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The Stonehenge Tehnique. A new method foraligning oherent bremsstrahlung radiators.
Ken LivingstonDepartment of Physis & Astronomy, University of Glasgow, Glasgow, G12 8QQ

AbstratThis paper desribes a new tehnique for the alignment of rystal radiators used toprodue high energy, linearly polarized photons via oherent bremsstrahlung sat-tering at eletron beam failities. In these experiments the rystal is mounted ona goniometer whih is used to adjust its orientation relative to the eletron beam.The angles and equations whih relate the rystal lattie, goniometer and eletronbeam diretion are presented here, and the method of alignment is illustrated withdata taken at MAMI (the Mainz mirotron). A pratial guide to setting up a oher-ent bremsstrahlung faility and installing new rystals using this tehnique is alsoinluded.Key words: Bremsstrahlung; Diamond radiator; Coherent bremsstrahlung; Linearpolarization; PhotonulearPACS: 29.27.Hj; 29.27.FhPreprint submitted to Elsevier September 10, 2008
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1 IntrodutionIn the oherent bremsstrahlung tehnique a thin rystal oriented orretly inan eletron beam an produe photons with a high degree of linear polarization[1℄. A typial photon energy spetrum is shown in �gure 1, where the regionof high polarization is under the peak to the left of the oherent edge whoseposition depends on the orientation of the rystal relative to the eletron beam.The rystal is mounted on a goniometer to ontrol its orientation, but in order
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beamE0Figure 1. Typial oherent bremsstrahlung enhanement spetrum. The spetrumobtained from the rystal is divided though by a referene spetrum from an amor-phous radiator and normalised to be 100 in regions where there is only a smalloherent ontribution.to be able to set up oherent bremsstrahlung it is �rst neessary to measurean appropriate set of angular o�sets between the rystal axes and eletronbeam diretion. A method for measuring o�sets and aligning the rystal wasdeveloped by Lohman et al, and has been used suessfully in Mainz [2℄.Email address: k.livingston�physis.gla.a.uk (Ken Livingston).2



However, reent attempts to investigate new rystals have shown that thisapproah has limitations whih beome more serious at higher beam energieswhere more aurate setting of the rystal angles, whih sale with 1/Ebeam,is required. (Eg. the reent installation of oherent bremsstrahlung faility atJlab, with Ebeam ≃ 6GeV ) This paper desribes a new alignment tehniquewhih overomes these limitations. Wherever possible, spei� examples aregiven to illustrate the tehnique, and setion 7 outlines some general methodsfor installing new rystals and measuring the angular o�sets of the eletronbeam in the goniometer referene frame.
2 Coherent bremsstrahlung - a simpli�ed view.To provide a linearly polarised photon beam for an experiment we need tobe able to adjust the orientation of the polarization plane and the shapeof the photon intensity distribution whih determines the degree of linearpolarization in the photon energy range of interest. The main oherent peak isprodued by sattering from one spei� set of rystal planes, represented byreiproal lattie vetor g = [gxgygz]. In pratie a thin diamond rystal ut inthe 100 orientation is used and the main peak is produed by sattering fromthe set of planes represented by the [022] or [022] reiproal lattie vetor, sinethis produes the highest polarization. For simpliity, formulae and exampleswill be presented for these onditions with some remarks on how to generalise3



to other rystals in di�erent orienations, and di�erent lattie vetors. Theparameters of interest are illustrated in �gure 2, where the sets of rystal planesde�ned by the [022] and [022] lattie vetors are represented by 2 orthogonalsurfaes.
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Figure 2. Illustration of the sattering angles for oherent bremsstrahlung from adiamond in the 100 orientation. The sets of planes de�ned by the [022] and [022]lattie vetors are represented by 2 single orthogonal planes.The angle of the polarization plane is �xed by φ, the azimuthal orientationof the 022 axis relative to the lab horizontal, and the position of the mainoherent edge (spei�ally, its frational energy x = Eedge/Ebeam) is ontrolledby the angle  between the eletron beam and the [022] planes. In pratiethen,  must be adjusted to position the main oherent peak at the region ofinterest. This will also set the position of subsequent harmonis. For example,in �gure 1 the main peak is produed by sattering from the [022] planes andsubsequent lower strength peaks from [044] and [066] are also learly visible; allof these move in-onert as the angle c between the beam and the [022] planesis adjusted. To ontrol the remaining omponents of the distribution, whilstkeeping the main oherent peak (and harmonis) �xed, requires adjustment of4



