange on theWITCH response funtion.2.3.2 Doppler broadeningThe ideal response funtion was derived assuming that the ions are at rest. The real situation,however, di�ers sine the ion loud in the deay trap is at least at room temperature. The veloityof the reoil ion is thus the superposition of the veloity of the mother nuleus in the trap and theveloity obtained due to the beta deay. This de�nitely a�ets the reoil spetrum. Assuming aMaxwellian ion veloity distribution and taking into aount that the energy at room temperature(0.025 eV) is muh smaller than the reoil energy O(100 eV), it an be shown [20℄ that the energyshift ǫ due to Doppler broadening results in the Gaussian distribution:

fǫ =
1√

2πσǫ

exp

(

− ǫ2

2σ2
ǫ

)

, (5)with
σǫ =

√

2Erecoil
kin kT (6)where Erecoil

kin is the reoil ion energy obtained in the beta deay, k is the Boltzmann onstant and Tis the ion loud temperature. Eq.(6) yields, for e.g. Erecoil
kin = 280 eV and T = 300 K, σǫ = 3.8 eV.This means that the mono-energeti response funtion broadens signi�antly if the ion loud is at4



room temperature. To get the real response funtion for the WITCH spetrometer one has to foldthe ideal mono-energeti response funtion with this broadened energy distribution. Fig. 5 showsthe WITCH response funtion thus obtained for di�erent ion loud temperatures. As one an see,down to liquid nitrogen temperature (i.e. 77 K) the shape of the response funtion is de�ned byDoppler broadening and only at the temperature of liquid helium (i.e. 4 K) it approahes theshape of the ideal response funtion. It would thus be interesting to onsider to ool (at least to77 K) both Penning traps.The response funtion an be determined experimentally by measuring reoil ions from eletronapture deay (EC), whih leads to a mono-energeti peak that is, if it aompanies β+ deay, abovethe endpoint energy of the ontinuous reoil spetrum from β+ deay (Fig. 6, see Se. 2.4). Bymeasuring these EC peaks for several suitable nulides with di�erent deay energies, an energyalibration of the spetrometer an be performed as well.2.4 Reoil spetrumEletron shake-o� after the β-deay [22℄ will ause the daughter ions to have di�erent harge states
q = n·e. The reoil ions with energy Erecoil

kin and harge q will appear in the measured spetrum at aretardation voltage Uret = Erecoil
kin /q due to the retardation priniple. The measured spetrum willthus be a superposition of the spetra of the various harge states, eah with di�erent endpoints

U0n = Eendpoint
0 /(n ·e), n ≥ 1, where Eendpoint

0 is the endpoint energy of the reoil energy spetrumfor n = 1 (Fig. 6). Consequently, when measuring the full reoil spetrum up to the endpoint energy
Eendpoint

0 , the upper half of the spetrum will onsist purely of events from harge state n = 1.This upper half of the reoil spetrum is therefore the most interesting part for analyzing thespetrum shape [12℄. Note that the EC peaks of di�erent harge states n for the same nulide willalso appear in the spetrum at di�erent energies EEC/n, n ≥ 1.It is also planned to hek the dependene of the shake-o� probability on the reoil ion energy,as has been seen in 6He β− deay [13℄. This dependene is expeted to be even larger in β+deay [24℄. This e�et to �rst order distorts the reoil ion spetrum by (1+ s ·Erecoil). The idea isto use the upper half of the 1+ harge state spetrum to �t simultaneously s and β − ν orrelationoe�ient a. A possible dependene of the shake-o� proess on the reoil energy an be hekedby �tting spetra obtained for di�erent harge states to a (not inluding the s parameter).2.5 Ahievable preisionA series of random integral reoil spetra have been generated from whih the β − ν angularorrelation parameter a was �tted. The response funtion of the spetrometer was approximatedby Gaussian with σ =1%. No β bakground and no dependene of the shake-o� on the reoilion energy were onsidered. By hanging the �t interval and the bin width the in�uene on theahievable preision for a was studied. These simulations (Fig. 7) show that, to reah a preision of
∆a = 0.005, the total number of events in the di�erential energy spetrum should be N = 107÷108and a minimum of n0 = 20 hannels (i.e. retardation steps) in the upper half of the spetrum seemsto be su�ient. Taking N = 108, n0 = 20, the number of ions in one trap load Nload = 106 andthe e�ieny parameters for a fully optimized set-up (Table 1), one an �nd that the measurementtime needed to reah a preision of ∆a = 0.005 (Fig. 7) is tmeas ≈ 3.6 days for 35Ar (t1/2 = 1.78 s)and tmeas ≈ 13 days for 26mAl (t1/2 = 6.35 s) [8℄. In fat, the results of the simulations presentedin Fig. 7 show that the required preision of ∆a = 0.005 might be ahieved already with N = 107whih means that the measurement time redues orrespondingly, i.e. tmeas ≈ 8.6 hours for 35Arand tmeas ≈ 1.3 days for 26mAl.2.6 GEANT4 β-partile simulationsAs was already mentioned in Se. 2.2 normalization detetors (to ount β-partiles) are availablein the set-up too. Simulations with the GEANT4 simulation pakage [25, 26℄ were performed to�nd the best suited plae for installing these detetors in order to provide good statistis for the5



