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1 Introduction1.1 Physics MotivationsThis design report describes the plan to add two septum magnets to the Hall AHRS spectrometers (one per spectrometer). The addition of the septum magnetsallows measurements at very forward angles. Because the Mott cross section peaksat forward angles, there are obvious advantages to going to the MOST forward angle.One such experimental program which utilizes the enhanced virtual photon ux ishypernuclear electroproduction. Because of the small cross sections, the hypernuclearprogram needs to reach the most favorable kinematics (i.e., the most forward angle)possible.The main scope of this report is to show the feasibility of adding the septummagnets to the HRS of the Hall A without major modi�cations of the characteris-tics of the spectrometers. [Namely the solid angle and the energy resolution shouldremain approximately unchanged.] Our reference experiment for this will be Pro-posal 94-107 \High Resolution 1p shell Hypernuclear Spectroscopy" (S. Frullani, F.Garibaldi, P. Markowitz, T. Saito spokespersons) (1) which was conditionally ap-proved by the PAC-9. The condition was to show the feasibility of the use of theseptum magnets without a (signi�cant) loss of energy resolution. We will continueto make reference to the Hypernuclear experiment because attaining high resolutionat forward angles is crucial for such a program, but it is important to keep in mindthat such a general device is useful for a variety of other experiments. It will enhancegreatly the experimental program for Hall A, especially for programs such as theparity violating scattering and the virtual compton scattering (4).1.2 Performance RequirementsSeptum magnets are needed for the HRS2 Spectrometers in Hall A to allow experi-ments using scattering angles smaller than the minimum angle of 12.5�. In fact thecross sections for the hypernuclear experiment go down sharply with the increasingscattering angle so, to enhance the virtual photon ux, going to the most forwardscattering angle is very important(6� is su�cient). To �rst produce and second keepa reasonable kaon survival fraction, the particles momenta have to be fairly high(� 1:8GeV=c for the electrons and � 2GeV=c for the kaons). The angular accep-tance should be � 4:5 mrad to keep the solid angle of the spectrometer reasonable.Good resolution in missing mass is needed, so the momentum resolution should beas small as possible(< 2: � 10�4) Moreover, the aim is to have a general purposedevice, so particles scattered at the new minimum angle should also reach momentaas high as the maximum central momentum analyzable by the HRS2 (4 GeV/c).The angular range of use for the septum magnets should also cover the full rangefrom 6� to 12.5�, the \normal" HRS setup minimum angle (again, for all momentaupto 4 GeV/c).1.3 Design CriteriaPhysically, the �rst quadrupole (Q1) of the spectrometers cannot be moved closerthan 12.5� to the beam without hitting the beam pipe.(3) The idea is to movethe target upstream a suitable distance and to insert a horizontal-bending septummagnet before the point element in the spectrometers in such a way that the target1



seems to be situated on the optical axis of the two spectrometers (Fig.1). This isprecisely true only for the central momentumof the spectrometer, for other momentathe target will appear to be shifted sideways.The septum has to be designed in such a way that the trajectory of the particlein Fig. 2, scattered at the acceptance central angle � would overlap, after being bent,the line originating from O (old target position) and making an angle � (� 12:5�)with the beam line. In addition the septum gap has to be designed to accept allparticles scattered in the acceptance cone (see Fig.2 for the case � = 6�; � = 12:5�and acceptance in the midplane plane = 24 mrad).It has been shown therefore (see Appendix A) that the septum design is almostcompletely determined by two parameters: the distance d between the old and newposition of the target (80 cm) and the magnet thickness T (the distance betweenthe septum gap and the beam pipe) (Fig. 2). A choice of d = 80 cm and T = 2.5cm was made. Using these values we can get a geometrical acceptance of 4.5 msr.Moreover, with a reasonable �eld integral, particles of momentum up to 4 GeV/ccan be analyzed for angles from 6� to 12:5�.The mechanical design of the septum is determinedmore by the Hall A geometri-cal layout and the maximum current density available in superconducting coils thanby optic considerations. The septum, because of the short length and small bendangle, can be treated as a perturbation to the optical properties of HRS. On theother hand, the limited room available, the required geometrical acceptance and thedi�culty of obtaining highly homogenous magnetic �elds with thin coils set severeconstraints on the septum design.In Table 1 we summarize the dimensions of the septum:Table 1 Septum DimensionsLength * 88. cmHeigth of the gap 25. cmWidth of gap entrance edge 10.4 cmWidth of gap exit edge 18.4 cmAngular acceptance 4.7 msrMagnetic length 84. cm( * length includes length of the coils outside the yoke)In Table 2 we report the septum parameters that depend on momentum andscattering angle of the detected particles. P is the scattered particle momentum, �is the scattering angle, � is the horizontal bending angle of the septum magnet, themagnetic �eld (in the region of constant �eld) and �eld integral over the path areB0 and B � dl. R is the horizontal radius of curvature for the septum magnet.Table 2 Septum ParametersP � � R B � dl B0GeV/c degrees degrees cm Tesla-m Tesla2 6 6.5 740.8 0.76 0.94 12.5 11.9 404.6 1.39 1.654 6 6.5 740.8 1.51 1.84 12.5 11.9 404.6 2.77 3.32