the angle i between the eletron beam and the diretion orthogonal to c. Thisangle will generally be set higher than c by a fator of about 4, to position theoherent ontributions from the orthogonal planes at a high photon energybeyond the peak of interest.Referring to �gure 2, we hoose the values of φ, c, i as follows:(1) φ - the angle between the 022 axis and the horizontal.This is simply seleted by deiding whih orientation of the polariza-tion plane is best for the detetor geometry of the experiment. Often,for systematis, experiments are run with two orthogonal settings of thepolarization plane, φ and φ+π/2. For pratial reasons this is most easilyahieved by swapping the values of c and i, rather than adjusting φ. With
c, i as show in �gure 2, the polarization plane is φ. Swapping them makesthe polarization plane φ+π/2. A further ommon simpli�ation is to usePARA / PERP polarizations, where the polarization plane is parallel orperpendiular to the lab horizontal.(2) c - the small angle between the beam and the [022] planes whih �xes theposition of the oherent edge.For a diamond in the 100 orientation, if we restrit our interest to theposition of the oherent edge from g = [022],[022],[044],[044] et. then c5



(in radians) an be alulated as follows:�
c ≃ k

gE2
0 [

1

E
− 1

E0

]
(1)where:

g= ±2,±4,±6 ....
E = required position of oherent edge (MeV)
E0 = eletron beam energy (MeV)
k = mea/4

√
2π = 26.5601 MeV

me = mass of eletron = 0.511 MeV
a = diamond lattie onstant = 923.7 (dimensionless units)In pratie, the oherent edge position E should be reasonably lose tothe alulated value, but this depends on how aurately the initial an-gular o�sets are measured during the setup (see setion 7). The positionof the oherent edge is tuned by looking at enhanement spetra andmaking small adjustments to c.(3) i - the angle between the beam and the orthogonal planes.This is set to be larger than c by about a fator of 4 and then tunedusing feedbak from the enhanement spetra. It needs to be adjusted toensure that the main oherent peak is as lean as possible and that thereare no interfering ontributions from any higher order lattie vetors.6



For the purposes of omparing with bremsstrahlung alulations it is nees-sary to desribe the orientation in terms of the rystal angles 1 Cθ, Cα, Cφ,where Cθ, Cα are the polar and azimuthal angles of the eletron beam in thereferene frame of the rystal (de�ned by the 100, 010, 001 axes) and Cφ is theazimuth of g in the same referene frame. This is represented in �gure 3, whihis e�etively a 2D view of �gure 2 looking along the 100 axis. Here, sine thepolar angles between the beam and rystal are small, c and i are representedby two lines parallel and perpendiular to the 022 axis. This diagram showsthat the relationship between φ, c, i and Cθ, Cα, Cφ is rather simple.
Cφ =

π

4
(2)

Cθ =
√

c2 + i2 (3)
Cα = Cφ + tan−1

i

c
(4)In summary, for a diamond in the 100 orientation with the oherent peak om-ing from the [022] or [022] planes, we have a simple presription for deidingon values of φ, c, i. We also have simple set of equations (eq. 2,3,4) for alu-lating the orresponding angles Cθ, Cα, Cφ in the rystal referene frame; thisis important for omaprision with bremsstrahlung alulations. What is alsorequired is a fast, reliable method of setting up and alibrating the goniometerto allow the angles c, i, φ to be easily seleted. A new method for doing this is

1 In Lohman's paper [2℄ the rystal angles are simple de�ned as θ, α, φ, but tomake it lear that they relate to the rystal oordinate system, as opposed to thegoniometer system they are labelled here as Cθ, Cα, Cφ.7
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Figure 3. Diagram showing the relationship between c, i.φ and rystal angles
Cθ, Cα, Cφ.desribed in the following setions.
3 De�nition of angles and o�setsAs shown in Figure 4, the diamond is attahed to the inner plate of thegoniometer (white irle) whih an rotate azimuthally (φ) inside a nestedpair of frames whih an rotate about vertial and horizontal axes (v and
h). The urved arrows on the �gure indiate the +ve diretion of motion oneah of the axes. The goniometer should be set up in lose alignment with thelab frame and the beam diretion. Expliitly, the settings on the v and h axesshould be zero (ie the origins de�ned in the goniometer setup) when these axesare aligned with the lab vertial and horizontal, and the normal to the innerplate O is aligned as losely as possible with the beam diretion B. Even withareful initial setup of the goniometer there will be a small, but non-negligible,misalignment with the beam diretion B, whih may also vary slightly eah8