normalization. The sheme of the simulated set-up is presented in Fig. 8 (top). The double Penningtrap struture is desribed as a set of two solid opper ylinders (inner diameter 40 mm) separatedby a opper pumping diaphragm with an opening of 4 mm diameter. All spetrometer eletrodesas well the walls of the lower and upper magnet bore tubes are made from stainless steel. For theMCP detetor a very simpli�ed model is used, i.e. a solid disk of quartz material (SiO2), 80 mmin diameter and 1 mm thik.The program was run for the ase of 35Ar, with an isotropi β-partile emission distributionand a 5 mm radius ion loud in the enter of the deay trap. The positions and elements ofthe set-up whih are hit �rst by the β-partiles after they leave the deay trap were determined.This is shown in Fig. 8. One an reognize the shape of ertain eletrodes and also the pumpingdiaphragm (at nearly -400 mm). The largest number of hits is in the pumping barrier: nearly 80%of the betas going in this diretion hit the barrier. The seond most hit element is the SPDRIF01eletrode. Taking into aount that the size of the pumping barrier is muh smaller than the sizeof the SPDRIF01 eletrode, one an onlude that the pumping barrier is the most suitable plaeto install the β-detetors.Another important result of these simulations is the estimate for the β-bakground on thereoil ion detetor. This MCP detetor is introdued in the program as a very primitive model.Nevertheless, this allows to hek how many partiles will arrive on the detetor. It appears thatthis amount is atually rather large: from a total of 250 000 simulated events 8608 betas arrive onthe 8 m diameter MCP detetor. This number has to be ompared to the number of ions arrivingon the same detetor. Considering the e�ienies for an ideal set-up (Table 1) it an be estimatedthat about 10 000 ions will arrive on the MCP detetor. However, it might be that an MCP of4 m diameter is already su�ient for deteting all ions. Sine the β-bakground events equallyover the surfae of the MCP, a two times smaller diameter of the detetor means a redution ofthe β-bakground by a fator of 4, orresponding to 2152 beta-partile events. This estimate ofthe β-bakground is not yet omplete however, as one still has to take into aount the di�erentdetetion e�ieny of the MCP for ions of O(10 keV) energy (the reoil ions are aelerated ontothe MCP, see Se. 2.2) and β-partiles of O(MeV) energy. The model used for the MCP detetoris too primitive to answer this question. Measurements performed by the TRIUMF and Berkeleygroups [43, 44℄ showed that this e�ieny is atually very lose to the one for ions (i.e. the absoluteMCP detetion e�ieny is about 50÷75% for β-partiles of O(MeV) energy, ompared to about60% for ions). This means that if one assumes the MCP registration e�ieny for betas and ionsto be both 60%, the MCP detetor will register ∼1290 β−partiles against 6 000 ion events in thefull reoil ion spetrum.The �rst estimates [27℄ show that in order to ahieve ∆a = 0.005 with suh β bakground aninrease of the measurement time by about one order of magnitude might be neessary. However, ifone onsiders that 107 ounts in the di�erential spetrum (not inluding β bakground) is su�ient(Fig. 7, Se. 2.5), the required preision on the β−ν orrelation (∆a = 0.005) might still be ahievedin a realisti time period. These simulations, for sure, have to be heked experimentally and theissue of the MCP detetion e�ieny for ions and betas still has to be investigated in more detailtoo.3 Tests performedThe WITCH set-up was ompleted only reently and ommissioning was started already duringthe last phase of the installation. In most of the tests the o�-line REXTRAP ion soure (deliveringa 39K ion beam) was used. The tests performed are disussed in this setion.3.1 HBLThe funtion of the HBL is to transfer the ion beam from the REXTRAP set-up into the WITCHvertial beamline as e�ient as possible. Sine the ISOLDE faility (and respetively, REXTRAP)is operated usually at either 60 kV or 30 kV, tests were done using both high voltage settings. The6



