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Abstract 

 

High precision testing of basic physical principles, among those the light speed isotropy and 

the Lorentz invariance were always been major goals of experimental projects, both of dedicated 

ones and performed within other specialized studies. The reason is natural, i.e. consequences of 

detections of possible violations or deviations from those principles will have direct impact on the 

micro and macro physics, including cosmology.   It is particularly remarkable that, the development 

of Lorentz invariance violating models has become a well established and active area of research, 

with periodical conferences and numerous publications, including proceedings volumes and 

monographs. The recent profound observations in cosmology, i.e. on the accelerated expansion of 

the Universe and the dark energy, dark matter and the cosmic microwave background tiny features, 

have made even more important the high accuracy testing of Lorentz invariance violating models. 

We propose the study of the light speed isotropy and Lorentz invariance at Jefferson 

National Laboratory by means of the measurements of the Compton Edge (CE). This method, i.e. 

the studies of the daily variations of CE at the Compton scattering of high energy electrons with 

monochromatic laser photons for this purpose originally suggested in 1996 by Gurzadyan and 

Margaryan, later has been elaborated at GRAAL experiment at European Synchrotron Radiation 
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Facility (ESRF) in Grenoble. The obtained results for one-way speed of light isotropy and Lorentz 

invariance violation coefficients, became a reference number for various extensions of Special 

Relativity and related space-time fundamental issues.  

The performing of the CE studies using 12GeV beam in JLab will enable the increase up to 

an order of magnitude of the currently available values for the mentioned limits, with direct impact 

on theoretical models in fundamental physics and cosmology. 

 

 

 

 

1. Introduction 

 

The importance of probing of the accuracy of basic physical principles, the Lorentz 

invariance and the light speed isotropy, was stated by Einstein in 1927 [1], i.e. far after the classical 

Michelson-Morley experiment and the formulation of the Special Relativity.  Since then, such 

studies were continuously in the agenda of various experiments, e.g. [2-7], parallel to the active 

theoretical studies of corresponding models i.e. extensions of the standard model [8-10]; for 

extensive references both on the experiment and theory see 

http://en.wikipedia.org/wiki/Modern_searches_for_Lorentz_violation. 

 

The recent indications of the dark energy in the Universe and the active search of the B-

mode polarization of cosmic microwave background (CMB) have increased the interest to models 

with varying physical constants, including the speed of light, violation of the Lorentz, CPT 

invariance,  e.g. [11,12]. 

 

The Compton Edge method first suggested in [13] includes the high precision daily 

measurements at the scattering of monochromatic accelerated electrons and laser photons, and 

which is crucial thus is tracing the one-way light speed. For comparison, majority of performed 

measurements of the light speed isotropy including the Michelson-Morley one, were dealing with a 

closed path propagation of light (see [2-7] and references therein). Such round-trip propagation are 

insensitive to the first order but are sensitive only to the  second order of the velocity of the 

reference frame of the device with  respect to a hypothetical universal rest frame.  Mossbauer-rotor 

experiments yield a one-way limit Δc/c<  2  10
-8

 [3], using fast beam  laser spectroscopy.  The latter 
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using the light emitted by the atomic beam yield a limit Δc/c <3 10
-9

 for the anisotropy of the one-

way velocity of the light. Similar limit was obtained for the difference in speeds of the uplink and 

the downlink signals used in the NASA GP-A rocket experiment to test the gravitational redshift 

effect [2]. One-way measurement of the speed of light has been performed using also NASA's Deep 

Space Network [8]: the obtained limits yielded Δc/c <3.5  10
-7

  and Δc/c <2 10
-8

 for  linear and 

quadratic dependencies, respectively. Another class of experiments dealt not with angular but 

frequency dependence of the speed of light, as well the light speed dependence on the energy, using 

particularly the emission detected from the distant gamma sources, see the quoted Wikipedia article 

for extensive and recent references.  

 

The Compton Edge (CE) method for this aim was first elaborated at the GRAAL facility in  

European Synchrotron Radiation Facility (ESRF) in Grenoble [14-17] using theelectron beam of  6 

GeV. The final limit obtained there based on the dedicated measurements of 2008 yields Δc/c=10
-14

.   

This result is currently used as a reference number to constrain various classes of theoretical models, 

thus proving both the experimental feasibility and theoretical importance of the task. 

 

Further lowering of that limit at the measurements at Jefferson National Laboratory will 

enable to exclude certain models and pose constraints on the parameters of the others, with direct 

impact both on the models of dark energy, early evolution of the Universe and the interpretation of 

the observational/cosmological data regarding the fundamental physical principles.   

 

We propose to perform measurements to probe the Lorentz invariance violation using the 

measurements of the Compton Edge at JLab, to obtain a lower limit than the currently available one, 

in view of the forthcoming 12 GeV electron beam energy.  

