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A summary of the optics design for the GlueX single dipole tagger spectrometer.
Guangliang Yang,  Glasgow University, Glasgow, UK
       This note describes the optics design of a single dipole tagging spectrometer for GlueX.  Firstly, TRANSPORT calculations were carried out to optimize the dipole magnet pole shape and orientation and to find the focal surface positions.  Then a finite element model of the magnet was designed, and its magnetic field map was calculated using TOSCA. Based on the calculated magnetic field, electron beam trajectories were calculated and the tagger optics was calculated by raytracing. The tagger optics properties calculated by raytracing agree well with the results calculated by TRANSPORT at the parallel to point and the point to point foci. However, due to the different ray bundles defined in the TRANSPORT and raytracing calculations, large differences were found in the beam spot sizes calculated by these two methods in horizontal and vertical directions at positions other than the two focusing positions. The “phase space” concept used to describe the beam in TRANSPORT is no longer valid for the energy degraded electron beams in the raytracing calculation. Therefore the optical properties at positions other than the normal foci can only be calculated correctly by raytracing. The effects of the non abrupt terminated field boundary on the tagger properties were also discussed.       
1. Introduction

      The GlueX project requires tagged linearly polarized Gamma rays for high-energy photo-production experiments. These Gamma rays will be generated through the coherent bremsstrahlung process where a beam of high-energy electrons hits a properly oriented single diamond radiator[1].  To obtain the energies of the Gamma rays, a tagging system is located downstream of the radiator and is used to analyze the energies of the energy-degraded electrons. The Tagger uses the magnetic field to separate electrons from each other according to their energies, and then by using suitable detectors, electron energy information can be obtained. If the diamond radiator is thin enough, most of the electrons interact only once in the target via the coherent bremsstrahlung process. Thus the Gamma ray energy can be described as: Egamma,=Ebeam-Edegrade , where Ebeam is the energy of the incident electron beam and Edegrade is the energy of the energy degraded electrons.
      A plan view of the tagging system is shown in Figure 1.  The components of the system are a bremsstrahlung radiator (which in the GlueX program is a diamond crystal mounted in a goniometer, located at point O of the figure) and the tagging spectrometer which consists of a quadrupole magnet, a dipole magnet and a system of detectors located along the focal plane. The incident electron beam produces photons (which pass through the magnet gaps and through a hole in the return yoke) and energy-degraded electrons which are analysed by the tagging spectrometer. The dipole magnet has a constant magnetic field inside their pole gap, and its pole geometry determines the optical properties of the spectrometer.  The quadrupole magnet controls the transverse image size and focus in order to improve the tagging efficiency near the coherent peak, and has negligible effect on the energy resolution, which is the principal subject of this report.         

      In this report, the optics properties of the tagging system calculated using TRANSPORT [2] and TOSCA [3] are presented. 
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Figure 1.  Plan view of tagging system
2. Results of TRANSPORT calculations
     The dipole magnet pole has a rectangular shape which is illustrated by ABCD in Figure 1.  The magnetic field inside the pole gap is approximately 1.5 T. For a 12 GeV electron beam, the radius of its trajectory is ~26.685 m.  The full-energy electron beam enters the magnet at point I and exits from the magnet at point J, with a deflection angle of 13.4 degrees. Most of the energy-degraded electrons exit from the magnet along edge BC, passing through a thin vacuum window to the focal plane.   The properties of the incident electron beam are shown in Table 1.
Table 1.   Incident beam properties  
	Parameters
	Properties

	Energy
	12 GeV

	Horizontal spot size at radiator  
	    0.82 mm rms

	Vertical spot size at radiator  
	    0.36 mm rms

	Transverse x emittance
	3 mm∙μr

	Transverse y emittance
	0.9 mm∙μr

	r.m.s energy spread
	2.5 MeV


     The GlueX project requires that the tagger should be able to measure the photon energy with a resolution of 12 MeV between 8.4 and 9 GeV, and with a resolution of 60 MeV in the range of 3 to 11.7 GeV.  A reasonably straight focal plane is also required because this can simplify the design for the focal plane detectors. 