tests performed showed that the tuning an be done in suh a way that there is no signi�ant lossof beam intensity through the HBL, i.e. nearly 100% transmission e�ieny is obtained. To tunethe voltages and monitor the beam, the three diagnostis in the HBL and the �rst one in the VBLare used.3.2 VBLThe main purpose of the VBL tests that were performed till now was to prove the funtionality ofthe PDT, hek its e�ieny and investigate and optimize the injetion of the ion beam into theWITCH magneti �eld.From the values for the resistanes and apaitanes in the HV swith box sheme (Fig. 9)the HV swithing time onstant τPDT was estimated to be 0.18µs. This provides a pulse downtime tswitch of the PDT of about 1.3 µs (1.2 µs) for a 60 kV (30 kV) ISOLDE beam, with tswitchbeing de�ned suh that the energy of the ions after the swithing di�ers less than 50 eV from therequired value [28℄. The travel time of 30 keV 39K+ ions in the PDT (for a ombination of HV =+26/-4 kV) is ∼ 5 µs. This gives an ∼ 3.7 µs time window to pulse down the ion beam. However,the ion bunh ejeted from the REXTRAP set-up has a time struture that is longer than this timewindow (the typial bunh length is ∼ 10 µs), meaning that it is not possible to pulse the ompletebunh but at best only about 43% of it for a ombination of HV = +26/-4 kV [28℄. The originalbunh an thus be onsidered to onsist of di�erent parts: 1) ions whih will pass through thePDT before the pulsing down starts, 2) an intermediate part ontaining partially bunhed ions, 3)well bunhed ions, 4) another intermediate part of partially pulsed down ions and, �nally, 5) ionswhih enter the PDT when this is already at low voltage (Fig. 10, top left orner). For the ases1) and 5) these ions will have ∼ 60 keV (30 keV) after the PDT, i.e. they are muh faster thanthe well-bunhed ions. This leads to the time struture of the signal after the PDT shown alsoin Fig. 10. In this �gure the simulated (using the SIMION simulation routine [29℄) and measuredspetra are ompared. As an be seen, good agreement between simulations and the measurementis obtained.The e�ieny of the PDT, ηPDT , was measured using two diagnosti MCP detetors: one infront of the PDT and one behind it at ∼40 m from the exit of the PDT. The resulting e�ieny
ηPDT = 8% is less than the expeted value of ∼43% but is of the right order of magnitude [28℄.From the signal of the MCP detetor behind the trap struture (i.e. in the magneti �eld)the overall e�ieny of the vertial beamline, inluding the e�ieny of the pulsed drift tube,was found to be between 0.1% and 1% (for these measurements ions were not trapped but onlysent through the traps) (Table 1). Additional measurements were performed in the mean timewith improved MCP diagnosti detetors [39℄, i.e. with several Ni meshes in front to redue theinoming beam intensity, and a grid-anode to determine the beam size. These have revealed asigni�ant derease of beam quality after the PDT. This is being looked into in more detail now.3.3 TrapsIn the initial phase, i.e. for a simple mode WITCH operation and tests of the spetrometer, asophistiated use of the traps is not required. It was therefore not our aim to perform already nowa detailed investigation of their properties. Rather we wanted to verify the simple operation ofthe traps, i.e. try out basi trap mehanisms, understand the behavior of ions in the traps and, ifpossible, optimize the parameters in order to �nd a suitable trapping regime.3.3.1 Bu�er gas oolingAn important step in verifying the operation of Penning traps is to hek the bu�er gas oolingproedure sine this is usually a �rst main step in the ion ooling. The bu�er gas used is highpurity 4He (quality: Helium 57 or >99.9997%), but the transfer line is not yet equipped with aold trap or other puri�ation system. The bu�er gas pressure measurement is done at a point7



