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ejected at the small angle associated with the quadrupoles. These small angles result in the

increase in density in the region between the two beams.

Parameters

For the Linac Ring option the basic parameters are listed below. The separation refers to the

displacement between the two interacting beams at the face of the proton triplet.

Characteristic Value

E [GeV] 60

I [mA] 6.6

θc [mrad] 0

—B [T]— 0.3

Separation [mm] 61.4

γ/s 1.37× 1018

Table 4.1: LR: Parameters

The energy, current, and crossing angle (θc are the common values used in all RR calcula-

tions. The B value refers to the constant dipole field created throughout all dipole elements in

the IR. Ofcourse the direction of this field is opposite on either side of the IP. The quadrupole

elements have an effective dipole field created by placing the quadrupole off axis. This bending

field creates separation between the two beams, and the field is chosen such that 61.4 mm of

separation is reached by the face of the proton triplet. This separation was chosen such that it

was on the same order of the separation needed in S. Russenschuck’s design. This separation

can be increased by an increase of the dipole field however for a dipole magnet PSR ∝ |B2|,
therefore an optimization of design will need to be discussed. These parameters give a flux of

1.37× 1018 Photons at Z = 9 m.

Power and Critical Energy

Below is the Power of the synchrotron radiation produced by each element along with the

average critical energy produced per element. This is followed by the Total power produced in

the IR and the average critical energy.

Element Power [kW] Critical Energy [keV]

DL 24.1 718

DR 24.1 718

Total/Avg 48.2 718

Table 4.2: LR: Power and Critical Energies [Geant4]

Firstly note that these critical energies are averages over each element and finally an average

critical energy for the whole IR. The power from the dipoles is greater than any one quadrupole

however the critical energies of the quadrupoles are significantly higher than in the dipoles. It is

expected that the dipole and quadrupole elements can create power on the same order however

have very different critical energies. This is because the dipole is an order of magnitude longer
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Element Power [kW] Critical Energy [keV]
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Firstly note that these critical energies are averages over each element and finally an average

critical energy for the whole IR. The power from the dipoles is greater than any one quadrupole

however the critical energies of the quadrupoles are significantly higher than in the dipoles. It is

expected that the dipole and quadrupole elements can create power on the same order however



•  35.15 kW or 72.95% will hit the absorber 
surface. 

• 11 kW will continue in the electron aperture. 

•  2.03 kW will continue in the proton aperture. 



RR 10 Degree 

Element Power [kW] Critical Energy [keV]

DL 6.4 71
QL3 5.3 308
QL2 4.3 218
QL1 0.6 95
QR1 0.6 95
QR2 4.4 220
QR3 5.2 310
DR 6.4 71

Total/Avg 33.2 126

Table 3.2: 10 Degree: Power and Critical Energies [Geant4]

The power from the dipoles is greater than any one quadrupole however the critical energies
of the quadrupoles are significantly higher than in the dipoles. It is expected that the dipole
and quadrupole elements can create power on the same order however have very different crit-
ical energies. This is because the dipole is an order of magnitude longer than the quadrupole
elements. Since the SR power created for both the quadrupole and dipoles are linearly depen-
dent on length one needs to have a much higher average critical energy to create comparable
amounts of power.

Comparison: The IRSYN cross check of the power and critical energies is shown in Tab.
3.3. This comparison was done for the total power and the average critical energy. Since both
simulations utilize monte carlo methods it is expected that there should be some statistical
deviations as experienced.

Power [kW] Critical Energy [keV]

Geant4 IRSYN Geant4 IRSYN
Total/Avg 33.2 126

Table 3.3: 10 Degree: Geant4 and IRSYN comparison

A third cross check to the Geant4 simulations was made for the power as shown in Tab.
3.4. This was done using an analytic method for calculating power in dipole and quadrupole
magnets. This was done for every element which provides confidence in the distribution of this
power throughout the IR.

Number Density and Envelopes: The number density of photons as a function of Z is
shown in Fig. 3.1. Each graph displays the density of photons in the Z = zo plane for various
values of zo. The first three figures give the growth of the synchrotron light fan inside the
detector. This is crucial for determining the dimensions of the beam pipe. Since the fan grows
in the positive z direction an elliptical hyperbolic cone shaped beam pipe will minimize these
dimensions, allowing the tracking to be placed as close to the beam as possible. The horizontal
extension of the fan in the 10 degree case is the minimum for all options, which is most important
inside the detector region. This is due to the lower value of l∗. Because the quadrupoles are

affect the horizontal extension of the fan however are of second order when compared to the
angle of the beam. Since the beam moves in the y=0 plane these effects dominate the vertical
extension of the beam.

