ESRF Double Crystal Monochromator -
Kinematics

Dehaeze Thomas

June 21, 2023



Contents

General description of the system architecture - Terminology
Forward and Inverse Kinematics problems
Bragg Angle

Kinematics of “hall’ Crystals

4.1 Interferometers - Primary Crystal . . . . . .. .. .. ... ... .. ....
4.2 Interferometers - Secondary Crystal . . . ... ... .. ... ... ....
4.3 Interferometers - Metrology Frame . . . . .. ... ... ... ... ...,
4.4 Actuators . . . . ... e

Kinematics of “ring” Crystals
-

Computing relative position between Crystals
Summary - List of notations

Save Kinematics

5.1 Interferometers - Primary Crystal . . . . . ... ... .. .. ... .....
5.2 Interferometers - Secondary Crystal . . ... ... ... ..........
5.3 Interferometers - Metrology Frame . . . . .. .. ... ... ........
5.4 Actuators . . . . ... e e e e e e e e



In this section, the kinematics of the DCM is described. The elements (crystals, fast jacks, metrology
frame, ...) are all defined. The associated frames in which the motion of those elements are expressed
will also be defined. Finally, the transformation necessary to compute the relative pose of the crystals
from the metrology is computed.



1 General description of the system
architecture - Terminology

In order to describe the motion of the different elements, reference frames are used.
One global frame is first defined with:

e the x axis is aligned with the x-ray

e the y axis aligned with the Bragg axis

e the z axis is pointing up aligned with the gravity

The axis are shown in Figure 1.1. The origin of this frame is usually taken at the intersection between
the x-ray and the bragg axis.

The Bragg axis is therefore rotating around the y axis. Two sets of two crystals are also rotating with
the bragg axis. One set is positioned on the “hall” side (i.e toward +y) while the other set is positioned
on the “ring” side (i.e. toward —y).

For each of these two sets, there is a “primary” crystal directly fixed to the bragg axis, and a “secondary”
crystal fixed on top of three fastjacks. There are therefore 4 crystals in total for each Double Crystal
Monochromator.

There is then a metrology frame that hold all the interferometers.
Several reference frame are used (displayed in Figure 1.1 for the “ring” crystals):

o {Fi,} and {Fi1p}: frames fixed to the bottom surface of first crystals with their origin at the
intersection between the X-ray and the Bragg axis

o {Fo.} and {Fop)}: frames fixed to the top surface of second crystals. Their origin is at the
crystal’s center

o {Fnr}: frame fixed to the center of the top part of the metrology frame
Here are the different letters used in the notations and there meaning;:

e r: “ring” (i.e. toward —y)

e h: “hall” (i.e. toward +y)

e u: “upstream” (i.e. towards —x)




Figure 1.1: Schematic of the DCM with one set of first and second crystals with the associated frames

e d: “downstream” (i.e. towards +z)
e c: “center” (i.e. centered at z = 0)
e 1: primary crystal

e 2: secondary crystal

e mf: metrology frame




2 Forward and Inverse Kinematics problems

Let’s consider one plane initially orthogonal to the z direction (Figure 2.1). The pose of the plane,
expressed in a frame {F} with origin O is defined by:

e its vertical motion: d,
e its rotation around the y axis: r,

e its rotation around the z axis: r,
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Figure 2.1: SChematic of a plane with three vertical interferometers

In order to measure the pose of the crystal, three interferometers are measuring the motion of the plane
at three distinct positions 07 = [21,y1,0], Oz = [22,¥2,0] and O3 = [x3,y3,0] (See Figure 2.1). The
interferometers can be pointed in the z direction or in the opposite z direction. The measured motion
are noted z1, zo and z3.

The inverse kinematic problem consists of deriving the measured [z1, 29, 23] motions from the pose
[d,ry,74] of the crystal. For small motion, this problem can be easily solved as follows:

zZ1 dz
zo| =J |1y (2.1)
zZ3 Tz

with J called the Jacobian matrix.

The Jacobian matrix can be computed as follows in the case where the interferometers are pointing
toward positive z:

1 -z wn
J=]1 —To Y2 (22)
1 —xz3 ys3




and computed as follows if there are pointing torward negative z:

-1 2 —uy
J=|-1 T2 —Y2 (23)
-1 x3 —ys

The forward kinematic problem is then solved by inverting the Jacobian matrix:

dz Al
ry — J—l 29 (24)
Tx 23

The same reasoning can be performed to convert the wanted motion of one plane to the motion of three
vertical actuators fixed to the plane (tripod architecture).