The study of the light speed anisotropy using the Compton Edge method with respect to the 

dipole of the cosmic microwave background radiation, as the modern analog of the Michelson-

Morley experiment, is also linked with the determination of the hierarchy of inertial frames and their 

relative motions, and is defining an "absolute" inertial frame of rest, i.e. the one where the dipole 

and quadrupole anisotropies vanish.  

Namely, the dipole anisotropy of the temperature T of CMB is of Doppler nature [18], 



4 
 

 

𝛿𝑇(𝜃)

𝑇
= (𝑣 𝑐⁄ ) cos 𝜃 + (𝑣2 2𝑐2) cos 2𝜃 + 𝑂(𝑣3 𝑐3⁄ )⁄     (1) 

 (the first term in the right hand side is the dipole term) and is indicating the Earth's motion with 

velocity 

𝑣 𝑐 = 0.000122 ± 0.00006;   𝑣 = 365 ± 18 𝑘𝑚 𝑠⁄⁄ ,      (2) 

with respect to the above mentioned CMB frame. WMAP satellite [18] defines the amplitude of the 

dipole 3.346±0.017 mK and the coordinate of the apex of the motion  (in galactic coordinates)  

𝑙 = 263.85 ± 0.1;   𝑏 = 48.25 ± 0.04.      (3) 

This coordinate is in agreement with estimations based on the hierarchy of motions involving 

the Galaxy, the Local group and the Virgo super cluster [19]. 

The probing of the anisotropy of the speed of light with respect to the direction of CMB 

dipole, therefore, is a profound aim. 

The organization of this document is as follows. First we review some of the classes of the 

Lorentz invariance violating models which have been directly affected by the GRAAL results. Then 

we outline the Compton Edge method, and the spectrometer. The GRAAL measurements are 

reviewed thereafter. The expected results and their discussion conclude the document.  

 

2. Impact on fundamental theory and cosmology 

 

Theoretical studies, including string theory and extensions of Special and General 

Relativities, predict violation of Lorentz invariance (see e.g. [8-10] and references therein). Various 

experimental studies, including using astronomical sources, have been conducted to probe the limits 

of those basic principles, since the increase in the accuracy of the available experimental limits will 

have direct impact for excluding of particular theoretical models or constraining the parameters of 

the others.     
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Here, for illustration, we mention several theoretical studies which are crucially based on the 

GRAAL experimental results; far more references can be found in the quoted articles.  

 

 

 

2.1 Robertson-Mansouri-Sexl  model.  

One of often discussed extensions Special Relativity is the model suggested by 

Robertson and Mansouri and Sexl (RMS), dealing with the generalization of the transformation 

from one inertial frame to another including the spatial anisotropy and angular dependence of the 

speed of light. In that model the one-way velocity of light as measured in the inertial frame in which 

the laboratory is at rest can be written as (see [20]) 

𝑐(𝑣, 𝜃) = 𝑐[1 − (1 + 2α)(𝑣 𝑐⁄ ) cos 𝜃 +  𝑂(𝑣3 𝑐3⁄ )],    (4) 

where α=1/2 for the Special Relativity. 

Below is a Figure from the review [20] on RMS light speed isotropy and Lorentz violating 

model vs the increase of the accuracy of the experiments. The one-way experiments of the GRAAL 

type are particularly important for testing of this popular extension of the Special relativity models 

and estimating the so-called Robertson-Mansouri-Sexl coefficients. 
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Fig. 1.This Figure reproduced from [20] exhibits the accuracy of the Robertson-Mansouri-Sexl 

coefficients obtained at various experiments. Einstein’s Special theory of relativity corresponds to 

|α+1/2|= 0. The red square is added here to denote the position of the expected result of JLab 

measurements as described in the current proposal. 

 

 

2.2 GRAAL results vs Standard Model Extensions (SME) 

 

In [21] the azimuthal dependence of the GRAAL data has been used for the diagnosis of a 

Standard Model Extension (SME) with space-time anisotropy, see the Fig. 2 below.  

 

Fig. 2.xCE azimuthal distribution vs angles of the GRAAL data of the year 2008 on a plane (x-y 

plane or =π/2), = 3.64 × 10
-13

,  = 8.24 × 10
-14

; this Figure is from [21]. 

 

 On the one hand, the fit In the Figure 2 of the model with GRAAL data does not indicate 

much since the apparent variations in data are not statistically significant.  

On the other hand, the unknown systematics in GRAAL experiments not allowing the further 

study of those apparent variations in the CE data can be overcome only at further increase of the 

accuracy of the measurements. 
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The principal conclusion is that, as one can see from Fig. 2, 4-fold increase in the accuracy, 

especially, by another facility, JLab, thus removing the instrumental systematics and will already be 

decisive for this model, either confirming the theoretically predicted variations or revealing their 

nature as of instrumental or other systematics.   