after the gas dosing valve (Pfei�er Vauum, RME005) and before the transfer line enters into thevauum hamber. With this installation the bu�er gas pressure is regulated via a feedbak loop.A san of the MCP signal as a funtion of the ooling time was performed for a bu�er gaspressure of 5 mbar at the gas dosing valve position. 39K+ ions are trapped in the ooler trap,ooled there for some time and then sent (without apturing) through the deay trap onto theMCP detetor behind the WITCH trap struture. It was found that after ∼200 ms of oolingthe MCP signal splits in two di�erent peaks (Fig. 11). This means that other ions then 39K+ arepresent too, for instane beause the bu�er gas is not lean enough. Using dipole exitation ofthe redued ylotron motion (ν+), the �rst peak was identi�ed as mass 19 (H2OH+) while theseond one orresponds to 39K+. Qualitatively the e�et of the ooling an be seen in Fig. 11:after 100 ms of ooling the TOF position of the 39K+ peak is ∼ 70 µs while after 200 ms of oolingthe peak appears at ∼ 100 µs.3.3.2 ExitationsIn Fig. 12 the osillosope pitures orresponding to the dipole ν+ exitation are shown. Withno applied exitation two peaks (H2OH+ and 39K+) are visible. Next, the following sheme isused: �rst the ions are ooled by ollisions with the bu�er gas atoms in the ooler trap during200 ms, thereafter they are exited at ν+(39K) = 2367100 Hz (in a 6 T B-�eld) for 100 ms withan amplitude of Aν+
= 2 V and, �nally, they are extrated (Fig. 12b). As an be seen the 39K+peak disappears, i.e. with ν+(39K) exitation the 39K+ ions were brought to a radius larger thanthe radius of the pumping diaphragm. In another test the ions in the �rst peak were exited atthe redued ylotron frequeny νrf = 4845000 Hz ≃ ν+(mass 19) (Aν+

= 0.5 V) during 100 ms(in this ase the ions were �rst ooled during 400 ms) (Fig. 12). The same e�et is obtained,i.e. the orresponding peak disappears. The inrease of the MCP signal after removing the �rstpeak ould be related to MCP e�ets (see Se. 3.5). No systemati san of the number of ionsejeted from the trap as a funtion of the exitation frequeny was performed as yet, but only aqualitative study of the TOF osillosope spetrum. These tests nevertheless show that the ν+exitation works for WITCH and allows to separate di�erent masses.A mass seletive removal of unwanted speies an be ahieved via a ombination of dipoleexitation of the magnetron motion (ν−) and quadrupole exitation at the true ylotron frequeny(νc) [30℄. This tehnique was tried qualitatively for 39K+ ions. A dipole ν− exitation (at ν− =
130 Hz, determined in a similar way as ν+, i.e. heking at whih frequeny all ion peaks disappearfrom the osillosope spetrum) with amplitude Aν

−

= 150 mV was applied for 50 ms, and followedby a quadrupole νc exitation (νc(
39K) = 3553729 Hz) with amplitude Aνc

(39K) = 1.6 V for 3 ms(B-�eld is 9 T). As in the previous tests no systemati san of the exitation frequenies wasperformed but only a visual analysis of the TOF osillosope spetrum. The orresponding stepsof the proess are shown in Fig. 13. Fig. 13a displays the situation before any exitation. Theseond peak orresponds to 39K+. When a dipole ν− exitation is applied, all ions are driven outas an be seen in Fig. 13b (both peaks disappear). If now a quadrupole RF-�eld at frequeny
νc(