2 Optics Design2.1 General RemarksWe evaluated the e�ect of the addition of the septum to HRS spectrometer. Thise�ect should ideally be a small perturbation of the HRS optic properties. The prin-ciple e�ect is the addition of small non-\midplane symetric" terms to the transfermatrix. It will be shown below, that the perturbation to the HRS optical propertiescaused by the presence of the septum is indeed small. This can be predicted byconsidering that both the new elements introduced, a new drift distance to includethe septum and the �eld of the septum itself, are relatively small in comparison .2.2 General Optic characteristicsThe major changes necessary in the HRS system to add the septum consist ofincreasing the Q3 quadrupole �eld and slightly decreasing the Q1 quadrupole �eld.The �rst change is needed to compensate for the shift of the focal point for the centralmomentum caused by the larger �rst drift distance. The second change is neededto keep the �rst order resolving power constant and avoid losing particles in thetransverse plane. In this way, the HRS �rst order optical properties are maintained.Above all, the ratio D/m, that determines the resolving power, is still close to 5, andthe < yj� > matrix element is still small. This last property is extremely importantbecause the resolution of the y0 interaction point coordinate, determined essentiallyby < yj� >, is enhanced at very forward particle scattering angles by geometricreasons. Table 3 @ GeV/c Quadrupole SettingsHRS HRS + SeptumQ1 �eld at aperture 0.6882 0.6075Q2 �eld at aperture 0.4696 0.5015Q3 �eld at aperture 0.4553 0.5770Target to Q1 drift 167.064 245.942(including septum length for HRS + Septum case)Table 3 shows the di�erences in the quadrupole �elds between HRS and HRS +septum spectrometer. Drift distances are in cm and magnetic �elds are in Tesla. Thistable refers to a central momentum of the scattered particles equal to 2 Gev/c. Forcomparison, the corresponding values of the HRS without septum are also reported.In the same table, the di�erent drift distances from the target to Q1 are also shown.The y0 acceptance along the perpendicular to the central trajectory is 5 cm, whichmeans that a target length of 5� sin 6� = 50 cm can be accomodated.The �rst order matrix elements, as calculated by TRANSPORT are given below:0BBBBBB@�2:81214 0:00000 0:00000 0:00000 14:06069�3:18504 �0:35560 0:00000 0:00000 24:687810:00000 0:00000 1:01244 0:04074 0:129180:00000 0:00000 12:80820 1:50307 0:516632:46416 �0:50000 0:11314 0:01731 �0:639480:00000 0:00000 0:00000 0:00000 1:00000 1CCCCCCAseptum 0BBBB@ x�y�� 1CCCCAtarget = 0BBBB@ x�y�� 1CCCCAfocal plane3



Again, the resolution of the y0 interaction point coordinate is determined essen-tially by < yj� >. At very forward particle scattering angles, geometric argumentslimit the resolution along the incident beam axis. Table 4 shows the value of < yj� >as a function of �, the momentum relative to the central momentum (values calcu-lated by the program RAYTRACE):Table 4 < yj� > as a function of �Momentum (GeV/c 1.900 1.949 1.988 2.047 2.096< yj� > (cm/rad) -2.826 -1.182 0.313 0.308 -3.031As discussed in Appendix B, for studying the e�ects of inserting the septumin the spectrometer optics, we have performed standard optical calculations usingRaytrace and Snake codes, and taking into account the e�ects of multiple scatteringfrom the target, the target window and the spectrometer exit window.2.3 Expected PerformancesStandard techniques and modelling (described in detail in Appendix B) shows thatthe perturbation of the septum to the HRS spectrometer features is small. As amatter of fact the momentum and target coordinate resolutions of the system sep-tum + HRS obtained in this way (considering only �xed momentum particles (seeappendix B))is quite close to the resolutions of the HRS alone (�g.24). The calcula-tions mentioned in the previous paragraph and described in Appendix B, give thefollowing results: the momentum resolution is expected to be 1:2�10�4 using kaptonfor the spectrometer exit window, and 1:35�10�4 for the Ti one. [A kapton windowis already planned separately to maximize the HRS performance.] The resolutionin � is 0.96 mr and 1.26 mr respectively. The e�ect of the multiple scattering fromthe target and the target window (waterfall target) is very small. In fact resolutionin � remains 0.96 mrad if we take into account the multiple scattering from thetarget. The inuence of the target window is of the same order. The resolution iny is equal to 0.365 mm for the kapton window and 0.435 mm for the Ti one. Theresolution in � is respectively, 0.38 mr and 0.50 mr. In Tab. 5 we summarize theexpected performances of the new HRS + septum spectrometer as compared to theHRS ones. Table 5 Expected PerformancesHRS HRS(a) Septum Septum(r)Angular acceptance 7.3 msrd 5.5 msrd 4.5 3.4Momentum resolution 1:0 � 10�4 2:0� 10�4 1:2 � 10�4 2:0� 10�4Minimum scattering angle 12.5� 12.5� 6� 6�Momentum Range 0.4-4 GeV/c 0.4-4 GeV/c 0.4-4 GeV/c 0.4-4 GeV/c`HRS' and `septum' means the design parameters in the CDR (plus the addi-tion of the septum) while HRS(a) is the HRS presently achieved performances andseptum(r), consequent implied realistic performances.4



We have performed a Monte Carlo calculation to evaluate the missing massresolution for the hypernuclear experiment. The result is (FWHM) � 630 KeV (fora 4� beam resolution of Ebeam = 1 � 10�4, a momentum resolution of 2:0 � 10�4,and an angular error of 1 mr (Fig. 3). This value is su�cient for our experiment. Infact the best energy resolution attained until now, by means of hadron probes, is inthe range 1.6 - 2 MeV. So this represents a big improvement in energy resolution.Improvements in energy resolution in the past resulted in a better understandingof the hypernuclear structure and of the �-N interaction(17). Moreover the use, forthe �rst time, of the electromagnetic probe, allowing the excitation of new statesand the production of hypernuclei not available otherwise, is expected to reveal newaspects of hypernuclear structure(1).3 Magnet Design3.1 OverviewThe main design parameters for the spectrometer magnets are given in Tables 1,2, and 3. Taking into account the limited space available for the septum (about1.5 m along the beam axis), the required aperture width, and the desired productB � l = 2:4 T-m, a magnet with warm coils would saturate before satisfying theconditions.To optimize the design of the superconducting magnet, two additional limitingfactors were taken into account:i) minimization of fringing �elds in the beam pipe;ii)possibility of independent choice of momenta and angles for the two arms.To minimize fringing �elds the main dipole �eld of the magnet must be screened.There are two possible ways to screen stationary magnetic �elds:- by nonsaturated iron (passive screening);- by another coil of appropriate geometry and current distribution (active screen-ing).The iron-less option of SC- dipoles with active screening has been considered inseveral papers and the attractiveness of such a SC-magnet was demonstrated, butfor this case the applicability of this option looks problematic.The best design for the septum magnets is an iron-core with SC-coils. The �rst\window-frame type" iron core dipole with superconducting coils was constructedby G.Danby at BNL in 1971 (7). This magnet generated a dipole �eld of 4.2 Tesla inan aperture of about 5 cm . Integral �eld inhomogenity of about 0.01% was providedat the level of 3.7 T after using additional correcting coils.Iron-shaped �eld magnets of di�erent types have been investigated at the Labo-ratory of High Energies of the Joint Institute for Nuclear Research in Dubna since1974 . The �rst relativistic heavy ion superferric synchrotron | the Nuclotron wasdesigned and constructed at the LHE during 1987-92 using this technology. Theexperience from operating the Nuclotron has shown a high reliability and e�ciencyfor its superconducting magnetic systems, which include about 200 SC-magnets aswell as twelve 6 kA helium-cooled main current leads, 234 100-Amp current leads forcorrecting coils, many other special superconducting devices and elements for powersupply, quench detection, stored energy deposition etc. All equipment is controlledby the computer system. 5