 

2.3. Minimal standard model extension: Finslerian photon sector 

 

The GRAAL results have been used also for obtaining of the constraints on the parameters of 

minimal standard model extension. Namely, in the minimal standard model extension (SME) the 

Lorentz-breaking Lagrangian of the pure photon sector is given by [22] 

 

 

 

ℒphoton =  −
1

4
𝜂𝜇𝜌𝜂𝜈𝜎𝐹𝜇𝜈𝐹𝜌𝜎 + ℒphoton

CPT−even + ℒphoton
CPT−odd,   (5) 

 

where 

 
 

ℒphoton
CPT−even =  −

1

4
(𝑘𝐹)𝜇𝜈𝜌𝜎𝐹𝜇𝜈𝐹𝜌𝜎 ,       (6) 

ℒphoton
CPT−odd =  

1

2
(𝑘𝐴𝐹)𝛼𝜖𝛼𝛽𝜇𝜈𝐴𝛽𝐴𝜇𝜈.      (7) 

 

 

 

The Lorentz invariance breaking parameter acquires an upper limit based on the GRAAL result  

 

√((𝜅̃𝑜+)23)2 + ((𝜅̃𝑜+)31)2 < 1.6 × 10−14     (95% C. L. )   (8) 

 

 

2.4 Lorentz invariance violation with massive vector particles. 

 

Among the growing activity on Lorentz invariance violating models, which will be directly 

influenced by the proposed measurements, we mention the class of Standard-Model Extensions 

(SME) with massive vector particles violating Lorentz and CPT invariance, given by the Lagrangian 

[23] 

 

ℒ𝛾 =  −
1

4
𝐹2 − 𝐴 ∙ 𝑗 −

1

4
𝐹𝜅𝜆(𝑘̂𝐹)

𝜅𝜆𝜇𝜈
𝐹𝜇𝜈 +

1

2
𝜖𝜅𝜆𝜇𝜈𝐴𝜆(𝑘̂𝐴𝐹)

𝜅
𝐹𝜇𝜈 .  (9) 
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This extension is not only of interest for phenomenology of gauge bosons but also for Chern-

Simons gravity emerging from string theory. The Chern-Simons gravity is among the models 

involved to explain the dark energy observational data. 

  

 

2.5 B-mode cosmology and the break of Lorentz invariance 

The detection of B-mode polarization will have major consequences not only for the studies 

of the early Universe but for the fundamental physical principles up to trans-Planck energies (cf. 

[11]). Among the theoretical models dealing with the scalar, tensor primordial fluctuations and the 

power spectrum of the temperature of the cosmic microwave background is the possible anti-

correlation scalar and tensor modes via the Lorentz invariance violation [12]. The latter can be 

linked to large scale anomalies known in the temperature anisotropy defined by the two-point 

correlation function (for details and notations see [12]) 

 

𝐶l
corr = −

𝜋

5

𝜐2

𝜏0
2 ∫

𝑑𝑞

𝑘′3 𝑛𝑖𝑛𝑗 ∏ (𝑘′)33
𝑖𝑗 = −

𝜋𝜐2

75 l4 (−𝑙𝑥
2 + 5𝑙𝑦

2 + 2(3𝑙𝑥
2 + 𝑙𝑦

2) cos 2𝜃). (10) 

 

The Lorentz invariance here is reduced to the invariance of this correlator with respect to 

rotations, i.e. which in principle can be tested at cosmic microwave background temperature 

measurements. Any constraint on the Lorentz invariance violation from the CE measurements can 

be confronted with these data and the interpretations both in the cosmological evolution context and 

basic physical principles up to Planckian energies and even higher. 

The mentioned examples do indicate that, the increase of accuracy of measurements 

performed in JLab, in certain cases already 4-fold, can be crucial either to rule out certain theoretical 

models or to reveal the nature of the angular-dependent variations in the GRAAL data, with direct 

consequences for quantum field theories and cosmology.  
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2.5 Lorentz violating dark matter and dark energy 

Dark energy and dark matter inducing Lorentz invariance violation models have also been 

investigated, see e.g. [24-25] and references therein. In the model considered in [24] the low energy 

action for the scalar field has the form  

𝑆[Θ] = ∫ 𝑑4 𝑥√−𝑔 (−
𝑔𝜇𝜈𝜕𝜇Θ𝜕𝜈Θ

2
+ 𝜅

(𝑢𝜇𝜕𝜇Θ)
2

2
− 𝜇2𝑢𝜇𝜕𝜇Θ)  (11) 

with the cosmological constant setting zero, and with the coupled field and the gravity of Einstein-

Hilbert Lagrangian. Then the Friedmann equation has the form 

𝐻2 =
8𝜋𝐺𝑐𝑜𝑠

3
(𝜌𝜇 + 𝜌𝑠 + 𝜌𝑑 + ∑ 𝜌𝑛other ) ,      (12) 

where 

 