39K) is used, one an expet the 39K+ ions to reenter while other impurities should disappear.However, while it is lear from Fig. 13 that there is indeed no other speies present than 39K+, thesignal orresponding to the 39K+ ions is signi�antly smaller and broader than the one without anyexitation. A possible reason for this an be either wrongly hosen parameters (so that the ions hitthe eletrode and are lost) or some eletronis problem (e.g. eletroni noise in some hannels, adi�erent apaitane of the trak: onnetion wires + eletrodes, or imperfetion of power suppliesused). Also, the behaviour of the ions might have been in�uened by spae harge e�ets.The dipole ν− exitation was also applied while working with 20Ne+ ions and the frequenyused there was ν− ≃ 140 Hz (to suessfully remove all speies; B-�eld was 9 T). Combining thisvalue with the one in the 39K test leads to ν− = 135(5) Hz. Using now this value of ν− and anestimation of the magneti �eld in the ooler trap enter (see next Se. 3.4), one an dedue the trapharateristi parameter U0/d2 = 1.53(6) · 104 V/m2 for WITCH. For the ISOLTRAP [31, 32, 33℄ooler trap, whih is very similar to the WITCH ooler trap, one has U0/d2 = 1.8 · 104 V/m2 [34℄.8



3.4 Magneti �eldThe neessity to know preisely the magneti �eld at the trap enter is based on the following twofators: 1) the ylotron frequeny, and therefore the entering and ooling of the ion loud aswell as the mass-seletivity, are diretly determined by the value of the �eld, while 2) the responsefuntion of the WITCH spetrometer also depends on it. Originally the magneti �eld map wasprovided by Oxford Instruments for both magnets separately. However, this �eld map resultedfrom a alulation/approximation based on measurements that were made at the fatory, prior tothe delivery and installation of the system at CERN. Also, inserting the traps struture with allthe wiring may hange the �eld strength in the trap enters due to the magneti suseptibility ofthe materials used. Diret measurement of the �eld with an NMR probe is hardly possible beauseof the very di�ult aess to the area.An elegant way to estimate the magneti �eld is to use a known isotope (i.e. with knownmass m) and experimentally �nd the proper ylotron frequeny νc. This yields enough infor-mation to determine the magneti �eld B [35℄. From the exitation tests performed with a
39K+ beam, νc(

39K) was found via quadrupole exitation of 39K+ (diret determination, νc =
3553729(2000)Hz) but also via dipole exitation of 39K+ (whih gives only ν+ = 3554019(2000)Hz;in another test ν− = 135(5) Hz was found, see p.8). The estimated unertainty for νc and ν+ isbased on two measurements of ν+(39K) at 6 T �eld: ν

