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Abstract— The conventional Quantum 1/f (Q1/f) Effect is present in any scattering cross section or process rate involving charged particles or current carriers. The present paper shows how bremsstrahlung and decoherence at all frequencies yield macroscopic quantum interference, resulting in probability density fluctuations at all frequencies in the outgoing scattered beam, that are observed as fundamental base-band 1/f noise and as 1/f frequency fluctuations, or phase noise close to carrier, in materials, devices, and resonant or non-resonant systems. We emphasize the role of the phenomenon of quantum decoherence showing that the fundamental, universal 1/f noise is both a phenomenon of decoherence and of the infrared divergence of quantum electrodynamics. This eliminates the last persisting misunderstandings of the Q1/f Theory and of this new field of Infra-quantum Physics. On this basis we give the first universal engineering formulas, applicable for the ultra-low noise optimization of all Hi-Tech applications, of the materials, devices and systems of modern industry, microelectronics, nanotechnology, highest stability resonators, oscillators and clocks, MEMS, and any resonant and non-resonant sensors. Q1/f noise, i.e, the coherent and conventional Q1/f Effects, is a new fundamental aspect of quantum physics, as basic as space and time. In resonators and oscillators, fundamental frequency fluctuations come usually from 1/f fluctuations in the dissipation.
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I. Introduction 
A. Conventional Quantum 1/f Effect Semiclassical Derivation
Consider scattering of a beam of charged particles, e.g., electrons, on a fixed force center. Part of the scattered wave function will have suffered bremsstrahlung energy losses. Decoherence [1] will randomize the phases of these bremsstrahlung loss components.  They will then interfere with the main, non-bremsstrahlung part, giving additional 1/f noise currents in the scattered beam. The total outgoing scattered current per unit solid angle, divided by the incoming current density, is the scattering cross section showing 1/f noise
To derive this quantum 1/f noise presnt in the scattering cross section, we start with the classical (Larmor) formula 2q2a2/3c3, for the power radiated by a particle of charge e and acceleration a.  The acceleration can be approximated by a delta function a(t) = (v((t), whose Fourier transform (v is constant and is the change in the velocity vector of the particle during the almost instantaneous scattering process.  The one-sided spectral density of the emitted bremsstrahlung power 4e2((v)2/3c3 is therefore also constant. The number 4e2((v)2/3hfc3 of emitted photons per unit frequency interval is obtained by dividing with the energy hf of one photon.  The probability amplitude of photon emission [4e((v)2/3hfc3]1/2ei( is given by the square root of this photon number spectrum, including also a phase factor ei(.  Decoherence randomizes this phase [1].  Let ( be the resulting Schrödinger wave function of the scattered outgoing charged particles, which is a single particle function.  The beat term in the probability density (=|(|2 is linear both in this bremsstrahlung photon emission amplitude and in the non-bremsstrahlung amplitude.  Its spectral density will therefore be given by the product of the squared probability amplitude of photon emission (proportional to 1/f) with the squared non-bremsstrahlung amplitude (that is independent of f, because it represents the whole current, with negligible bremsstrahlung reductions, yielding only second-order terms). The resulting spectral density of fractional probability density fluctuations is obtained by dividing with |(|4 and is therefore given by the conventiona Q1/f formula
|(|-4S|(|2(f) =8q2((v)2/3hfNc3 =2aA/fN =j-2Sj(f)=S,  (1)
where ( = e2/ EQ \O(h,´) c = 1/137 is the fine structure constant and (A = 4q2((v)2/3hc3 is known as the infrared exponent in quantum field theory. It will be called the quantum 1/f noise coefficient in electro-physics.  The experimentally measured quantity also depends on some superposition or averaging processes and is often called, for historical reasons, a Hooge constant. 
Eq. 1 seems to have been derived for just one particle.  In fact, the derivation proceeds with a two-particle wave function, which is the product of two single-particle wave functions, or a slater determinant with two single, non-interacting, particle states. This leads to a bilinear result in the two-particle wave function, explaining the presence of products of four single-particle wave functions.  Physically we understand this best through analogy with diffraction of non-interacting particles through a small opening. A single particle just gives an impact point on the screen, but the two-particle wave function already contains the information about the diffraction rings. The random phase of the 1/f noise current from each particle causes the 1/f noise power spectra to add, just as the currents add.  The power spectrum is thus proportional to the number N of particles used to define the current, just as the total current is.  For the spectrum of fractional fluctuations we need to divide by the squared current, and this justifies the presence of N in the denominator of Eq. (1).
     Eq. (1) was also derived in second quantization, using the commutation rules for boson field operators.  For fermions one repeats the calculation replacing in the derivation the commutators of field operators by anticommutators, which yields

