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1.  
Introduction

Fermilab is currently working on the design of a superconducting rf linac, nicknamed “Proton Driver.” [1] This Proton Driver will accelerate H( ions up to 8 GeV with total power of 0.5 MW, upgradeable to 2 MW.  These H( ions will then be stripped to protons in foils and injected to the 120 GeV Main Injector for mass production of neutrinos aimed at a neutrino detector (MINOS) in mine shaft in Soudan, Minnesota to study neutrino oscillations. 

One key issue in this design is the transport and stripping of 8 GeV H( ions. Although H( injection was invented decades ago and has been successfully employed in many accelerator laboratories, including Fermilab, it has never been done at 8 GeV. The highest energy for H( ions is 800 MeV at the Proton Storage Ring (PSR) at Los Alamos National Lab. The Spallation Neutron Source (SNS), which is under construction at Oak Ridge National Lab, will use 1 GeV H( ions. An energy jump by an order of magnitude to 8 GeV brings up a number of challenges. A majority of them belong to the atomic physics. Many of the issues have been studied before. One can obtain a good understanding of these problems by reviewing literatures. But some are new and to our best knowledge have not yet been carefully investigated. Examples include the blackbody radiation stripping and energy scaling of cross sections for H( ion and foil interactions. 

It is fascinating that a neutral hydrogen atom could take one more electron and form a stable state as an H( ion. These ions can be transported in a beam line made of magnets and injected into a circular accelerator through a charge exchange process. However, the second electron is loosely bound to the nuclei and can be easily stripped on the way by either thermal photons (blackbody radiation), or an external magnetic field, or collisions with residual gas atoms. 

There are two aspects concerning H( ions with higher energies. On the one hand, it is more difficult to transport them due to the fact that the stripping of the second electron becomes easier.  This is because at higher energies, the Doppler shift of thermal photons is larger and the Lorentz-transformed electric field from a magnetic field is stronger. On the other hand, it is also more difficult to convert H( to H+ in foils because the interaction cross sections are decreased at higher energies. One solution to this problem is to use thicker foils. But this would lead to more sever effects in multiple Coulomb scattering, large angle Coulomb scattering, foil heating and stress, radiation dose, etc. In Sections 2 and 3 of this report, we will summarize our present understanding of these physics problems and give a quantitative analysis to each one of them.

Furthermore, we also list in Section 4 two beam physics problems regarding an 8 GeV H( transport line. One is collimation, another energy jitter correction. Both are associated with the total length of the beam line. For momentum collimation, long arcs (~ 800 m) are needed in order to generate the required dispersion by weak bending magnets. To correct energy jitter in the linac beam, the distance between the linac and correction rf cavity scales as 
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(relativistic factors) and would be a few kilometers at 8 GeV. We are searching for a solution to this problem.

Because it is not possible to carry out machine experiments for 8 GeV H( ions at this time, we would like to solicit expert’s comments, suggestions and criticism to this report so that a complete understanding of the transport and stripping of 8 GeV H( ions could be obtained. 

2.  
Atomic Physics of 8 GeV H( ions

2.1. General physics of H( ions

One of the simplest and most completely treated fields of application of quantum mechanics is the theory of atoms with one or two electrons. For hydrogen and the analogous ions He+, Li++, etc., the calculation can be performed exactly. For atoms and ions with two electrons, such as H(, He, Li+, etc., exact analytic calculations are not possible. But these atoms are still simple enough so that vigorous approximation methods can be used to carry out calculations to a high degree of accuracy. This has been done in the last half-century. One of the best references is the book by Bethe and Salpeter. [2] In the following, a brief review of what is known about the H( will be presented from an experimental point of view.


Like most negative atomic ions, H( has only one bound stable state, which is a singlet 1s2 1Se. The wave function can be written as:
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in which a = 0.962, b = 3.533 in unit of Bohr radius. So this wave function represents an “almost” unscreened hydrogen atom plus a very loosely bound outer electron. However, the two electrons are highly correlated in their motions and positions. Otherwise it would not be bound.  (After all why would a neutral object attract another charge?) 

There is also a state sometimes termed “the second bound state,” which is a triplet 2p2 3Pe.  This state is forbidden to just fall apart into a hydrogen atom and an electron ("autodetach"), but it can decay into three bodies: a hydrogen atom, an electron and a photon. In this sense, it is unique in atomic physics.  This state cannot be excited by single photon absorption. Its lifetime is very short (1.73 ns).  As a matter of fact, although theory predicts this state, it has never been observed. The H( lacks, completely, singly excited states in which only one electron is excited and the other remains in the ground state. Compared with He, another simple two-electron system, which has all kinds of spectral lines, H( seems quite dull.  However, H( has an infinite series of manifolds of doubly excited states (n = 2, 3, 4, etc.).  So H( is not singly exciting, but it’s doubly exciting!

Figure 1 is the photodetachment spectrum of H(. The unit of the cross section is the square of Bohr radius (atomic unit). The threshold is at 0.7542 eV, because that is the binding energy of an electron to H atom, the so called “electron affinity" of hydrogen.  Note that the slope rises as the excess energy to the 3/2 power at first (the Wigner threshold law), levels out and peaks at about 1.5 eV, then declines like the cube of the reciprocal of the photon energy. If there had been any singly excited states, they would have been seen as bumps below 0.75 eV.  If we follow the curve out to around 10.9 eV, we start to see structure in the continuum.  This structure persists until we reach the two-electron continuum at 14.35 eV (= 13.6 eV + 0.75 eV).  After that the continuum is featureless.
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Figure 1. Photodetachment spectrum of H(
The structure in the spectrum around 10.9 eV is enlarged in Figure 2. [3,4] The first structure we encounter, as we raise the photon energy, is the lowest-lying Feshbach resonance.  This is a major enhancement in the photodetachment rate, but it is only about 30 (V wide.  It can be thought of as a (2s3p-2p3s) 1Po state.  There is also a second, much narrower Feshbach state, (2s4p-2p4s) 1Po discovered in the late 90’s in Denmark, some 40 mV above the first one. These resonances are converging on an energy of the photon that corresponds to the liberation of one electron from H(, leaving behind an H atom excited to n = 2.  The photon energy is thus 10.2 eV + 0.75 eV = 10.95 eV.   Then comes a relatively broad resonance, the so-called “shape resonance” 2s2p 1Po.  This is a very durable resonance, as we shall see later, that actually gets stronger when you put it in an electric field.  The shapes of the resonances, embedded in the single electron continua as functions of energy are called “Fano profiles” and are a quantum mechanical consequence of the interference of essentially two processes involved in the production of the detachment.

The importance of the correlations between the two electrons cannot be stressed too highly.  H( would not exist without correlations.  The independent particle model of a state | n1l1, n2l2, L, S, ( ( is replaced by | n, m, K, T, A, S, ( (.  The two electrons form essentially a quasiparticle specified by the correlation quantum numbers KTA.  
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Figure 2. Relative photodetachment cross section vs. effective photon energy. (a) The full energy range with two sharp Feshbach resonances and a broad shape resonance; (b) and (c) Blow-up of the two Feshbach resonance regions. (Refs. [3,4])

Starting with the threshold for detachment of an electron from H( leaving the residual core hydrogen atom in n = 3, we find successive series of "window" or "notch" resonances, converging first on n = 3, then n = 4, etc.  The same sort of thing can be seen in He. [5]

Photodetachment from the H( ground state using a single photon is limited by the selection rules to singlet P continua, so that only states with singlet P even parity are accessible directly.  However, there are many other states in H(, and we have been able to see them in the experiments.  

Finally when the energy of the photon is at 14.35 eV we can leave the residual H atom in n = ∞, that is, both electrons can be detached.  There is theoretical interest in the nature of the threshold law. Some people think the Wannier threshold law describes the situation pretty well; whereas others do not.

The effects of electric fields on the structures of the spectrum have been studied extensively. [6-11] For example, one can induce in the ion's rest frame a strong motional electric field by using modest laboratory magnetic fields transverse to the ion beam.  The lowest Feshbach resonance splits into a triplet when it finds itself in a weak electric field and then quenches; the shape resonance on the other hand requires much stronger fields to show an effect, and in fact becomes stronger in strong electric fields.  It appears that the shape mixes with an underlying singlet D state, just as the Feshbach mixes with an underlying single S state.  The effects are laser-polarization dependent.

The electric field effects near the detachment threshold is shown in Figure 3. [7] Note that the detachment sets in below 0.75 eV in the presence of an electric field and that field induced modulations appear at higher photon energies.
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Figure 3. Photodetachment of H– just above the detachment threshold at 0. 75 eV (dashed line) and in the presence of an electric field (solid line). [7]

What happens if one tries to photodetach the asymptotically free electron?  Consider the case where the laser beam is polarized along the direction of the applied electric.  The electron is lifted up above the energy barrier by absorbing a photon and the makes its way out preferentially along the electric field lines.  The wave function of the detaching electron divides into two lobes, one going along the field direction and the other going “upstream”, against the field.  Think of two coherent electron waves traveling in opposite directions.  The one going upstream will eventually run out of steam and fall back toward the atom from which it was ejected. It is essentially reflected by the rising potential wall.  Now assuming the process of ejection is still going on, the reflected wave will then lap back over the lobe that is heading down stream.  The total wave function of the ejected wave is the sum of the two lobes that can interfere, just as in a two-beam interferometer, the Michelson, for example.  As one increases the photon energy the phase between the two lobes varies between constructive and destructive, so that the cross section develops ripples.

2.2. Black body radiation stripping

When a negative ion of hydrogen is moving at luminal velocity, the normally innocuous contribution of beam pipe (“black body”) radiation to the photodetachment rate of electrons to form atomic hydrogen can be greatly increased. The very large Doppler effect that one encounters in the situation shifts impotent lab frame infrared photons to energies in excess of the electron affinity of hydrogen where the photodetachment cross section is large. 


To give a quantitative analysis to this phenomenon, Bryant and Hill used two different approaches and obtained similar results. In the following we briefly introduce Hill’s approach.


The average collision distance L, i.e., the distance the ion travels per collision, is 
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In which ( is the photon density, ( the cross section. The photon density in the 3-D momentum space
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at temperature T is described by the Bose-Einstein distribution (with ( = c = 1): 
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When the photon energy is much larger than the ambient temperature T (~ 1/40 eV at 300 (K) the use of the approximate Maxwell-Boltzmann distribution will suffice:
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In terms of the Lorentz invariant expression for energy and cross section, it can be shown that
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in which ( is the relativistic factor, E photon energy in the lab frame, Th the effective temperature due to Doppler blue-shift:
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The photons with Doppler red-shifted temperature can be ignored when ( ( 1. An empirical expression of the photodetachment cross section in the absence of an external electric field can be found in Ref. [12]:
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where E0 = 0.7543 eV is the electron binding energy of H–, (max = 4.2 x 10–17 cm2 the maximum cross section. Two numerical methods, one using a spreadsheet and another using the Mathematica program, were employed to evaluate the integral convolution. (It should be pointed out that a multiplication factor ((c)(3 should be added in the formula of 1/L in order to get the numerical value correctly.) Both gave similar results. Figure 4 shows the photodetachment rate vs. H– kinetic energy at room temperature. From 800 MeV (the PSR beam energy) to 8 GeV, the rate is increased by 3 orders of magnitude. While it may be a non-issue for the PSR or SNS, the detachment rate at 8 GeV is comparable to that of field stripping (Sec. 2.3) or residual gas stripping (Sec. 2.4). Therefore, it must be taken into consideration. For E = 8 GeV (( = 9.5) and T = 300 °K (0.026 eV), one has

L ( 1900 km
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So the beam loss rate due to black body radiation is about 5.3 ( 10(7 per meter. For every one kilometer of the transport line, the beam loss would be 5.3 ( 10(4.  For a beam intensity of 1 ( 1014 particles per second, the loss would be 5.3 ( 107 per second per meter. When the beam intensity is increased (e.g., to operate the MI at an maximum energy < 120 GeV but with the same output beam power), the loss will increase proportionally. From Section 4.3 below, we will see the activation of the beam pipe due to the beam loss would be significant.
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Figure 4. Photodetachment rate of H– ions from room temperature blackbody radiation.

If it is deemed to be necessary, an obvious cure to this problem is to cool the beam pipe in the transport line. Figure 5 shows the temperature dependence of the photodetachment rate for 8 GeV H– ions. When the beam pipe is lowered to the liquid nitrogen temperature (77 °K), the rate is decreased by more than 4 orders of magnitude. So this problem would essentially go away.
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Figure 5. Dependence of photodetachment rate of H– ions on temperature.


A further improvement of the calculation will take into account two correction terms:

1) Higher order terms in the Taylor expansion of the numerator in the Bose-Einstein distribution; (which was found to be small at 8 GeV but increase quickly at higher energies)

2) Cross section correction near the detachment threshold in an electric field (Figure 3) and near 10.9 eV in the spectrum (Figures 1 and 2).

2.3. Magnetic field stripping

When an H( ion with momentum p moves in a magnetic field B, it experiences an electric field F that is the Lorentz-transform of the magnetic field in the lab:

F (MV/cm) = 3.197 p (GeV/c) B (Tesla)

If even the tiniest electric field is applied to a negative ion, in principle it becomes unstable, as the wave function is free asymptotically.  It just may take a long time to tunnel out.  That lifetime 
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 of H( ions in an electric field F has been studied in the past 40 years both theoretically and experimentally. A main theoretical paper (perhaps also the first published one) is by Scherk. [13] Because the original lifetime formula in this paper is rather complicated, it is often parameterized to give several different simple expressions. The most commonly used one is a 2-paramter formula:
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in which a and b are two constants to be fitted to experimental data. H( lifetime measurements have been carried out at a number of laboratories. [14-19] Table 1 is a summary of some of the published data. All parameters are evaluated in the ion’s rest frame. Cahill et al. did the experiment at the UCLA cyclotron. Their data were not compared against Scherk’s formula. Stinson et al. did the experiment at the 50 MeV linac at RAL, whereas Jason et al. and Keating et al. both at the 800 MeV linac at LANL.

Table 1. Measurements of H( ion lifetime in an electric field F
	Experiment
	Energy

(MeV)
	F
(MV/cm)
	a

(10(14 s-MV/cm)
	b

(MV/cm)
	Reference

	Cahill et al.
	48 
	2.4
	N/A
	N/A
	[16] (1966)

	Stinson et al.
	50 
	1.867 – 2.140
	7.96
	42.56
	[17] (1969)

	Jason et al.
	800 
	1.87 – 7.02
	2.47
	44.94
	[18] (1981)

	Keating et al.
	800 
	1.87 – 7.02
	3.073
	44.14
	[19] (1998)



Because there is no 8 GeV H( beam available in any facility over the world, we can only rely upon the extrapolation of the existing measurement data, in particular those listed in Table 1, to predict the lifetime of 8 GeV H( in a magnetic field. Because it is a big jump from 800 MeV to 8 GeV for such an extrapolation, we will keep the design on the conservative side in order to make sure that the 8 GeV H( ions can be safely transported in the magnets without noticeable stripping losses.