(1)
+ (39K) = 2363170 Hz and ν

(2)
+ (39K) =

2367100 Hz (Fig.12), whih leads to ∆ν+(39K) ⋍ 2000 Hz. The �nal result for νc(
39K) is

ν̄c = 3553900(1400) Hz, whih orresponds to a magneti �eld in the enter of the ooler trap
Bcooler = 9.018(4) T (aording to the �eld map from Oxford Instruments the �eld in the enterof the ooler trap is 9.0011 T). The set �eld was 9 T for the lower magnet and 0.1 T for the topmagnet of the system (the WITCH magnet system allows to set any possible ombination of themagneti �elds in the range 0 < Bmax ≤ 9 T and 0 < Bmin ≤ 0.2 T).3.5 MCP regimeThe working priniple of an MCP detetor an be found in e.g. [36, 37, 38℄. Under ertain onditionsan MCP is not sensitive anymore to the number of inident partiles (Fig. 14), meaning that thedetetor misses some events. This state is known as the saturation of the MCP. The typial dead-time of one MCP hannel is in the order of several tens of milliseonds [36℄. For the WITCHdiagnosti MCPs it is ∼30 ms. The saturation of an MCP depends on both the ion urrent density(i.e. the number of ions per MCP hannel and per seond) and the MCP aeleration voltage. Thee�et of the ion urrent density is shown in Fig.14: when the number of ions in the bunh exeeds aertain value the MCP signal remains onstant. However, already muh earlier the dependene ofthe MCP signal on the number of inident ions eases to be linear. This behavior an be explainedby partial saturation: Fig. 15 shows that at MCP HV=1.25 kV the 23Na+ signal has a blokshape while at higher MCP voltages the total signal still inreases but shows a signi�ant drop inintensity for later arriving ions. This means that the early arriving ions saturate a ertain frationof the MCP hannels, leading to a derease of the MCP registration e�ieny for later ions. Thisan also be seen from Fig. 16: when the early arriving ions are removed with a time window beforethey reah the detetor (the WITCH beam gate is used for this), the signal orresponding to thelate ions inreases.The e�et desribed above in�uenes the measurements and has to be taken into aount fore�ieny estimates and during the beam tuning. Saturation of the diagnosti MCP's an beavoided by adding several Ni meshes in front and using appropriate MCP aeleration voltages.The dead-time and saturation of the MCP an also in�uene the reoil spetrum measurement,sine in real measurement onditions the reoil ions are supposed to reah the reoil MCP detetorat a rate > 105 Hz. Results of a areful study of the MCP response to high intensity pulsed beamsare desribed in [39℄.
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3.6 First radioative ionsIn November 2004 WITCH got its �rst radioative beam time (with 35Ar+). A CaO ISOLDEtarget and a plasma ion soure with old transfer line were used. The rate for this partiularrun was about 5 · 105 atoms/s, being somewhat lower then expeted. Coupled with the fat thatthe e�ieny of WITCH is not yet high enough to deal with this intensity (see Table 1) a reoilenergy spetrum measurement was not yet possible. Inrease of ISOLDE rates of 40 times an beexpeted based on past demonstrated yields [16℄. For WITCH ongoing optimization should yieldan inrease in overall e�ieny of a fator of ten or more. Still, the deay of 35Ar was observedon the �rst VBL MCP detetor (Fig. 17). The half life of 35Ar obtained as the weighted averageof two short measurements is: T1/2(
35Ar) = 1.70(5) s (the value in literature is 1.775(4) s). Thisshowed that ISOLDE delivered a lean 35Ar+ beam with no radioative ontaminant, as is requiredfor the planned reoil spetrum measurements.4 Outlook & improvementsThe WITCH set-up was ompleted and �rst ommissioning tests performed only reently. There isstill room for many improvements and more tests are neessary to better understand the behaviourof the di�erent parts of the set-up.The non-pulsed high energy 60 keV (30 keV) ions arrive �rst on the diagnosti MCP and anause saturation of the detetor, reduing its sensitivity, i.e. disturbing the tuning and e�ienymeasurements. Part of these energeti ions also reahes the detetion MCP at the end of thespetrometer, in spite of the magneti �eld. This will in�uene the measurement of the reoil ionspetrum. Another drawbak is that during a radioative run, the deays of non-pulsed 60 keV(30 keV) radioative ions implanted diretly on the detetion MCP will lead to additional bak-ground. All these problems an be avoided if one uses a beam gate installed in the HBL (or VBL)in order to selet only the part of the original beam orresponding to the orretly pulsed ions.The required eletronis to swith the voltages in the range of 1000 V within several 100 ns isurrently being developed.A new system of VBL diagnostis is urrently being prepared. It is based on an MCP detetorwith split anode and a Ni-mesh in front of it. The latter redues the intensity of the inomingbeam in order to avoid saturation of the detetor. The transpareny of this mesh an be measuredto good preision with laser light. The split anode system provides the possibility to hek thebeam size and its position �on-line�. The ombination of the Ni-mesh and the split anode will allowto avoid problems aused by the saturation of the MCP during the beam tuning.Based on the new HV swith system of ISOLTRAP a new HV sheme was developed in loseooperation with a ompany1. This new system is more reliable for 60 kV swithing and has inaddition the advantage that the swithing time is improved by a fator of 2÷ 3. This is done withan approah of a lamping diode, whih ties the dereasing voltage to a pre-de�ned value for alimited period of time. The swithing proess in this ase starts as usual (Fig. 18), i.e. the voltageof the PDT goes down towards the negative biasing voltage. After roughly 600 ns, orrespondingto 3 × τPDT , the voltage has dropped below the value of an auxiliary voltage supply to whih thediode is onneted. The diode therefore beomes onduting and prevents the PDT-voltage froma further derease.The trap tests showed that the bu�er gas of the ooler trap ontains impurities. The maine�et of this is that the ions of interest an be neutralized via harge exhange and an thusesape from the trap. To avoid this, the external gas line has to be as short as possible (theinternal part annot be hanged), while in addition it has to be leaned, baked and pumped toremove ontaminations. To further lean the bu�er gas one an in addition install a old trap oruse a ommerially available He puri�er. During the ommissioning period it was realized that ahigher energy for the ions leaving the PDT improves the injetion in the ooler trap. However,this requires an upgrade of the end ap power supplies. The orresponding eletronis is urrently1 Dr. Stefan Stahl - Elektronik-Beratung, Sonderanfertigungen · Kellerweg 23, D - 67582 Mettenheim · Germany.10