3 Bragg Angle

In order to have a fix exit, the following relation must be verified:

d, = St (3.1)

Z = Zcos 0y
with:
e dog the wanted offset between the incident x-ray and the output x-ray
e O, the bragg angle
e d, the corresponding distance between the first and second crystal

This relation is shown in Figure 3.1 for a wanted fix exit offset of 10mm.

30 T T T
95l
&
g
S 20+
<
Bz
A 15}
=
g7
210t
O
5 1 1
0 20 40 60 80

Bragg angle [deg]

Figure 3.1: Jack motion as a function of Bragg angle (d, = 10mm)



4 Kinematics of “hall” Crystals

There are two “hall” crystals, the primary one and the secondary one.

4.1 Interferometers - Primary Crystal

Three interferometers fixed to the top metrology frame are pointed to the top surface (i.e. toward
negative z) of the primary “hall” crystal. The measurements are performed along the z direction.

The notations are:
e {Fip} is the frame in which motion of the crystal are expressed
e Oy}, measurement point for the “upstream” interferometer
o Oj, . measurement point for the “center” interferometer
e Oyj,q measurement point for the “downstream” interferometer
The measured displacements by the interferometers are noted (2154, Z1h.c, #1h,d)-
The corresponding motion of the crystal expressed in the frame as shown in Figure 4.1 are:
e dy;,,. motion in the z direction
® 713,y rotation around the y axis

® 71}, rotation around the x axis

0O = (0,15)
Y
{Fin - x
0Oy = (—36,—15) Oiha = (36, —15)e

Figure 4.1: Top view of the primary crystal hall. Position of the measurement points. Units in [mm]|

The inverse kinematics problem consists of deriving the measured displacement by the interferometer



from the motion of the crystal (see Figure 4.2):

Z1h,u dlh,z

Zlh,ec | = th,s T1h,y (41)
Z1h,d Th,x
dlh,z Z1h,u

T1h,y Z1h,c

T1h,z Z1h,d
— Jips f——>

Figure 4.2: Inverse Kinematics - Interferometers

From the measurement coordinates in Figure 4.1 and equation (2.3), the inverse kinematics the folowing
Jacobian matrix is obtained:

—1 —0.036 0.015
Jins=|-1 0  —0015 (4.2)
~1 0036 0015

The forward kinematics problem (computing the crystal motion from the 3 interferometers) is solved
by inverting the Jacobian matrix (see Figure 4.3).

dlh,z L Z1h,ur
Tihy | = Jips | Z1n.ch (4.3)
T1h,x Z1h,dr
Z1h,u dlh,z
Z1h,c T1h,y
Z1h,d T1h,x

— J,

Figure 4.3: Forward Kinematics - Interferometers

The obtained matrix is displayed in Table 4.1.

Table 4.1: Inverse of the sensor Jacobian thl,s

-0.25 -0.5 -0.25
-13.89 0.0 13.89
16.67 -33.33 16.67

4.2 Interferometers - Secondary Crystal

Three interferometers are pointed to the bottom surface (i.e. toward positive z) of the secondary “hall”
crystal.
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The position of the measurement points are shown in Figure 4.4 as well as the origin where the motion
of the crystal is computed.

The notations are:
o {F2p} is the frame in which motion of the crystal are expressed
e Oy}, ,, measurement point for the “upstream” interferometer
o Oy}, . measurement point for the “center” interferometer
o Oy, ¢ measurement point for the “downstream” interferometer
The measured displacements by the interferometers are noted [zap,4, 22h.c, Z2h,d)-
The corresponding motion of the crystal expressed in the frame as shown in Figure 4.4 are:
e dyj . motion in the z direction
® 73, rotation around the y axis

® 73;, . rotation around the x axis

.OQh,u = (_707 _15) Ogh,d = (70, —15) °
{th 4 X
Y
.02h7c = (0, 15)

Figure 4.4: Bottom view of the secondary “hall” crystal. Position of the measurement points. Coor-
dinate values are in [mm]

The inverse kinematics consisting of deriving the interferometer measurements from the motion of the
crystal (see Figure 4.5):

22h,u d2h,z
Zoh,e | = Ja2n,s |T2ny (4.4)
29h.d Toh.