Scherk’s theoretical model invoked various approximations. In order to verify the validity of the simple 2-parameter formula, we took a careful look at the data in Table 1. These measurements covered a large energy range (from 50 MeV to 800 MeV). The fitted parameters a and b of Stinson look quite different from that of Jason and Keating. However, when we calculate the lifetime vs. field (Lorentz-transformed from magnet field at 8 GeV) using these parameters, the results are in remarkable agreement with each other as shown in Figures 6 and 7. It is seen that at 600 Gauss (design value of the magnet field) the lifetime is about 10(3 seconds in the lab frame. So the mean decay length is 

( ≈ 3000 km

This number is comparable to the mean collision length L  (≈ 2000 km) from thermal photon stripping in Sec. 2.2.
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Figure 6. 8 GeV H( lifetime in a magnetic field calculated using three sets of parameters a and b as listed in Table 1.
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Figure 7. Blow-up of Figure 6 in the area near 600 Guass. Different colors for the same experiment represent different fitting algorithm. 

.

2.4. Residual gas stripping

The theoretical approach for calculating the collisional electron-detachment cross section for negative hydrogen ions incident on hydrogen, helium, oxygen, nitrogen and other gas targets can be found in numerous publications. Here we will use the results from Gillespie in Refs. [20-23]. 


Gillespie’s method is an extension of Bethe’s theory. It employs the sum-rule technique in the Born approximation to sum over all excited final states of the H– ion for calculating the total electron loss cross section. This method is particularly useful in our case because H– ion has no bound excited states. (See Section 2.1) The total electron loss cross section can be expressed as
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in which ( (1,0  is the cross section from H– to H0, ( (1,1  from H– to H+, n the final states of H–, m the final states of the target atom, a0 the Bohr radius, ( the fine structure constant, ( the relativistic factor, Inm,  Jnm and Knm integrals. The first integral Inm  is the asymptotic (high-energy) leading order contribution to the cross section and is independent of the incident velocity. The second and third integrals (Jnm and Knm) are the next order correction terms for low energies. By performing these integrals explicitly, Gillespie was able to obtain numerical results for the case of H– ions incident on various target atoms and claimed to be in agreement with experimental data, as shown in Figures 8 and 9. [20,21]

These curves are truncated at 400 MeV and 1 GeV, respectively. To extend them to 8 GeV, one may invoke the asymptotic behavior of these curves and use 1/(2 scaling as indicated in the above equation. For example, Table 2 lists the cross sections calculated for H, N and O at 8 GeV.

Table 2. Total electron loss cross section for H– incident on H, N and O (unit 10(18 cm2)

	Energy of H– ion
	H
	N
	O

	400 MeV (Fig. 8)
	0.2 
	(
	(

	1 GeV (Fig. 9)
	(
	1
	1

	8 GeV (scaled)
	0.1
	0.8
	0.8


Based on these cross sections and for given vacuum condition, one can readily compute the H– lifetime in vacuum. Assuming a vacuum of 5 ( 10(8 torr and residual gas components of 50% H2 and 50% N2 and O2, the H– lifetime is

( = sec (TO BE FINISHED BY CHOU)
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Figure 8. Total electron loss cross section for H– incident on H and He as a function of energy. (Ref. [20])
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Figure 9. Total electron loss cross section for H– incident on N, O, Ar and Xe as a function of energy. (Ref. [21])

2.5. Lifetime of Stark states of hydrogen atoms

We will follow the derivation in Ref. [24]. In a uniform electric field, the energy level n of the hydrogen atom is split into n(n+1)/2 sublevels, the so-called Stark states. Each Stark state can be characterized by a set of parabolic quantum numbers n1, n2, m such that the principal quantum number n = n1 + n2 + m + 1.

By solving the Schödinger equation for the hydrogen atom in a uniform electric field F, the Stark energy E can be expressed in the series in F, up to the fifth order:
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The width ( of the Stark energy lines defines the ionization probability of the quasi-stationary atomic states and is inversely proportional to the lifetime of the atomic states. The asymptotic solution of ( when F ( 0 is
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where 

[image: image25.png]



This is Eq. (67) in Ref. [24]. Expanding R in power series of F, we obtain
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There is also a semi empirical formula for (:
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which is Eq. [72] in Ref. [24]. Both equations have been used in the lifetime calculation for the Stark states. When F is small, both give similar results. But for large F both fail. 

The formulae above use the atomic unit, one needs to convert them to the MKS unit in numerical evaluations. This is achieved by multiplying 1/( by 2.4189 ( 10(17 seconds and F by 5.142 ( 103 MV/cm. Furthermore, the electric field in the lab frame is Lorentz transformation of a magnetic field B as shown in Sec. 2.3.

Figure 10 shows the Stark state lifetime in a magnetic field for 8 GeV hydrogen atoms. They are in agreement with Rees’ earlier results. [25] In view of the existence of gaps between the states of different quantum number n, one technique proposed by Rees for reducing the H– injection loss is to apply a magnetic field at the foil location. The partially stripped H(, namely H0 atoms will be populated in different states (n = 1, 2, 3…). The excited states with lower n would have much longer lifetime than those with higher n if the magnetic field is properly chosen. For example, if a field of 0.05 Tesla is applied to the 8 GeV H0 atoms, Figure 10 shows the lifetime of n ( 4 states would be 5 orders of magnitude as long as that of the n ( 5 states. So the lower H0 states could be dumped outside of the accelerator and higher H0 states would become H+ and be injected into the accelerator.
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Figure 10. Lifetime of Stark states of 8 GeV hydrogen atoms in a magnetic field in the laboratory frame. 
2.6. Population of Stark states of hydrogen atoms

(TO BE PREPARED BY CHOU)

3.  
Foil Physics

3.1. Stripping efficiency

It is interesting to note that the physics governing the foil stripping and residual gas stripping is the same. It is only because of the enormous difference in atom density between foil and residual gas that the H( ions could travel thousands of meters in the transport line free of stripping and, suddenly, would be fully stripped by a foil in a distance of a few (m!


When H– ion energy increases, the cross section will decrease as shown in Section 2.4. As a consequence, the stripping efficiency will also decrease. This is a major concern of the 8 GeV H– injection, because low efficiency would mean high injection losses. 


There were several cross section measurements of H– ion incident on carbon foil at different energies. [26-31] For example, Figure 11 shows the data at 200 MeV measured by Webber and Hojvat [27] and Figure 12 the data measured by Gulley et al. at 800 MeV [26]. 

It is remarkable to notice the difference in stripping efficiency at the two energies. For instance, when a 200 (g/cm2 foil is sued, only 0.4% H0 remain after the foil at 200 MeV, whereas the number of H0 is increased to 11.2% at 800 MeV. In order to estimate the stripping efficiency at 8 GeV, we invoke the same energy scaling of the cross section as in Section 2.4.
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Figure 11. Measurement of H– stripping by carbon foil at 200 MeV. (Ref. [27]) 
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Figure 12. Measurement of H– stripping by carbon foil at 800 MeV. (Ref. [26]) 

We based our scaling on the 800 MeV data, because they have higher accuracy. We first scaled the 800 MeV data to 200 MeV and compared them with the measured data at 200 MeV. We found them in good agreement. This gave us confidence. We then scaled the 800 MeV data to 400 MeV and 8 GeV. The predicted 400 MeV cross sections will be compared with the planned measurement at the Fermilab Booster. Tabel 3 is a summary of these numbers.

Table 3. Cross section of H( incident on carbon foil (unit 10(18 cm2)

	
	800 MeV

(measured)
	200 MeV

(measured)
	200 MeV

(scaled)
	400 MeV

(scaled)
	8 GeV

(scaled)

	( (1, 0
	0.676 ( 0.009
	1.56 ( 0.14
	1.49
	0.942
	0.484

	( 0, 1
	0.264 ( 0.005
	0.60 ( 0.10
	0.584
	0.368
	0.189

	( (1, 1
	0.012 ( 0.006
	(0.08 ( 0.13
	0.026
	0.0167
	0.0086


Figure 13 is a plot of the H0 population for the 5 cases listed in Table 3 at different foil thicknesses. The two curves for 200 MeV, one measured and another scaled, lay almost completely on top of each other. This indicates the scaling works well in this energy region. Because the scaling is asymptotically correct, it is expected to work even better at 8 GeV. 
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Figure 13. H0 yield calculation using the cross sections in Table 3.


Based on this estimation, the carbon foil thickness is chosen to be 600 (g/cm2, which corresponds to 0.5% H0 population in this analytic model.

3.2. Multiple Coulomb scattering

When particles pass through the carbon foil, multiple Coulomb scattering will lead to emittance dilution (( rms. The theory is well established:
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  is the lattice function of the accelerator at the foil location, and
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where  p is the particle momentum, ( the relativistic factor, L the thickness of the foil and Lrad the radiation length of the foil. Using the following parameters for 8 GeV H– injection into the Main Injector:
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one has for every time the particles hit the foil ( rms = 6.3 (rad and (( rms = 1.16 ( 10(3 mm-mrad. During the 200-turn injection, the average hit per particle is about 6. Therefore, we have

(( rms = 7 ( 10(3 mm-mrad

This number is negligibly small.

3.3. Large angle Coulomb scattering

In circular accelerators using multi-turn (>100 turns) injection of H( beam via charge exchange stripping, the contribution to beam losses from large angle single Coulomb scattering (as well as plural scattering) of the beam that traverses the foil is often overlooked in comparison to the emittance growth from multiple Coulomb scattering. (See Section 3.2) However, at PSR at Los Alamos National Lab it was found that single Coulomb scattering makes a significant contribution to the uncontrolled beam losses. [32] 

In the following we will develop analytical formulae for the loss rate (per foil traversal) from large angle single Coulomb scattering in a simple model using the approximation of an on-axis particle (zero emittance beam) striking the foil.  They are useful as simple estimates of the magnitude of the effect. Results from refinements to the model for finite emittance beams will be discussed briefly, but not developed in detail.  For more precise estimates of beam losses from foil interactions one is advised to use tracking codes such as ARCHSIM [33], ACCSIM [34], ORBIT [35], most of which include good approximations to single, plural and multiple Coulomb scattering plus energy straggling. 

We will follow the notation and development of Coulomb scattering in the small angle approximation given in Ref. [36].  The nuclear Rutherford cross-section per atom is (for a singly charged beam species)
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in which Ze is the charge of the foil atom, p and v momentum and velocity of the incident particle, respectively. This equation is valid for scattering angles ( with magnitude between (min and (max given by
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in which me is the electron mass, Mp the proton mass, ( and ( the relativistic factors, A the mass number of the foil atom. For the Proton Driver (8 GeV protons, carbon foil) (min = 0.54 (rad and (max = 6.9 mrad.  On the other hand, the bending angle is 2 mrad per meter (corresponding to 600 Gauss bending field). Therefore, the scattering angles that could lead to beam loss lie in the region of validity for the single scattering formula above.

Our simplest model for estimating losses considers a pencil beam (zero emittance approximation) hitting a thin stripping foil (600 (g/cm2 carbon).  If the single scattering angle is large enough the particle will be lost on a limiting aperture in the horizontal (x) or vertical (y).  Let the limiting angles be (xl and (yl and the corresponding limiting apertures be XA and YA.  For pencil beam the Courant-Synder invariants for the scattered particle are (x = x ((x)2  and (y = y ((y)2  where the ’s are respective beta functions at the foil location.  The limiting aperture will be touched by the particle when x (x = (XA)2 or y (y = (YA)2 .  Here the (’s are respective beta functions at the limiting aperture locations.  Thus, the limiting scattering angles (larger angles will result in particle losses) become
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For the present PSR these limiting angles are (xl ( 6 mrad and (yl ( 3 mrad, which are well within the limits for validity of the single scattering equation (1) mentioned earlier.

The total cross-section, T, for either (x or (y or both being greater than their respective limiting angles (region R in the integral below) is
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where
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Carrying out the analytical integrations gives the result,
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Using this cross-section, the probability P (per foil traversal) of a single large angle scattering that leads to particle loss is P = N (T t, where N is the number of atoms per unit volume and t the thickness of the foil.  The probability can be rewritten so that C0Nt is expressed in terms of the rms multiple scatting angle (projected), (rms such that
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In the case of PSR (after the direct H- injection upgrade [37]), it uses a 400 (g/cm2 graphite stripping foil for which (rms = 0.035 mrad.  Also (xl ( 6 mrad and (xl ( 3 mrad.  The formula gives P = 3.9 ( 10(6 per foil traversal.  From measurements of the secondary emission current from the foil it was found that the average proton makes about 60-80 traversals of the foil.  Thus the average proton has a probability of 2.7 ( 10(4 (0.027%) of being lost from single large angle Coulomb scattering. This is a significant fraction (18%) of the typical 0.15% beam loss in PSR production at 100 (A at 20Hz.

To estimate the expected loss from large angle single Coulomb scattering for an 8 GeV H( injection, one needs to obtain the sizes of the limiting apertures plus the lattice beta functions at foil and limiting apertures as well as the stripper foil properties (material and thickness).

The simplified model used here has neglected the effect of a finite beam emittance and the effects of dispersion.  It is possible to include the finite emittance analytically for simple beam phase space distributions. When this was done for PSR in the vertical plane, the loss from single scattering increased only slightly (a few %).

(TO ADD CALCULATIONS BY MACEK)

3.4. Energy deposition and heating analysis (MARS)

3.4.1. Model
Energy deposition and heating of the stripping foils was simulated with the MARS15 code. [38] The system consists of two thin carbon foils with the transverse size of 12 mm ( 12 mm placed at a distance of 40 cm apart. The thicknesses of the first and second foil are 1.5 ( 10(4 cm each. Material properties for carbon are: density 2.265 g/cm3, specific heat 0.165 cal/g-K or 0.6908 J/g-K.

The foil heating was simulated for both the 90 and 270-turn injection schemes. Protons from the stripped H( pass through the foils several times during the injection. An averaged number of the passes is 4.4 and 15.9 for the 90 and 270-turn schemes respectively. This includes the very first pass while the protons are still constituents of H(. Since the total intensity of the injected H( is 1.5 ( 1014 per cycle, the total number of the protons that pass through the foils becomes approximately 6.6 ( 1014 for the 90-turn scheme and 23.9 ( 1014 for the 270-turn one. The space distributions for the protons for each turn were simulated with the STRUCT code [39] and then fed into the model where interactions of the protons in the carbon foils were simulated and the deposited energy calculated. It was assumed that the energy deposition is instantaneous and there is no evolution of the foil temperature during the injection.