being developed. With respet to the detetion part, an 8 m diameter MCP detetor with positionsensitive anode will be used to study the size of the reoil ion beam, the possible dependene of thebeam size on the ion energy, as well as the β-bakground. This MCP and the neessary eletroniswill be provided by the LPC-Caen group [41, 42℄.To arry out e�ieny tests and improve the beam tuning in WITCH, it is neessary to transportion beams through the omplete WITCH beamline. The REXTRAP ion soure is often needed bythe REXTRAP team for tests and, in addition, an not be used during experiments involving theREXTRAP set-up (sine this ion soure bloks the ISOLDE beam at the entrane of REXTRAP).A design study was therefore started to develop an ion soure for WITCH similar to the one ofREXTRAP and to implement this in the horizontal beamline.The vauum of the WITCH system is at present reasonably good (∼ 10−8 ÷ 10−7 mbar) fornormal WITCH operation but an still be improved to avoid pressure related systemati e�etsand to redue the harge exhange probability. The WITCH spetrometer was designed with thepossibility to use non-evaporable getters (NEG) and it is planned to put this system in operationsoon.Finally, additional tests are being prepared in order to improve the WITCH e�ieny. Forinstane, one may try to optimize REXTRAP operation so as to redue the ion bunh length, tryto determine the rest gas pressure in the WITCH traps, study the size of the ion loud, investigatespae harge e�ets, and try to obtain an optimal ooling time. In addition, investigation of thespetrometer and its response funtion, as well as measurements to hek the β-bakground on themain detetor are planned as well.5 ConlusionThe installation period of the WITCH set-up, whih was developed over the last few years, was�nished in autumn 2004 while intensive ommissioning of the set-up was performed during thewhole year 2004. The main aim of these tests was to hek the operation of the beam transport, thepulsing down of the ion beam and the injetion of ions into the high magneti �eld, to test the trapbasis and hek the spetrometer operation, and �nally, to optimize as many settings as possible.These tests showed that the full set-up up to the spetrometer is now operational, although severale�ienies still have to be improved. The present overall e�ieny of the experiment did not allowto atively test the retardation spetrometer whih an only be done fully with radioative ions.The results of the ommissioning stage were arefully analyzed and possible improvements weresuggested. This inludes both tehnial modi�ations as well as the neessary tests in order tooptimize the set-up and ahieve the required e�ieny.AknowledgementThis work is supported by the European Union grants FMRX-CT97-0144 (the EUROTRAPSTMR network) and HPRI-CT-2001-50034 (the NIPNET RTD network), by the Flemish Fund forSienti� Researh FWO and by the projets GOA 99-02 and GOA 2004/03 of the K.U.Leuven.This researh was partly funded with a speialization fellowship of the Flemish Institute for thestimulation of Sienti�-Tehnologial Researh in the Industry (IWT). D.B. was supported by aMarie-Curie fellowship from the TMR program of the European Union.Referenes[1℄ T.D. Lee and C.N. Yang, Phys. Rev., 104 (1956) 254.[2℄ J.D. Jakson and S.B. Treiman and H.W. Wyld, Phys. Rev., 106 (1957) 517.[3℄ N. Severijns and M. Bek and O. Naviliat-Cuni, Rev. Mod. Phys., (2006) to be published.11
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Figure 1: Di�erential reoil energy spetrum for a = 1 (pure V interation) and a = −1 (pure Sinteration) .
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Figure 2: Shemati view of the WITCH set-up. The abbreviations used are: HBL horizontalbeamline, VBL vertial beamline, PDT pulsed drift tube. The HBL is 90◦ rotated (i.e. the topview of the HBL is shown).