time new beam is set up for an experiment. There will also be a misalignmentof the 100 diamond rystal axis D with the normal to the inner plate O dueto imperfetions in the mounting and in the utting from the original stone.These angles are typially in the range 0 - 60mrad, and are highly exaggeratedin the diagram for larity. A simple and diret way of visualising the relativeorientation of the beam, goniometer and rystal is to projet the vetors Band D onto a 2D plane 2 , where a +ve rotation about the v axis moves D tothe right, and +ve rotation about the h axis moves D upwards. The origin ofthis system is de�ned by O, the orientation of the normal to the goniometerin its zero position. The azimuthal orientation of the 022 axis relative to thelab horizontal an also be represented on this plot. The D vetor sweeps outa one of angle Θ when the goniometer is rotated about it's azimuthal axis.
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Figure 4. Diamond radiator mounted on a goniometer showing the default angles ofthe beam (B) and diamond (D), and de�nitions of angular o�sets.Figure 4 represents the rystal in its default position. Ie. the goniometer has
2 A more aurate representation would use the surfae of a sphere. However, theangles involved are < 60 mrad, so the error introdued by using a plane is negligible.9



been set up and aligned approximately with the beam diretion, and a newrystal has been mounted with the 100 axis also approximately aligned withthe beam diretion. An appropriate set of angular o�sets to desribe this are:
• φ0 - the azimuthal o�set of the rystal as de�ned by the angle between the022 axis and the lab horizontal.
• Bv,Bh - the o�sets between the beam diretion B and the origin O.
• Θ, Φ - the o�sets of the 100 axis in the default position D0, in terms of itspolar angular displaement Θ from the origin O, and the angle Φ betweenD0 and the horizontal.If these 5 o�sets are known then it is possible to position the rystal at anyazimuthal angle, with any required small angular orientation of the diamondD relative to the beam B. As desribed in setion 2, the aim is to movethe diamond from its default orientation D0 to some position Dφ,c,i wherethree angles φ, c, i are set at their required values. The movement from D0to Dφ,c,i has to be ahieved by setting the appropriate angular oordinateson the goniometer's azimuthal, vertial and horizontal axes Ga, Gv, Gh. Thederivation of these oordinates as funtions of the angular o�sets and desiredorientation angles (φ, c, i) is illustrated in �gure 5, whih shows a graph inangular displaement about the v and h rotation axes.
The movement from D0 to Dφ,c,i an be thought of as a 2 step proess: Firstly,10
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Figure 5. Angles involved in moving from default positionD0 to an arbitrary positionDφ,c,i.the rystal needs to be rotated azimuthally by adjusting Ga to set the orretorientation φ of the 022 axis. This has the e�et of hanging the angularo�set between the 100 diamond axis D and the beam B, shown as movementfrom D0 to Dφ in �gure 5. Seondly, the goniometer's vertial and horizontalrotation oordinates Gv, Gh must be adjusted to set the orret angle betweenthe diamond and the beam. In terms of �gure 5 this means a translation fromDφ to Dφ,c,i.Applying simple trigonometry to �gure 5 gives the following expressions forthe goniometer settings Ga, Gv, Gh required to ahieve the diamond orientationDφ,c,i.
Ga = φ − φ0 (5)
Gv = c cos φ − i sin φ − Θ cos(Ga + Φ) + Bv (6)11



Gh = c sin φ + i cos φ − Θ sin(Ga + Φ) + Bh (7)Note, this will set the 022 axis at azimuthal angle φ. However, sine the rystalhas 4 fold symmetry about the 100 axis, interhanging the values of c and irotates the polarization plane by π/2, and hene all orientations of the polar-ization plane are possible with azimuthal rotations of ≤ π/4 relative to thedefault orientation.This gives a presription for seleting the orientation of the polarization plane,and the energy of the oherent edge, provided the o�sets φ0, Φ, Θ, Bv, Bh areknown. The hallenge is to �nd a method of measuring these o�sets by satter-ing eletrons from the diamond and interpreting shape of the resulting photonenergy spetra. The method desribed here is the Stonehenge Tehnique.
4 Lohman's method and the need to extend itIn the alignment tehnique developed by Lohman et al [2℄, angular o�sets aremeasured by arrying out a series of sans, eah involving a sequene of smallangular movements (steps) of the rystal with the orresponding aumula-tion of a photon energy spetrum (obtained from a tagging spetrometer).This is divided through by an inoherent spetrum from an amorphous radia-tor to highlight the oherent ontribution and eliminate the e�et of hannelto hannel variations in the rates on the individual ounters of the tagging12