Electrons produced from H( breakup can also contribute to the foil heating. Most of the H( are stripped in the first foil and the electrons are removed after the first foil. The precise stripping efficiencies of the foils are not presently known. Therefore the number of survived H( after the first foil is also not known. A conservative assumption was made. That is all the H( are stripped in the very upstream part of the first foil and electrons pass through it contributing to the heating of the first foil. In the same time, it was assumed that 20% of H( survive the first foil and are stripped in the second foil. There are two electrons in each H(. That makes electron intensities to be 3 ( 1014 and 0.2 ( 3 ( 1014 = 0.6 ( 1014 per cycle for the first and second foil respectively. Space distributions for the electrons were produced with STRUCT and assumed to be same as the distributions for H(. Also, the distributions for H( are same for each injection scheme. 

The coupling energy of electrons and proton in H( is relatively small compared to the energy of proton. This means, that the velocity of the electrons and proton should be approximately same after an H( breakup. The kinetic energy of proton is about 8 GeV. That corresponds to a Lorentz-factor of ( = 1 + E/m = 9.52878. An electron with the same Lorentz-factor would have the energy of 4.358 MeV. This is the energy that was used for the electrons in this study.

3.4.2. Results
This section summarizes the simulation results on the energy deposition and heating the stripping foils after one cycle. Table 4 below lists the results due to heating by protons, electrons and both for each injection scheme. Figures 14-17 show temperature distributions in both foils after one cycle. The size of the histograms corresponds to the size of the foils. As one can see, the simplified approach used in these studies leads to a rather high temperature in the foils. In most cases the temperature exceeds the melting point of carbon, which is about 3600 (C. More accurate calculations are required that do not assume the instantaneous energy deposition and would take into account temperature evolution during the injection.

Table 4. Energy deposition and instantaneous temperature rise in the stripping foils due to electrons, protons and both for the 90 and 270-turn injection schemes.

	
	Peak Energy Deposit

Foil 1 (J/g)
	Peak Temperature Rise

Foil 1 (K)
	Peak Energy Deposit

Foil 2 (J/g)
	Peak Temperature Rise

Foil 2 (K)

	Electron
	1475 ( 7
	2135 ( 10
	290 ( 1
	420 ( 2

	Proton, 90 turns
	1513 ( 20
	2191 ( 29
	1435 ( 7
	2077 ( 9

	Proton, 270 turns
	4737 ( 77
	6856 ( 112
	4572 ( 22
	6619 ( 32

	e + p, 90 turns
	2936 ( 25
	4250 ( 36
	1692 ( 7
	2449 ( 10

	e + p, 270 turns
	4737 ( 77
	6856 ( 112
	4572 ( 22
	6619 ( 32
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Figure14. Instantaneous temperature rise in the first stripping foil for the 90-turn injection scheme.
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Figure 15. Instantaneous temperature rise in the second stripping foil for the 90-turn injection scheme

[image: image49.jpg]0.8

0.6

0.4

0.2

-0.2

3
3
B

[
2.6 2.8

1.8 2 22 2.4
Instantaneous Temperature Rise (K)





Figure 16. Instantaneous temperature rise in the first stripping foil for the 270-turn injection scheme.
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Figure 17. Instantaneous temperature rise in the second stripping foil for the 270-turn injection scheme.
3.5. Heating and stress analysis (ANSYS) 

3.5.1. Energy Deposition
For a beam current of 25 mA and pulse duration 1 ms, each pulse has 25 ( 10(6 Coulomb, which corresponds to 15.6 ( 1013 H( ions. There are three particles in each H( ion: one proton and two electrons. Therefore the number of particles is about N = 47 ( 1013. 

The energy loss of moderately relativistic particles other than electrons in matter is primarily due to ionization and atomic excitation. For 8 GeV protons incident on a carbon foil, the stopping power |dE/dz| = 1.8 MeV/(g/cm2). [38] When an electron travels together with an 8 GeV proton, its kinetic energy is 4.358 MeV. The stopping power, interestingly enough, is also about 1.8 MeV/(g/cm2). [39] This simplifies our calculation. For a foil of thickness of 600 g/cm2, the energy loss is 1080 eV per particle (either proton or electron). The total energy loss is therefore 47 ( 1013 ( 1080 = 5 ( 1017 eV = 0.0812 J.

The beam size is 0.8 ( 0.4 cm2, and the distribution is Gaussian. Using x = 0.2 cm, and y = 0.1 cm, the energy deposition can be written as
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where A = 0.0812 J. At x = 0 and y = 0, we have maximum energy deposition A/(2xy) = 0.65 J/cm2. Expressed in terms of energy per unit mass, we have the maximum energy deposition 0.65 / (600 ( 10(6) = 1077 J/g. Because each proton traverses the foil about 16 times and each electron only once, the energy deposition should be multiplied by a factor of 6. This gives a maximum value of about 6000 J/g. 

3.5.2. Thermal and mechanical process

The thermal process is governed by diffusion. In the carbon foil, it propagates at 0.174 cm2/s. During 1 ms (the beam pulse length), the diffusion length is 0.0132 cm, much smaller than the foil size. 

The mechanical process propagates with speed of sound, which is 2558 m/s in carbon. During 1 ms, the mechanical disturbance propagates 255.8 cm, much larger than the foil size. 

Therefore, energy deposition can be considered instantaneous when the thermal process is concerned, and static when the mechanical process is concerned.

3.5.3. Thermal analysis
Since there is no time for heat transfer to take place, the energy deposition is instantaneous. The temperature increase of the carbon foil can be calculated just as the integration of energy deposition over density and specific heat. If we assume maximum energy deposition of 6000 J/g, we have the maximum temperature will be 3400 (K. So the maximum temperature increase will be 3100 (K. Figure 18 shows the maximum temperature as a function of energy deposition. 
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Figure 18. Instantaneous temperature rise of the carbon foil.

After beam pulse, in a period of 1.5 second there will be no energy deposition. Heat will then be taken out by thermal radiation. Figure 19 shows several such circles, in which maximum temperature is plotted as function of time. We see that there is no temperature accumulation from different beam pulses. Figure 20 shows the foil temperature at different times during a circle. The maximum temperature is 3120 K. 
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Figure 19. Temperature rise cycle.
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Figure 20. Temperature distribution on the foil at different time during the cycle.

3.5.4. Mechanical analysis

Since the mechanical process is static, the only load is temperature, which causes thermal stress in the carbon foil. We just apply the maximum temperature (right after beam pulse) from thermal analysis, and calculate the displacement and stress. Figure 21 shows the results. The maximum displacement is 0.0017 cm and maximum stress 16444 N/cm2 (23844 psi). The thermal stress is quite large. For such a thin foil, buckling will occur.
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Figure 21. Displacement and stress in carbon foil.

3.5.5. Buckling analysis

To do buckling analysis, we build a quarter model of the foil, and use large deformation option in finite element. To break the symmetry, we first apply a small load perpendicular to the foil surface at center. Then after applying the temperature load, we delete this small load to get the buckled deformation. The results are shown in Figs. 22-24. The maximum displacement is 0.038 cm. It may look not too much. But compared with the thickness of the foil (0.0003 cm), this displacement is 125 times as large as the thickness.
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Figure 22. Buckling displacement at foil center.
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Figure 23. Buckling distribution on the foil.
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Figure 24. Buckling displacement.
3.6. Radiation activation

3.6.1. Model

The model to study the radiation doses due to beam interactions in the stripping foils includes two 300 mg/cm2-thick stripping foils and a quadrupole of the type 4Q120 placed at a distance of about 126 cm from the first foil (Figure 25). The radiation fields were simulated for both the 90 and 270-turn injection schemes. All H( and H0 at the foils were replaced with 8 GeV protons since the fields in the quadrupole are produced by the strong interactions and the electron contribution is negligible. Proton space distributions were obtained with the STRUCT code and then used in the model. The distributions take into account many passes of protons during the beam injection. Beam intensities were 4.37 ( 1014 proton/sec and 15.90 ( 1014 proton/sec for the 90 and 270-turn schemes respectively.
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Figure 25. Left: Elevation view; Right: Quadrupole cross section with arrows indicating the field direction.
3.6.2. Residual Activation

Figure 26 shows azimuthally averaged histograms for the residual dose on-contact after 30 days of irradiation and 1 day of cooling, also known as a “0 cm / 30 days / 1 day” dose. It is interesting to note that this dose is numerically similar to the one of “30 cm / 100 days / 4 hrs”. Since the actual system is not azimuthally symmetric these histograms can only be used as guidance. The residual dose on the front surface of the quadrupole varies from 20 mSv/hr down to 0.1 mSv/hr for the 90-turn injection scheme and from 74 mSv/hr to 0.1 mSv/hr for the 270-turn one (1 mSv = 100 mrem). Figure 26 demonstrates that the dose drops down with the distance from the front surface.  Residual dose distributions in the first 30 cm of the quadrupole are shown in Figure 27.
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Figure 26. Left: Azimuthally averaged histogram for the residual activation in the quadrupole for the 90-turn injection scheme. Only the top half of the quadrupole is shown. Right: Same but for the 270-turn injection scheme.
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Figure 27. Left: Residual dose in the first 30 cm of quadrupole for the 90-turn injection scheme. Right: Same but for the 270-turn injection scheme.

Table 5. Residual dose rates on the surface of the quadrupole

	Surface
	Residual Dose, 90 turns (mrem/hr)
	Residual Dose, 270 turns (mrem/hr)

	Front
	409  20
	1550  72

	Rear
	16 3
	57  16

	Left
	15  3
	69  10

	Right
	22  3
	77 10

	Bottom
	41  3
	141  12

	Top
	46  4
	163  14


3.6.3. Radiation Damage to Quadrupole Coils

The most sensitive part of magnets to radiation is epoxy and insulation of coils. A typical lifetime limit on the absorbed dose for these materials is about 400 Mrad. Figure 28 shows the absorbed doses in the first 30 cm of the quadrupole. The results are presented in the Gy/yr units (1 Gy = 100 rad). According to the histograms, the peak absorbed dose in the quadrupole coils is about 106 Gy/yr or 100 Mrad/yr.

      A person working in the proximity of the magnet would be exposed to radiation   emitted from an extended area. Therefore, an averaged residual dose is useful to know. Table 1 summarizes the averaged residual doses on the quadrupole surface.
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Figure 28. Left: Absorbed dose in the first 30 cm of the quadrupole for the 90-turn injection scheme; Right: Same but for the 270-turn injection scheme.

4.  
Beam Physics of an 8 GeV H( Transport Line

4.1. Collimation

(TO BE PREPARED BY DROZHDIN)

4.2. Energy jitter correction

One difficult issue in designing an 8 GeV H( transport line is the location of an rf cavity for correcting bunch-by-bunch energy jitter in the linac beam. Such a correction is considered to be necessary in order to reduce the beam halo before one would paint the longitudinal phase space during injection for increasing the beam rms emittance. 


First we will derive a scaling formula for energy correction. We assume the following:

1. The correction cavity is a distance L from the linac and provides a maximum voltage gain V.

2. The angular frequency for the linac and correction cavity is ω.

3. The linac beam has a design energy E and a momentum p.

4. There is an energy error ΔE, corresponding to a momentum error, Δp. 

5. There is a related error ΔT in the time T to reach the correction cavity.

6. There is a related error Δφ in the rf phase φ at the correction cavity.

Then one has the following relations:


[image: image67.wmf]2

2

2

-

-

-

=

-

=

g

g

g

h

t

 (for a straight beam line)


[image: image68.wmf]c

E

E

L

E

E

T

p

p

T

T

3

3

0

2

0

2

)

/

(

)

/

(

)

(

g

b

w

g

b

g

w

h

w

w

f

D

-

=

D

-

=

D

-

=

D

=

D

-

(rest mass energy, E0)


[image: image69.wmf]f

D

-

=

D

eV

E

 (for energy correction)


[image: image70.wmf]w

g

b

/

)

(

0

3

3

e

E

c

LV

=


For bunch rotation and energy correction, the product of L and V thus scales with 
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. V cannot be large as linac output phase errors lead to ΔE errors at the correction cavity. A large distance is therefore required between an 8 GeV linac and a correction cavity.

(TO ADD PART OF MACLACHLAN’S WRITEUP HERE)

4.3. Radiation activation

Along the kilometer-long transport line, the beam loss estimated in Sections 2.2-2.4 would activate significant radiation on the beam pipe and nearby components (BPM, diagnostics, correctors, etc.). In order to calculate the radiation level, a Main Injector type of beam pipe was simulated using MARS. Figure 28 shows the oval cross section of the pipe. The wall thickness is 65 mils. The beam energy was 8 GeV. Lost particles (which are hydrogen atoms) were distributed on the left-most internal surface. The particles incident on the wall at an angle of 2 mrad. In the vertical direction, they have a Gaussian distribution with ( = 1.333 mm. Along the beam direction the distribution is uniform. The loss rate was assumed to be 108 particles per second per meter.


Calculated residual dose distribution is shown in Figure 29. After 30 days irradiation and 1 day cooling (the typical condition for dose calculation), the dose on contact is 3443 ( 26 mrem/hr when averaged over a small volume (( 0.25 mm vertical) around the hot spot. The average over the rest of the pipe is 80 ( 0.002 mrem/hr. These numbers need to be corrected when the balance of ( is taken into account. The correction factor is about 3. So the estimated dose on contact is about 1 R/hr near the hot spot and 30 mrem/hr on the rest of the surface.
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Figure 28. Beam pipe cross section used in the simulation.
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Figure 29. Residual dose near the hot spot, unit in mSv/hr.