     To design a tagger that can meet the above requirements, tagger optics calculations were carried out using the TRANSPORT code.  The spectrometer parameters that affect the optical properties are the bending radius and bending angle of the full-energy electron beam, the edge angles at entrance and exit edges, and the object distance. Systematic optical calculations which varied the above-mentioned parameters had been carried out earlier [4], and led to the conclusion that the design criteria could be met with a system of reasonable size and cost using a normal-conducting magnet with a field of 1.5 T (corresponding to a radius of curvature of 26.685 m for 12 GeV/c electrons) and a full-energy deflection angle of 13.4 degrees.  At an intermediate stage in the design, a tagger spectrometer with two identical dipole magnets was considered, and the optics calculation and preliminary engineering design for the two identical magnets tagger was performed [5].  
      For reasons addressed elsewhere, it was decided in 2008 that a single-dipole design was preferable, with no change in the full-energy deflection angle or in the dipole magnetic field, so that the cost and space requirements are essentially unchanged.  In this report, we report the first detailed optics calculations for the single-dipole design. 
     Prior calculations indicated that no appreciable performance improvements could be obtained by departing from a simple rectangular magnet shape, so the only parameters varied in the new calculations were the angle of the magnet with respect to the incident electron beam and the length of the line segment IB in Figure 1.  (All other dimensions follow from the radius of curvature and full-energy deflection angle.) These parameters were optimized with respect to two criteria:  minimum momentum resolution over the entire tagging energy range, and minimum length of focal plane.  The best compromise was found with the magnet rotation angle at 6.5 degrees and the distance IB equal to 21cm
      Determining the focal plane position is straightforward when the beam size at the object point (the radiator) is negligible, but for the relatively large horizontal spot size of the Hall D beam, it was found that the beam size dominated the resolution when point-to-point focusing was used.  TOSCA ray-tracing calculations (described later in this note) make it easy to visualize the fact that, with the small angular spread of energy-degraded electron angles from the radiator at 12 GeV, parallel-to-point focusing gives a smaller image size than point-to-point focusing over most of the energy range.  

     Figure 2 shows both types of focus at an electron energy of 3 GeV, corresponding to 9 GeV tagged photons, the region of main interest for the GlueX experiment.  The UV plane is horizontal, with the U axis is approximately parallel to the 3-GeV central ray at the exit edge of the magnet.  One sees 9 rays in the horizontal plane, generated with three steps each in initial displacement x and angle φ as described in Section 3 below.  The rays intersect at 3 parallel-to-point foci (at U ~ 460 cm) and 3 point-to-point foci (at U ~ 515 cm).  The size of the optical image appears to be smaller at the parallel to point focousing position. The positions of the point-to-point and parallel-to-point foci seen in the ray-tracing calculations are consistent with the corresponding positions calculated using TRANSPORT.

      The focal surface positions for point-to-point and parallel-to-point focusing for the single magnet tagger, calculated using TRANSPORT, are shown in Figure 3. The Z axis is along the incident beam line, with the origin at the entry edge of the magnet.  The momentum resolution as functions of the electron energy for different focal surfaces is shown in Figure 5. The electron resolution is defined as [6]:     
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is the dispersion, with the horizontal object size given in Table 1 and the angular divergence given by one bremsstrahlung electron characteristic angle.  The resolution does not include the contribution of incident beam energy spread.

       For purposes of detector alignment and flexibility in changing the position of the high-resolution “microscope” detector system, it is highly desirable to position the detectors along a straight-line focal plane.  As we see in Figure 3, neither the point-to-point nor the parallel-to-point focal surfaces are close to being linear, especially at low electron energies. However, since the energy resolutions shown for both solutions are typically better than required for GlueX, we choose to position the detectors along a linear focal plane which is a best fit to the energy resolution over the entire range.  As is seen in Figure 3, this linear focal plane is closer to the parallel-to-point focus for most electron energies. The energy resolution of the linear focal plane is compared with those of the two other cases in Figure 4.