15



-100 -50 0 50 100 150 200 250 300
z (cm)

0.01

0.1

1

10

B
 (

T
)

D
ec

ay
 tr

ap
 c

en
tr

e

C
oo

le
r 

tr
ap

 c
en

tr
e

A
na

ly
si

s 
pl

an
e

D
et

ec
to

r 
po

si
tio

n

PDF comaptibility

-100 -50 0 50 100 150 200 250 300 0

20

40

60

80

100

U
re

t (
V

)

Figure 3: Magneti �eld (solid line) and retardation eletri �eld (dashed line) pro�le on the axisof the spetrometer (z-axis). The retardation �eld has been alulated for Uret = 100 V. z=0orresponds to the enter of the 9 T magnet. The positions of the traps, the analysis plane andthe reoil ion detetor are also indiated.
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Figure 8: Plot of the points where β-partiles hit the set-up for the �rst time. 35Ar spetrum, 5 mmloud, isotropi distribution. The enter of the deay trap is at -323 mm. On top the WITCHset-up in the GEANT4 simulation program is shown. The di�erent spetrometer (SP) eletrodesare indiated.
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Figure 9: Eletrial sheme of the HV swith system for 60 kV.
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Figure 13: Mass seletive ooling of 39K: a) no exitation is applied b) ν− exitation; all peaksdisappear ) quadrupole νc(
39K) exitation; 39K+ ions ome bak but the signal amplitude is, forsome as yet unknown reason, muh lower. 26
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Figure 15: Change of MCP signal shape with applied HV, and the saturation e�et (measuredwith third VBL diagnostis).
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Figure 16: E�et of the WITCH beam gate on the MCP signal (�rst VBL diagnostis, MCPHV=1.6 kV): removing early arriving ions with the beam gate inreases the MCP signal of laterarriving ions.
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Figure 17: 35Ar half-life measurement on the �rst VBL diagnosti MCP detetor.
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Figure 18: HV of the PDT as a funtion of time in ase of a standard exponential derease with
τPDT = 0.2 µs (1) and using the lamping diode (2) (from [40℄).
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Desription of the parameter E�ienyideal set-up ahievedHBL e�ieny, ηHBL 100% ∼100%PDT e�ieny, ηPDT 43% 8%Injetion into the magneti �eld, ǫinjection 100% 1%÷10%Trapping in the ooler trap 100% ∼60%Losses during ooling 100% a) ∼ 75% a), b), c)E�ieny of transfer between traps 100% ∼ 80%Losses in the deay trap 100% a) 100% a), c)Fration of ions leaving the deay trap, takinginto aount the ut-o� angle (ǫθ) and solid angle(ǫΩ) 40% d) not yet studiedShake-o� for harge state n = 1, p(n=1) 10% not yet studiedTransmission through spetrometer 100% a) not yet studiedMCP e�ieny, ǫMCP 60% 52.3(3)% e)Total e�ieny ∼ 1% ∼ 0.6 ·
(

10−3 ÷ 10−2
)

% f)

a) 100% means that there are no losses.
b) after 300 ms of ooling, with 5 mbar He bu�er gas pressure at the measurement position.
c) estimated from the tests performed, but one of the other e�ets (e.g. MCP regime) was not taken intoaount.
d) ion energy dependent value.
e) from E. Liénard et al., Nul. Instr. and Meth. A, 551 (2005) 375.
f) when an e�ieny has not been determined yet the values for an ideal set-up are taken.Table 1: E�ienies for a fully optimized WITCH set-up and the urrently ahieved values.
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