spetrometer. A single slie of suh a san produes an enhanement plot suhas that shown in �gure 1. The results of the omplete sans are plotted on 2dhistograms whih give information information about the orientation of therystal. This tehnique has been very suessful, and the method desribedhere an be onsidered as an extension of it. In summary, Lohman's tehniquerelies on sans where only a single goniometer oordinate is varied at one.The default azimuthal orientation φ0 is determined by sanning in Ga. Theorientation of the rystal 022 vetor is then seleted to be φ = 0◦ to allowthe orientation of polarization plane to be 0◦ or 90◦(onventionally PARA orPERP). One the Ga oordinate is �xed for PARA / PERP onditions areonsiderably simpli�ed sine the [022] and [022] reiproal lattie vetors arenow aligned with the v and h axes of the goniometer. Equations 6 and 7 redueto:
Gv = c + kv (8)
Gh = i + kh (9)Here, kv and kh are the angular o�sets beween the beam B and diamondD in this spei� PARA / PERP orientation. These o�ests an be simplydetermined with sans in Gv and Gh. One kv and kh have been measuredthe oherent peak an easily be put at any required energy setting for eitherPARA or PERP polarization. For brevity only the essential onepts havebeen desribed here, the full details are given in Lohman's paper [2℄.13



Of all the o�sets de�ned in �gures 4 and 5, only φ0 is measured expliitlyin Lohman's tehnique. There is no need to measure the others if we adhereto the speial irumstane of only using the PARA / PERP orientations ofthe rystal. However, setting up for PARA / PERP relies on measuring φ0, bysanning in Ga. This is non-trivial, sine any san in Ga makes the rystal axisD desribe a one in spae (see �gure 4) and therefore hanges 3 parameterssimultaneously (φ, c, i). The resulting 2D plot an be di�ult (or impossible)to interpret. In pratie, the setting up of a new rystal is very time onsuming,and relies on the experiene and intuition of the user, who has to arry out aseries of exploratory and iteratative sans until a onsistent piture is obtained.This an only be done reliably if the initial misalignment between the beamB, goniometer O and rystal D is small (ie ≤ 1/[2Ebeam(GeV )]◦). A faster,more general tehnique is desribed here. This new method is still based theinterpretation of sans, but an ope with a larger mounting misalignmentand, sine it measures all of the o�sets desribed in setion 3, allows anyarbitrary orientation of the polarization plane to be seleted.
5 The Stonehenge Tehnique
The basis of the stonehenge tehnique is an hv san whih sweeps the rystalaxis D around in a one of angular radius θr by stepping sinusoidally on the14



v and h axes as follows:
Gv = Sv + θr cos (φr)

Gh = Sh + θr sin (φr)

}0 ≤ φr < 2π (10)
where Sv, Sh are the oordinates of the enter of the san relative to the zeropositions on the goniometer axes. For eah point Gv, Gh in the san an en-hanement spetrum is measured, and, sine the intensity is a funtion of
Eγ,Gv, Gh, a full representation of the data an be made by plotting it on sur-fae of a ylinder (�gure 6). Regions of high intensity form sets of urves whihshow the oherent ontributions from di�erent sets of rystal planes as theirangles hange relative to the beam. The urves with the strongest intensityrelate to sattering from the sets of planes de�ned by the [022] and [022] reip-roal lattie vetors, and the points in the san where they onverge at Eγ = 0indiate where the relevant set of planes is parallel to the beam. Vertial linesare drawn though these 4 points in �gure 6 and projeted onto the perimeterof a irle to produe a stonehenge plot. By �tting a pair of orthogonal linesto these 4 points the beam position an be identi�ed. The azimuthal o�set φ0of the rystal an be measured, and the o�set vetor −−→BD0 between the rystalaxis default position D0 and the beam diretion B determined. Notie thatthe hoie of whih of the 2 lines represents the 022 axis is somewhat arbitrarydue to the the 4-fold symmetry, so we hoose suh that φ0 is between 0 and
π/2. For pratial reasons the ylinder shown in �gure 6 is �attened out onto15
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Figure 6. Simulation showing the onstrution of a stonehenge plot from an hv-sanon a rystal.the outer part a polar diagram with photon energy inreasing in the outwardradial diretion 3 . The stonehenge plot is then onstruted in the enter. Fig-ures 7 and 8 show the result of suh measurements arried out in Mainz usinga 100µm rystal. The 100 axis was made to desribe a one in 180 x 2◦ stepsby moving the goniometer axes as desribed by eqn. 10, with θr = 60 mrad
3 In the initial development, the o�sets were obtained by analyzing only the highintensity spots on the perimiter of a irle. This is why the Stonehenge Tehnique isso alled. 16



and Sv = Sh = 0.