𝜌𝜇 ≡
𝜇4

2(1+𝜅)
 ,     𝜌𝑠 ≡

𝐶2(1+𝜅)

2𝑎6
 ,     𝜌𝑑 = −

𝜇2𝐶

𝑎3
 ,      (13) 

 

and  the density components under the sign of the sum denote the standard matter components (cold 

dark matter, photons, neutrinos). The rest refer to those of the scalar field described by the 

dynamical equation  

Θ̇̅ = − 
𝜇2𝑎

1+𝜅
+

𝐶

𝑎2
 ,          (14) 

where C is the integration constant (for details see [24]). It is shown that the Lorentz violation, 

triggering a preferred direction in space-time, i.e. generating anisotropic stress, can be pronounced 

also in the evolution of cosmological perturbations, i.e. in the large scale effects. 

 In the case of dark matter the coupling part of the action has the form [25] 

𝑆[DMu] = −𝑚 ∫ 𝑑4𝑥 √−𝑔 𝑛 𝐹(𝑢𝜇𝜐𝜇)  ,      (15) 
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where m is the mass of the dark matter particles, n is the their number density and v is their 4-

velocity, and the function F is entering the dynamical equations.. The extension of the special 

relativistic relation then reads 

𝐸2 = 𝑚2𝑐4 + (1 + 𝜉)p2 ,        (16) 

where ξ=0 corresponds to the Lorentz invariance.  

 The common in these models is the spatial anisotropy due to the Lorentz invariance violation 

determined by the scalar field which can reveal itself in cosmological scale as either dark energy or 

dark matter, or other observable effects such as the cosmic microwave background, the large scale 

matter distribution features, see also [26, 27]. It is noted that the latter are solely due to the scalar 

perturbations while the vector ones can lead to B-mode effects.   

 These are examples of models of link of the Lorentz invariance violation and the dark sector 

– dark energy and dark matter – properties in the cosmological scales. These models do involve 

options in the Lorentz violation schemes each depending on defined parameters which themselves in 

each case at further specification can be constraint by the observational data on the cosmic 

background radiation, and the GRAAL type data or of future JLAB ones.   No doubt, other specific 

models based on Lorentz invariance violation will be developed in future as well, and therefore its 

experimental limits will in either case affect the understanding of the dark sector. 

 

3 The Compton Edge method and its elaboration  

 

The energy of the scattered photon 𝜔21 is related to the energy of the primery laser 

photon  𝜔01 by the equation  

ω21 =
(1−βcosθ)ω01

1−βcosθγ+(1−cosθ0)(ω01/E1)
  ,       (17) 

where  𝐸1 and  𝐸2 are the energies of the incident and scattered electron, 𝛽 = 𝑣/𝑐, 𝑣 is the 

velocity of the incident electron, 𝜃0 is the angle between the momentum of incident and 

scattered photon, 𝜃  and  𝜃𝛾 are angles between the momentum of the electron and incident and 
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scattered photons, respectively,  𝜃𝑒   is the angle between the momentum of incident and scattered 

electron (see Fig. 3).   Rewrite this expression in the following form  

ω21 =  ω01Aγ2,          (18) 

γ2 = (1 −  β2)-1          (19) 

A =
(1−βcosθ)(1+βcosθγ)

1+β2γ2sin2(θγ)+γ2(1−cosθ0)(1+βcosθγ)(ω01/E1)
 .     (20) 

 

 

 

            

Fig. 3. The kinematics of Compton scattering. 

 

The energy of the scattered photon at small angles (γθγ) < 1 up to γ~105 is proportional to the 

square of the electron energy since the factor A depends on γ ≤ 105 weakly.  

Rewrite equation (18) in the following form [28] 

𝜔21 =
ω01

1+(θγ/ϑ0)
2 ,         (21) 

ϑ0 =
mec2

E1
√x + 1 ,         (22) 

x =
4E1ω01cos2(α/2)

me
2c4

,         (23) 

where 𝛼 = 𝜋 − 𝜃. 

The maximum energy of the scattered photon or the Compton Edge is given by 

ω21
max =

x

x+1
E1          (24) 
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or 

ω21
max =

4γ2ω01

x+1
          (25) 

and 

x =
4E1ω01

me
2c4

             (26) 

which is obained for 180∘ scattering in head-on collision 

θ = θ0 = π   and θγ = 0. 

For example: E1= 6.0 GeV,  ω01 = 3.54 eV (Argon ion laser) 𝑥 = 0.325 and 𝜔21
𝑚𝑎𝑥 = 0.254E1. 

The photon and electron scattering angles are functions of the photon energy 

θγ(yγ) = ϑ0√
yγ

max

yγ
− 1,         (27) 

  

θe(yγ) = θγ
yγ

1−yγ
 ,          (28) 

where 𝑦𝛾 = 𝜔21/𝐸1. These functions for 𝑥 = 0.325 are displayed in Fig. 4. 