Typically a SC-magnet with an iron-shaped �eld consists of a cold iron yoke, su-perconducting coils (di�erent types of superconducting cable and cooling are used),liquid nitrogen system, heat superinsulation and a vacuum tank. Current leads, liq-uid He and liquid nitrogen headers as well as equipment for temperature and vacuummeasuremets, magnetic �eld monitoring, quench detection are also the main compo-nents of any SC-magnet. To satisfy the conditions speci�ed for the two-arm forwardspectrometer two options of iron-shaped �eld SC-septum were considered:1. installation of both dipoles inside a common cryostat;2. two completely independent magnets.The �rst option provides a more compact installation of the magnets and maycover smaller forward angles, but the axial position of the magnets is essentially�xed. Angular position of the septa can be changed but mechanical equipment ofthe cryostat is more complicated as well as requiring the sizes of the cryostat to bebigger.Finally therefore, the option of two independent iron-shaped �eld SC dipoles waschosen as basic concept for the design.3.2 General Description3.2.1 Kinematical LayoutGeneral layouts of the septum kinematics and the basic sizes of the iron yoke areshown in Figs. 4,5. Asymmetrical iron yokes with an additional half-ring hole alongthe beam pipe are used to provide the analysis of the secondary particles at an angleof 6�. Taking into account the \useful" area of the aperture needed for the scatteredparticles, a varying horizontal aperture of the magnets is suggested. Such a decisionalso gives an additional degree of freedom for varying the iron yoke parameters usedfor the magnetic �eld optimization.3.2.2 General Composition of the Septum UnitThe general view of the septum magnet unit inside the cryostat is shown in Fig.6. The iron yoke is supported by a single column placed at the center-of-mass ofthe yoke. Two helium cooled current leads are mounted at the top of the cryostat.The vertical size between the upper ends of the current leads and the septum axisis 106 cm. The total vertical size of the unit is 180.5 cm. Total axial size of thecryostat is 95.0 cm. The axial length of the yoke is 73 cm. The vacuum vesseland two intermediate temperature screens have the diameters of 86 cm, 80 cm, 75cm respectively in the regular part (opposite to the beam pipe). The side orientedtoward the beam pipe is made as a plane surface with an axial hole with a half-ringcross-section.The cross-section of the yoke is a closed \C-type". The wall on the beam pipe sidehas a linearly varying thickness. Due to this fact the ends of SC-winding at the frontand rear part of the magnet are di�erent. The front end of the coils is \saddleshaped"and the opposite one is \plane-type". The coils are made of a \rutherford type"superconducting cable. 6



3.3 Field OptimizationPreliminary calculations of the magnetic �eld distribution were made using theMAGSYS-2d computer code. After that more precise calculations were carried outusing TOSCA. In optimizing the window sizes, the yoke and the coil end shapegeometry the following design considerations were used:- minimal deviations of the computed �eld distribution from the designed oneover the entire dynamical range of the �elds,- stability of the integral e�ective magnetic length,- e�cient magnetic circuit for the yoke to minimize iron volume and weight,- magnetostatic forces on the coils, septum wall and support system- fringing �elds in the region of the unscattered beam.Before showing the result it is important to note that the trajectories of theparticles are not symmetric with respect to the center of the septum. As a matter offact, the central trajectory crosses (at the entrance) the region of the septum closestto the beam pipe, then (after passing the center of the septum) crosses the oppositeregion (Fig. 4). It is therefore better to focus on the behavior of the magnetic �eldin the regions crossed by particles. It could be dangerous to study some parameters(the homogeneity for example), with respect to the value assumed at the center ofthe magnet. For brevity, the �elds generated by only two current density values willbe shown in detail here:a) current density equal to 14:6KA=cm2 corresponding to a magnetic �eld inte-gral value of 1.58 Teslameters (particle momentumequal to 4 Gev/c; scatteringangle 6�).b) Current density equal to 28 KA=cm2 corresponding to a magnetic �eld integralvalue of 2.89 Teslameter (particle momentum equal to 4 Gev/c; scatteringangle 12.5�).The case a) is representative of cases in which no saturation isreached inside the iron. Case b), on the other hand, is the maximummagnetic�eld the septum is supposed to generate. The coordinate system used in thegraphs for this section has its origin at the center point of the septum (Fig.7).The z-axis lays in the center of the septum and is directed from the originto the entrance face of the magnet. The entrance face of the septum has thecoordinate z = �36; the exit one coordinate is z = 36. The x-axis lays onthe septum midplane and is directed from the center to the beam pipe. Thex coordinate of the coil near the beam pipe is x = 9:2, the x coordinate ofthe opposite coil decreases linearly from x = �1:2 (at the septum entrance) tox = �9:2 (at the septum exit). The y-axis is perpendicular to the midplane.Fig. 8 shows the magnetic �eld behaviour along the longitudinal (z) coordinateof the septum in the midplane (y=0) and at the center of the septum (x=0). Fig. 9,Fig. 10 and Fig. 11 show (for 6�) the trend of the magnetic �eld along the transversecoordinate (z=constant) at the center of the septum , at the exit surface and at theintermediate position between these two . Fig. 12 and Fig. 13 are the analogs of Fig.8 and 9 for the case at 12.5�. Apart from Fig. 8 and 12, the central abscissa of allthe graphs coincides with the intersection of the central trajectory with the planez=const.The inhomogeneity of the �eld in the case at 12.5� appears at �rst glance toohigh but is still below the desired value (less than 1 per cent). That is shown in Fig.14 that plots the maximum �eld inhomogeneity detected in the region crossed by7