Figure 7. An hv san and assoiated stonehenge plot showing alulated o�sets forthe 100µm Mainz rystal in the default orientation.The plotting and analysis was arried out using a ROOT maro [3,4℄ whihwas used to superimpose lines on the polar plot on the basis of 4 seletedpoints (orresponding to the [022] and [022] vetors). This was arried outrepeatedly until a pair of orthogonal lines was found to give a good �t to the 4points (judged by eye). The intersetion of these lines de�nes the oordinatesof the beam relative to the enter of the san. Further orroboration thatthe orret points have been seleted is given by the lines at 45◦ to the mainpair, whih pass though the points related to the [004℄ and [040℄ vetors. Therystal's azimuthal orientation φ0 is found from the gradient and the vetor17



Figure 8. An hv san and assoiated stonehenge plot showing alulated o�sets forthe Mainz 100µm rystal rotated azimuthally by 180◦ from the default orientation.
−−→
BD0 alulated as follows: −−→BD0 = −(

−→
S +

−→
SB), where −→S (Sv, Sh) is the originof the enter of the hv san in relation to the goniometer origin O. Initially −→

Swill be (0,0) but if extra preision is required the san an be repeated with
−→
S set to the �rst measured value of −→SB and a smaller radius θr. Figures 7and 8 show the output of the ROOT maro with the template orretly �ttedand all the values alulated.Initially the Stonehenge tehnique seems rather abstrat, so it is worth point-ing out some of its advantages. A single hv-san with orresponding Stone-henge plot allows the simultaneous measurement of the azimuthal position ofthe rystal and the vertial and horizontal angles it subtends relative to the18



beam. With the previous method eah of these had to be measured separatelythrough a long proess of iterations, with the aveat that the mounting mis-alignment had to be small. Here, even in onditions where there is a largemounting misalignmet, the san an be repeated with a large enough radiusto produe an unambiguous plot. Also, if only PARA / PERP running ondi-tions are required, the azimuthal orientation is set to 0◦ by adjusting Ga andthe san repeated to �nd the o�sets kv, kh from eq. 8,9 (more details are givenin setion 7). Furthermore, the speed and reliability of the Stonhenge teh-nique make it pratial to measure all of the o�sets de�ned in setion 3 andreally allows the hoie of any arbitrary values of φ, c, i (see following setion).Finally, it is relatively simple to align a rystal with a di�erent struture, orin a di�erent orientation; we just need to alulate whih lattie vetors willgive the strongest ontribution to the oherent bremsstrahlung and overlay aorresponding template on the Stonehenge plot. For example, �gure 9 showsthe data from a diamond in the 110 orientation after alignment, where thetemplate onsists of lines in the 11±1, 220 and 004 diretions.
6 Obtaining a omplete set of o�sets from sansAs shown in the previous setion, it is possible to measure the azimuthalorientation of the rystal and the o�set between the beam B and rystalaxis D with a single san. For many experiments this may provide enough19
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Figure 9. Stonehenge plot of a diamond in the 110 orientation. Here, the rystal wasaligned with the beam and the 111 axis set at 10◦ to the horizontal for measurementsof hanneling radiation.information to run at all the required onditions - eg. only in PARA / PERPmode. However, we an ahieve more generality.We represent the o�set between the beam B and rystal axis D with a ve-tor −−→
BD0, measured from an initial san. If the goniometer is rotated az-imuthally by some known amount φs, another san an be arried out todetermine a di�erent o�set −−→BD1 . The vetors −−→

BD0, −−→BD1 with a known an-gular separation φs(= ∠D0OD1) provide the information to loate the origin,onstrut �gure 5 and yield the required o�sets. This relationship between
O,

−−→
BD0,

−−→
BD1, Θ, Φand φsis shown in �gure 10. If the vetor omponents in20
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Figure 10. Illustration of how to determine derive the o�sets Φ,Θ and the beamposition B from the values of −−→BD0 and −−→
BD1 obtained from two hv sans arriedout with an azimuthal separation of φs.

v, h are −−→
BD0 = (v0, h0), −−→BD1 = (v1, h1) then the o�sets Bv, Bh, Θ, Φ are al-ulated as follows:

Bv = −
[

(v0 + v1)

2
− (h1 − h0)

2 tan(φs/2)

] (11)
Bh = −

[

(h0 + h1)

2
+

(v1 − v0)

2 tan(φs/2)

] (12)
Φ = arctan

[

Bh + h0

Bv + v0

] (13)
Θ =

√

(Bv + v0)2 + (Bh + h0)2 (14)In pratie, this means arrying out an initial san to determine −−→BD0, rotatingby an angle φs on the goniometer's azimuthal axis, and repeating the san todetermine −−→BD1. Figures 7 and 8 show the results of suh a pair of sans, wherethe rystal was rotated azimuthally by φs = 180◦ between sans. As would beexpeted, the position of the rystal relative to the beam has hanged onsid-21