th,z 22h,u

T2h,y Z2h,c

T2h,x 22h,d
B —— JQh’S —

Figure 4.5: Inverse Kinematics - Interferometers

From the measurement coordinates in Figure 4.4 and equation (2.2), the inverse kinematics the folowing
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Jacobian matrix is obtained:

1 007 —0.015
Jons=|1 0 0015 (4.5)
1 —0.07 —0.015

The forward kinematics is solved by inverting the Jacobian matrix (see Figure 4.6).

d2h,z 22h,u
Tohy | = ']2_}11,3 Z2h,c (4.6)
T2h,x 22h,d

22h,u d2h,z

22h,c T2h,y

22h,d T2h,x

—> T, —

Figure 4.6: Forward Kinematics - Interferometers

The results is shown in Table 4.2.

Table 4.2: Inverse of the sensor Jacobian J_ i

0.25 0.5 0.25
7.14 0.0 -7.14
-16.67 33.33 -16.67

4.3 Interferometers - Metrology Frame

Three interferometers (aligned with the z axis) are used to measure the relative motion between the
bottom part and the top part of the metrology frame.

The location of the three interferometers are shown in Figure 4.7.
The measured displacements by the interferometers are are noted [Zmfu, Zmf,dhs Zmf,dr)-
We here suppose that the bottom part of the metrology frame is fixed and only the top part is moving.
The motion of the metrology top part expressed in the frame as shown in Figure 4.7 (i.e. centered with
the first crystal) are:

e dyy . motion in the z direction

® 7¢p,y Totation around the y axis

® 74, Totation around the x axis

12
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Figure 4.7: Top View of the top part of the metrology frame
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The inverse kinematics consisting of deriving the interferometer measurements from the motion of the
metrology top part:

Zmfu dfh,z
Zmf,dn | = s |Tihy (4.7)
Zmf,dr Tfha

From the coordinates in Figure 4.7 and the equation (2.2), the following Jacobian matrix is obtained:

1 0102 —0.0425
Jpme= |1 —0.088 0.085 (4.8)
1 —0.088 —0.170

The forward kinematics is solved by inverting the Jacobian matrix:

dfh,» | P
Tehy | = Jins | Zmf.dh (4.9)
T'fh,ax Zmf,dr

The obtained inverse Jacobian matrix is shown in Table 4.3.

Table 4.3: Inverse of the sensor Jacobian J f_hl 7

0.463 0435 0.102
9.263 -2.632 -2.632
0.0 3.922  -3.922

4.4 Actuators

The locations of the actuators with respect with the center of the secondary “hall” crystal are shown in
Figure 4.8.

Inverse Kinematics consist of deriving the corresponding z motion of the 3 actuators from the motion
of the crystal expressed in {F2x}. As in the previous section, the motion of the secondary “hall” crystal
is expressed by [dan,z, T2h,y, T2n,z). The motion of the three fast jacks are expressed by [dy,., du,, dd]
are are corresponding to a motion along the z axis toward positive values.

The inverse kinematics can therefore be solved as follows:

dur d2h,z
duh = Jh,a T2h,y (410)
dq Tohx

Based on the geometry in Figure 4.8, the following Jacobian matrix is obtained (see Eq. (2.2)):

1 014 —0.1525
Jha=|1 014  0.0675 (4.11)
1 —0.14 —0.0425

14
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Figure 4.8: Location of actuators with respect to the center of the hall second crystal (bottom view).
Units are in [mm)]

th,Z dur
T2h,y du,
Tohx dq

—| Jha b—>

Figure 4.9: Inverse Kinematics - Actuators
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The forward Kinematics is solved by inverting the Jacobian matrix:

dap, - du,

Tohy | = Jh_,i du,,

Toh,z dg
du,,. d2h,z
duh T2h,y
dq T2h.a

—1
> Jh,a

Figure 4.10: Forward Kinematics - Actuators for hall crystal

The obtained inverse Jacobian matrix is shown in Table 4.4.

Table 4.4: Inverse of the actuator Jacobian J o }L

0.0568  0.4432 0.5
1.7857  1.7857 -3.5714
-4.5455  4.5455 0.0

16
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5 Kinematics of “ring’ Crystals

The same reasoning is now done for the “ring” crystals.

5.1 Interferometers - Primary Crystal

Three interferometers fixed to the top metrology frame are pointed to the top surface (i.e. toward
negative z) of the primary “hall” crystal. The measurements are perform along the z direction.