particles as a function of the longitudinal coordinate of the septum. The di�erencesbetween the 6 degree and 12.5 degree case are of course due to the much higher ironsaturation that occur in 12.5. As a matter of fact the maximum value of the moduloof the magnetic induction is 5.9 Tesla in case 12.5 and 4.4 in case 6.In both cases the higher saturation is reached at the exit surface of the septum(z=36), because the peculiar shape of the coils makes them close to the pole. Howeverin both cases the saturated iron region does not stretch very much: as an exampleFig. 15 shows the value of the magnetic induction at the center of the septum bothin the gap and in the iron (�5:2 < x < 9:2). Note that the saturation is higher inthe iron closer to the beampipe because its thickness is smaller.Fig 16 shows the stray �eld generated on the beam pipe in case 6 degrees. Itis the maximum �eld that can be generated on the beam line because, in the largescattering angle (� = 12:5�) case, the septum is far from the beam pipe. Fig. 17shows the value of the magnetic �eld integral as a function of the current density.As can be easily checked for cases a) and b) above (see also Table 2), the magneticlength of the septum (de�ned as the distance Lm that makes the product B0 � Lmequal to the magnetic �eld integral inside the septum) is kept constant along thedynamic range of the �elds (B0 is the �eld in the constant region). To minimize thestray �eld in the beam pipe we will put corrector coil(s) (see par. 4.3)3.4 The YokeThe yoke (for each septum) is fabricated of a low-carbon steel. It could be nonlam-inated because a quasi-stationary mode of operation is used. The material for theyoke is certi�ed by industrial standards. The basic sizes of the yoke are shown inFig. 6. The yoke consists of two parts which are symmetrical with respect to thehorizontal plane. Total weight of the yoke is about 1700 kg. The tolerances on thedimensions follow from the magnetic �eld calculations and are provided by precisemachining. The window is manufactured with a size accuracy of 0.02 mm, and theiron is similarly manufactured with the total axial length having an accuracy of 0.5mm.3.5 The CoilsThe SC-coils are made of a superconducting cable usually known as \Rutherfordtype". The cable consists of SC strands (usually an 50/50 alloy of NbTi) and stabi-lizing copper wires. The cable for the SC-coils has a rectangular cross-section withdimensions of 0.96x5.69 mm2 made of 13 SC strands and 10 copper stabilizing wires,0.5 mm in diameter. The ratio of supercondutor-to-copper in each strand is 1:1.5.Each wire is covered by a tin-lead alloy. The pro�le of the cross-section is formed bya special cable making machine. The cable is insulated by a kapton �lm 0.08 mmthick and a glass tape 0.1 mm thick. The glass tape is impregnated by a special glue(VT-12) that is polimerized at 125o C.The technology of SC cable and SC coil production for the septa is similar to thatused under large scale production of dipole magnets for the SC synchrotrons at theLHE JINR. Average current densities of 350 A/mm2 were routinely provided withthis design. The SC coils are wound in two layers and cooled indirectly. The ends ofthe coils have a di�erent shape. The \saddletype" shape of the winding is used atthe entrance plane of the magnet. In this case the total cross sectional size of thewinding at the edge of magnet is equal to the size of the window in the yoke, but an8



additional space of one half of the vertical aperture is needed in the axial direction.The opposite end of the winding is attened on the yoke to minimize the physicallength of the magnet. The endshapes of the coils are shown in Fig.6 respectively.The coils are operated at 2000 A, or an operating conditon approximatly 5/8of the cable critical current. The operating temperature is speci�ed as 4.5 K. Thephilosophy of the coil design follows a low-risk design concept.3.6 The Cryostat3.6.1 General mechanicsThe cryostat consists of an external vacuum vessel and two intermediate screens attemperatures of 20 K and liquid nitrogen respectively. The vacuum vessel is fabri-cated of stainless steel.The intermediate screens are made of copper. All materialsare certi�ed by industrial standards. Relative distances between the screens andvacuum vessel are provided by means of special �xing screws. The magnet supportcolumn is designed to provide both mechanical rigidity and the minimal heat leak.Total heat leaks due to cold mass supports are estimated as 0.4 W at the tempera-ture of 4.5 K. Mechanical stability of the semi-cylindrical shell of the vacuum vesselwith respect to atmospheric presure was calculated and the shell thickness of 1.7mm was chosen. This provides a safety factor on collapse of approximatly 2 andshould be compatible with the CEBAF Vacuum Vessel Standard.3.6.2 Main Current LeadsHelium cooled current leads of the type similar to what were designed, constructedand used at the Nuclotron are proposed for the septum magnets. The current leadsof the Nuclotron can provide a dc mode of current supply with amplitudes up to9 kA. The maximum value of the current for this septum design is 1.75 kA. Therefrigeration power needed for the current leads at the level of 2 kA is about 4.0 W.3.6.3 Pumping SystemThe pumping system should provide a pressure of 10�5 � 10�6 inside the vacuumvessel before the coolant is run. The pumping system speci�cation depends on thegeneral vacuum system of the TJNAF Hall A.3.7 Cryogenic Supply & Cooling SystemThe cooling system �nal design should be in agreement with the CEBAF Hall Acryogenic equipment. The heat loads at 4.5 K are as follows: (per each septum inW) Heat Loads (at 4.5 K)9



radiation 0.42supports 0.40residual gas 0.05current leads 4.00LHe inlet 0.8other 1.25TOTAL 6.9shield 20 K 0.3liquid nitrogen shield 55.0Summary: Refrigeration/liquifaction power of 20 W is su�cient for both magnetscryogenic supply at 4.5 K.3.7.1 Liquid Helium CircuitThe cooling of the magnet yoke and copper holders is provided by LHe circulationthrough pipes at a pressure drop of 0.2 { 0.3 bar between inlet and outlet. Thepressure of cool helium gas at the begining of the magnet cooling is 1.5 { 1.7 bar.In the stationary state the LHe ow rate is 20 { 30 g/min per each magnet.3.7.2 Liquid Nitrogen CircuitThe cooling of the nitrogen screen is provided by LN circulation at a speed 50 g/minapproximately through the copper pipes welded to the copper screen. The pressure ofthe cool nitrogen gas at the begining of the magnet cooling is 2 bar. The operationalpressure drop in stationary mode is 0.4 bar.3.7.3 Cooldown ProcedureThe cooldown procedure has two stages: preliminary and operating. At the �rststage all the parts of the magnet are cooled by the gas helium ow. The He gaspressure is 1.5 { 2 bar and is at a temperature of 80 { 90 K in the heatexchangerplaced in the LN bath. This stage takes 15 { 20 hours. After the cooling from roomtemperature level to 110 { 120 K the helium gas in the pipes of the LN screen isreplaced by liquid nitrogen and in the pipes of the magnet by LHe ow. The 20 Kscreen is cooled by a part of the return LHe ow. The relatively low heat loads ofthe magnets permit one to use a cryo-refrigerator micromachine of the type modelCGR 511 or other cryogenic equipment of TJNAF HALL A.3.8 Power SupplyThe electrical power system for any superconducting magnet consists of a powersupply, quench detection system, energy dump circuit and a control system. Theseitems have to be treated as a whole at the design stage although they can be pro-duced separately. The necessary voltage of the power supply depends on a desiredtime for a drive current rise and the coil inductance: V = L � di=dt. If we assume areasonable time of the maximum design magnetic �eld exitation of 5 minutes, thepeak voltage of the power supply (for each magnet) should be not less than V=0.710