erably, but both sans agree (to within 0.5◦) on the azimuthal orientation ofthe rystal. The omponents of −−→BD0 and −−→
BD1 obtained from the two orre-sponding stonehenge plots are inserted into eqns 11-14 to alulate the o�setsand onstrut spei� version of the diagram shown in �gure 10. The resultobtained from the analysis of the 2 example plots (�gures 7 and 8) is shownin �gure 11, whih was generated from a ROOT maro [3,4℄.
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Figure 11. Calulation of the rystal o�sets from the results of two hv sans on theMainz [100℄µm diamond.With the o�sets measured, eqns 5 - 7 an be to used to alulate the goniometersettings required to position the rystal at any desired azimuthal angle (φ) andany desired orientation of the [022] and [022] vetors relative to the beam (ieany values of  and i). To on�rm this, we an attempt to set φ = 0◦ , alignthe rystal perfetly with the beam and arry out another hv san, whihshould have symmetry about the v and h axes. An example is shown in �gure12.The Stonehenge Tehnique has now been used suessfully at MAMI in Mainz,22



Figure 12. An hv san of the Mainz µm rystal in the φd = 0 orientation with allo�sets installed (ie enter aligned perfetly with the beam).CB-ELSA in Bonn, and CLAS at Je�erson Laboratory to align several dia-monds. Based on experiene at these failities, the �nal setion is pratial,step by step guide on how to setup a linearly polarised photon beam usinga ombination of the Stonehenge Tehnique and the methods desribed byLohman et al. [2℄.
7 A step by step guide.The equations and example plots presented in the earlier setions of thisartile give a presription for aligning the rystal relative to the beam for23



the most general irumstanes; ie it is assumed that none of the o�sets(φ0, Φ, Θ, Bv, Bh) are known, and that it is desirable to be able to selet anyarbitrary orientation of the polarization plane. In pratie, this full generalityis seldom required. For example, the rystal may have already been installedfor an earlier running period, or only the PARA / PERP orientations of thepolarization plane may be required. Hene, the steps desribed below give asuggested proedure for the initial installation and setup of the goniometer,subsequent alignment of new rystals and re-alibration prior to eah new runperiod, and some shortuts whih an be taken for ertain spei� onditions.It is assumed here that there is a ombination of software and hardware inplae to move the goniometer in small angular inrements and aquire theorresponding photon energy spetra (ie arry out the sans). Several ROOTmaros [3℄ have been developed to arry out the analysis of sans and alulatethe goniometer settings. These are available on the web [4℄, or by sending anemail to the author.Collimation - before and after.The bremsstrahlung photon beam is tightly ollimated to inrease the en-hanement and the degree of polarization. Ideally it should be ollimated toless that half the harateristi angle of the bremsstrahlung one (eg. 2mmdiameter at 23m at CLAS where Ebeam ∼ 5GeV ). For a true piture of theollimated beam on target, the enhanement needs to be derived from event24



by event data, where the DAQ is triggered by the photon, and the energyderived by looking at the eletron whih makes a timing oinidene with thetagger foal plane. Even at a DAQ rate of ∼ 5kHz it takes of the order of30min to build up enough statistis for a reasonable enhanement spetrum.This is ertainly useful for measuring the degree of polarization of the beam,but is not adquate for anything requiring fast feedbak, suh as setup sans,or steering the beam throught the ollimator.
The sans desribed in this paper are based on salers attahed to the taggerfoal plane. These ount at a high rate (eg ∼ 105Hz per ounter) and showthe distributions of the sattered bremsstrahlung eletrons. They give a veryfast enhanement spetrum for the puposes of setup sans, and for setting theoherent edge to the orret position in the photon energy spetrum. The analso provide a fast online monitor that the oherent peak is stable. However,this saler-derived information does not tell us whether any of the photonsmade it through the ollimator to the experiment.
The distintion between this saler-based enhanement and a DAQ-based en-hanement is important. Just beause the oherent peak is in the orret plaedoesn't mean the polarized photons are getting through the ollimator to theexperiment, and there must be adequate other diagnostis in plae to ensurethat this happens. 25



Setup of the goniometer(1) The positive diretions of rotation of the goniometer should be de�nedin software to orrespond to the diretions indiated in �gure 4, and thesettings on the v and h axes should be zero (ie de�ne Gv = Gh = 0) whenthese axes are aligned with the lab vertial and horizontal, and hene thenormal to the inner plate is aligned as losely as possible with the beamdiretion (generally using a laser and a mirror mounted �at on the plate).(2) Despite the best e�orts to setup the goniometer, it is likely that therewill still be non-negligible o�sets (Bv, Bh) between the beam diretionand the goniometer. If the beam position is well de�ned by demandingthat it pass through a small ollimator, these o�sets an be measuredduring the installation of the �rst rystal (see below) and used to rede�nethe zero positions (ie rede�ne Gv = Gh = 0 on the v and h axes of thegoniometer. This will mean give a better default alignment between thebeam and goniometer.
Referene spetrumAs with the method desribed by Lohman et al [2℄, all photon energy spetraobtained with the rystal should be divided though by a referene spetrumobtained with an amorphous radiator, whih should be taken immediatelyprior to attempting to align any rystals. This divides out most of the inoher-26