5.  
Summary

(TO BE PREPARED BY OSTIGUY) 
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Sheet1

																						0.8		0.000000001

		e		1.60E-19		C		Beam energy		8		GeV										1		0.0000000027

		E0		0.7542		eV		mc2 H-		0.939293		GeV						per meter-second				2		0.0000000397

		E0		1.21E-19		J		gamma		9.5170442024												4		2.64E-07

		h		6.63E-34		J/s		beta		0.9944643382												6		0.0000005461

		c		3.00E+08		m/s		k		1.38E-23		J/K										8		0.0000007856

		prefactor		9.55E-02		1/ms		T		300		K										10		0.0000009647

		Max Sigma		4.20E-21		m2		T		0.025852155		eV		38.6814948309								20		0.0000012805

		delta		2.00E-02				E0/Thot		1.54E+00		dimensionless										40		1.14E-06

		big		1.00E+02				hbar c		1.97E-07		eV m										60		0.0000009316

		Thot		4.91E-01		eV		hbar		6.58E-16		eV s										100		0.000000653

		Prefactor		1.18E-05																		1000		5.78E-08

		SUM		4.35E-02		1.29E-03		8.16E-05		7.21E-06		dimensionless										10000		0.0000000027

		1/L		5.13E-07		5.28E-07		5.29E-07		5.30E-07		per meter										100000		0.0000000001