-2S(f) =j-2Sj(f) =S(f) =2A/f(N-1)   
        (2)

This causes no difficulties, since N≥2 for particle correlations to be defined, and it is practically the same as Eq. (1), since usually N>>1.  Eqs. (1) and (2) suggest a new notion of “physical cross sections and process rates” which contain 1/f noise, and express with macro-quantum interference, a new law of physics, important in most high-technology fields.
B. Coherent Quantum 1/f Effect and General Q1/f Formula
     In addition to the quantum 1/f effect (Q1/fE) just described, which I called “conventional” and which is present in the newly introduced notions of physical cross sections and process rates, there is also another type of Q1/fE. It is the “coherent Q1/fE,” present in any current J, whether it was subject to a scattering process, or not.  This one arises because of the coherent state of the electromagnetic field of any free physical particle, e.g., an electron.  Indeed, if we consider the physical particle as being the bare particle plus its electro-magnetic field, it will be described by a non-stationary state, because the field is not in an energy eigenstate.  Such a non-stationary state always exhibits quantum fluctuations in time and space. Both the simple and the second-quantized calculations yield a simple universal 1/f noise power spectrum of a current of physical electrons or of any other charged particles.  Specifically, the spectral density SJ/J(f) of fractional current fluctuations is [2]



SJ/J(f)=fN.

        (3)

Here N is again the number of carriers used to define the current J. This is the coherent Q1/fE engineering formula.
     The conventional Q1/fE in cross sections and process rates corresponds to the independent motion of particles, represented in the Hamiltonian by the kinetic energy of the particles’ drift motion, Ek=Nmvd2/2.  The coherent Q1/fE, on the other hand, comes from the coherent superposition of all vector potentials and magnetic fields generated by the particles, and from the coherent states in which the corresponding vector potential field oscillators are, which are not energy eigenstates. It is represented by the magnetic energy Em=0.5LI2 in the hamiltonian. As a first approximation, we consider a superposition of the conventional and coherent quantum 1/f noise contributions proportional with the weight of the corresponding terms in the energy of a solid conductor or semiconductor carrying a current J with current density j.  In very small samples or electronic devices, this magnetic energy

    
Em = ∫(B2/8)d3x = [nevS/c]2ln(R/r)     
  (4)

is much smaller than the total kinetic energy Ek of the drift motion of the individual carriers


Ek = imiv2/2 = nSmv2/2 = Em/s.  
  (5)

Here we have introduced the magnetic field B, the carrier concentration n, the cross sectional area S and radius r of the cylindrical sample (e.g., a current carrying wire), the radius R of the electric circuit, and the "coherece ratio"

s=Em/Ek =2ne2S/mc2ln(R/r) 2e2N'/mc2,
  (6)

where N' =nS is the number of carriers per unit length of the sample and the natural logarithm ln(R/r) has been approximated by one in the last form.  We expect the observed spectral density of the total fundamental Q1/f noise found in mobility fluctuations to be given by a relation of the form [2]
  (1/2)S(f)=[1/(1+s)][2A/fN] +[s/(1+s)][2/fN], 
  (7)

which can be interpreted as an expression of the effective “Hooge constant” if the number N of carriers in the (homogeneous) sample and f are brought to the numerator of the left-hand side. Only the conventional Q1/fE applies directly to the frequency fluctuations in resonators and oscillators.  
C. Past Misunderstandings
     The Quantum Theory of 1/f Noise was misunderstood by some for many years, for many reasons, but finally for only one reason: In general, the bremsstrahlung energy loss components emerging from any scattering, or from other processes, are known not to interfere with the main wave function, (while we have claimed, interference usually happens. with random phases.  As a special exception, I had also observed that decoherence happens only to 10% in beta radioactive decay!).  The emergent bremsstrahlung energy loss components are indeed known to be orthogonal, with phases differing by 90 degrees in a certain quantum representation. Therefore, some said that the Q1/f theory, based on such interference, was not valid.  But the experiment always verified my formulas in all domains, universally. Their mistake was that they ignored the universal phenomenon of quantum decoherence,.  Indeed, soon after the superposition state with 90 degrees phase differences is created by brems-strahlung, decoherence scrambles the hases, randomizing them, as I always assumed in my theory of both the conven-tional and coherent quantum 1/f effects, which I introduced. This is why Schrödinger’s cat is never found half dead and half alive, and why we don’t have quantum computers yet! 