ent bremsstrahlung ontribution to the spetrum and highlights the oherentpeaks. It also smooths out spikes whih are due to the di�erenes in e�ienyof the ounters to produe a relatively smooth enhanement spetrum. In ahighly segmented ounter there are likely to be several ounters whih aredead, or have very low e�ieny, and it is reommended that these hannelsare �agged by entering zeros as appropriate in the referene spetrum. It isthen a simple matter to ignore them in the division part of the software andopy the the value from the adjaent (or nearest good) hannel. To omparesuessive steps in the sans it is also neessary to normalize the divided spe-tra to the same baseline (eg.∼ 100). This should be done by multiplying thevalue in all hannels by a normalization fator of [100℄ ÷ X, where X is thevalue of the lowest non-zero hannel in the divided spetrum (ie orrespond-ing to a point where there is the smallest possible oherent ontribution). Thishannel will in general be di�erent, and has to be realulated, for eah stepin the san.Setting up the �rst rystalThis desribes the full alignment proedure on the assumption that all o�setsare to be measured, and that is is desireable to be able to dial up any reasonableset of φ, c, i values. In general only some subset of these steps will be requireddepending on the required running onditions and on information from anyprevious alignment. 27



(1) The rystal should be mounted with its fae parallel to the goniometer'sinner plate. Experiene has shown that is reasonable to expet to mountthis to better than 2◦ (35mrad).(2) An initial hv san should be arried out (eqn 10) with a radius of θr= 60mrad, using 180×2◦ steps in φr, and setting Sv = Sh = 0. Theresulting data should be used to onstrut a stonehenge plot as desribedin setion 5, whih should give the default azimuthal orientation of therystal φ0 and the o�set between the [100℄ axis and the beam diretion
−−→
BD0. If there is ambiguity in this plot, it is likely to be beause the o�setbetween the rystal and the beam is greater than 60mrad and the beamspot lies outside the irle of the stonehenge plot. The san should berepeated with a greater value of θr, eg. 120mrad. One an initial valuefor −−→BD0 has been obtained, it is useful to zoom in and repeat the san toobtain more aurate value of −−→BD0. This is done by setting ~S = −−−→

BD0(ie Sv = −v0, Sh = −h0) and redoing the original san with smaller valueof θr. In most situations an initial san at θr = 60mrad, followed by aseond san and θr = 20mrad is adequate.(3) The goniometer should be rotated by a known amount φs (ideally = 180◦if the goniometer and abling allows), and step 2 repeated. The azimuthalangle measured from the stonehenge plot should be φ0+ φs, and shouldyield the same value of φ0 as measured in step 2, to within about 0.5◦.The seond o�set between the [100℄ axis and the beam diretion −−→
BD1should also obtained from plot. 28



(4) The values of −−→BD0 and −−→
BD1 and φs should be used to onstrut a plot likethe one shown in �gure 11 and alulate all the o�sets (φ0, Φ, Θ, Bv, Bh)(5) The values of φ0, Φ, Θ are spei� to this installation of the rystal andshould not hange unless the rystal is remounted. They should be reorded.(6) The values Bv, Bh desribe the o�set of the beam. At this point it issensible rede�ne the origin of the goniometer to oinide with the beam.Ie. move the goniometer to Gv = Bv and Gh = Bh and rede�ne the zeropositions in the goniometer software at these positions. The default valuesof the beam o�sets an now be set to zero (Bv = Bh = 0) and should onlyhange if the beam position hanges or the goniometer is re-installed.(7) To on�rm that the o�sets have been orretly measured a �nal hv sanshould be arried out with the rystal in the required azimuthal setting(say φ = 0), and the enter of rotation aligned with the beam. Setting

φ = i = c = 0 in eqns 5-7 gives the oordinates Gφ, Gv, Gh for the enterof san (Sv, Sh).
Installation of other rystals
Other rystals should be aligned in a similar way to the �rst rystal but withstep 6 omitted sine the goniometer's zero setting should now be onsistentwith the beam diretion. Sans on new rystals should on�rm the beamposition, whih should be very lose to the origin.29