		L		1.95E+03		1.89E+03		1.89E+03		1.89E+03		km										1000000		0

		W/m		0.068

		Epsilon		0										Beam energy		1/L

		1.000		1.05E-05		8.93E-07		1.16E-07		1.76E-08				0.4		1.74E-11

		1.020		5.04E-05		4.18E-06		5.26E-07		7.75E-08				0.8		5.07E-10

		1.040		1.01E-04		8.10E-06		9.90E-07		1.42E-07				1		1.41E-09

		1.060		1.54E-04		1.21E-05		1.44E-06		1.99E-07				2		2.23E-08

		1.080		2.09E-04		1.59E-05		1.83E-06		2.47E-07				3		7.85E-08

		1.100		2.62E-04		1.94E-05		2.17E-06		2.84E-07				4		1.61E-07

		1.120		3.13E-04		2.25E-05		2.45E-06		3.10E-07				5		2.56E-07

		1.140		3.61E-04		2.53E-05		2.66E-06		3.28E-07				6		3.52E-07

		1.160		4.06E-04		2.76E-05		2.82E-06		3.37E-07				7		4.45E-07

		1.180		4.47E-04		2.95E-05		2.93E-06		3.40E-07				8		5.30E-07

		1.200		4.84E-04		3.11E-05		3.00E-06		3.37E-07				10		6.74E-07

		1.220		5.17E-04		3.23E-05		3.03E-06		3.30E-07				20		1.01E-06

		1.240		5.48E-04		3.32E-05		3.02E-06		3.19E-07				30		1.04E-06

		1.260		5.74E-04		3.39E-05		2.99E-06		3.07E-07				40		9.87E-07

		1.280		5.98E-04		3.42E-05		2.93E-06		2.92E-07				50		9.12E-07

		1.300		6.18E-04		3.44E-05		2.86E-06		2.76E-07				100		6.08E-07

		1.320		6.35E-04		3.44E-05		2.77E-06		2.60E-07

		1.340		6.50E-04		3.42E-05		2.68E-06		2.43E-07

		1.360		6.62E-04		3.38E-05		2.57E-06		2.27E-07

		1.380		6.72E-04		3.33E-05		2.46E-06		2.10E-07

		1.400		6.79E-04		3.28E-05		2.34E-06		1.95E-07

		1.420		6.85E-04		3.21E-05		2.23E-06		1.79E-07

		1.440		6.88E-04		3.13E-05		2.11E-06		1.65E-07

		1.460		6.90E-04		3.05E-05		2.00E-06		1.51E-07

		1.480		6.91E-04		2.97E-05		1.88E-06		1.38E-07

		1.500		6.90E-04		2.88E-05		1.77E-06		1.26E-07

		1.520		6.88E-04		2.79E-05		1.66E-06		1.15E-07

		1.540		6.84E-04		2.69E-05		1.56E-06		1.05E-07

		1.560		6.80E-04		2.60E-05		1.46E-06		9.52E-08

		1.580		6.74E-04		2.50E-05		1.37E-06		8.63E-08

		1.600		6.68E-04		2.41E-05		1.28E-06		7.82E-08

		1.620		6.61E-04		2.31E-05		1.19E-06		7.07E-08

		1.640		6.53E-04		2.22E-05		1.11E-06		6.39E-08

		1.660		6.45E-04		2.13E-05		1.03E-06		5.77E-08

		1.680		6.36E-04		2.04E-05		9.58E-07		5.20E-08

		1.700		6.27E-04		1.95E-05		8.89E-07		4.68E-08

		1.720		6.17E-04		1.87E-05		8.25E-07		4.21E-08

		1.740		6.07E-04		1.78E-05		7.65E-07		3.79E-08

		1.760		5.97E-04		1.70E-05		7.08E-07		3.40E-08

		1.780		5.86E-04		1.62E-05		6.55E-07		3.05E-08

		1.800		5.76E-04		1.55E-05		6.06E-07		2.74E-08

		1.820		5.65E-04		1.47E-05		5.60E-07		2.46E-08

		1.840		5.54E-04		1.40E-05		5.18E-07		2.20E-08

		1.860		5.43E-04		1.34E-05		4.78E-07		1.97E-08

		1.880		5.32E-04		1.27E-05		4.41E-07		1.76E-08

		1.900		5.21E-04		1.21E-05		4.06E-07		1.58E-08

		1.920		5.10E-04		1.15E-05		3.75E-07		1.41E-08

		1.940		4.98E-04		1.09E-05		3.45E-07		1.26E-08

		1.960		4.87E-04		1.03E-05		3.18E-07		1.13E-08

		1.980		4.76E-04		9.81E-06		2.93E-07		1.01E-08

		2.000		4.65E-04		9.30E-06		2.69E-07		8.97E-09

		2.020		4.55E-04		8.82E-06		2.48E-07		8.00E-09

		2.040		4.44E-04		8.36E-06		2.28E-07		7.14E-09

		2.060		4.33E-04		7.92E-06		2.09E-07		6.36E-09

		2.080		4.23E-04		7.50E-06		1.92E-07		5.67E-09

		2.100		4.13E-04		7.10E-06		1.77E-07		5.05E-09

		2.120		4.02E-04		6.73E-06		1.62E-07		4.50E-09

		2.140		3.92E-04		6.37E-06		1.49E-07		4.01E-09

		2.160		3.82E-04		6.02E-06		1.37E-07		3.57E-09

		2.180		3.73E-04		5.70E-06		1.25E-07		3.18E-09

		2.200		3.63E-04		5.39E-06		1.15E-07		2.83E-09

		2.220		3.54E-04		5.09E-06		1.06E-07		2.51E-09

		2.240		3.44E-04		4.82E-06		9.68E-08		2.24E-09

		2.260		3.35E-04		4.55E-06		8.88E-08		1.99E-09

		2.280		3.27E-04		4.30E-06		8.14E-08		1.77E-09

		2.300		3.18E-04		4.06E-06		7.46E-08		1.57E-09

		2.320		3.09E-04		3.84E-06		6.83E-08		1.40E-09

		2.340		3.01E-04		3.62E-06		6.26E-08		1.24E-09

		2.360		2.93E-04		3.42E-06		5.73E-08		1.10E-09

		2.380		2.85E-04		3.23E-06		5.25E-08		9.79E-10

		2.400		2.77E-04		3.05E-06		4.81E-08		8.69E-10

		2.420		2.69E-04		2.88E-06		4.40E-08		7.72E-10

		2.440		2.62E-04		2.72E-06		4.03E-08		6.85E-10

		2.460		2.55E-04		2.56E-06		3.69E-08		6.08E-10

		2.480		2.48E-04		2.42E-06		3.37E-08		5.40E-10

		2.500		2.41E-04		2.28E-06		3.09E-08		4.79E-10

		2.520		2.34E-04		2.15E-06		2.82E-08		4.25E-10

		2.540		2.27E-04		2.03E-06		2.58E-08		3.77E-10

		2.560		2.21E-04		1.91E-06		2.36E-08		3.35E-10

		2.580		2.15E-04		1.80E-06		2.16E-08		2.97E-10

		2.600		2.09E-04		1.70E-06		1.98E-08		2.63E-10

		2.620		2.03E-04		1.60E-06		1.81E-08		2.33E-10

		2.640		1.97E-04		1.51E-06		1.65E-08		2.07E-10

		2.660		1.91E-04		1.42E-06		1.51E-08		1.83E-10

		2.680		1.86E-04		1.34E-06		1.38E-08		1.63E-10

		2.700		1.80E-04		1.26E-06		1.26E-08		1.44E-10

		2.720		1.75E-04		1.19E-06		1.15E-08		1.28E-10

		2.740		1.70E-04		1.12E-06		1.05E-08		1.13E-10

		2.760		1.65E-04		1.06E-06		9.63E-09		1.00E-10

		2.780		1.60E-04		9.95E-07		8.80E-09		8.89E-11

		2.800		1.55E-04		9.38E-07		8.04E-09		7.88E-11

		2.820		1.51E-04		8.83E-07		7.34E-09		6.98E-11

		2.840		1.46E-04		8.32E-07		6.71E-09		6.19E-11

		2.860		1.42E-04		7.83E-07		6.12E-09		5.48E-11

		2.880		1.38E-04		7.38E-07		5.59E-09		4.85E-11

		2.900		1.34E-04		6.94E-07		5.11E-09		4.30E-11

		2.920		1.30E-04		6.54E-07		4.67E-09		3.81E-11

		2.940		1.26E-04		6.16E-07		4.26E-09		3.37E-11

		2.960		1.22E-04		5.80E-07		3.89E-09		2.99E-11

		2.980		1.19E-04		5.46E-07		3.55E-09		2.64E-11

		3.000		1.15E-04		5.14E-07		3.24E-09		2.34E-11

		3.020		1.12E-04		4.83E-07		2.96E-09		2.07E-11

		3.040		1.08E-04		4.55E-07		2.70E-09		1.84E-11

		3.060		1.05E-04		4.28E-07		2.47E-09		1.63E-11

		3.080		1.02E-04		4.03E-07		2.25E-09		1.44E-11

		3.100		9.89E-05		3.79E-07		2.06E-09		1.27E-11

		3.120		9.59E-05		3.57E-07		1.88E-09		1.13E-11

		3.140		9.30E-05		3.36E-07		1.71E-09		9.98E-12

		3.160		9.02E-05		3.16E-07		1.56E-09		8.83E-12

		3.180		8.75E-05		2.97E-07		1.43E-09		7.82E-12

		3.200		8.49E-05		2.80E-07		1.30E-09		6.92E-12

		3.220		8.23E-05		2.63E-07		1.19E-09		6.12E-12

		3.240		7.98E-05		2.48E-07		1.08E-09		5.42E-12

		3.260		7.74E-05		2.33E-07		9.89E-10		4.80E-12

		3.280		7.51E-05		2.19E-07		9.03E-10		4.24E-12

		3.300		7.28E-05		2.06E-07		8.24E-10		3.76E-12

		3.320		7.06E-05		1.94E-07		7.51E-10		3.32E-12

		3.340		6.84E-05		1.82E-07		6.86E-10		2.94E-12

		3.360		6.63E-05		1.72E-07		6.25E-10		2.60E-12

		3.380		6.43E-05		1.61E-07		5.71E-10		2.30E-12

		3.400		6.24E-05		1.52E-07		5.21E-10		2.04E-12

		3.420		6.05E-05		1.43E-07		4.75E-10		1.80E-12

		3.440		5.86E-05		1.34E-07		4.33E-10		1.59E-12

		3.460		5.68E-05		1.26E-07		3.95E-10		1.41E-12

		3.480		5.51E-05		1.19E-07		3.60E-10		1.25E-12

		3.500		5.34E-05		1.12E-07		3.29E-10		1.10E-12

		3.520		5.18E-05		1.05E-07		3.00E-10		9.76E-13

		3.540		5.02E-05		9.88E-08		2.73E-10		8.63E-13

		3.560		4.86E-05		9.29E-08		2.49E-10		7.63E-13

		3.580		4.72E-05		8.74E-08		2.27E-10		6.75E-13

		3.600		4.57E-05		8.22E-08		2.07E-10		5.97E-13

		3.620		4.43E-05		7.73E-08		1.89E-10		5.28E-13

		3.640		4.29E-05		7.27E-08		1.73E-10		4.67E-13

		3.660		4.16E-05		6.83E-08		1.57E-10		4.13E-13

		3.680		4.03E-05		6.42E-08		1.43E-10		3.65E-13

		3.700		3.91E-05		6.04E-08		1.31E-10		3.23E-13

		3.720		3.79E-05		5.68E-08		1.19E-10		2.86E-13

		3.740		3.67E-05		5.34E-08		1.09E-10		2.53E-13

		3.760		3.56E-05		5.02E-08		9.92E-11		2.23E-13

		3.780		3.45E-05		4.72E-08		9.05E-11		1.98E-13

		3.800		3.34E-05		4.44E-08		8.25E-11		1.75E-13

		3.820		3.24E-05		4.17E-08		7.52E-11		1.55E-13

		3.840		3.14E-05		3.92E-08		6.86E-11		1.37E-13

		3.860		3.04E-05		3.69E-08		6.25E-11		1.21E-13

		3.880		2.95E-05		3.47E-08		5.70E-11		1.07E-13

		3.900		2.86E-05		3.26E-08		5.20E-11		9.45E-14

		3.920		2.77E-05		3.06E-08		4.74E-11		8.35E-14

		3.940		2.68E-05		2.88E-08		4.32E-11		7.38E-14

		3.960		2.60E-05		2.71E-08		3.94E-11		6.53E-14

		3.980		2.52E-05		2.54E-08		3.59E-11		5.77E-14

		4.000		2.44E-05		2.39E-08		3.27E-11		5.10E-14

		4.020		2.37E-05		2.25E-08		2.98E-11		4.51E-14

		4.040		2.29E-05		2.11E-08		2.72E-11		3.99E-14

		4.060		2.22E-05		1.99E-08		2.48E-11		3.53E-14

		4.080		2.15E-05		1.87E-08		2.26E-11		3.12E-14

		4.100		2.09E-05		1.76E-08		2.06E-11		2.76E-14

		4.120		2.02E-05		1.65E-08		1.88E-11		2.44E-14

		4.140		1.96E-05		1.55E-08		1.71E-11		2.15E-14

		4.160		1.90E-05		1.46E-08		1.56E-11		1.90E-14

		4.180		1.84E-05		1.37E-08		1.42E-11		1.68E-14

		4.200		1.78E-05		1.29E-08		1.30E-11		1.49E-14

		4.220		1.73E-05		1.21E-08		1.18E-11		1.32E-14

		4.240		1.67E-05		1.14E-08		1.08E-11		1.16E-14

		4.260		1.62E-05		1.07E-08		9.83E-12		1.03E-14

		4.280		1.57E-05		1.01E-08		8.96E-12		9.09E-15

		4.300		1.52E-05		9.45E-09		8.17E-12		8.03E-15

		4.320		1.48E-05		8.88E-09		7.44E-12		7.10E-15

		4.340		1.43E-05		8.34E-09		6.78E-12		6.28E-15

		4.360		1.39E-05		7.84E-09		6.18E-12		5.55E-15

		4.380		1.34E-05		7.37E-09		5.64E-12		4.91E-15

		4.400		1.30E-05		6.93E-09		5.14E-12		4.34E-15

		4.420		1.26E-05		6.51E-09		4.68E-12		3.83E-15

		4.440		1.22E-05		6.12E-09		4.27E-12		3.39E-15

		4.460		1.18E-05		5.75E-09		3.89E-12		2.99E-15

		4.480		1.15E-05		5.40E-09		3.55E-12		2.65E-15

		4.500		1.11E-05		5.08E-09		3.23E-12		2.34E-15

		4.520		1.08E-05		4.77E-09		2.95E-12		2.07E-15

		4.540		1.04E-05		4.49E-09		2.68E-12		1.83E-15

		4.560		1.01E-05		4.22E-09		2.45E-12		1.62E-15

		4.580		9.78E-06		3.96E-09		2.23E-12		1.43E-15

		4.600		9.48E-06		3.72E-09		2.03E-12		1.26E-15

		4.620		9.18E-06		3.50E-09		1.85E-12		1.12E-15

		4.640		8.90E-06		3.29E-09		1.69E-12		9.86E-16

		4.660		8.62E-06		3.09E-09		1.54E-12		8.71E-16

		4.680		8.35E-06		2.90E-09		1.40E-12		7.70E-16

		4.700		8.09E-06		2.73E-09		1.28E-12		6.81E-16

		4.720		7.84E-06		2.56E-09		1.16E-12		6.01E-16

		4.740		7.59E-06		2.41E-09		1.06E-12		5.32E-16

		4.760		7.36E-06		2.26E-09		9.67E-13		4.70E-16

		4.780		7.13E-06		2.13E-09		8.82E-13		4.15E-16

		4.800		6.91E-06		2.00E-09		8.03E-13		3.67E-16

		4.820		6.69E-06		1.88E-09		7.32E-13		3.24E-16

		4.840		6.48E-06		1.77E-09		6.67E-13		2.87E-16

		4.860		6.28E-06		1.66E-09		6.08E-13		2.53E-16

		4.880		6.08E-06		1.56E-09		5.54E-13		2.24E-16

		4.900		5.89E-06		1.47E-09		5.05E-13		1.98E-16

		4.920		5.71E-06		1.38E-09		4.60E-13		1.75E-16

		4.940		5.53E-06		1.29E-09		4.19E-13		1.55E-16

		4.960		5.36E-06		1.22E-09		3.82E-13		1.37E-16

		4.980		5.19E-06		1.14E-09		3.48E-13		1.21E-16

		5.000		5.03E-06		1.07E-09		3.17E-13		1.07E-16

		5.020		4.87E-06		1.01E-09		2.89E-13		9.43E-17

		5.040		4.72E-06		9.48E-10		2.64E-13		8.33E-17

		5.060		4.57E-06		8.91E-10		2.40E-13		7.36E-17

		5.080		4.43E-06		8.37E-10		2.19E-13		6.51E-17

		5.100		4.29E-06		7.86E-10		1.99E-13		5.75E-17

		5.120		4.16E-06		7.39E-10		1.82E-13		5.08E-17

		5.140		4.03E-06		6.94E-10		1.66E-13		4.49E-17

		5.160		3.90E-06		6.52E-10		1.51E-13		3.97E-17

		5.180		3.78E-06		6.13E-10		1.38E-13		3.51E-17

		5.200		3.66E-06		5.76E-10		1.25E-13		3.10E-17

		5.220		3.55E-06		5.41E-10		1.14E-13		2.74E-17

		5.240		3.44E-06		5.09E-10		1.04E-13		2.42E-17

		5.260		3.33E-06		4.78E-10		9.49E-14		2.14E-17

		5.280		3.23E-06		4.49E-10		8.64E-14		1.89E-17

		5.300		3.13E-06		4.22E-10		7.88E-14		1.67E-17

		5.320		3.03E-06		3.96E-10		7.18E-14		1.48E-17

		5.340		2.93E-06		3.73E-10		6.54E-14		1.30E-17

		5.360		2.84E-06		3.50E-10		5.96E-14		1.15E-17

		5.380		2.75E-06		3.29E-10		5.43E-14		1.02E-17

		5.400		2.67E-06		3.09E-10		4.95E-14		9.00E-18

		5.420		2.58E-06		2.90E-10		4.51E-14		7.95E-18

		5.440		2.50E-06		2.73E-10		4.11E-14		7.03E-18

		5.460		2.43E-06		2.56E-10		3.74E-14		6.21E-18

		5.480		2.35E-06		2.41E-10		3.41E-14		5.49E-18

		5.500		2.28E-06		2.26E-10		3.11E-14		4.85E-18

		5.520		2.21E-06		2.13E-10		2.83E-14		4.29E-18

		5.540		2.14E-06		2.00E-10		2.58E-14		3.79E-18

		5.560		2.07E-06		1.88E-10		2.35E-14		3.35E-18

		5.580		2.01E-06		1.76E-10		2.14E-14		2.96E-18

		5.600		1.94E-06		1.66E-10		1.95E-14		2.61E-18

		5.620		1.88E-06		1.56E-10		1.78E-14		2.31E-18

		5.640		1.82E-06		1.46E-10		1.62E-14		2.04E-18

		5.660		1.77E-06		1.38E-10		1.48E-14		1.80E-18

		5.680		1.71E-06		1.29E-10		1.35E-14		1.59E-18

		5.700		1.66E-06		1.21E-10		1.23E-14		1.41E-18

		5.720		1.61E-06		1.14E-10		1.12E-14		1.24E-18

		5.740		1.56E-06		1.07E-10		1.02E-14		1.10E-18

		5.760		1.51E-06		1.01E-10		9.28E-15		9.71E-19

		5.780		1.46E-06		9.46E-11		8.46E-15		8.58E-19

		5.800		1.41E-06		8.89E-11		7.71E-15		7.59E-19

		5.820		1.37E-06		8.35E-11		7.02E-15		6.70E-19

		5.840		1.33E-06		7.85E-11		6.40E-15		5.92E-19

		5.860		1.29E-06		7.37E-11		5.83E-15		5.23E-19

		5.880		1.25E-06		6.93E-11		5.31E-15		4.62E-19

		5.900		1.21E-06		6.51E-11		4.84E-15		4.09E-19

		5.920		1.17E-06		6.12E-11		4.41E-15		3.61E-19

		5.940		1.13E-06		5.75E-11		4.02E-15		3.19E-19

		5.960		1.10E-06		5.40E-11		3.66E-15		2.82E-19

		5.980		1.06E-06		5.07E-11		3.34E-15		2.49E-19

		6.000		1.03E-06		4.77E-11		3.04E-15		2.20E-19

		6.020		9.98E-07		4.48E-11		2.77E-15		1.95E-19

		6.040		9.66E-07		4.21E-11		2.53E-15		1.72E-19

		6.060		9.36E-07		3.95E-11		2.30E-15		1.52E-19

		6.080		9.07E-07		3.72E-11		2.10E-15		1.34E-19

		6.100		8.79E-07		3.49E-11		1.91E-15		1.19E-19

		6.120		8.51E-07		3.28E-11		1.74E-15		1.05E-19

		6.140		8.25E-07		3.08E-11		1.59E-15		9.26E-20

		6.160		7.99E-07		2.90E-11		1.45E-15		8.18E-20

		6.180		7.74E-07		2.72E-11		1.32E-15		7.23E-20

		6.200		7.50E-07		2.56E-11		1.20E-15		6.39E-20

		6.220		7.26E-07		2.40E-11		1.09E-15		5.65E-20

		6.240		7.04E-07		2.26E-11		9.96E-16		4.99E-20

		6.260		6.82E-07		2.12E-11		9.08E-16		4.41E-20

		6.280		6.60E-07		1.99E-11		8.27E-16		3.90E-20

		6.300		6.40E-07		1.87E-11		7.54E-16		3.44E-20

		6.320		6.20E-07		1.76E-11		6.87E-16		3.04E-20

		6.340		6.00E-07		1.65E-11		6.26E-16		2.69E-20

		6.360		5.82E-07		1.55E-11		5.70E-16		2.37E-20

		6.380		5.64E-07		1.46E-11		5.20E-16		2.10E-20

		6.400		5.46E-07		1.37E-11		4.73E-16		1.85E-20

		6.420		5.29E-07		1.29E-11		4.31E-16		1.64E-20

		6.440		5.12E-07		1.21E-11		3.93E-16		1.45E-20

		6.460		4.96E-07		1.14E-11		3.58E-16		1.28E-20

		6.480		4.81E-07		1.07E-11		3.26E-16		1.13E-20

		6.500		4.66E-07		1.00E-11		2.97E-16		9.99E-21

		6.520		4.51E-07		9.43E-12		2.71E-16		8.82E-21

		6.540		4.37E-07		8.86E-12		2.47E-16		7.80E-21

		6.560		4.24E-07		8.33E-12		2.25E-16		6.89E-21

		6.580		4.10E-07		7.82E-12		2.05E-16		6.09E-21

		6.600		3.98E-07		7.35E-12		1.87E-16		5.38E-21

		6.620		3.85E-07		6.91E-12		1.70E-16		4.75E-21

		6.640		3.73E-07		6.49E-12		1.55E-16		4.20E-21

		6.660		3.61E-07		6.10E-12		1.41E-16		3.71E-21

		6.680		3.50E-07		5.73E-12		1.29E-16		3.28E-21

		6.700		3.39E-07		5.38E-12		1.17E-16		2.90E-21

		6.720		3.29E-07		5.06E-12		1.07E-16		2.56E-21

		6.740		3.18E-07		4.75E-12		9.74E-17		2.26E-21

		6.760		3.08E-07		4.46E-12		8.87E-17		2.00E-21

		6.780		2.99E-07		4.19E-12		8.09E-17		1.77E-21

		6.800		2.90E-07		3.94E-12		7.37E-17		1.56E-21

		6.820		2.80E-07		3.70E-12		6.71E-17		1.38E-21

		6.840		2.72E-07		3.48E-12		6.12E-17		1.22E-21

		6.860		2.63E-07		3.27E-12		5.57E-17		1.08E-21

		6.880		2.55E-07		3.07E-12		5.08E-17		9.52E-22

		6.900		2.47E-07		2.89E-12		4.63E-17		8.41E-22

		6.920		2.39E-07		2.71E-12		4.22E-17		7.43E-22

		6.940		2.32E-07		2.55E-12		3.84E-17		6.56E-22

		6.960		2.25E-07		2.39E-12		3.50E-17		5.80E-22

		6.980		2.18E-07		2.25E-12		3.19E-17		5.13E-22

		7.000		2.11E-07		2.11E-12		2.91E-17		4.53E-22

		7.020		2.04E-07		1.99E-12		2.65E-17		4.00E-22

		7.040		1.98E-07		1.87E-12		2.41E-17		3.54E-22

		7.060		1.92E-07		1.75E-12		2.20E-17		3.12E-22

		7.080		1.86E-07		1.65E-12		2.00E-17		2.76E-22

		7.100		1.80E-07		1.55E-12		1.83E-17		2.44E-22

		7.120		1.74E-07		1.45E-12		1.66E-17		2.16E-22

		7.140		1.69E-07		1.37E-12		1.52E-17		1.90E-22

		7.160		1.64E-07		1.28E-12		1.38E-17		1.68E-22

		7.180		1.59E-07		1.21E-12		1.26E-17		1.49E-22

		7.200		1.54E-07		1.13E-12		1.15E-17		1.31E-22

		7.220		1.49E-07		1.06E-12		1.04E-17		1.16E-22

		7.240		1.44E-07		1.00E-12		9.52E-18		1.03E-22

		7.260		1.40E-07		9.40E-13		8.67E-18		9.07E-23

		7.280		1.35E-07		8.83E-13		7.90E-18		8.01E-23
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Sheet1

		Plots of H(0) yield from Webber & Hojvat (200 MeV), Gulley et al. (800 MeV) and sclaing to 400 MeV and 8 GeV

		Energy		8 GeV		800 MeV		400 MeV		200 MeV		200 MeV fit

		a		0.484		0.676		0.942		1.560		1.495

		b		0.009		0.012		0.017		0.000		0.027

		c		0.189		0.264		0.368		0.600		0.584

		x

		0		0.000		0.000		0.000		0.000		0.000

		10		0.204		0.267		0.339		0.459		0.446

		20		0.346		0.423		0.492		0.550		0.541

		30		0.439		0.505		0.540		0.504		0.501

		40		0.497		0.538		0.530		0.418		0.420

		50		0.529		0.539		0.490		0.330		0.335

		60		0.541		0.520		0.439		0.254		0.260

		80		0.526		0.453		0.331		0.144		0.151

		100		0.484		0.375		0.240		0.080		0.085

		120		0.430		0.301		0.170		0.044		0.048

		140		0.374		0.238		0.119		0.024		0.027

		160		0.320		0.186		0.083		0.013		0.015

		180		0.272		0.145		0.058		0.007		0.008

		200		0.229		0.112		0.040		0.004		0.005

		220		0.192		0.087		0.028		0.002		0.003

		240		0.161		0.067		0.019		0.001		0.001

		260		0.134		0.051		0.013		0.001		0.001

		280		0.111		0.039		0.009		0.000		0.000

		300		0.093		0.030		0.006		0.000		0.000

		320		0.077		0.023		0.004		0.000		0.000

		340		0.064		0.018		0.003		0.000		0.000

		360		0.053		0.014		0.002		0.000		0.000

		380		0.044		0.011		0.001		0.000		0.000

		400		0.036		0.008		0.001		0.000		0.000

		420		0.030		0.006		0.001		0.000		0.000

		440		0.025		0.005		0.000		0.000		0.000

		460		0.021		0.004		0.000		0.000		0.000

		480		0.017		0.003		0.000		0.000		0.000

		500		0.014		0.002		0.000		0.000		0.000

		520		0.012		0.002		0.000		0.000		0.000

		540		0.010		0.001		0.000		0.000		0.000

		560		0.008		0.001		0.000		0.000		0.000

		580		0.007		0.001		0.000		0.000		0.000

		600		0.005		0.001		0.000		0.000		0.000

		620		0.005		0.000		0.000		0.000		0.000

		640		0.004		0.000		0.000		0.000		0.000

		660		0.003		0.000		0.000		0.000		0.000

		680		0.003		0.000		0.000		0.000		0.000

		700		0.002		0.000		0.000		0.000		0.000

		720		0.002		0.000		0.000		0.000		0.000

		740		0.001		0.000		0.000		0.000		0.000

		760		0.001		0.000		0.000		0.000		0.000

		780		0.001		0.000		0.000		0.000		0.000

		800		0.001		0.000		0.000		0.000		0.000

		820		0.001		0.000		0.000		0.000		0.000

		840		0.001		0.000		0.000		0.000		0.000

		860		0.000		0.000		0.000		0.000		0.000

		880		0.000		0.000		0.000		0.000		0.000

		900		0.000		0.000		0.000		0.000		0.000

		920		0.000		0.000		0.000		0.000		0.000

		940		0.000		0.000		0.000		0.000		0.000

		960		0.000		0.000		0.000		0.000		0.000

		980		0.000		0.000		0.000		0.000		0.000

		1000		0.000		0.000		0.000		0.000		0.000

		1020		0.000		0.000		0.000		0.000		0.000

		1040		0.000		0.000		0.000		0.000		0.000

		1060		0.000		0.000		0.000		0.000		0.000

		1080		0.000		0.000		0.000		0.000		0.000

		1100		0.000		0.000		0.000		0.000		0.000
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Sheet1