 

Fig. 4. Electron and photon scattering angles vs photon energy for  𝑥 = 0.325; Figures 4 -10 are 

from [29]. 
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   The energy spectrum of the scattered photons is defined by the cross section 

 
1

σc

dσc

dyγ
≡ f(x, yγ) =

2σ0

xσc
(

1

1−yγ
+ 1 − yγ − 4r(1 − r)),   (29) 

where 

 yγ ≤ yγ
max =

x

x+1
;          (30) 

 r =
yγ

x(1−yγ)
≤ 1;         (31) 

  

 σ0 = π (
e2

mec2)
2

= 2.5 × 10−25cm2.       (32) 

   The total Compton cross section for the nonpolarized case is     

 σc =
2σ0

x
((1 −

4

x
−

8

x2) ln(x + 1) +
1

2
+

8

x
−

1

2(x+1)2).    (33) 

The absolute value of the energy of incident electrons can be determined by the measurement of the 

absolute value of the Compton edges of scattered electrons or photons as well as by means of the 

determination of the rations: 1.  ye
min = E21

min/E1;   2. yγ
max = ω21

max/E1;  3. ae = E21
min/E22

min; 4. 

aγ = ω22
max/ω21

max , where E21
min, E22

min, (ω21
max, ω22

max) are the values of Compton Edges of scattered 

electrons (photons) from two different laser lines (ω01, ω02) and  ye = 1 − yγ; ye
min = 1 − yγ

max =

1/(1 + x) [29].   

   For example in the case of 2 and 3 we have        

 x =
yγ

max

1−yγ
max          (34) 

and    

 x =
1−ae

ae(1−ω02/ ω01)
.         (35) 

The energy spectra of the scattered photons and electrons for  x = 0.325 are displayed in Fig. 5 

and Fig. 6, respectively. 

However the test of the one-way light speed isotropy can be cheked only by precise 

measurement of the relative changes of Compton Edge as was done at GRAAL. 
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Fig. 5. Energy spectra of scattered photons for 𝑥 = 0.325. The energy is in units of 𝜔21/𝐸1. 

 

Fig. 6. Energy spectra of scattered electrons for 𝑥 = 0.325. The energy is in units of 𝐸21/𝐸1. 
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4 The test of the one-way light speed isotropy 

If the energy of the ultra-relativistic electron beam is kept stable with given accuracy, 

namely the beam energy is stable over a long time and not at an instantaneous measurement, the 

Compton Edge variation will result in the estimation of forward scattered light speed variation 

β dβ = (
1

γ2
) 

dγ

γ
  .         (33) 

The error in β is reduced by a factor (1 γ2⁄ ) with respect to the Compton Edge or beam 

energy error. For CEBAF (𝐸 = 11 GeV, δE/E < 3 10−5 [30] ) one has dβ = 6 10−14 . The error 

of mean values of  𝛽 measured by this way should be even on 1-2 orders of magnitude improved.  

To chek the directional sensitivity of the Compton Edge rewrite formula (17): 

ω21 =
(1−β2cosθ)ω01

1−β1cosθγ+(1−cosθ0)(ω01/E1)
  .     (34) 

Where β1 = v/c1, β2 = v/c2 and c2, c1 are speeds of the laser and scattered photons 

respectively. In the spacial relativity c1 = c2 = c and β1 = β2 = β = v/c. 

 

 

Fig. 7. The variation of the Compton Edge against 𝛽1 (a) and 𝛽2 (b). 
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In Fig. 7 the variations of the Compton Edge ωmax in head-on collisions against the β1 and 

β2 are presented. One can see that trhe ωmax practically is sensitive to the variation of the 𝛽2.  

Therefore, the kinematics of the Compton scattering of high energy electrons, i.e. of high Lorentz 

factor, and laser photons can be used for tracing of the one way light speed isotropy limit [13].  The 

measurement with respect to the dipole of the cosmic microwave background radiation, as of a rest 

frame i.e. when the dipole anisotropy is vanishing, shows the analogy with the Michelson-Morley 

experiment; the motion with respect to CMB defines the hierarchy of motions that the Earth is 

participating in [19].  

 

5 Results of Monte Carlo Simulations of the Compton Edge Spectrometer 

 The main idea of this method based on the inclusive energy spectrum measurement near the 

kinematical (Compton) edge of electrons scattered on the laser photons. In this paragraph we present 

the results of Monte Carlo simulations of such spectrometer. These calculations were carried in the 

framework of the two body kinematics, by using of the formula (29). We consider the absolute 

energy determination of the electron beams of GRAAL [32], CEBAF [33, 34], and SLC [35] 

electron accelerators. 