Setting the polarization planeSine there is 4-fold rotational symmetry about the azimuthal axis, the go-niometer need never be rotated by more than ±45◦ to position the rystallattie for any required orientation of the polarization plane. For example, ifwe selet φ = 30◦ (the azimuthal angle of the 022 rystal axis from the hor-izontal) and selet c and i to be the sattering angles from the 022 and 022axes respetively, as shown in �gure 4, then the polarization plane with be at30◦. Interhanging c and i will rotate the plane by 90◦ to 120◦ (or -60◦). Eqn5 should be used to �nd the goniometer value Gφ to set the orret azimuthalorientation of the rystal.
Calibrating the rystal.One the required azimuthal angle φ has been set and the required orientationof the polarization plane hosen (φpol = φ or φpol = φ ± 90◦ ), an energyalibration san should be arried out to produe a table of goniometer anglesvs. oherent edge. This involves �xing the inoherent sattering angle i andstepping through a range of oherent angles c. For example, in Mainz where
Ebeam = 855MeV , the inoherent sattering angle i is set to 60mrad and atypial energy san would be from -1mrad to +10mrad in steps of 0.25mradin c. In the simplest situation, where the polarization plane is vertial orhorizontal, it requires motion on only a single axis, v or h, and is desribed in30



Lohman's paper [2℄. However, in the more general situation keeping i �xed andstepping in c requires movements on both the v and h axes. Here eqns 5-7 anbe used to generate a table of the goniometer settings Gv, Gh orrespondingto eah c value in the san. The goniometer settings Gv, Gh required to setthe position of the oherent edge to the required photon energy are foundby interpolating between the losest points in the table. It is worth stressinghere that this alibration is appropriate only for the seleted value of thepolarization plane φpol. If this hanges, then a new alibration run must bemade.Re-tuning and re-alibratingIf the position of the oherent peak drifts by a small amount during running(eg. due to drift in the beam position) it an be ompensated for by makingsmall adjustments to c, whih in general means adjusting the values to boththe Gv, Gh settings, again by interpolation in the alibration table. If thereis a large drift in the oherent peak position then it is worth arrying outan hv san with φ remaining in its urrent position and the enter Sv, Shorresponding to c = i = 0 (see eqns 6,7). The resulting stonehenge plotshould on�rm the value of the urrent azimuthal orientation φ, but shouldbe give a non-zero value for −→SB; ie beam position should be o�set from theenter of the san. Note that on this information alone it is not possible tosay whether the rystal has moved in some way (eg. a from expansion of31



a mounting wire) or the beam position has hanged. However, provided wewant to keep the urrent azimuthal orientation of the rystal φ, this is notimportant. The omponents of −→SB (labeled SBv, SBh in �gures 7 and 8) anbe added to the urrent beam o�sets Bv, Bh and the alibration san desribedabove an be repeated.
ShortutsA single azimuthal orientation.In many experimental situations it is only neessary to selet a single azimuthalorientation φ of the rystal and to set the polarization plane. This will thenbe used for one spei� orientation of the polarization plane, or for the pairof orthogonal settings whih are parallel and perpendiular to this diretion (ie setting φpara = φ and φperp = φ + 90◦ and interhanging the oherent andinoherent angles c, i ). Here, one the default azimuthal orientation of therystal φ0 has been determined, the desired azimuthal orientation φ an be set,and the o�set between the beam B and rystal axis D measured spei�allyfor this value of φ. This is ahieved by arrying out a proedure similar tothat outlined as the �rst step for installing the �rst rystal. However, as soonas the default azimuthal orientation φ0 of the rystal is found with adequatepreision, the goniometer setting Ga should be adjusted to set the rystal tothe desired azimuthal orientation (Ga = φ − φ0). The hv san should then be32



repeated in this new azimuthal orientation and the value of −−→BD0(v0, h0) foundusing the stonehenge plot. The beam o�sets are now Bv = −v0 and Bh = −h0,and eqns 6 and 7 simpli�ed as follows:
Gv = c cos φ − i sin φ + Bv (15)
Gh = c sin φ + i cos φ + Bh (16)The rystal an now be alibrated as desribed above, this time using eqns15 and 16 to generate a series of goniometer settings for a san in c at apolarization plane of φpol = φ. Again, interhanging c and i in eqns 15 and 16will give the appropriate values for the φpol = φ + 90◦.PARA and PERPNotie, that if the PARA / PERP settings are being used (ie φ = 0◦ or φ = 90◦)eqns 15 and 16 beome simpli�ed further and c, i are related independently to

G
V
, Gh.

8 ConlusionsA new method of aligning rystals for oherent bremstrahlung failities hasbeen desribed. As with previous methods it still based the interpretation ofsans, but an ope with a relatively large mounting misalignment and al-lows any arbitrary orientation of the polarization plane to be seleted. The33



tehnique has now beome the standard method used for setting up oherentbremsstrahlung at the several of world's main oherent bremsstrahlung faili-ties (MAMI at Mainz, CLAS at Je�erson Lab, ELSA at Bonn and MAXLabat Lunz).
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