volts. Substantially higher voltage should be provided for rapid evacuation of storedenergy from the magnet in the case of a quench. Stabilization of the supply currentat the level of 10�3 (10�4 ) is provided.3.9 Monitoring & Control3.9.1 Magnetic Field MonitoringTo provide monitoring of the magnetic �eld each unit of the septum magnet isequiped with an NMR probe and a connector at the vacuum vessel. This measure-ment (which could be used as additional test of the septum magnets operationalparameters) needs proper electronics and instrumentation. Threre is an existingNMR probe system in place. Additional probes can be added to the system in atrivial fashion. There are two modes which can be considered:- on-line monitoring during the data taking run;- probing the magnetic �eld only during the test period simultaneously withmeasurements of the supply current amplitude and after that the last parameterwill be the main measurable quantity.3.9.2 Temperature MeasurementsSpecial carbon resistors developed at the Laboratory of High Energy are used fortemperature measurements of the magnets cold parts. The resistors provide temper-ature measurements with an accuracy of �1 K in a range of 300 { 4.5 K. Additionaltemperature monitoring can be done during cooldown by measurements of the maincoil resistance.3.9.3 Power Supply ControlA programmable electronics is proposed for the power supply control. Moreover thepower supply source is equipped with a standard system of current and voltagemeasurement and handle control. A controlled fast discharge circuit based on athyristor and dump resistor is used for stored energy dissipation. More detailedspeci�cation of the power control system will be done at the stage of �nal technicaland economic design.3.9.4 Vacuum MeasurementsThe pressure in the vacuum vessel is measured directly by standard vacuum gauges.The gauges are installed at the vacuum vessel. If the pressure in the vacuum vesselis than higher 10�3 tor then the alarm signal to the power supply control system isgenerated.3.9.5 Cryogenic Supply ParametersMonitoring of the cryogenic supply parameters such as pressure, temperature ofnitrogen and helium should be included in the main speci�cation list.11



3.10 Safety3.10.1 General AspectsIn all aspects the equipment to be used at TJNAF for the experiments shall meetthe relevant TJNAF safety regulations.3.10.2 Quench DetectionThe SC coil of the magnet is divided into two symmetrical parts with respect to themedian plane of the magnet. This makes it possible to use these parts for detectionof the presence of a normal zone in the superconductor. The voltage of each half ofthe coil is measured by a bridge circuit and if the di�erence is larger 50 mV then thealarm signal will be generated and the quench protection system will be activated.3.10.3 Helium Leakeges & Pressure IncreaseThere is some signi�cant volume of cryogenic liquid in the septum magnet system. Ifthe liquid helium leaked into the cryostat it would vaporize and the potential wouldexist to raise the cryostat pressure. The increase of pressure inside the vacuumvolume will be regulated by the vacuum monitoring system at an early stage. Theelectric signal switching the power supply o� and the energy dissipating circuit onwill be generated if the pressure inside the vacuum vessel exceeds 10�3 Torr. Toprevent a pressure growth above 1 atm a special membrane is used.3.10.4 Energy DissipationThe stored energy is dissipated by an external resistor (70 %) and by a short circuitcopper turn around the SC coil. The turn e�ectively dissipates 20 { 25 % of thestored energy due to currents induced during the fast energy evacuation. In the caseof total stored energy dissipation directly in the magnet the temperature of the coilsreaches 125o K. This case is also not dangerous for the septum elements.3.10.5 Radiation Hardness of the MagnetRadiation hardness of the magnet: Estimates were made for the following beamconditions: beam energy E=4 GeV, aperture of the magnet r=18.4 cm, e�ciency oftarget (200 mg) � = 0:01, distance between target and magnet l = 80 cm, beamcurrent = 200 =muA (continuous beam). The main conclusions are:1. about 0.42-0.44 W of cooling power is needed to compensate radiation heatlosses.2. there are no practical limits for the septum magnet operation under abovementioned conditions taking into account radiation hardness of isolating materialsto be used for the coils fabrication.This simulation was also repeated with G.Stapleton at TJNAF, and providedsimilar results. 12



4 System Integration4.1 Beamline Modi�cationsThe addition of the septum magnets involves the cryogenics for the magnets, themagnets and their support, shifting the target chamber upstream by 80 cm, addingnew beampipe through the septa, and shifting existing equipment (the dump rasterand last beam position monitor) upstream. The design work is underway, althoughuntil the �nal magnet drawings are completed, support structure cannot be built.The timetable calls for the design to be complete in 6 to 12 months.4.2 Scattering ChamberThe shift in the target position (by -80.0 cm) and the narrow range of scatteringangles (6 < � < 12:5) over which the septum is used with mean that the newscattering chamber does not need to be as complicated as the standard scatteringchamber. The targets will require a chamber with a diameter of 60 cm, centeredabout the new target position.The target chamber is also under design, and the chamber is expected to bebuilt within the next several months. The design is speci�cally for use with theseptum magnets, and allows for the possibility of use of a cryogenic target as wellas the present solid targets and waterfall target. The height of the chamber will beessentially unchanged from the present height of 1.2 meters.4.3 Corrector magnetIn spite of e�orts to minimize them, the stray �elds from the septum magnets aresu�cienct to deect the beam about 0.4�. This means the downstream beam enve-lope will hit the wall of the beam pipe. To correct this, we have to deect the beamback to the center of the beampipe in advance of the beam dump. The integral ofthe magnetic �eld along the beam line caused by the septa is estimated from themagnetic �eld calculation to be 0.1 T*m. The space for the correction magnet isavailable most easily between the scattering chamber and the septum magnets. Themagnet has to generate the magnetic �eld along the beam line which can cancel thedeection by the stray �eld of the septum magnets. It is desirable that the correctionmagnet in turn generate as small as possible stray �elds along the way to the septa.Because these two requirements are contradictory and the available space is verysmall, we have to devise a magnet for the severe geometrical condition. The detailwill strongly depend on the design of the scattering chamber. Figure 4 shows one ofthe possible positions. The �eld and the length are 0.5 T and 0.2 m, respectively.4.4 Sieve SlitsSieve slits are planned for determining the angular resolution and acceptance of thespectrometer and for studing the \depth of focus" problem. The sieve slits will bea solid piece, for both arms, with a hole in the center for the unscattered beam andhole patterns on both sides for the spectrometers. This simple apparatus will alsoenable us to check the angular alignment of the two spectrometers relative to eachother (centered about the beam). 13