The number density distribution of the fan is a complicated issue. The number density at the
absorber is highest between the two beams. This is due to numerous effects. Firstly, although
the separator dipoles create significantly more photons the number of photons generated per
unit length in Z is much lower for the dipoles as opposed to the quadrupoles. The reason for
this is that the angle of the beam is a function of Z and has a constant rate of change due to
the uniform bending strength. and the high field in the quadrupoles mean that many more
photons are ejected per unit length at the lower beam angles. Having more photons emitted
at small beam angles results in the increase in density in the region between the two beams.
Secondly, the small beta function of the beam in the region close to the IP has an impact also.
As the beta function decreases the RMS spot size also decreases and therefore the density of the
beam increases. This means that the synchrotron radiation created at these small beam angles
is more dense in X and Y. This once again has the effect of increasing the density between the
two interacting beams.

10 Degree

Parameters: The parameters for the 10 degree option are listed below. The separation refers
to the displacement between the two interacting beams at the face of the proton triplet.

Characteristic Value

E [GeV] 60
I [mA] 100

θc [mrad] 1
Abs. Pos. [m] -21.5

B [T] 0.0296
Separation [mm] 55.07

γ/s 5.39× 1018

Table 3.1: 10 Degree: Parameters

The energy, current, and crossing angle (θc are the common values used in all RR calcula-
tions. The B value refers to the constant dipole field created throughout all dipole elements in
the IR. Ofcourse the direction of this field is opposite on either side of the IP. The quadrupole
elements have an effective dipole field created by placing the quadrupole off axis, which is the
same as this constant dipole field. The field is chosen such that 55 mm of separation is reached
by the face of the proton triplet. This separation was chosen such that it was on the same
order of the separation needed in S. Russenschuck’s SC quadrupole design. The separation of
the beams can be increased by raising the constant dipole field however for a dipole magnet
PSR ∝ |B2|, therefore an optimization of design will need to be discussed. These parameters
give a flux of 5.39× 1018 Photons at Z = 21.5 m.

Power and Critical Energy: Below is the Power of the SR produced by each element along
with the average critical energy produced per element. This is followed by the Total power
produced in the IR and the average critical energy.



•  19.2 kW or 58% will hit the absorber surface. 

• 13.7 kW will continue in the electron aperture. 

•  216.5 W will continue in the proton aperture. 



RR 1 Degree 

The energy, current, and crossing angle (θc are the common values used in all RR calcula-

tions. The B value refers to the constant dipole field created throughout all dipole elements in

the IR. Ofcourse the direction of this field is opposite on either side of the IP. The quadrupole

elements have an effective dipole field created by placing the quadrupole off axis. This bending

field creates separation between the two beams, and the field is chosen such that 55.16 mm of

separation is reached by the face of the proton triplet. This separation is the same as in the 10

degree case and obviously can be altered for the same reasons with the same ramifications.These

parameters give a flux of 6.41 × 1018 Photons at Z = 21.5 m, which is slightly higher than in

the 10 degree case. This is expected as the fields experienced in the 1 degree case are higher.

Power and Critical Energy: Below is the Power of the synchrotron radiation produced by

each element along with the average critical energy produced per element. This is followed by

the Total power produced in the IR and the average critical energy.

Element Power [kW] Critical Energy [keV]

DL 13.9 118

QL2 6.2 318

QL1 5.4 294

QR1 5.4 293

QR2 6.3 318

DR 13.9 118

Total/Avg 51.1 163

Table 3.6: 1 Degree: Power and Critical Energies [Geant4]

Firstly note that these critical energies are averages over each element and finally an average

critical energy for the whole IR. The power from the dipoles is greater than any one quadrupole

however the critical energies of the quadrupoles are significantly higher than in the dipoles. It is

expected that the dipole and quadrupole elements can create power on the same order however

have very different critical energies. This is because the dipole is an order of magnitude longer

than the quadrupole elements. Since the SR power created for both the quadrupole and dipoles

are linearly dependent on length one needs to have a much higher average critical energy to

create similar amounts of power. The upstream and downstream values have good agreement,

being less than 3 percent in all cases. This shows that the method of dividing up the quadrupoles

into transverse slices allows for accurate critical energies to be simulated.

Comparison: The Power and Energies in Tab. 3.6 were found using Geant4 simulations. A

cross check to this was also done in IRSYN which is another monte carlo simulation environment

created by R. Appleby. This comparison was done for the total power and the average critical

energy as shown in Tab. 3.7.

Power [kW] Critical Energy [keV]

Geant4 IRSYN Geant4 IRSYN

Total/Avg 51.1 163

Table 3.7: 1 Degree: Geant4 and IRSYN comparison

Figure 3.4: 10 Degree: Critical Energy Distribution in Z

of background that required careful attention. Looking at Fig. 3.5 it is shown that for the 10
degree option 19.2 kW of power from the SR light will fall on the face of the absorber which is
58% of the total power. This gives a general idea of the amount of power that will be absorbed
however backscattering and IR photons will lower the percent that is actually absorbed.