		Propagation of Errors for Field stripping

														Coefs		Jason		delta		Keating		delta		Stinson		delta

		Energy		8		GeV		H- current				Amps		a		2.47E-06		1.00E-07		3.07E-06		1.00E-08		7.96E-06		2.70E-06

		mass		0.939293986		GeV		Laser power		200000		Watts		b		4.49E+09		1.00E+07		4.41E+09		1.00E+07		4.26E+09		8.40E+07

		gamma		9.517035265				c		3.00E+10		cm/sec

		beta		0.994464328				e		1.60E-19		coulomb

		lambda		10.6		microns		Binding		0.7542		eV

		E lab		0.116962264		eV		Prefactor		2.20E-16

		Beam R		0.05		cm		F		1.36E+27		phots/cm2sec

		Sigma max1.42E-17		4.20E-17		cm^2		magic angle		173.9685274		degrees

				F

		Magnetic		Electic

		Field		Field		Tau				Tau				Tau				Jason				Keating				Stinson				Strip				Integral

		Gauss		MV/cm		Jason		delta Jas		Keating		delta Keat		Stinson		delta Stin		Tau+		Tau-		Tau+		Tau-		Tau+		Tau-		Tau +		Tau -		Tau +		Tau -

		500		1.420		9.47E-01		0.0769028886		6.89E-01		0.0560160028		5.87E-01		0.0476777084		1.02E+00		8.70E-01		7.45E-01		6.33E-01		6.35E-01		5.39E-01		6.35E-01		5.39E-01		6.35E-01		5.39E-01

		550		1.562		4.85E-02		0.0036770706		3.71E-02		0.002811949		3.50E-02		0.0026482035		5.22E-02		4.49E-02		3.99E-02		3.43E-02		3.76E-02		3.23E-02		3.76E-02		3.23E-02		3.76E-02		3.23E-02

		600		1.704		4.05E-03		0.0002889518		3.23E-03		0.0002301146		3.31E-03		0.0002357791		4.34E-03		3.76E-03		3.46E-03		3.00E-03		3.54E-03		3.07E-03		3.54E-03		3.07E-03		3.54E-03		3.07E-03

		650		1.846		4.93E-04		0.0000333148		4.06E-04		0.0000274574		4.47E-04		0.0000302137		5.26E-04		4.59E-04		4.33E-04		3.78E-04		4.77E-04		4.16E-04		4.77E-04		4.16E-04		4.77E-04		4.16E-04

		657.555		1.867		3.68E-04		0.0000247179		3.05E-04		0.0000204686		3.39E-04		0.000022746		3.93E-04		3.43E-04		3.25E-04		2.84E-04		3.62E-04		3.16E-04		3.93E-04		3.43E-04		3.25E-04		2.84E-04

		672.700		1.91		2.09E-04		0.0000138594		1.75E-04		0.0000115825		1.98E-04		0.0000131188		2.23E-04		1.96E-04		1.87E-04		1.63E-04		2.11E-04		1.85E-04		2.23E-04		1.96E-04		1.87E-04		1.63E-04

		695.945		1.976		9.23E-05		0.0000059824		7.82E-05		0.0000050665		9.10E-05		0.0000058992		9.83E-05		8.63E-05		8.32E-05		7.31E-05		9.69E-05		8.51E-05		9.83E-05		8.63E-05		8.32E-05		7.31E-05

		700		1.988		8.05E-05		0.0000051958		6.83E-05		0.0000044101		7.99E-05		0.0000051588		8.57E-05		7.53E-05		7.27E-05		6.39E-05		8.50E-05		7.47E-05		8.50E-05		7.47E-05		8.50E-05		7.47E-05

		713.203		2.025		5.20E-05		0.0000033191		4.44E-05		0.0000028372		5.27E-05		0.0000033681		5.53E-05		4.87E-05		4.73E-05		4.16E-05		5.61E-05		4.94E-05		8.57E-05		7.53E-05		7.27E-05		6.39E-05

		744.548		2.114		1.96E-05		0.0000012189		1.70E-05		0.0000010585		2.09E-05		0.0000012985		2.08E-05		1.84E-05		1.81E-05		1.59E-05		2.22E-05		1.96E-05		5.53E-05		4.87E-05		4.73E-05		4.16E-05

		744.548		2.114		1.96E-05		0.0000012189		1.70E-05		0.0000010585		2.09E-05		0.0000012985		2.08E-05		1.84E-05		1.81E-05		1.59E-05		2.22E-05		1.96E-05		2.08E-05		1.84E-05		1.81E-05		1.59E-05

		750		2.129		1.67E-05		0.0000010326		1.45E-05		0.0000008991		1.79E-05		0.0000011089		1.77E-05		1.56E-05		1.54E-05		1.36E-05		1.90E-05		1.68E-05		1.90E-05		1.68E-05		1.90E-05		1.68E-05

		753.705		2.14		1.49E-05		0.0000009237		1.30E-05		0.0000008057		1.61E-05		0.0000009974		1.59E-05		1.40E-05		1.38E-05		1.22E-05		1.71E-05		1.51E-05		2.08E-05		1.84E-05		1.81E-05		1.59E-05

		800		2.271		4.18E-06		0.00000025		3.72E-06		0.0000002226		4.81E-06		0.0000002876		4.43E-06		3.93E-06		3.94E-06		3.50E-06		5.10E-06		4.52E-06		5.10E-06		4.52E-06		5.10E-06		4.52E-06

		850		2.413		1.23E-06		0.0000000712		1.12E-06		0.0000000647		1.50E-06		0.0000000871		1.30E-06		1.16E-06		1.18E-06		1.05E-06		1.59E-06		1.42E-06		1.59E-06		1.42E-06		1.59E-06		1.42E-06

		900		2.555		4.13E-07		0.0000000233		3.82E-07		0.0000000215		5.33E-07		0.00000003		4.36E-07		3.90E-07		4.03E-07		3.60E-07		5.63E-07		5.03E-07		5.63E-07		5.03E-07		5.63E-07		5.03E-07

		1000		2.839		6.42E-08		0.0000000034		6.11E-08		0.0000000033		9.07E-08		0.0000000049		6.76E-08		6.07E-08		6.44E-08		5.78E-08		9.56E-08		8.58E-08		9.56E-08		8.58E-08		9.56E-08		8.58E-08

		1100		3.123		1.39E-08		0.0000000007		1.35E-08		0.0000000007		2.11E-08		0.0000000011		1.46E-08		1.31E-08		1.42E-08		1.28E-08		2.22E-08		2.00E-08		2.22E-08		2.00E-08		2.22E-08		2.00E-08

		1200		3.407		3.83E-09		0.0000000002		3.81E-09		0.0000000002		6.21E-09		0.0000000003		4.02E-09		3.64E-09		4.01E-09		3.62E-09		6.53E-09		5.90E-09		6.53E-09		5.90E-09		6.53E-09		5.90E-09

		1300		3.691		1.28E-09		0.0000000001		1.30E-09		0.0000000001		2.19E-09		0.0000000001		1.35E-09		1.22E-09		1.36E-09		1.24E-09		2.30E-09		2.09E-09		2.30E-09		2.09E-09		2.30E-09		2.09E-09

		1400		3.975		5.00E-10		0		5.14E-10		0		8.94E-10		0		5.24E-10		4.76E-10		5.38E-10		4.89E-10		9.37E-10		8.52E-10		9.37E-10		8.52E-10		9.37E-10		8.52E-10

		1500		4.259		2.20E-10		0		2.29E-10		0		4.09E-10		0		2.30E-10		2.09E-10		2.39E-10		2.18E-10		4.28E-10		3.90E-10		4.28E-10		3.90E-10		4.28E-10		3.90E-10

		1600		4.543		1.07E-10		0		1.12E-10		0		2.05E-10		0		1.12E-10		1.02E-10		1.17E-10		1.07E-10		2.15E-10		1.96E-10		2.15E-10		1.96E-10		2.15E-10		1.96E-10

		1700		4.827		5.61E-11		0		5.96E-11		0		1.11E-10		0		5.86E-11		5.35E-11		6.23E-11		5.69E-11		1.16E-10		1.06E-10		1.16E-10		1.06E-10		1.16E-10		1.06E-10

		1800		5.111		3.16E-11		0		3.39E-11		0		6.44E-11		0		3.30E-11		3.02E-11		3.54E-11		3.24E-11		6.73E-11		6.15E-11		6.73E-11		6.15E-11		6.73E-11		6.15E-11

		1900		5.395		1.89E-11		0		2.04E-11		0		3.94E-11		0		1.97E-11		1.80E-11		2.13E-11		1.95E-11		4.11E-11		3.76E-11		4.11E-11		3.76E-11		4.11E-11		3.76E-11

		2000		5.679		1.18E-11		0		1.29E-11		0		2.52E-11		0		1.23E-11		1.13E-11		1.34E-11		1.23E-11		2.63E-11		2.41E-11		2.63E-11		2.41E-11		2.63E-11		2.41E-11

		2100		5.963		7.72E-12		0		8.46E-12		0		1.68E-11		0		8.06E-12		7.38E-12		8.83E-12		8.09E-12		1.75E-11		1.61E-11		1.75E-11		1.61E-11		1.75E-11		1.61E-11

		2200		6.246		5.23E-12		0		5.77E-12		0		1.16E-11		0		5.46E-12		5.01E-12		6.02E-12		5.51E-12		1.21E-11		1.11E-11		1.21E-11		1.11E-11		1.21E-11		1.11E-11

		2300		6.530		3.66E-12		0		4.06E-12		0		8.25E-12		0		3.82E-12		3.50E-12		4.23E-12		3.88E-12		8.61E-12		7.89E-12		8.61E-12		7.89E-12		8.61E-12		7.89E-12

		2400		6.814		2.64E-12		0		2.93E-12		0		6.02E-12		0		2.75E-12		2.52E-12		3.06E-12		2.81E-12		6.28E-12		5.77E-12		6.28E-12		5.77E-12		6.28E-12		5.77E-12

		2500		7.098		1.94E-12		0		2.17E-12		0		4.51E-12		0		2.03E-12		1.86E-12		2.27E-12		2.08E-12		4.70E-12		4.31E-12		4.70E-12		4.31E-12		4.70E-12		4.31E-12

		2600		7.382		1.47E-12		0		1.64E-12		0		3.44E-12		0		1.53E-12		1.40E-12		1.72E-12		1.57E-12		3.59E-12		3.29E-12		3.59E-12		3.29E-12		3.59E-12		3.29E-12

		2700		7.666		1.13E-12		0		1.27E-12		0		2.68E-12		0		1.17E-12		1.08E-12		1.32E-12		1.22E-12		2.79E-12		2.56E-12		2.79E-12		2.56E-12		2.79E-12		2.56E-12

		2800		7.950		8.81E-13		0		9.96E-13		0		2.12E-12		0		9.19E-13		8.44E-13		1.04E-12		9.54E-13		2.21E-12		2.03E-12		2.21E-12		2.03E-12		2.21E-12		2.03E-12

		2900		8.234		7.00E-13		0		7.94E-13		0		1.70E-12		0		7.30E-13		6.71E-13		8.28E-13		7.61E-13		1.77E-12		1.63E-12		1.77E-12		1.63E-12		1.77E-12		1.63E-12

		3000		8.518		5.64E-13		0		6.42E-13		0		1.38E-12		0		5.88E-13		5.41E-13		6.69E-13		6.15E-13		1.44E-12		1.32E-12		1.44E-12		1.32E-12		1.44E-12		1.32E-12

		3100		8.802		4.61E-13		0		5.26E-13		0		1.14E-12		0		4.80E-13		4.41E-13		5.48E-13		5.04E-13		1.19E-12		1.09E-12		1.19E-12		1.09E-12		1.19E-12		1.09E-12

		3200		9.086		3.81E-13		0		4.36E-13		0		9.48E-13		0		3.97E-13		3.65E-13		4.54E-13		4.17E-13		9.88E-13		9.08E-13		9.88E-13		9.08E-13		9.88E-13		9.08E-13
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		3400		9.654		2.68E-13		0		3.08E-13		0		6.77E-13		0		2.79E-13		2.57E-13		3.21E-13		2.95E-13		7.06E-13		6.49E-13		7.06E-13		6.49E-13		7.06E-13		6.49E-13

		3500		9.938		2.28E-13		0		2.63E-13		0		5.80E-13		0		2.37E-13		2.18E-13		2.74E-13		2.52E-13		6.04E-13		5.56E-13		6.04E-13		5.56E-13		6.04E-13		5.56E-13

		3600		10.222		1.95E-13		0		2.26E-13		0		5.01E-13		0		2.04E-13		1.87E-13		2.35E-13		2.16E-13		5.22E-13		4.80E-13		5.22E-13		4.80E-13		5.22E-13		4.80E-13

		3700		10.505		1.69E-13		0		1.95E-13		0		4.35E-13		0		1.76E-13		1.62E-13		2.04E-13		1.87E-13		4.54E-13		4.17E-13		4.54E-13		4.17E-13		4.54E-13		4.17E-13

		3800		10.789		1.47E-13		0		1.70E-13		0		3.81E-13		0		1.53E-13		1.41E-13		1.77E-13		1.63E-13		3.97E-13		3.65E-13		3.97E-13		3.65E-13		3.97E-13		3.65E-13

		3900		11.073		1.29E-13		0		1.49E-13		0		3.36E-13		0		1.34E-13		1.23E-13		1.56E-13		1.43E-13		3.50E-13		3.22E-13		3.50E-13		3.22E-13		3.50E-13		3.22E-13

		4000		11.357		1.13E-13		0		1.32E-13		0		2.97E-13		0		1.18E-13		1.09E-13		1.37E-13		1.26E-13		3.10E-13		2.85E-13		3.10E-13		2.85E-13		3.10E-13		2.85E-13

		4100		11.641		1.00E-13		0		1.17E-13		0		2.65E-13		0		1.05E-13		9.63E-14		1.22E-13		1.12E-13		2.76E-13		2.54E-13		2.76E-13		2.54E-13		2.76E-13		2.54E-13
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		4400		12.493		7.19E-14		0		8.42E-14		0		1.92E-13		0		7.49E-14		6.90E-14		8.77E-14		8.07E-14		2.00E-13		1.84E-13		2.00E-13		1.84E-13		2.00E-13		1.84E-13

		4500		12.777		6.49E-14		0		7.61E-14		0		1.74E-13		0		6.76E-14		6.23E-14		7.93E-14		7.30E-14		1.81E-13		1.67E-13		1.81E-13		1.67E-13		1.81E-13		1.67E-13