       It should be pointed out that the electron beam envelope calculated by transport cannot describe correctly the beam spot size for the energy degraded electron beam. This is because that TRANSPORT uses “phase space” to describe the beam envelope which is valid for accelerator beam optics calculation, but not for the energy degraded electrons. By using phase-space, some combinations of the initial coordinates and directions of the electron rays are not allowed in TRANSPORT calculation, for instance at the largest x displacement and the largest angle cannot exist at the same times. This limitation doesn’t apply to the energy degraded electrons in raytracing calculation, because the angle of the energy degraded electrons is determined by the coherent bremsstrahlung process and electron hitting position should have no effect on the ray direction.  Hence, the resolution along the straight line focal plane cannot be calculated correctly by TRANSPORT.
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Figure 2.  Horizontal trajectories for 3 GeV electrons in the focal plane region, illustrating point-to-point and parallel-to-point foci.   The combinations of largest x displacement and largest angle are not allowed in TRANSPORT.  Therefore ( x, phi)=  (- ,-), (-, +), (+,-) and (+,+) are not allowed in the transport calculation.
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Figure 3.  Focal surface positions, for the entire electron energy range (0.3 to 9 GeV)
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Figure 4.  Energy resolution along different choices of focal surface (excluding contribution of incident beam energy spread)
 3. Results of TOSCA calculations 
       In the TRANSPORT calculation, we used an ideal constant magnetic field with an ideal fringe field boundary. For a real magnet, the focal plane position and energy resolution will be affected by the magnetic field distribution, including the details of fringe field and possible saturation effects.  Using TOSCA, three-dimensional magnetic field distributions have been calculated.  Figure 5 shows the calculated magnetic field in the midplane of the magnet, along a line perpendicular to exit edge. The maximum magnetic field is 1.5 T, and the variation of the magnetic field over the central region (defined as the area lying inside the boundary defined by lines two gap widths in from the pole stem [7]) is less than 0.2%.  Based on the calculated magnetic field, the electron trajectories have been determined, and the focal plane location has been found. For each energy, a beam bundle of 81 trajectories were used in the calculation. The initial coordinates and directions of the trajectories in the bundle at the radiator position are defined by (x, φ, y, ψ).  These four variables are horizontal displacement and angle (x, φ) and vertical displacement and angle (y, ψ).  The x and y coordinates each take the three values –σ, 0, +σ, where σ is the respective horizontal or vertical rms spot size given in Table 1, while the φ and ψ angles each take the values -θE , 0, +θE , where θE is the characteristic angle for the outgoing bremsstrahlung electron of energy E, θE = (mc2/E0)(E0-E)/E. [8].  Because θE  is substantially larger than the incident beam divergences of Table 1 for most of the focal plane, the latter are neglected.
[image: image8.png]7iug/2008 12:16:04

0.9998 -
0.9996

0.9994
0.9992|
0.999)
0.9988;

0.9986

09984

0.9982
0.998

I

0.9978
0.9976
0.9974
0.9972

0.997
0.9968

X coord -20.0
Y coord 300.0
Zcoord 0.0

-13.0
300.0
0.0

-6.0
300.0
0.0

300.0
0

. . .0
Component: BMOD/14955, Integral = 34.9962808821773 : 45 degree chamfer
_ _ .Component: BMOD/14997, Integral = 34.9940204790789 : Rogowski

Vector Fields E

UNITS

Length o
Magn Flus Densty  gauss
Magn Fild cersted
Magn Scalar Fot— osrsted om
Magn Vector Pot gauss cm
Elec Flux Densiy  Com

Elec Field Vem
Conductivy Sem
CurertDensity A cm
Power

Force N

Eneigy 4

PROBLEM DATA

single_n_tow_rlevel2q op3
TOSCA Magnetostatic

Norlinear mterils
Simulation No 1 of 1
2239513 slements
027091 nodes

25 conductors
Nodaly inerpolated fisds

Activated in global coordinates
Reflection inXY plane b+ fields=0)

Field Point Local Coordinates
Local = Giobal





Figure 5.  Magnetic field along a line perpendicular to the pole, for two pole edge profiles:   45 degree chamfer, and two-step Rogowski profile.
    Electron trajectories of the 81-ray beam bundle for 3 GeV electron energy are illustrated in Figure 6, which shows the same features as seen in Figure 2.  Here, each of the apparent “curves” is a bundle of 9 rays with 3 different values of vertical offset and angle.  The point-to-point and parallel-to-point foci are clearly visible, and the  coordinates of these foci can be determined from the trajectories.  The focal plane positions are nearly identical for the TRANSPORT and TOSCA calculations as shown in figure 7.  
     All of the above discussion refers to the optics of the tagger dipole in the horizontal (dispersive) plane.  The vertical (transverse) optics are also important, because the microscope detector will be segmented vertically to allow the use of vertical angle cuts to enhance the tagging efficiency for the coherent peak.  For the vertical optics, the quadrupole magnet (seen in Figure 1) plays an essential role.  For these calculations, the quadrupole has an effective length of 31.26 cm, the field gradient in the quadrupole gap is -0.52 KG/cm, and the distance from the end surface of quadrupole to the front surface of the dipole is 220 cm. 