1 Degree

Parameters: For the Ring Ring 1 degree option the basic parameters are listed below. The
separation refers to the displacement between the two interacting beams at the face of the
proton triplet.

Characteristic Value

E [GeV] 60
I [mA] 100

θc [mrad] 1
Abs. Pos. [m] -21.5

B [T] 0.0493
Separation [mm] 55.16

γ/s 6.41× 1018

Table 3.5: 1 Degree: Parameters



•  38.5 kW or 75.2% will hit the absorber surface. 

• 12.7 kW will continue in the electron aperture. 

•  0.4 W will continue in the proton aperture. 
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Element Sentry [m] L [m] Gradient [T/m]

Q1 1.2 1.0 54.34070578

Q2 2.5 1.5 -102.201315

Q3 4.4 1.0 89.09228878

TABLE II: High Luminosity Machine Elements

function.

Element Power [W]

Analytic Geant4

Q1 212.5 210.9 +/- 9.2

Q2 3984 3943.2 +/- 73.5

Q3 5057.1 5017.6 +/- 105.3

Total 9253.6 9171.7 +/- 128.7

TABLE III: High Luminosity Comparison

HIGH ACCEPTANCE

L(0) 8.54×1032

θ 1×10−3

S(θ) 0.858

L(θ) 7.33×1032

βx∗ 0.4 m

βy∗ 0.2 m

TABLE IV: High Acceptance Parameters

Element Sentry [m] L [m] Gradient [T/m]

Q1 6.2 1.0 90.40354154

Q2 7.5 1.0 -77.31019

TABLE V: High Acceptance Machine Elements

The results of these monte carlo simulations are now

compared against the results of the analytic method
which utilized the power series approximation of the beta
function.

Element Power [W]

Analytic Geant4

Q1 4226 4231.8 +/- 92.7

Q2 5153.5 5173.7 +/- 91.5

Total 9379.5 9405.5 +/- 130.3

TABLE VI: High Acceptance Comparison

CONCLUSION

The agreement between all results is within the sta-
tistical deviations expected from the monte carlo results.
This is evidence that the analytic method for computing
power created by synchrotron radiation in a quadrupole
magnet is accurate even when approximations are made
in the representation of β(z)n. The benefit to using this
analytic method is the time saved from computing monte
carlo simulations which in order to provide accurate re-
sults require large amounts of particles and multiple runs.

[1] H. Wiedemann, Synchrotron Radiation, (Springer-Verlag
Berlin Heidelberg, 2003), pp. 32-35.

[2] W. Brefeld, HASYLAB, DESY, Hamburg. Personal Com-
munication, December 2010.

[3] E. Wilson, An Introduction To Particle Accelerators, (Ox-
ford University Press, 2001), pp. 24-26.

[4] J. Stewart, Intermediate Electromagnetic Theory, (World
Scientific, 2001), pp. 198.

[5] G. Snedecor and W. Cochran, Statistical Methods, 8th ed.
(Iowa State University Press, 1989), pp. 180-182.

[6] H. Wiedemann, Particle Accelerator Physics, (Springer-
Verlag Berlin Heidelberg, 1993), pp. 65-67.

[7] L. Thompson, LHeC Ring-Ring Interaction Region Optics,
(2010), Unpublished raw data.

3

Element Sentry [m] L [m] Gradient [T/m]

Q1 1.2 1.0 54.34070578

Q2 2.5 1.5 -102.201315

Q3 4.4 1.0 89.09228878

TABLE II: High Luminosity Machine Elements

function.

Element Power [W]

Analytic Geant4

Q1 212.5 210.9 +/- 9.2

Q2 3984 3943.2 +/- 73.5

Q3 5057.1 5017.6 +/- 105.3

Total 9253.6 9171.7 +/- 128.7

TABLE III: High Luminosity Comparison

HIGH ACCEPTANCE

L(0) 8.54×1032

θ 1×10−3

S(θ) 0.858

L(θ) 7.33×1032

βx∗ 0.4 m

βy∗ 0.2 m

TABLE IV: High Acceptance Parameters

Element Sentry [m] L [m] Gradient [T/m]

Q1 6.2 1.0 90.40354154

Q2 7.5 1.0 -77.31019

TABLE V: High Acceptance Machine Elements

The results of these monte carlo simulations are now

compared against the results of the analytic method
which utilized the power series approximation of the beta
function.