     This was finally understood by the scientific community, after a 2013 paper of mine [1], and there are no other logical objection left to my theory, and to my simple, practical, universal engineering formulas.  They are applicable to all high-tech fields, for anything existing in any do-main, in time and space. It’s as basic as time and space, since it also happens with gravitons as infraquanta! I have all formulas for that quantum gravidynamic (QGD) 1/f noise also, including the “s’ “ parameters, combining the gravidynamic coherent and conventional contributions.  It limits all existence in time and space, it sets fundamental limits to highest frequency stability, and to our knowledge of time and frequency. Our amply verified [2], universal, simple Q1/f engineering formulas allow us to reduce even these fundamental limits, by optimizing the system with Q1/f optimization.
Another sourse of misunderstandings was the frequency and temperature dependence of the Q1/fEs.  Indees, quantum effects are generally known to occur at high frequencies and low temperature.  Most critics verlooked that here Planck’s constant appears in the denominator, which revrses these dependencies!  The classical limit is thus not finite, is des-cribed by the earlier form of our theory, the turbulence theory of 1/f noise in an infinite, isotropically and homogeneously stirred plasma of charge sarriers. All are special forms of our “sufficient criterion” for 1/f noise at www.umsl.edu/~handel.
II. Frequeny fluctuations in Quartz, MEMS, or  other rsonators and oscillators
A. Bulk Acoustic Wave (BAW) Quartz Resonators
The rate  of phonon interactions which remove phonons from the main quartz resonator mode is modulated by the conventional quantum 1/f effect, therefore exhibiting observable (macroscopic) quantum fluctuations, which causes Q1/f fluctuations in the resonance frequency .  Indeed, whenever a phonon is removed from the main resonator mode, the time-derivative of the polarization vector of the quartz crystal dP/dt= EQ \O(P,\S\UP5(•)) is suddenly affected, suffering a step-like modification as a function of time.  From Maxwell's equations we know, however, that  EQ \O(P,\S\UP5(•))  is added to the current density j and that such a modification of the current causes radiation.  Solving Maxwell's equations we find, like in the Introduction above, that as a result of the phonon removal there is a constant energy of (1/4o)4 EQ \O(P,\S\UP5(•)) )2/3c3 radiated away per Hertz at any frequency f.  Dividing this result by the energy of a photon hf, we find, as before, that there is thus a probability of 2 EQ \O(P,\S\UP5(•)) )2/3fe2c2 for the emission (radiation) of a bremsstrahlung photon of frequency f.  SI units were used here for a change instead of CGS.

Since there is a probability of 2 EQ \O(P,\S\UP5(•)) )2/3fe2c2 << 1 for the emission of a bremsstrahlung photon of frequency f, the quartz crystal suffers a reaction, or a recoil in part of its quantum state.  This causes the phonon-emission rate  to perform quantum oscillations with frequency f and with two-sided spectral density S' of fractional fluctuations given by the same expression, S'(f) = 2 EQ \O(P,\S\UP5(•)) )2/3fe2c2.  This is here the expression of the quantum 1/f effect. The one-sided spectrum of fractional fluctuations of the dissipation rate  is thus, 


S(f) = 4 EQ \O(P,\S\UP9(•)) )2/3fe2c2; 

 (8)
This means that any radiation caused or implied by a quantum transition from one state to another comes with a price.  It reacts back on the system, causing the rate of that transition to be modulated by exhibiting observable macroscopic quantum fluctuations.  These have a spectral density of fractional rate fluctuations identical to the photon-numbers emitted in the transition considered.  These calculated quantum fluctuations in the dissipation rate reveal the presence of macroscopic quantum interference with random phases caused by de-coherence. The interference is between the wave function of the crystal without QED bremsstrahlung losses (BL), and that of the crystal which suffered BL during the elementary act of dissipation, i.e., loss of a phonon from the main quartz (or MEMS [2], etc.) resonator mode. This is characteristic for the new field of infra-quantum physics (IQP) that is also realized in QGD with gravitons, in QLD with e.l.f. piezo-phonons, etc., with any kind of massless infra-quanta exhibiting infrared-divergent coupling to a current.