      Figure 8 shows the same 81-ray bundle of 3-GeV trajectories as figure 6, but now projected on a vertical plane through the central trajectory of the bundle.  In the vicinity of the straight line focal plane, there is a vertical parallel to point focus, and the trajectories are separated spatially according to their initial vertical angles.  The inclusion of the quadrupole magnet is essential to obtain this result. 

     Figure 9 shows the vertical beam heights as a function of the electron energy which is calculated along the linear focal plane in the electron energy range of 0.3 to 9 GeV. Clearly, 9 cruves can be seen, each curve is corresponding to a set of (y,ψ) .  At around 3 GeV,  the vertical position at the focal plane depends essentially only on the initial vertical angle, which takes on the three values -θE, 0 and +θE  as explained above.  A vertically segmented focal plane detector, such as the microscope, is clearly capable of resolving ψ to a small fraction of a characteristic angle. The vertical parallel to point focus position can be moved to other energies along the focal plane by tuning the quadrupole tip field. Therefore it is possible to use a movable microscope to measure the electron energy at different energy range. 

     It should be point out that the vertical beam height calculated by raytracing is different from that calculated by TRANSPORT at the positions other than at a point to point or a parallel to point focus position, which can be seen clearly in figure 9. The purple line is the TRANSPORT result, and the blue dots are the raytracing results.  The TRANSPORT result agrees well with the boundary defined by the ray of (y, ψ)=( σz, 0), which is allowed in TRANSPORT calculation. It is obvious that the beam height calculated by traytracing at the positions other than the focusing point is larger than that calculated by TRANSPORT. This is also true for the horizontal beam spot size, as shown in figure 10.  In figure 10 (a), the beam spot size along the straight line focal plane is shown, and in figure 10 (b) the beam spot size along a line that is along the straight part of the parallel to point focal surface is shown. In figure 10 (a), the straight line focal plane goes through the parallel to point focus point at 2.7 GeV,  the TRANSPORT and raytracing have the same horizontal beam size at 2.7 GeV, where the straight line and parallel to point focal plane intersect each other, while at position that are not the point to point or the parallel to point focus, the beam spot size calculated by raytracing is larger than that calculated by TRANSPORT.  For figure 10 (b), similar results was found.  At energy range of 2 to 9 GeV where the straight line focal plane is along the straight part of the parallel to point focal surface, the horizontal beam size calculated TRANSPORT and raytracing agree with each other. While at the low energy region (<2 GeV), the beam spot sizes calculated by these two methods are different.  
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Figure 6.  Horizontal projection of trajectories for the 81 rays in the focal plane region.  The U coordinate is along the central ray direction.  The parallel-to-point and point-to-point foci are clearly seen. The purple line shows the straight line focal plane position.
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Figure 7. Comparison between the parallel to point focal plane position calculated by TRANSPORT and TOSCA raytracing.
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Figure 8.  Vertical projection of trajectories for the 81 rays in the focal plane region.  The U coordinate is along the central ray direction. The purple line shows the straight line focal plane position.
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Figure 9.  Vertical beam heights along the linear focal plane. Vertical parallel to point focus at 3 GeV is realized by the inclusion of the quadrupole magnet with a proper tip field.
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Figure 10.  Horizontal beam spot size along (a) the straight line focal plane, (b) along a line that tangent to the straight part of the parallel to point focal surface.  Purple line shows the transport result; blue line shows the raytracing result.
       In figure 10 (a), because the straight line focal planes is located in between the parallel to point and the point to point focal surfaces in the energy range of 2.7 to 9 GeV, it was expected that the horizontal beam size calculated by raytracing is larger than that calculated by TRANSPORT; and also in figure 10 (b), because the horizontal beam spot size is calculated along a linear focal plane that is tangent to the straight part of the parallel to point focal surface, it was expected the horizontal beam sizes calculated by both methods are equal to each other in the energy range of 2 to 9 GeV. However, in figure 10 (a) it was found the horizontal beam spot size calculated by raytracing is smaller than that is calculated by TRANSPORT in the energy range of 8.5 to 9 GeV; while in figure 10 (b), the horizontal beam spot size calculated by raytracing is much larger than that calculated by TRASPORT.  It was also found that the bending angle calculated by TRANSPORT and raytracing are slightly different, while at low and high energy region this difference become more obvious, as can be seen in figure 11 (a) and (b).  The combination of the limited dipole magnet length and the non abrupt field termination at the magnet edge plus the very shallow exit angle of the energy degraded electrons could result in a smaller field integral at the high energy region, simply because the magnet is not long enough, and a smaller field integral will cause a smaller bending angle.  The reason for the smaller bending angle at the low energy range is because the magnetic field is not abrupt terminated at the magnet edge, the electron path outside the magnet actually start bending before the effective field boundary is reached, therefore the entrance point at the entrance edge is slightly moved towards the magnet exit edge, therefore the bending angle is reduced. This will affect all electrons from low to high energy, but because the bending radii for low energy electrons are smaller, therefore a larger effect is expected for the low energy electrons. The variations in the bending angles have negative effects on the tagger resolution along the straight line focal plane at the low energy part, but since the tagger resolution is far better than the GlueX requirements, it doesn’t cause any problem. The variation in the bending angle can also affect the tagger dispersion, as can be seen in figure 12 (a) and (b).  Generally, the dispersion calculated by TRANSPORT and raytracing methods agree with each other, as shown in figure 12 (a); there are some tiny difference between them which become more obvious at the low and high energy ranges, as shown in figure 12 (b).  The difference is so small that for each individual channels, the detector width should have only very small difference. But the error integral over the whole range will be noticeable for the detector centre positions, especially at the high energy part. If the tagger focal plane detector is arranged according to only the dispersion information calculated by TRANSPORT, there will be a large energy calibration error, as shown in figure 13.  So it is highly desirable to have a measured the magnet field map, and to arrange the focal plane detectors according to the raytracing results based on the measured field map. 