The notations are:
e {Fi,} is the frame in which motion of the crystal are expressed
e Oy, , measurement point for the “upstream” interferometer
e Oj, . measurement point for the “center” interferometer
e Oy, 4 measurement point for the “downstream” interferometer
The measured displacements by the interferometers are noted (21,4, Z1rc, 2ird)-
The corresponding motion of the crystal expressed in the frame as shown in Figure 4.1 are:
e dy, . motion in the z direction
® 71,y Totation around the y axis

e 71, , rotation around the z axis

.017',u = (—36, 15) Olr,d = (367 15) b
Y

{]:17“ - x

01, = (0,-15)

Figure 5.1: Top view of the primary crystal ring. Position of the measurement points in [mm)].

The inverse kinematics consisting of deriving the interferometer measurements from the motion of the
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crystal (see Figure 5.2):

Z1r,u dlr,z
=J 7
) ) )

Z1r,c 1r,s 1ryy

Z1r,d T1ir,x
dlr z Z1ru

)

Tiry Z1r,c
_Tlr,:zz Z1r,d

—| Jirs —>

Figure 5.2: Inverse Kinematics - Interferometers (primary “ring” crystal)

From the measurement coordinates in Figure 5.1 and equation (2.3), the inverse kinematics the folowing

Jacobian matrix is obtained:

—~1 —0.036 —0.015
Jips=|-1 0 0.015
~1 0036 —0.015

The forward kinematics is solved by inverting the Jacobian matrix (see Figure 5.3).

dlr,z Zlru

Tiry | = Jfr}s Zlr,c

T1rx Z1r,d
Z1ru dlr,z
Z1rc rlr,y
_er,d Tirx

— J, —

Figure 5.3: Forward Kinematics - Interferometers

The obtained inverse Jacobian matrix is shown in Table 5.1.

Table 5.1: Inverse of the sensor Jacobian Jfr’ls

-0.25 0.5 -0.25
-13.89 0.0 13.89
-16.67 33.33 -16.67

5.2 Interferometers - Secondary Crystal

(5.2)

(5.3)

Three interferometers are pointed to the bottom surface (i.e. toward positive z) of the secondary “ring”

crystal.

The position of the measurement points are shown in Figure 5.4 as well as the origin where the motion

of the crystal is computed.

18



The notations are:
e {F2.} is the frame in which motion of the crystal are expressed
o Oy, , measurement point for the “upstream” interferometer
o Oy, . measurement point for the “center” interferometer
e Oy, 4 measurement point for the “downstream” interferometer
The measured displacements by the interferometers are noted (22,4, 22r.c, 22rd)-
The corresponding motion of the crystal expressed in the frame as shown in Figure 4.4 are:
e dy, . motion in the z direction
® 73, rotation around the y axis
® 79, , Totation around the z axis

The position of the measurement points are shown in Figure 5.4 as well as the origin where the motion
of the crystal is computed.

©0y,. = (0,—15)

{fQT

.027',u = (_707 15) OQr,d = (707 15) °

Figure 5.4: Bottom view of the second crystal ring. Position of the measurement points.

The inverse kinematics consisting of deriving the interferometer measurements from the motion of the
crystal (see Figure 5.5):

22,1 dQT,z
22r,c| = J2r,s T2r,y (54>
22r.d Tor,a
d27‘,2 22ru
T2ry 22r.c
_TQT,x 22r.d
— | Jops [——>

Figure 5.5: Inverse Kinematics - Interferometers

From the measurement coordinates in Figure 5.4 and equation (2.2), the inverse kinematics the folowing

19



Jacobian matrix is obtained:

1 007 0015
Jws=|1 0 —0015 (5.5)
1 —0.07 0.015

The forward kinematics is solved by inverting the Jacobian matrix (see Figure 5.6).

d2r,z 22r,u
—1
7"2r,y = J 7,8 2"27"75 (56)
T2rx 22r,d
22ru d2r,z
Z27‘,c T2r,y
| ?2r,d T2r x

— J} —

Figure 5.6: Forward Kinematics - Interferometers

The obtained inverse Jacobian matrix is shown in Table 5.2.

Table 5.2: Inverse of the sensor Jacobian J; !

2r,s
0.25 0.5 0.25
7.14 0.0 -7.14
16.67 -33.33 16.67

5.3 Interferometers - Metrology Frame

Three interferometers (aligned with the z axis) are used to measure the relative motion between the
bottom part and the top part of the metrology frame.