  The error (FWHM) of the Compton edge of the GRAAL and CEBAF facilities (𝐸1 =

6000 𝑀𝑒𝑉) are 15 MeV and 3 MeV, respectively. These values include all the effects due to the 

electron beam phase space and energy resolution of the recoil electron spectrometer (tagged 

system). For the error of the Compton edge of the SLC electron beam (𝐸1 = 50000 𝑀𝑒𝑉) we used 

the value of 150 MeV, which include only the effect of the energy dispersion of incident electron 

beam(𝐹𝑊𝐻𝑀/𝐸1 = 3 × 10−3). The expected energy distribution of scattered electrons near 

Compton Edges, obtained by Monte Carlo simulations, for GRAAL, CEBAF and SLC are presented 

in Fig. 8, 9, 10. The corresponding laser frequencies for GRAAL, CEBAF and SLC are 3.54, 3.54 

and 1.17 eV, respectively. The total number of events is 2 × 105. 

   Fitting the Monte Carlo spectrum presented in Fig. 8- Fig. 10 by the convolution of the resolution 

function with the theoretical cross section, using a fitting algorithm based on Gaussian statistics, 

6000 ± 0.09 MeV, 6000 ± 0.06 MeV and 49999 ± 2.9 MeV with an effective 𝜒2 per degree of 
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freedom of 0.90, 0.98 and 1.28 can be extracted respectively. The obtained results are presented in 

Table 1. 

Table 1.The used parameters and extracted values of the GRAAL, CEBAF and SLC beam energies 

and the dispersions obtained with the help of Eq.7. 

Device 
E1 

MeV 

FWHM  
MeV 

ω01 
eV 

E1
fit 

MeV 
χ2/NDF 

CEBAF 
6000 3.0 1.17 6000.0 0.025 1.04 

6000 3.0 3.54 6000.0 0.060 0.98 

GRAAL 
6000 15.0 1.17 6000.0 0.500 1.35 

6000 15.0 3.54 6000.0 0.090 0.90 

SLC 
50000 150.0 1.17 49999.0 2.9 1.28 

50000 150.0 2.34 49997.0 7.0 1.20 

 

 

Fig. 8. Energy spectrum of scattered electrons near Compton edge. The data show the MC 

simulation result, the curve is a result of the fit. The extracted electron beam energy is 6000.0

0.090 with a true beam energy 6000 MeV and laser photon energy 3.54 eV. 
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Fig. 9. The same as in Fig 5 but for CEBAF electron beam. The extracted electron beam energy is 

6000.0 0.060 MeV with a true beam energy 6000 MeV and laser photon energy 3.54 eV. 

 

 

Fig. 10. The same as in Fig. 5 but for SLC electron beam. The extracted electron beam energy is 

49999.0 2.9 MeV with a true beam energy 50000 MeV and laser photon energy 1.17 eV. 
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6 GRAAL/ESRF: the Experimental Setup and measurements 

 

The measurement of the Compton Edge of the scattered high energy electrons of 

synchrotrons on monochromatic laser beams, has been originally suggested in [13] as an efficient 

test for the one-way light speed isotropy and the Lorentz invariance in the reference frame of the 

cosmic microwave background radiation. This method has been successfully elaborated at GRAAL 

facility at European Synchrotron Radiation Facility. Initially, the analysis of the data of 1998-2002 

(non-continuous) measurements enabled to obtain an upper limit for the anisotropy 10
-12

 [14]. Then, 

dedicated measurements, i.e. with a facility upgraded for that particular goal, have been performed 

in 2008, which enabled to lower further that limit, up to 10
-14

 [15, 16].  

In the experiment carried out with the GRAAL facility, installed at the European 

Synchrotron Radiation Facility (ESRF), the γ-ray beam was produced by Compton scattering of 

laser photons off the 6.03 GeV electrons circulating in the storage ring. Incoming photons are 

generated by a high-power Ar laser located about 40 m from the intersection region. The laser beam 

enters the vacuum via an MgF window and is then reflected by an Al-coated Be mirror towards the 

electron beam. The laser and electron beams overlap over a 6.5 m long straight section. Photons are 

finally absorbed in a four-quadrant calorimeter, which allows the stabilization of the laser-beam 

center to 0.1 mm. This level of stability is necessary and corresponds to a major improvement of the 

updated set-up. Because of their energy loss, scattered electrons are extracted from the main beam in 

the magnetic dipole following the straight section. Their position can then be accurately measured in 

the tagging system (Fig. 11) located 50 cm after the exit of the dipole.  

 

 
 

Fig. 11. The schematic of the GRAAL tagging system. 
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This system plays the role of a magnetic spectrometer from which we can infer the electron 

momentum. The tagging system is composed of a position-sensitive Si µ-strip detector (128 strips of 

300 µm pitch, 500 µm thick) associated to a set of fast plastic scintillators for timing information 

and triggering of the data acquisition. These detectors are placed inside a movable box shielded 

against the huge x-ray background generated in the dipole. The x-ray induced heat load, which is the 

origin of sizable variations in the box temperature, correlated with the ESRF beam intensity. This 

produces a continuous drift of the detector due to the dilation of the box. A typical Si µ-strip count 

spectrum near the CE is shown in Fig. 12 for the green and multiline UV mode of the laser used in 

this measurement. 