      It should be point out that the raytracing calculation considered all the high order contributions, its accuracy depend only the accuracy of the field map. While the TRANSPORT calculation can only be carried out to second order. Although the electron energy for GlueX is quite high, therefore the high order effects are small. But the GlueX project requires a very large momentum range, so the high order effect could be fairly large at the low electron energy range, as is illustrated in figure 14. In figure 14,  horizontal projection of trajectories for the 81 rays in the focal plane region for 300 MeV electron beam is shown, clearly that there are no simple point to point focusing, high order effects must be considered. 
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Figure 11.  Bending angle for different electron beam energies, black curve is calculated by Transport, purple line is calculated by TOSCA, figure 10 b shows the difference between the Transport and TOSCA results.
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Figure 12.  Dispersion for different electron beam energies. In figure 11 a black line is calculated by Transport, purple line is calculated by TOSCA, figure 11b shows the difference between the Transport and TOSCA results.
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Figure 13. Energy calibration error calculated according to the difference in the dispersions calculated by TRANSPORT and the raytracing methods. 
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Figure 14.  Horizontal projection of trajectories for the 81 rays for 300 MeV electron beam. The U coordinate is along the central ray direction. Purple lines show the straight line focal plane detector position.
4. Conclusion

     The optical properties of a single-dipole spectrometer for the Hall D tagger have been calculated using both the TRANSPORT code and raytracing through a magnetic field calculated using TOSCA. The spectrometer easily satisfies the specifications of the GlueX experiment. The results calculated by TRANSPORT and raytracing agree with each other at parallel to point and point to point foci, but are different at other positions. The non abrupt terminated magnetic field has some effects on the beam resolution and dispersion. The integral of the change in the dispersion along the focal plane could cause significant change in the detector positions, therefore result in large energy calibration error. In order to reduce this error, a properly measured field map is needed. 
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