The location of the three interferometers are shown in Figure 5.7.
The measured displacements by the interferometers are are noted [z, fous Zmf,dhy Zm f,d,«].
We here suppose that the bottom part of the metrology frame is fixed and only the top part is moving.
The motion of the metrology top part expressed in the frame as shown in Figure 5.7 (i.e. centered with
the first crystal) are:

e dy, . motion in the z direction

® 74, rotation around the y axis

® 7., rotation around the x axis

20
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Figure 5.7: Top View of the top part of the metrology frame
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The inverse kinematics consisting of deriving the interferometer measurements from the motion of the
metrology top part:

Zmf,u dfr,z
Zmfdn | = Jfrs | Trry (5.7)
Zmf,dr Tfrm

From the coordinates in Figure 5.7 and the equation (2.2), the following Jacobian matrix is obtained:

1 0102 0.0425
Jne= |1 —0.088 0.170 (5.8)
1 —0.088 —0.085

The forward kinematics is solved by inverting the Jacobian matrix:

dfr,z | Ao
Tery | = I | Zmf.dn (5.9)
Tfra Zmf,dr

The obtained inverse Jacobian matrix is shown in Table 5.3.

Table 5.3: Inverse of the sensor Jacobian J f_rlf

0.463 0.102 0.435
9.263 -2.632 -2.632
0.0 3.922  -3.922

5.4 Actuators

The location of the actuators with respect with the center of the secondary “ring” crystal are shown in
Figure 5.8.

Inverse Kinematics consist of deriving the corresponding z motion of the 3 actuators from the motion
of the crystal expressed in {Fa,}. As in the previous section, the motion of the secondary “ring” crystal
is expressed by [dar 2, T2ry, Torg]. The motion of the three fast jacks are expressed by [dy,., du,, dd]
are are corresponding to a motion along the z axis toward positive values.

The inverse kinematics can therefore be solved as follows:

duT d2'r,z
duh = Jh,a T2ry (510)
dd T2r,x

Based on the geometry in Figure 5.8, we obtain (see Eq. (2.2)):

1 014 —0.0675
Joa= |1 014 01525 (5.11)
1 —0.14 0.0425
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Figure 5.8: Location of actuators with respect to the center of the ring second crystal (bottom view)

d27‘,z du'r
Tory duh
T2rx dq

_— J.,

Figure 5.9: Inverse Kinematics - Actuators
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The forward Kinematics is solved by inverting the Jacobian matrix:

d2r,z dur

oy | = Jra | du, (5.12)
T2r dd

du,,. d2r,z

duh T2ry

dd T2r x

— J.

Figure 5.10: Forward Kinematics - Actuators for ring crystal

The obtained inverse Jacobian matrix is shown in Table 5.4.

Table 5.4: Inverse of the actuator Jacobian J,}

0.4432  0.0568 0.5
1.7857  1.7857 -3.5714
-4.5455  4.5455 0.0
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6 Computing relative position between
Crystals

In the previous sections, the motion of the individual crystals have been computed.

We wish to express the relative pose of the primary and secondary crystals [dh ., Thy, Thz] OF
[dr,za rr,y’ Tr,z]-

The sign conventions for the relative crystal pose are:

e An increase of dj ., means the the second crystal experiences a z translation with respect
to the primary crystal

e An increase of r,, means that the second crystal experiences a rotation around y with
respect to the primary crystal

e An increase of r, , means that the second crystal experiences a rotation around z with
respect to the primary crystal

. 7

We therefore have the following relation (same for “hall” and “ring” crystals):

dp, - dap, - dip, - drh,»
Thy | = |T2hy | — |Tihy | — |Trhy (6.1)
Th,x T2h,x T1h,x Tfh,x

The relative pose can be expressed as a function of the interferometers using the Jacobian matrices for
the “hall” crystals:

dh, 22h,u Pl Zhb

—1 —1 —1
Thy | = Jons |22he | = Jins | 21he | = Tpp s | Zfhdh (6.2)
i 22h,d 21h,d Zfh,dr

As well as for the “ring” crystals:

dr,z L 2271 L Z1r,u L Zfru
Try| = J2r,s Z2r.c | — Jlms Rre | — Jfr,s Zfr,dr (63)
Trx 22r,d Z1r,d Zfr.dr
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7 Summary - List of notations

There are 6 Jacobian matrices that are used to convert the 15 interferometers to the relative pose

between the primary and secondary crystals as well as 2 Jacobian matrices for the actuators.