     The vibrational energy of the crystal can be written in the form

W = n EQ \O(h,´)  = 2(Nm/2)(dx/dt)2 

      =(Nm/e2)(edx/dt)2=(m/Ne2)2( EQ \O(Pi,\S\UP11(•)) )2;  
 (9)
The factor two includes the potential energy contribution.  We have denoted with  an effective averaged phonon frequency for the solid considered, e.g., quartz, like in the Einstein model. Here m is the reduced mass of the elementary oscillating dipoles, e their charge, g a polarization constant of the order of the unity, and N their number in the resonator.  Applying a variation n=1 in the number of phonons n,

n/n =2| EQ \O(P,\S\UP9(•)) |/| EQ \O(P,\S\UP9(•)) |,  or  EQ \O(P,\S\UP9(•)) = EQ \O(P,\S\UP9(•)) /2n.    

 (10)
Solving Eq. (9) for  EQ \O(P,\S\UP9(•)) and substituting into (10), we obtain

| EQ \O(P,\S\UP9(•)) | = (N EQ \O(h,´) <>/n)1/2(e/2g).
           
 (11)

Substituting  EQ \O(P,\S\UP5(•))  into Eq. (8), we get


-2S(f)=N EQ \O(h,´) <>/3nmc2fg2/f . 
 (12)
This proves the presence of Q1/f fluctuations in  The elementary dissipation process by loss of a phonon from the main resonator mode is likely to be a three-phonon process at room temperature, and a two-phonon process involving also a crystal defect, at low temperature. Considering room 
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temperature first, we realize that most of the bremsstrahlung associated with the three-phonon process could come from the loss of the participating thermal phonon, whose frequency we denote by <>. Indeed, it is associated with a low phonon number n=kT/<>.  Using the harmonic oscillator relation 

= -22,   = -2
         
 (13)
between resonance frequency  and dissipation , we obtain 

S(f) = (1/4Q4)S(f) = (1/4Q4)(/f) 

= N EQ \O(h,´) <>/12nmc2fg2Q4.
 (14)

Since N~V, is proportional to the volume, we get (Fig. 1)
    S(f) = 'V/fQ4, for V≤3   (Fig.1 left side, & MEMS)
 (15)

Here, with a participating thermal phonon of <>=1010/s, with n=kT/ EQ \O(h,´) <>, T=300K and kT=4 •10-21 J, we get


' =(N/V) EQ \O(h,´) <>/12ng2mc2 =1022(1/137)


.(10-27108)2/12kT10-23 9 1020 =1.
 (16)

B. Surface Acoustic Wave (SAW) Quartz Resonators

     For SAW, we consider many (V/3) independent cohe-rence volumes 3 that add their noise incoherently, and find
          S(f) = '6/fVQ4, for V≥3    (Fig. 1 right side)
 (17) 
C. The case of Defect Scattering: a two-phonon process

     A phonon from the main resonator mode scatters on a defect and a phonon of similar frequency emerges into another mode with much smaller phonon occupation number n=kT/ EQ \O(h,´) .  In this case we have to replace <> by  and n<> with n. It gives a -value which is (<>/)2 smaller, i.e. 104-106 times smaller. Indeed, low-T phase noise is lower!
D. The General Case with Both Phonon Loss Processes
     With =' + ", we obtain for the combined phonon and defect scattering case, in general,


'['2 + (<>/)2"2]/2.
 
 (18)
Although the defect scattering term is small at room temperature, it may become dominant at low temperatures, when the phonon scattering rate ' becomes much smaller than the defect scattering rate ".

     Since the 1/f noise level depends on the active volume, in the coherent regime one should use the lowest overtone and smallest diameter consistent with other circuit parameters.  In the incoherent (low Q) case, the opposite should be considered. Q1/f phase noise was well verified! [6].
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Fig. 1: FM noise in Si MEMS & quartz BAW, and SAW resonators: the red line adds the classical white noise at small volumes.


      The minimum on the red line corresponds to the Q1/f optimization point for ultra-low phase noise in BAW quartz, or MEMS.