4.5 Spectrometer Exit WindowsThe HRS spectrometers are designed to achieve momentum resolutions of the orderof 10�4 and angular resolutions of 1{2 mr. These resolutions are necessary to achievethe best missing mass resolution. It is therefore critical that all contributions to theuncertainty of the particle momenta are minimized. One of the largest contributionsis multiple scattering of the particles in the vacuum windows of the spectrometer.The distribution of the multiply scattered particles can be represented as a Gaussianwith a width given by:�0 = 13:6MeV�cp zqx=X0[1 + 0:038ln(x=X0)To achieve the optical quality the spectrometers are capable of, thin vacuumwindows are being built capable of withstanding atmospheric pressures. Windows ofthis type and of a similar size have already been built at the university of Mainz. Thetechnique used mylar windows reinforced with kevlar thread glued directly onto themylar surface. Starting with the design used at the university of Mainz, the necessarymodi�cations and improvements for windows which can be installed at TJNAF areunderway.The tasks associated with this project require the application of many basicprinciples which are taught in elementary and advanced physics courses such asmechanics (stress and sheer strain), statistical physics (di�usion) and the interactionof radiation with matter (multiple scattering and energy loss). The construction ofthese windows involves the development of the necessary tools to manufacture thewindow material the development of a small test apparatus where prototypes can betested for strength and tightness and a full scale test stand where the �nal windowin can be tested. The project is estimated to take 1{1.5 years.4.6 Support StructureThe support structure for the magnets consists of a three-point table, with two legssupported on the HRS spectrometers and one leg using the old target pivot (for thenominal targets). The three point system is easier to level than a four-point systemand provides a means of adjusting the height.Total weight of the magnets (estimated at 1700 kg apiece), the scattering cham-ber, and related equipment is less than 5 tons. The table (a large at aluminumplate)has the ability to make small adjustments to the magnet positions via threaded po-sition screws. The timetable for the design is after �nal drawings of the magnets are�nished and fabrication is underway.5 Schedule5.1 ManpowerThe main universities and groups building and commissioning the septum are INFN/Sanita',INFN/Lecce, INFN/Bari, University of Maryland, Tohoku University, and FloridaInternational University. Together, these institutions have a total of 19 researchphysicists working on the septum construction and 12 technicians (of course thisis not the number of FTEs but the number of active workers). Additionally, thecomplete list of groups participating in the experiment is given below:14



Participating UniversitiesINFN/Sanita' Florida International UniversityINFN/BARI University of MarylandINFN/Lecce Tohoku UniversityMIT UVaYerevan U. GeorgiaAmerican University RutgersWilliam and Mary California State U.U. New Hampshire Norfolk State U.Hampton University Prague Nuc.Phys.Inst.All told, these institutions have 36 PhD scientists on the experiment proposal.5.2 TimetableThe total time for building the septa is estimated as 15 { 17 months The main stagesare broken down as:i) �nal drawings will take 2 { 3 months. This stage involves preparing the detaileddrawings of the septum speci�cation and providing procurement of materials forfabrication of mechanical and electrical parts.ii) fabrication will require 5 months for the septum elements, including the SC-cable with the design parameters and forming the SC-coils.iii) assembling and stand tests. The duration of this stage is estimated as 3 { 4months. It includes fullscale assembly of the septummagnet units on test stands andtests of vacuum, cryogenics, electrical and mechanical systems as well as magneticmeasurements. The design parameters of the septum units should be obtained afterthis work is completed.iv) transportation of the equipment will require about 1 monthv) installation and commissioning in the Test Lab at TJNAF is estimated as 1{ 2 months. TimetableStage Time (months) Tasksi 2{3 �nal drawingsii 5 fabricationiii 3{4 assemblyiv 1 transportationv 1{2 installationTOTAL 12{15 months15