Element Power [W]

Analytic Geant4

Q1 4226 4231.8 +/- 92.7

Q2 5153.5 5173.7 +/- 91.5

Total 9379.5 9405.5 +/- 130.3

TABLE VI: High Acceptance Comparison

CONCLUSION

The agreement between all results is within the sta-
tistical deviations expected from the monte carlo results.
This is evidence that the analytic method for computing
power created by synchrotron radiation in a quadrupole
magnet is accurate even when approximations are made
in the representation of β(z)n. The benefit to using this
analytic method is the time saved from computing monte
carlo simulations which in order to provide accurate re-
sults require large amounts of particles and multiple runs.

[1] H. Wiedemann, Synchrotron Radiation, (Springer-Verlag
Berlin Heidelberg, 2003), pp. 32-35.

[2] W. Brefeld, HASYLAB, DESY, Hamburg. Personal Com-
munication, December 2010.

[3] E. Wilson, An Introduction To Particle Accelerators, (Ox-
ford University Press, 2001), pp. 24-26.

[4] J. Stewart, Intermediate Electromagnetic Theory, (World
Scientific, 2001), pp. 198.

[5] G. Snedecor and W. Cochran, Statistical Methods, 8th ed.
(Iowa State University Press, 1989), pp. 180-182.

[6] H. Wiedemann, Particle Accelerator Physics, (Springer-
Verlag Berlin Heidelberg, 1993), pp. 65-67.

[7] L. Thompson, LHeC Ring-Ring Interaction Region Optics,
(2010), Unpublished raw data.

Cross Check 

•  The conclusion of these cross checks is that accurate results can be found if multiple 
seeds are used. 

•  This should as well be done in IRSYN to understand the standard deviations 
experienced in not only power but critical energy 

•  Below the results for Geant and the analytic method are compared for radiated SR 
power. 

• This is a test of the analytic method for the quadrupole, hence the quadrupole offsets 
are left out. 



•  γ move in the negative Z direction   

•  D differs from simulation to simulation based on the Y extension of the SR fan. 

•  θ is 40 mrad for all simulations. 

•  L is 3 m for the LR option and 15.5 m for the  RR case. 

•  R is 4 m for all simulations 
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•  With a generic beam pipe (as described 
on the next slide) this graph gives the 
distribution of photons hitting the beampipe 
in Z.  

•  This shows that mask placement and 
shielding close to the absorber can stop 
most of the backscattered photons. 

Backscattering [LR] 

•  Backscattered photons have a normal 
distribution in energy in LR Case. 

•  For the RR cases less backscattering 
occurs and therefore more runs need to 
be made to provide accurate statistics 



Mask Placement [LR] 

Figure 4.3: LR: Photon distribution on Absorber Surface

Absorber Type Power [W]

Flat 645.9
Cone 159.1

Flat & Mask/Shield 32.7
Cone & Mask/Shield 4.3

Table 4.5: LR: Backscattering/Mask

•  Beampipe is circular in +X direction and 
elliptical in –X direction. 

•  Semimajor axes grow in the –Z direction. 

•  This has been set up with generic values.  



Mask Placement [1 Deg] 

Figure 3.8: 1 Degree: Critical Energy Distribution in Z

Absorber Type Power [W]

Flat 91.1
Cone 10

Cone & Mask/Shield 0

Table 3.10: 1 Degree: Backscattering/Mask

•  Beampipe is circular in +X direction and 
elliptical in –X direction. 

•  Semimajor axes grow in the –Z direction. 

•  This has been set up with generic values.  



Mask Placement [10 Deg] 

Figure 3.4: 10 Degree: Critical Energy Distribution in Z

the detector region. In HERA backscattered SR was a significant source of background that

required careful attention. Looking at Fig. 3.5 it is shown that for the 10 degree option 19.2 kW

of power from the SR light will fall on the face of the absorber which is 58% of the total power.

This gives a general idea of the amount of power that will be absorbed however backscattering

and IR photons will lower the percent that is actually absorbed.

Absorber Type Power [W]

Flat 22

Cone 18.5

Cone & Mask/Shield 0

Table 3.5: 10 Degree: Backscattering/Mask

Backscattering

1 Degree

Parameters: For the Ring Ring 1 degree option the basic parameters are listed in Tab. 3.6.

The separation refers to the displacement between the two interacting beams at the face of the

proton triplet.

•  Beampipe is circular in +X direction and 
elliptical in –X direction. 

•  Semimajor axes grow in the –Z direction. 

•  This has been set up with generic values.  



•  Need tolerances for SR fan. 

•  Current recommendation for tolerance criterion: number density is O(6) less 
than peak number density in fan + 5 mm. 

•  Need to know what is maximum shielding thickness possible (in radial 
direction) and what is maximum mask thickness possible (in z direction) 

•  Need to know what is acceptable background in detector if non zero 

•  Need to run everything with higher statistics  

Issues 