Jacobian matrices are summarized in Table 7.1.

Table 7.1: List of Jacobian matrices

Notation Variable

Description

J_1h_s
J_2h_s
J_fh_s

Converts interferometers to the first “hall” crystal pose
Converts interferometers to the second “hall” crystal pose
Converts interferometers to the metrology frame “hall” pose
Converts interferometers to the first “ring” crystal pose
Converts interferometers to the second “ring” crystal pose
Converts interferometers to the metrology frame “ring” pose
Converts Fastjack motion to the second “hall” crystal pose
Converts Fastjack motion to the second “ring” crystal pose

The 15 interferometer measurements are summarized in Table 7.2.

Table 7.2: List of Interferometer measurements

Notation Variable Interferometer Channel
Z1ru z_1r_u First “Ring” Crystal, “upstream” 1
Zirc z_1r_c First “Ring” Crystal, “center” 2
Z1r,d z_1r_d First “Ring” Crystal, “downstream” 3
21h,u z_1h_u First “Hall” Crystal, “upstream” 4
Zih,c z_1h_c First “Hall” Crystal, “center” 5
Z1h,d z_1h_d First “Hall” Crystal, “downstream” 6
Z9ru z_2r_u Second “Ring” Crystal, “upstream” 7
Zor.c z_2r_c Second “Ring” Crystal, “center” 8
29r.d z_2r_d Second “Ring” Crystal, “downstream” 9
22hu z_2h_u Second “Hall” Crystal, “upstream” 10
29h,c z_2h_c Second “Hall” Crystal, “center” 11
29h.d z_2h_d Second “Hall” Crystal, “downstream” 12
Zmfu z_mf_u Metrology Frame, “upstream” 13

Zmf,dh z_mf_dh  Metrology Frame, “downstream-hall” 14
Zmf,dr z_mf_dr  Metrology Frame, “downstream-ring” 15

All

From the 15 interferometers, several crystal pose are computed. They are summarized in Table 7.3.

And finally, the relative pose between the first and second crystals are defined in Table 7.4.
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Table 7.3: List of crystal’s pose

Notation Variable

Description

dlh,z
T1h,y
T1h,x
d2h,z
T2h,y
T2h,x
dfh,z
Tfhy
Tfh,x
dlr,z
Tiry
Tirx
d2r,z
T2ry
Tor,x
dfr,z
Tfry
Tfrx

d_1h_z
r_lh_y
r_lh_x
d_2h_z

First “Hall” Crystal, z-translation

First “Hall” Crystal, y-rotation

First “Hall” Crystal, x-rotation

Second “Hall” Crystal, z-translation

Second “Hall” Crystal, y-rotation

Second “Hall” Crystal, x-rotation

Metrology Frame, z-translation (top relative to bottom)
Metrology Frame, y-rotation (top relative to bottom)
Metrology Frame, x-rotation (top relative to bottom)
First “Ring” Crystal, z-translation

First “Ring” Crystal, y-rotation

First “Ring” Crystal, x-rotation

Second “Ring” Crystal, z-translation

Second “Ring” Crystal, y-rotation

Second “Ring” Crystal, x-rotation

Metrology Frame, z-translation (top relative to bottom)
Metrology Frame, y-rotation (top relative to bottom)
Metrology Frame, x-rotation (top relative to bottom)

Table 7.4: Relative pose between the primary and secondary crystals

Notation Variable

Description

dh,z
Th,y
Th,x
dr,=
Thy

T’I",fl}

d_h_z
r_h_y
r_h_x
d_r_z
r_r_y
r_r_x

Relative distance between the “hall” crystals
Relative y-rotation of the 2nd “hall” crystal w.r.t. the primary
Relative x-rotation of the 2nd “hall” crystal w.r.t. the primary
Relative distance between the “ring” crystals
Relative y-rotation of the 2nd “ring” crystal w.r.t. the primary
Relative x-rotation of the 2nd “ring” crystal w.r.t. the primary
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8 Save Kinematics

All the Jacobian matrix are exported so that there can be easily imported for computation purposes.

Matlab
save('mat/dcm_kinematics.mat', 'J_1h_s', 'J_1r_s', 'J_2h_s', 'J_2r_s', 'J_mf_s', 'J_h_a', 'J_r_a")
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