6 ConclusionsThe design of the septum magnet satis�es the requirements listed in Table 1. Theadddition of the septum magnets will enable the HRS spectrometers in Hall A toperform measurements at scattering angles smaller then 12.5�, in particular anglesas small as 6� while preserving the possibility of varying the angle up to 12.5� forparticle momenta up to 4 GeV/c.The magnets are an addition to the Hall A infrastructure which are useful for arange of experiments; the optics of the HRS spectrometers are preserved. Apart froma small reduction of the solid angle (�30%) the performance of the spectrometersis essentially unchanged.The proposed magnet construction schedule �ts the Je�erson Lab calendar inthat the septum magnets will be ready to be installed shortly after Hall A hasachieved full capability (Day 1, in the language of the Hall A EXPINT committee).The manpower of the collaboration is adequate for the scope of the project, and thecollaboration has identi�ed the required external resources.
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7 APPENDIX A - Choice of the LayoutThe septum shape is almost completely determined by two parameters: the distanced between the old and the new position of the target, (80 cm in Fig.2), and themagnet thickness T between the septum gap and the beam pipe, (2.5 cm. in Fig.2). d determines:1 The angular acceptance, that is equal to the HRS original design scaled by thefactor D/135 (D is the length in cm of the trajectory between the new targetand Q1, 135 cm is the distance between the old target and Q1).2 The position of the centre of the septum that is given by the intercept of thelines originating from the old (O) the new (O') scattering chamber center (inthe case of Fig. 2 making angles � = 6� and � = 12:5�, respectively, with thebeam direction)3 The dimension of the gap that accepts all particles scattered in the acceptancecone.4 The value of the integral of the septum magnetic �eld along the trajectorythat is prortional to the bending angle � = � � �. � should be, for obviousreasons, the smallest available value. When � is close to 6�, � is equal to 12.5�.At higher � values, as will be explained further, � must be greater than thatand requires, as a consequence, very high �elds and superconducting coils.On the other hand, T, the magnet thickness between the gap and the beam pipe,determines, together with d, the septum physical length, L. L should be as long aspossible because it is proportional to the integral of the magnetic �eld inside theseptum. The longer L, the lower the required �eld inside the septum and, hence, thecurrent density needed in the septum coils. L cannot exceed, however, the value thatmakes the septum edge hit the beam pipe (see Fig. 2). For this reason T should beas small as possible. The limit is give by the thickness of the coils, the dimension ofthe cryostat and the thickness of the iron between the coils and the beam pipe (it isneeded to ensure good mechanical resistance and good magnetic �eld homogeneityinside the septum).At � values close to 12.5�, The limt is reached for � because the septum ap-proaches the Q1 edge. High magnetic �elds are needed inside the septum. It isuseless to decrease the length of the septum in order to allow smaller values of �:the smaller value of the bending angle � = �� � never compensates, from the mag-netic �eld value point of view, the reduced length of the septum. L is therefore, asexplained above, �xed by the geometrical layout at � = 6� or, in other words, by dand T.Once the septum design parameters are understood, it is not a di�cult taskplaying with the values of d and T in order to get a septum design that �ts therequirements quoted in Table 2.1. The range of variation of T, because of the reasonscited above, is not very big. Only reasons of opprotunity, on the other hand, areinvolved in the choice of d: a bigger value of this parameters allows a longer septumbut decreases the angular acceptance. At last, a value of d= 80 cm was chosen.As a matter of fact, the geometrical acceptance obtained in this case is 4.7 msrad.This value is close to the HRS original design acceptance (7.68 mrad.). Note thatthe angular acceptance of the new HRS + septum spectrometer, as determined onlyby d and T, that is in absence of the vacuum chamber inside the gap, should be17



5.2 msrad. The length of the septum available with this value of d makes possible,with realistic current densities, the magnetic �eld intergrals needed to bend particlesup to 4 Gev/c momentum and scattering angles upto 12.5�. The septum thicknessbetween the gap and the beam pipe (that is T) changes (it is thicker at the edgecloser to Q1) and with a notch in the bottom part of the septum to allow passage ofthe beam pipe (see Fig 5). This allows a reasonable angular acceptance. The heigthof the gap was chosen slightly bigger than necessary (25 instead of 20 cm) to provideroom for correction coils.
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8 APPENDIX B - OpticsTo show that the septum is a small pertubation of the HRS spectrometer the fol-lowing procedure was performed:1 1000 random rays of �xed momentum within the angular and position accep-tance were traced by the program RAYTRACE through the spectrometer tothe detector plane. The di�erent drift distances to Q1 for rays scattered atvery forward angles and at di�erent target points were taken in account.2 By the output of RAYTRACE, for each momentum, the target point coordi-nates x0, �0, y0 and �0 were determined as functions of the variables xf , �f ,yf , and �f on the detector plane.3 For each momentum a new set of of rays was randomly generated and tracedto the detector plane.4 With the functions described at point 2, the coordinates x0, �0, y0 and �f ofeach of this second set of rays were calculated and then compared to their truevalues. Howewer, the coordinates xf , �f , yf , and �f were not exactly thosegiven by RAYTRACE output, but they were calculated using gaussian laws ofprobability spread out around xf , �f , yf , and �f RAYTRACE output valuesand with �xf , ��f , �yf and ��f variances chosen in order to simulate theerrors on the detector plane coordinates.5 The FWHM of the distributions of the di�erences between the true and cal-culated (according to the procedure explained at point 4) values of x0, q0,y0 and �0 were assumed as the estimate HRS + septum resolutions for thesevariables.6 For determining the HRS + septum momentum resolution we used the usual�rst order resolving power formula: momentum resolution �p=p = <x=x><x=d>�x0with � equal to the percentual di�erence between a ray momentum and thecentral trajectory momentum but with �x0 equal to the uncertainty of the x0variable AS GIVEN BY THE CALCULATION PERFORMED AT POINT 4and not by the beam spot size (as usual when a midplane simmetry exists).In this way we tried to estimate the contribution of terms like < x=y > tothe momentum resolution which is usually forbidden by the midplane sym-metry but not zero for the HRS + septum spectrometer. As a matter of factthese terms make the uncertainty on x0 bigger than in a midplane symmetricenviroment.7 To compare the results obtained, we repeated the same procedure explained inthe points 1-6 for the HRS without septum spectrometer (the version withoutsextupole and octupole).Fig. 18 shows the momentum resolution, as well as x0, �0, y0 and �0 estimatedfor the HRS + septum spectrometer as compared to the HRS one. The scatteringangle of the particles was in both cases equal to 6 degrees (for HRS this is obviouslya mathematical game, because it is not able to detect particles scattered at anglessmaller tha 12.5 degree). The resolutions of the HRS + septum spectrometer system,although always worse than those of HRS, do not di�er very much from them.19