 

 

 

Fig. 12. The Compton Edge for the Green laser line (2.41 eV) and the lower one with three UV 

lines around 3.53 eV for the parameters of the GRAAL facility. The abscissa indicates the 

microstrip number.  
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The multiline UV mode (displayed separately in Fig. 13) corresponds to three groups of 

lines centered around 364, 351, and 333 nm, which are clearly resolved. The fitting function is also 

plotted in Fig. 13. The CE position, xCE, is taken as the location of the central line. The steep slope 

of the CE permits an excellent measurement of xCE with a resolution of ~3 µm for a statistics of 

about 10
6
 counts. 

 

 

 

Fig. 13. Si µ-strip count spectrum near the CE and the fitting function vs position x and scattered 
photon energy ω. 

 

During a week of data-taking in July 2008, a total of14 765 CE spectra have been recorded. 

A sample of the time series of the CE positions relative to the ESRF beam covering 24 h is 

displayed in Fig. 14. Fig. 14(c), along with the tagging-box temperature [Fig. 14(b)] and the ESRF 

beam intensity [Fig. 14(a)]. The sharp steps present in Fig. 14(a) correspond to the twice-a-day 

refills of the ESRF ring. The similarity of the temperature and CE spectra combined with their 

correlation with the ESRF beam intensity led to interpret the continuous and slow drift of the CE 

positions as a result of the tagging-box dilation. To remove this trivial time dependence, a special 

fitting procedure was developed. The corrected and final spectrum, obtained by subtraction of the 

fitted function from the raw data, is plotted in Fig. 14(d). A sample of such a spectrum is displayed 

separately in Fig. 15. 
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Fig. 14.Time evolution over a day of (a) ESRF beam intensity, (b) tagging-box temperature, (c) CE 

position and fitted curve, and (d) δ=xCE- xfit. The error bars on position measurements are directly 

given by the CE fit. 

 

 

Fig. 15. The Compton Edge time variations obtained at GRAAL 2008 measurements. 
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The GRAAL collaboration presented an upper bound on a hypothetical sidereal oscillation of 

the CE energy to be less than 2.510
-6

 (95% C. L.) yielding the competitive limit on the one way light 

speed anisotropy to be less than 1.810
-14

 (95% C. L.). 

 

We propose  to carry out this experiment at JLAB by using  12 GeV electron beam and Hall 

A Compton polarimeter setup.We think that with a modified polarimeter, main ammount of data 

could be obtained working in parasitic mode, i.e. in this stage we are not requiring dedicated beam 

time. We expect to improve about order of magnitude the upper bound of the one way light speed 

anisotropy obtained at GRAAL. The parameters for the JLAB facility on the Compton electron 

detector are presented in Fig. 16 (D. Gaskell, 2014) [42]. 

 

 
Fig. 16. Si strip count spectrum with theoretical cross section (a.u). Blue part is the laser of 

background. Strip number corresponds to  scattered electron energy.  
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Conclusions 

 

The main goals expected for this project can be summarized as follows: 

1. Based on successfully performed GRAAL-ESRF measurements and the obtained results, the 

Compton Edge method has proved its efficiency for testing the fundamental physical 

principles, i.e. one-way light speed isotropy and the Lorentz invariance violation. 

2. The Compton Edge studies on 12 GeV electron accelerator beam in Jefferson National 

Laboratory is feasible for the increase of the limits reached at GRAAL. 

3. The expected results of higher accuracy of the Compton Edge relative changes will have 

direct impact on theoretical models of Lorentz invariance violation, will enable either to 

close certain models or obtain constraints on the parameters of the others. In outcome, the 

models will affect numerous fundamental physical problems including in cosmology and the 

evolution of the very early Universe. 

 

The ongoing studies of the cosmic microwave background by ground based telescopes and 

Planck satellite and the forthcoming data for tracing up to the trans-Planckian scale of energies with 

the B-mode polarization, non-Gaussianities [11, 12, 36-39], dark energy redshift evolution (e.g. 

[40]), make more outlined this proposal besides the traditional interest for Lorentz invariance 

violating models.  

 

To achieve the goal regarding the impact on fundamental physics this LoI is stating the need 

of: (a) electron and photon detectors ensuring the needed accuracy of the measurements, and (b) 

the beam time, both in view of the experience with GRAAL-ESRF, look feasible in JLab. 