		4600		13.061		5.88E-14		0		6.91E-14		0		1.59E-13		0		6.13E-14		5.64E-14		7.19E-14		6.62E-14		1.65E-13		1.52E-13		1.65E-13		1.52E-13		1.65E-13		1.52E-13

		4700		13.345		5.35E-14		0		6.29E-14		0		1.45E-13		0		5.57E-14		5.13E-14		6.55E-14		6.03E-14		1.51E-13		1.39E-13		1.51E-13		1.39E-13		1.51E-13		1.39E-13

		4800		13.629		4.89E-14		0		5.75E-14		0		1.33E-13		0		5.09E-14		4.69E-14		5.99E-14		5.51E-14		1.38E-13		1.27E-13		1.38E-13		1.27E-13		1.38E-13		1.27E-13

		4900		13.913		4.48E-14		0		5.27E-14		0		1.22E-13		0		4.66E-14		4.29E-14		5.49E-14		5.06E-14		1.27E-13		1.17E-13		1.27E-13		1.17E-13		1.27E-13		1.17E-13

		5000		14.197		4.11E-14		0		4.85E-14		0		1.12E-13		0		4.28E-14		3.94E-14		5.05E-14		4.65E-14		1.17E-13		1.08E-13		1.17E-13		1.08E-13		1.17E-13		1.08E-13

		5100		14.480		3.79E-14		0		4.47E-14		0		1.04E-13		0		3.94E-14		3.63E-14		4.66E-14		4.29E-14		1.08E-13		9.96E-14		1.08E-13		9.96E-14		1.08E-13		9.96E-14

		5200		14.764		3.50E-14		0		4.14E-14		0		9.63E-14		0		3.64E-14		3.36E-14		4.31E-14		3.97E-14		1.00E-13		9.23E-14		1.00E-13		9.23E-14		1.00E-13		9.23E-14
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		657.555		1.867		4.24E-04		2.80E-05		4.16E-04		5.20E-05		4.52E-04		3.96E-04		4.68E-04		3.64E-04

		672.700		1.91		2.18E-04		1.40E-05		2.00E-04		2.20E-05		2.32E-04		2.04E-04		2.22E-04		1.78E-04

		695.945		1.976		8.48E-05		2.60E-06		8.85E-05		2.80E-06		8.74E-05		8.22E-05		9.13E-05		8.57E-05

		713.203		2.025		5.43E-05		1.60E-06		5.42E-05		1.30E-06		5.59E-05		5.27E-05		5.55E-05		5.29E-05

		744.548		2.114		2.01E-05		7.00E-07		2.04E-05		5.00E-07		2.08E-05		1.94E-05		2.09E-05		1.99E-05

		744.548		2.114		2.23E-05		7.00E-07		2.02E-05		4.00E-07		2.30E-05		2.16E-05		2.06E-05		1.98E-05

		753.705		2.14		1.60E-05		4.00E-07		1.69E-05		4.00E-07		1.64E-05		1.56E-05		1.73E-05		1.65E-05
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Sheet1

																						0.8		0.000000001

		e		1.60E-19		C		Beam energy		8		GeV										1		0.0000000027

		E0		0.7542		eV		mc2 H-		0.939293		GeV						per meter-second				2		0.0000000397

		E0		1.21E-19		J		gamma		9.5170442024												4		2.64E-07

		h		6.63E-34		J/s		beta		0.9944643382												6		0.0000005461

		c		3.00E+08		m/s		k		1.38E-23		J/K										8		0.0000007856

		prefactor		9.55E-02		1/ms		T		60		K										10		0.0000009647

		Max Sigma		4.20E-21		m2		T		0.005170431		eV		193.4074741545								20		0.0000012805

		delta		2.00E-02				E0/Thot		7.68E+00		dimensionless										40		1.14E-06

		big		1.00E+02				hbar c		1.97E-07		eV m										60		0.0000009316

		Thot		9.81E-02		eV		hbar		6.58E-16		eV s										100		0.000000653

		Prefactor		4.72E-07																		1000		5.78E-08

		SUM		1.92E-05		9.32E-10		1.11E-13		1.94E-17		dimensionless										10000		0.0000000027

		1/L		9.05E-12		9.05E-12		9.05E-12		9.05E-12		per meter										100000		0.0000000001

		L		1.10E+08		1.10E+08		1.10E+08		1.10E+08		km										1000000		0

		W/m		0.000

		Epsilon		0										Ambient T (K)		1/L

		1.000		7.24E-08		1.45E-11		4.04E-15		1.28E-18				300		5.30E-07

		1.020		3.10E-07		5.33E-11		1.27E-14		3.45E-18				280		3.90E-07

		1.040		5.48E-07		8.11E-11		1.66E-14		3.86E-18				260		2.78E-07

		1.060		7.49E-07		9.51E-11		1.67E-14		3.33E-18				240		1.91E-07

		1.080		9.00E-07		9.81E-11		1.48E-14		2.53E-18				220		1.25E-07

		1.100		1.00E-06		9.39E-11		1.21E-14		1.78E-18				200		7.67E-08

		1.120		1.07E-06		8.55E-11		9.48E-15		1.19E-18				180		4.36E-08

		1.140		1.09E-06		7.52E-11		7.15E-15		7.71E-19				160		2.24E-08

		1.160		1.09E-06		6.44E-11		5.25E-15		4.86E-19				140		9.97E-09

		1.180		1.06E-06		5.40E-11		3.78E-15		3.00E-19				120		3.62E-09

		1.200		1.02E-06		4.46E-11		2.68E-15		1.82E-19				100		9.64E-10

		1.220		9.73E-07		3.64E-11		1.87E-15		1.09E-19				80		1.53E-10

		1.240		9.14E-07		2.93E-11		1.29E-15		6.48E-20				77		1.08E-10

		1.260		8.51E-07		2.34E-11		8.87E-16		3.81E-20				60		9.05E-12

		1.280		7.86E-07		1.86E-11		6.03E-16		2.22E-20

		1.300		7.21E-07		1.46E-11		4.07E-16		1.29E-20

		1.320		6.58E-07		1.14E-11		2.74E-16		7.41E-21

		1.340		5.98E-07		8.92E-12		1.83E-16		4.25E-21

		1.360		5.40E-07		6.92E-12		1.22E-16		2.42E-21

		1.380		4.86E-07		5.34E-12		8.06E-17		1.38E-21

		1.400		4.36E-07		4.11E-12		5.32E-17		7.80E-22

		1.420		3.90E-07		3.16E-12		3.50E-17		4.40E-22

		1.440		3.48E-07		2.42E-12		2.30E-17		2.48E-22

		1.460		3.10E-07		1.84E-12		1.50E-17		1.39E-22

		1.480		2.75E-07		1.40E-12		9.83E-18		7.79E-23

		1.500		2.43E-07		1.07E-12		6.41E-18		4.36E-23

		1.520		2.15E-07		8.09E-13		4.17E-18		2.43E-23

		1.540		1.90E-07		6.13E-13		2.71E-18		1.35E-23

		1.560		1.67E-07		4.63E-13		1.75E-18		7.52E-24

		1.580		1.47E-07		3.49E-13		1.14E-18		4.17E-24

		1.600		1.29E-07		2.63E-13		7.34E-19		2.31E-24

		1.620		1.13E-07		1.98E-13		4.74E-19		1.28E-24

		1.640		9.94E-08		1.49E-13		3.05E-19		7.08E-25

		1.660		8.70E-08		1.12E-13		1.97E-19		3.91E-25

		1.680		7.60E-08		8.39E-14		1.27E-19		2.16E-25

		1.700		6.64E-08		6.29E-14		8.13E-20		1.19E-25

		1.720		5.80E-08		4.71E-14		5.22E-20		6.55E-26

		1.740		5.06E-08		3.52E-14		3.35E-20		3.61E-26

		1.760		4.41E-08		2.63E-14		2.15E-20		1.98E-26

		1.780		3.84E-08		1.97E-14		1.38E-20		1.09E-26

		1.800		3.34E-08		1.47E-14		8.81E-21		5.98E-27

		1.820		2.90E-08		1.10E-14		5.63E-21		3.28E-27

		1.840		2.52E-08		8.16E-15		3.60E-21		1.80E-27

		1.860		2.19E-08		6.08E-15		2.30E-21		9.85E-28

		1.880		1.90E-08		4.53E-15		1.47E-21		5.40E-28

		1.900		1.65E-08		3.37E-15		9.38E-22		2.95E-28

		1.920		1.43E-08		2.51E-15		5.98E-22		1.62E-28

		1.940		1.24E-08		1.86E-15		3.81E-22		8.83E-29

		1.960		1.07E-08		1.38E-15		2.43E-22		4.83E-29

		1.980		9.30E-09		1.03E-15		1.55E-22		2.64E-29

		2.000		8.05E-09		7.64E-16		9.86E-23		1.44E-29

		2.020		6.96E-09		5.67E-16		6.28E-23		7.86E-30

		2.040		6.02E-09		4.21E-16		4.00E-23		4.29E-30

		2.060		5.21E-09		3.12E-16		2.54E-23		2.34E-30

		2.080		4.50E-09		2.31E-16		1.62E-23		1.28E-30

		2.100		3.89E-09		1.71E-16		1.03E-23		6.96E-31

		2.120		3.36E-09		1.27E-16		6.53E-24		3.79E-31

		2.140		2.90E-09		9.41E-17		4.15E-24		2.07E-31

		2.160		2.51E-09		6.97E-17		2.63E-24		1.13E-31

		2.180		2.16E-09		5.16E-17		1.67E-24		6.13E-32

		2.200		1.87E-09		3.82E-17		1.06E-24		3.34E-32

		2.220		1.61E-09		2.83E-17		6.74E-25		1.82E-32

		2.240		1.39E-09		2.09E-17		4.28E-25		9.88E-33

		2.260		1.20E-09		1.55E-17		2.71E-25		5.37E-33

		2.280		1.03E-09		1.14E-17		1.72E-25		2.92E-33

		2.300		8.90E-10		8.46E-18		1.09E-25		1.59E-33

		2.320		7.67E-10		6.25E-18		6.91E-26		8.64E-34

		2.340		6.61E-10		4.62E-18		4.38E-26		4.70E-34

		2.360		5.70E-10		3.42E-18		2.78E-26		2.55E-34

		2.380		4.91E-10		2.52E-18		1.76E-26		1.39E-34

		2.400		4.23E-10		1.86E-18		1.11E-26		7.54E-35

		2.420		3.64E-10		1.38E-18		7.06E-27		4.09E-35

		2.440		3.13E-10		1.02E-18		4.47E-27		2.22E-35

		2.460		2.70E-10		7.51E-19		2.83E-27		1.21E-35

		2.480		2.32E-10		5.54E-19		1.79E-27		6.55E-36

		2.500		2.00E-10		4.09E-19		1.14E-27		3.56E-36

		2.520		1.72E-10		3.02E-19		7.18E-28		1.93E-36

		2.540		1.48E-10		2.23E-19		4.55E-28		1.05E-36

		2.560		1.27E-10		1.64E-19		2.88E-28		5.69E-37

		2.580		1.10E-10		1.21E-19		1.82E-28		3.09E-37

		2.600		9.42E-11		8.95E-20		1.15E-28		1.67E-37

		2.620		8.10E-11		6.60E-20		7.29E-29		9.08E-38

		2.640		6.97E-11		4.87E-20		4.61E-29		4.93E-38

		2.660		5.99E-11		3.59E-20		2.91E-29		2.67E-38

		2.680		5.15E-11		2.65E-20		1.84E-29		1.45E-38

		2.700		4.43E-11		1.95E-20		1.17E-29		7.86E-39

		2.720		3.81E-11		1.44E-20		7.37E-30		4.26E-39

		2.740		3.27E-11		1.06E-20		4.66E-30		2.31E-39

		2.760		2.81E-11		7.82E-21		2.94E-30		1.25E-39

		2.780		2.42E-11		5.76E-21		1.86E-30		6.79E-40

		2.800		2.08E-11		4.25E-21		1.18E-30		3.68E-40

		2.820		1.78E-11		3.13E-21		7.43E-31		1.99E-40

		2.840		1.53E-11		2.31E-21		4.70E-31		1.08E-40

		2.860		1.32E-11		1.70E-21		2.97E-31		5.85E-41

		2.880		1.13E-11		1.25E-21		1.88E-31		3.17E-41

		2.900		9.71E-12		9.23E-22		1.19E-31		1.72E-41

		2.920		8.34E-12		6.80E-22		7.49E-32		9.31E-42

		2.940		7.17E-12		5.01E-22		4.73E-32		5.04E-42

		2.960		6.15E-12		3.69E-22		2.99E-32		2.73E-42

		2.980		5.29E-12		2.72E-22		1.89E-32		1.48E-42

		3.000		4.54E-12		2.00E-22		1.19E-32		8.02E-43

		3.020		3.90E-12		1.47E-22		7.53E-33		4.34E-43

		3.040		3.35E-12		1.08E-22		4.75E-33		2.35E-43

		3.060		2.87E-12		7.99E-23		3.00E-33		1.27E-43

		3.080		2.47E-12		5.88E-23		1.90E-33		6.89E-44

		3.100		2.12E-12		4.33E-23		1.20E-33		3.73E-44

		3.120		1.82E-12		3.19E-23		7.56E-34		2.02E-44

		3.140		1.56E-12		2.35E-23		4.77E-34		1.09E-44

		3.160		1.34E-12		1.73E-23		3.01E-34		5.92E-45

		3.180		1.15E-12		1.27E-23		1.90E-34		3.21E-45

		3.200		9.87E-13		9.36E-24		1.20E-34		1.74E-45

		3.220		8.47E-13		6.89E-24		7.58E-35		9.40E-46

		3.240		7.27E-13		5.07E-24		4.78E-35		5.09E-46

		3.260		6.24E-13		3.73E-24		3.02E-35		2.75E-46

		3.280		5.35E-13		2.75E-24		1.90E-35		1.49E-46

		3.300		4.59E-13		2.02E-24		1.20E-35		8.07E-47

		3.320		3.94E-13		1.49E-24		7.59E-36		4.37E-47

		3.340		3.38E-13		1.10E-24		4.79E-36		2.36E-47

		3.360		2.90E-13		8.06E-25		3.02E-36		1.28E-47

		3.380		2.49E-13		5.93E-25		1.91E-36		6.92E-48

		3.400		2.14E-13		4.36E-25		1.20E-36		3.74E-48

		3.420		1.83E-13		3.21E-25		7.59E-37		2.03E-48

		3.440		1.57E-13		2.36E-25		4.79E-37		1.10E-48

		3.460		1.35E-13		1.74E-25		3.02E-37		5.93E-49

		3.480		1.16E-13		1.28E-25		1.91E-37		3.21E-49

		3.500		9.93E-14		9.41E-26		1.20E-37		1.74E-49

		3.520		8.52E-14		6.92E-26		7.59E-38		9.39E-50

		3.540		7.31E-14		5.09E-26		4.79E-38		5.08E-50

		3.560		6.27E-14		3.75E-26		3.02E-38		2.75E-50

		3.580		5.38E-14		2.76E-26		1.91E-38		1.49E-50

		3.600		4.61E-14		2.03E-26		1.20E-38		8.05E-51

		3.620		3.95E-14		1.49E-26		7.58E-39		4.35E-51

		3.640		3.39E-14		1.10E-26		4.78E-39		2.35E-51

		3.660		2.91E-14		8.07E-27		3.02E-39		1.27E-51

		3.680		2.50E-14		5.93E-27		1.90E-39		6.89E-52

		3.700		2.14E-14		4.36E-27		1.20E-39		3.73E-52

		3.720		1.84E-14		3.21E-27		7.57E-40		2.02E-52

		3.740		1.57E-14		2.36E-27		4.78E-40		1.09E-52

		3.760		1.35E-14		1.74E-27		3.01E-40		5.90E-53

		3.780		1.16E-14		1.28E-27		1.90E-40		3.19E-53

		3.800		9.93E-15		9.39E-28		1.20E-40		1.72E-53

		3.820		8.51E-15		6.91E-28		7.56E-41		9.33E-54

		3.840		7.30E-15		5.08E-28		4.77E-41		5.04E-54

		3.860		6.26E-15		3.74E-28		3.01E-41		2.73E-54

		3.880		5.37E-15		2.75E-28		1.90E-41		1.48E-54

		3.900		4.60E-15		2.02E-28		1.20E-41		7.98E-55

		3.920		3.95E-15		1.49E-28		7.54E-42		4.31E-55

		3.940		3.38E-15		1.09E-28		4.75E-42		2.33E-55

		3.960		2.90E-15		8.03E-29		3.00E-42		1.26E-55

		3.980		2.49E-15		5.91E-29		1.89E-42		6.82E-56

		4.000		2.13E-15		4.34E-29		1.19E-42		3.69E-56

		4.020		1.83E-15		3.19E-29		7.51E-43		1.99E-56
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Sheet1