That shows that the pertubation caused by the presence of the septum to the HRSspectrometer is small.The result obtained are determined at �xed particle momentum. Neverthelesswe think that the DIFFERENCE between HRS with and without septum magnet isa reliable measure of the contribution of the septum magnet to the HRS resolution.To get good momentum resolution, software corrections will be needed. This isalso shown by the fact that the polynomials that determine x0, �0, y0 and �0 asfunctions of xf , �f , yf , and �f change rapidly with the momentum. However, thise�ect can be reduced by measuring the software corrections at more than six placesalong the focal plane. A preliminary estimation for the angular and momentumresolution of the HRS spectrometer has been done using the RAYTRACE programwith the design data in combination with multiple scattering calculatins to getthe contribution from vacuum windows and detector system to simulate the HRSspectrometer with and without septum magnet. The steps performed is essentiallythe same as in spectrometer tune up: �rst determine the software corrections usingsieve slit and elastic electron scattering from a heavy target and thenn use thesoftware corrections to analyse data taken with and without sieve slits to judge theangular and momentum resolution. The results are shown in the paragraph 2.3.
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9 APPENDIX C - Issues raised by PAC and Ex-pint9.1 Missing Mass ResolutionThe calculations and simulations described above allowed us to evaluate the e�ect ofall the quantities inuencing the missing mass resolution. The momentum resolutionof the spectrometer has been evaluated taking into account the multiple scatteringfrom the target, target windows (only needed in the case of waterfall target) andthe spectrometer exit window. It seems that the multiple scattering from the targetand from the target windows give a small contribution(par. 2.3). The dominant termis the spectrometer exit window. A Monte Carlo calculation has been performed toinclude all the parameters inuencing the missing mass resolution, namely the beamenergy resolution, the error on the angle, the energy loss in the target. The resultsare shown in Fig. 3.9.2 TargetWe have seen (par. 2.2) that due to the y0 acceptance along the perpendicular tothe central tajectory, we have 50 cm along the beam line to put the waterfall targets.The number of the foils, the distance among them and the dimension of the cylindercontaining the target(s) will be the best compromise between the need to get enoughluminosity while keeping a good momentum resolution, and the fact that, being allthe foils (but one) not positioned in the object point of the spectrometer, they mightilluminate part of the spectrometer where the momentum aberrations can be high.For the targets that are not in the spectrometer median plane, the �rst drift distancevaries causing a \depth of focus" e�ect.This fact is not unique to the septum magnet, but common to all the extendedtargets. This is a potential problem that must be investigated by sieve slit measure-ments with targets placed in di�erent position along the beam. This problem hasbeen investigated for the Mainz spectrometers (13) were it is shown that the \depth-of-focus" problem can be �xed by using analytical formula. The cell can be made,in principle, big enough for being able to put the windows of the waterfall targetsout of the acceptance of the spectrometer. Some shieldig can be put to avoid theincreasing of the counting rate from the upstream window to an unacceptable level.This eventual problem obviously arises only for the oxygen target, the others don'thave windows.9.3 Particle Identi�cationThe particle identi�cation will be made by means of the standard HRS detectorpackage with the addition of another aerogel counter. In the electron arm distinctionbetween e� from �� and K� with a rejection ratio � 104 { 105 can be achieved usingTOF, gas and aerogel Cerenkov counters and shower counters. In the hadron arm,kaons will be separated from pions by aerogel (n=1.025 or smaller) and from protonsby and) another aerogel with di�erent refractive index (1.06 instead of 1.025) (Fig.21



19). In any case, to better understand the PID capability of the detector we haverequested (for the (e,e'k) on proton) three days of development time early after the(e,e'p) coincidence capability (with a cryotarget or H2O) has been established (.i.e.,winter of 1997). The purpose of the run is to get a kaon spectrum, demonstrating:� the coincidence capability in the face of large background processes for (e,e'K).� Kaon pid using the hadron arm aerogel, the tof between scintillator s1 ands3 in the hadron arm, the tof through hadron hrs, electron pid, with theelectron arm gas cherenkov and shower counter, vertex reconstruction usingboth spectrometers, missing mass resolution pid, and coincidence timing.A small aerogel detector with di�erent refractive index will be be put on thehadron harm, to allow the separation of kaons from protons and pions. One shouldnote that history and competence of the members of the collaboration in deter-mining PID. As a matter of fact, they have designed, tested and built all the PIDpart of the HRS spectrometers (Lead glass Calorimeter (Maryland), gas and aerogelcherenkov counters (INFN in collaboration with Saclay and Regina)). Present HallC experiments using these techniques have been analyzed and performed by thiscollaboration. Moreover the INFN members have speci�c experience in kaon identi-�cation, having built and tested recently two RICH prototype detectors, one withfreon radiator and CsI as photodetector, the other with aerogel radiator and PMTarray as photodetector (the �rst in the world!)(14,15).9.4 BackgroundsPossible sources of background in the detector include neutrons, multiply scatteredelectrons and hadrons, and \junk" created by photons and electrons from the tar-get which interact with the pole faces of the magnet and produce a spray which isdirected toward the detectors. This problem has been addressed for the parity exper-iment. Calculations have been performed, by Z.E. Meziani (16) for the He-4 target,for 12.5 degrees, considering three sources emitting photons: direct bremsstrahlung,forward bremsstrahlung followed by Compton scattering and the radiative Mollerscattering. The conclusion was that the rate over a full detector area is not criticallyhigh and should not be a seriuous concern because of the large bend angle of theHRS dipole.Similar calculations for our case are underway. We estimate that the ux shouldbe equivalent. In fact the increasing relative ux due to the lower angle should becompensated by the thinner target. Moreover we have calculated the solid angle fortrajectories entering the dipole. The solid angle is practically zero for particles oflow energy (Fig. 20). The simplest way to control these sources of background arethrough shielding and ba�ing. The Hall A shielding is still being constructed andshould be adequate. Ba�ing is being done for this experiment actively through theuse of the magnetic �elds. Low energy particles are swept away by �rst the septum(horizontally), next the quadrupoles (both horizontally and vertically) and thenthe dipole (vertically). The septum setup will therefore have reduced backgroundscompared to the normal runnng situation in Hall A.9.5 Septum Magnets heating due to beam radiationCalculations have been done to estimate the amount of radiation that the septumare expected to see, the radiation backgrounds that can be produced by the beam,22



and the amount of radiation the experiment will produce. The estimations comefrom the computer code \elec3" written by Geo�ey Stapleton to model anticipatedradiation levels for TJNAF experiments. The calculation has checked the \radiativelosses". The number from the code is 0.312 W, in agreement with Dubna calculation.So we think that beam heating is not a signi�cant source of heat in the magnet. Wewill have more information from the dose measurements that are been doing in thecommissioning period.9.6 Radiation HardnessAssuming that the septum magnets will operate for about 4 long experiments (i.e.one year of high current beam, equivalent to our running) we will be able to estimatehow much radiation the magnets should receive during their lifetime.9.7 Magnet ActivationThe septum magnets will, at some level, become activated by the beam. Je�ersonLab has procedures in place to handle equipment which has become activated. Theexact procedures followed will depend on the measured level of activation, howeverthe amount of beam which the magents will be exposed to is limited by the shortduration of the experiment and the thin targets used (although beam currents arereasonably high).The procedures and the techniques were put in place for accelerator magnets; inprinciple this is not di�erent. The amount of time required for removal will utilize an(unknown) amount of time for the magnets to \cool down", although obviosuly oneto two days will also be required to warm up the cryogenic parts before disconnectingthe magnet.
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Figure 6: General view of the septum magnet unit inside the cryostat.30
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Figure 18: Comparison between HRS and HRS + Septum. All resolutions areFWHM. 37
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