Then, two options are possible: 

1. use of the available detectors; 

2. development of new detectors compatible with the precision polarization measurements 

required, which, certainly, will need some efforts. 
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APENDIX 

Practical Issues Concerning to Compton Edge Spectrometer 

 We consider the case of measuring of the energy distribution of recoil electrons near the 

Compton edge. Basically the method involves measuring the deflection of recoil electrons in a 

magnetic field. Therefore, this method requires measurement of the magnetic field integrals and the 

bending angles. In order to determine the beam momentum to 10
-4

, both of these quantities must be 

determined at a level somewhat better than 10
-4. For SLC magnets, the attainable accuracy for the 

absolute value of the field integrals is of the order of 10
-4 [31]. 

 Since the Compton electron scattering angles are smaller (≤ 10−5rad, see Fig. 4) than the 

angular divergence of the beam (10−4 − 10−5), the scattered and unscattered electrons remain 

unsepareted until they pass through dipole magnets. Both beams are dispersed and recoil electrons 

detected (see Fig. 16). 

 To determine the bending angles of recoil electrons, position sensitive detector, e.g. silicon 

microstrip detector mounted on a precision optical table would be used. If center of the magnetic 

field is known and the distance between the center and magnetic field and monitors is c, the distance 

between the centroid of the forward scattered photons (and hence the centroid of the incident 

electron beam) and recoil electron is a, then the bend angle is 𝜗 = 𝑎/𝑐. Assuming the errors in these 

quantities are independent: 

    
𝑑𝜗

𝜗
= √(

𝑑𝑎

𝑠
)

2
+ (

𝑑𝑐

𝑐
)

2
      (4.11) 

 Usually, c is of the orders of 10 m, a about 1 m, therefore to reach the precession better than 

10
-4

 we will have 𝑑𝑎 = 𝑑𝑐 ≤ 100𝜇𝑚. 
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Fig. 17. The conceptual design of the experimental setup (depicted from [29]).  

 

 Let us consider in more details the case, when the coordinates of the center of magnetic field 

is not known. In this case to determine the bending angles of recoil electrons two rows of monitors, 

mounted on a precision optical table, would be used. If the distance between the front and rear 

monitors is 𝑐1and distances between the centroids of the forward scattered photon beam and recoil 

electrons on the front and rear monitors  𝑎1 and  𝑏1 respectively, then the bend angle is 𝜗 = (𝑎1 −

𝑏1)/𝑐1, and 

    
𝑑𝜗

𝜗
= √

(𝑑𝑎1)2+(𝑑𝑏1)2

(𝑎1−𝑏1)2
+ (

𝑑𝑐1

𝑐1
)

2

       (4.12) 

For 𝑎1 = 0.8𝑚, 𝑏1 = 1.2𝑚, 𝑐1 = 2.0𝑚(𝜗 = 8.6𝑜) and 𝑑𝑎1 = 𝑑𝑏1 = 𝑑𝑐1 = 15𝜇 this gives 

    
𝑑𝜗

𝜗
= 7.1 × 10−5 

 Therefore the centroid of the forward scattered photon beam and the positions of the recoil 

electrons on the two rows of monitors must be determined to the level of 15𝜇. 
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 The above requirement implies high resolution position monitors for recoil electrons as well 

as accurate measurement of the relative position of each monitor on the optical table. Regarding the 

centroid measurement of the forward scattered photons, the required photon detector must have 

good position resolution but need not measure the photon energy. One may use a detector consisting 

of a series of tungsten converter foils each followed by a pair of 𝑥 − 𝑦 silicon 𝜇-strip. With such a 

detector a detection efficiency is about 50% and a position resolution is about 12𝜇 is feasible [41]. 

 For the recoil electron beam, the 𝜇-strip silicon or gaseous detectors seems promising. The 

resolution quoted for these devices is about 10𝜇. One of the main problems is that the backscattered 

photons have a fairly large angular spread. One must determine the centroid width much greater 

accuracy than this width. 

 The width of the angular distribution of backscattered photons in radians, is about 1/𝛾, when 

the energy of photons not determined. With a beam energy of 5.0 GeV the width is 100 𝜇 rad. It is 

conceivable that the centroid angle can be measured to within roughly 1/10 of the width. Since our 

requirement is 7 microrad, this is not problematic if the transverse dimensions of the incident beam 

of the order or lesser than 100𝜇 and 30𝜇 in the case of first (when center of magnetic field is 

known) and second (when center of magnetic field is not known) cases, respectively.  

 The angular and energy divergence of the incident beam influence on the energy resolution 

of the each individual events. As follows from the Monte Carlo simulations, the absolute value of 

mean energy of the beam can be determined within and order of magnitude better than the energy 

spread of the recoil electrons. At the GRAAL the Compton Edge was determined with in error of 

about 3𝜇 for a statistics of 10
6
 counts. At JLAB such a resolution can be achieved with less 

statistics, becouse the energy resolution of the tagging systen at JLAB is expected to be much 

better.  
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