		Propagation of Errors for Field stripping

														Coefs		Jason		delta		Keating		delta		Stinson		delta

		Energy		8		GeV		H- current				Amps		a		2.47E-06		1.00E-07		3.07E-06		1.00E-08		7.96E-06		2.70E-06

		mass		0.939293986		GeV		Laser power		200000		Watts		b		4.49E+09		1.00E+07		4.41E+09		1.00E+07		4.26E+09		8.40E+07

		gamma		9.517035265				c		3.00E+10		cm/sec

		beta		0.994464328				e		1.60E-19		coulomb

		lambda		10.6		microns		Binding		0.7542		eV

		E lab		0.116962264		eV		Prefactor		2.20E-16

		Beam R		0.05		cm		F		1.36E+27		phots/cm2sec

		Sigma max1.42E-17		4.20E-17		cm^2		magic angle		173.9685274		degrees

				F

		Magnetic		Electic

		Field		Field		Tau				Tau				Tau				Jason				Keating				Stinson				Strip				Integral

		Gauss		MV/cm		Jason		delta Jas		Keating		delta Keat		Stinson		delta Stin		Tau+		Tau-		Tau+		Tau-		Tau+		Tau-		Tau +		Tau -		Tau +		Tau -

		500		1.420		9.47E-01		0.0769028886		6.89E-01		0.0560160028		5.87E-01		0.0476777084		1.02E+00		8.70E-01		7.45E-01		6.33E-01		6.35E-01		5.39E-01		6.35E-01		5.39E-01		6.35E-01		5.39E-01

		550		1.562		4.85E-02		0.0036770706		3.71E-02		0.002811949		3.50E-02		0.0026482035		5.22E-02		4.49E-02		3.99E-02		3.43E-02		3.76E-02		3.23E-02		3.76E-02		3.23E-02		3.76E-02		3.23E-02

		600		1.704		4.05E-03		0.0002889518		3.23E-03		0.0002301146		3.31E-03		0.0002357791		4.34E-03		3.76E-03		3.46E-03		3.00E-03		3.54E-03		3.07E-03		3.54E-03		3.07E-03		3.54E-03		3.07E-03

		650		1.846		4.93E-04		0.0000333148		4.06E-04		0.0000274574		4.47E-04		0.0000302137		5.26E-04		4.59E-04		4.33E-04		3.78E-04		4.77E-04		4.16E-04		4.77E-04		4.16E-04		4.77E-04		4.16E-04

		657.555		1.867		3.68E-04		0.0000247179		3.05E-04		0.0000204686		3.39E-04		0.000022746		3.93E-04		3.43E-04		3.25E-04		2.84E-04		3.62E-04		3.16E-04		3.93E-04		3.43E-04		3.25E-04		2.84E-04

		672.700		1.91		2.09E-04		0.0000138594		1.75E-04		0.0000115825		1.98E-04		0.0000131188		2.23E-04		1.96E-04		1.87E-04		1.63E-04		2.11E-04		1.85E-04		2.23E-04		1.96E-04		1.87E-04		1.63E-04

		695.945		1.976		9.23E-05		0.0000059824		7.82E-05		0.0000050665		9.10E-05		0.0000058992		9.83E-05		8.63E-05		8.32E-05		7.31E-05		9.69E-05		8.51E-05		9.83E-05		8.63E-05		8.32E-05		7.31E-05

		700		1.988		8.05E-05		0.0000051958		6.83E-05		0.0000044101		7.99E-05		0.0000051588		8.57E-05		7.53E-05		7.27E-05		6.39E-05		8.50E-05		7.47E-05		8.50E-05		7.47E-05		8.50E-05		7.47E-05

		713.203		2.025		5.20E-05		0.0000033191		4.44E-05		0.0000028372		5.27E-05		0.0000033681		5.53E-05		4.87E-05		4.73E-05		4.16E-05		5.61E-05		4.94E-05		8.57E-05		7.53E-05		7.27E-05		6.39E-05

		744.548		2.114		1.96E-05		0.0000012189		1.70E-05		0.0000010585		2.09E-05		0.0000012985		2.08E-05		1.84E-05		1.81E-05		1.59E-05		2.22E-05		1.96E-05		5.53E-05		4.87E-05		4.73E-05		4.16E-05

		744.548		2.114		1.96E-05		0.0000012189		1.70E-05		0.0000010585		2.09E-05		0.0000012985		2.08E-05		1.84E-05		1.81E-05		1.59E-05		2.22E-05		1.96E-05		2.08E-05		1.84E-05		1.81E-05		1.59E-05

		750		2.129		1.67E-05		0.0000010326		1.45E-05		0.0000008991		1.79E-05		0.0000011089		1.77E-05		1.56E-05		1.54E-05		1.36E-05		1.90E-05		1.68E-05		1.90E-05		1.68E-05		1.90E-05		1.68E-05

		753.705		2.14		1.49E-05		0.0000009237		1.30E-05		0.0000008057		1.61E-05		0.0000009974		1.59E-05		1.40E-05		1.38E-05		1.22E-05		1.71E-05		1.51E-05		2.08E-05		1.84E-05		1.81E-05		1.59E-05

		800		2.271		4.18E-06		0.00000025		3.72E-06		0.0000002226		4.81E-06		0.0000002876		4.43E-06		3.93E-06		3.94E-06		3.50E-06		5.10E-06		4.52E-06		5.10E-06		4.52E-06		5.10E-06		4.52E-06

		850		2.413		1.23E-06		0.0000000712		1.12E-06		0.0000000647		1.50E-06		0.0000000871		1.30E-06		1.16E-06		1.18E-06		1.05E-06		1.59E-06		1.42E-06		1.59E-06		1.42E-06		1.59E-06		1.42E-06

		900		2.555		4.13E-07		0.0000000233		3.82E-07		0.0000000215		5.33E-07		0.00000003		4.36E-07		3.90E-07		4.03E-07		3.60E-07		5.63E-07		5.03E-07		5.63E-07		5.03E-07		5.63E-07		5.03E-07

		1000		2.839		6.42E-08		0.0000000034		6.11E-08		0.0000000033		9.07E-08		0.0000000049		6.76E-08		6.07E-08		6.44E-08		5.78E-08		9.56E-08		8.58E-08		9.56E-08		8.58E-08		9.56E-08		8.58E-08

		1100		3.123		1.39E-08		0.0000000007		1.35E-08		0.0000000007		2.11E-08		0.0000000011		1.46E-08		1.31E-08		1.42E-08		1.28E-08		2.22E-08		2.00E-08		2.22E-08		2.00E-08		2.22E-08		2.00E-08

		1200		3.407		3.83E-09		0.0000000002		3.81E-09		0.0000000002		6.21E-09		0.0000000003		4.02E-09		3.64E-09		4.01E-09		3.62E-09		6.53E-09		5.90E-09		6.53E-09		5.90E-09		6.53E-09		5.90E-09

		1300		3.691		1.28E-09		0.0000000001		1.30E-09		0.0000000001		2.19E-09		0.0000000001		1.35E-09		1.22E-09		1.36E-09		1.24E-09		2.30E-09		2.09E-09		2.30E-09		2.09E-09		2.30E-09		2.09E-09

		1400		3.975		5.00E-10		0		5.14E-10		0		8.94E-10		0		5.24E-10		4.76E-10		5.38E-10		4.89E-10		9.37E-10		8.52E-10		9.37E-10		8.52E-10		9.37E-10		8.52E-10

		1500		4.259		2.20E-10		0		2.29E-10		0		4.09E-10		0		2.30E-10		2.09E-10		2.39E-10		2.18E-10		4.28E-10		3.90E-10		4.28E-10		3.90E-10		4.28E-10		3.90E-10

		1600		4.543		1.07E-10		0		1.12E-10		0		2.05E-10		0		1.12E-10		1.02E-10		1.17E-10		1.07E-10		2.15E-10		1.96E-10		2.15E-10		1.96E-10		2.15E-10		1.96E-10

		1700		4.827		5.61E-11		0		5.96E-11		0		1.11E-10		0		5.86E-11		5.35E-11		6.23E-11		5.69E-11		1.16E-10		1.06E-10		1.16E-10		1.06E-10		1.16E-10		1.06E-10

		1800		5.111		3.16E-11		0		3.39E-11		0		6.44E-11		0		3.30E-11		3.02E-11		3.54E-11		3.24E-11		6.73E-11		6.15E-11		6.73E-11		6.15E-11		6.73E-11		6.15E-11

		1900		5.395		1.89E-11		0		2.04E-11		0		3.94E-11		0		1.97E-11		1.80E-11		2.13E-11		1.95E-11		4.11E-11		3.76E-11		4.11E-11		3.76E-11		4.11E-11		3.76E-11

		2000		5.679		1.18E-11		0		1.29E-11		0		2.52E-11		0		1.23E-11		1.13E-11		1.34E-11		1.23E-11		2.63E-11		2.41E-11		2.63E-11		2.41E-11		2.63E-11		2.41E-11

		2100		5.963		7.72E-12		0		8.46E-12		0		1.68E-11		0		8.06E-12		7.38E-12		8.83E-12		8.09E-12		1.75E-11		1.61E-11		1.75E-11		1.61E-11		1.75E-11		1.61E-11

		2200		6.246		5.23E-12		0		5.77E-12		0		1.16E-11		0		5.46E-12		5.01E-12		6.02E-12		5.51E-12		1.21E-11		1.11E-11		1.21E-11		1.11E-11		1.21E-11		1.11E-11

		2300		6.530		3.66E-12		0		4.06E-12		0		8.25E-12		0		3.82E-12		3.50E-12		4.23E-12		3.88E-12		8.61E-12		7.89E-12		8.61E-12		7.89E-12		8.61E-12		7.89E-12

		2400		6.814		2.64E-12		0		2.93E-12		0		6.02E-12		0		2.75E-12		2.52E-12		3.06E-12		2.81E-12		6.28E-12		5.77E-12		6.28E-12		5.77E-12		6.28E-12		5.77E-12

		2500		7.098		1.94E-12		0		2.17E-12		0		4.51E-12		0		2.03E-12		1.86E-12		2.27E-12		2.08E-12		4.70E-12		4.31E-12		4.70E-12		4.31E-12		4.70E-12		4.31E-12

		2600		7.382		1.47E-12		0		1.64E-12		0		3.44E-12		0		1.53E-12		1.40E-12		1.72E-12		1.57E-12		3.59E-12		3.29E-12		3.59E-12		3.29E-12		3.59E-12		3.29E-12

		2700		7.666		1.13E-12		0		1.27E-12		0		2.68E-12		0		1.17E-12		1.08E-12		1.32E-12		1.22E-12		2.79E-12		2.56E-12		2.79E-12		2.56E-12		2.79E-12		2.56E-12

		2800		7.950		8.81E-13		0		9.96E-13		0		2.12E-12		0		9.19E-13		8.44E-13		1.04E-12		9.54E-13		2.21E-12		2.03E-12		2.21E-12		2.03E-12		2.21E-12		2.03E-12

		2900		8.234		7.00E-13		0		7.94E-13		0		1.70E-12		0		7.30E-13		6.71E-13		8.28E-13		7.61E-13		1.77E-12		1.63E-12		1.77E-12		1.63E-12		1.77E-12		1.63E-12

		3000		8.518		5.64E-13		0		6.42E-13		0		1.38E-12		0		5.88E-13		5.41E-13		6.69E-13		6.15E-13		1.44E-12		1.32E-12		1.44E-12		1.32E-12		1.44E-12		1.32E-12

		3100		8.802		4.61E-13		0		5.26E-13		0		1.14E-12		0		4.80E-13		4.41E-13		5.48E-13		5.04E-13		1.19E-12		1.09E-12		1.19E-12		1.09E-12		1.19E-12		1.09E-12

		3200		9.086		3.81E-13		0		4.36E-13		0		9.48E-13		0		3.97E-13		3.65E-13		4.54E-13		4.17E-13		9.88E-13		9.08E-13		9.88E-13		9.08E-13		9.88E-13		9.08E-13

		3300		9.370		3.18E-13		0		3.65E-13		0		7.98E-13		0		3.31E-13		3.04E-13		3.80E-13		3.49E-13		8.31E-13		7.64E-13		8.31E-13		7.64E-13		8.31E-13		7.64E-13

		3400		9.654		2.68E-13		0		3.08E-13		0		6.77E-13		0		2.79E-13		2.57E-13		3.21E-13		2.95E-13		7.06E-13		6.49E-13		7.06E-13		6.49E-13		7.06E-13		6.49E-13

		3500		9.938		2.28E-13		0		2.63E-13		0		5.80E-13		0		2.37E-13		2.18E-13		2.74E-13		2.52E-13		6.04E-13		5.56E-13		6.04E-13		5.56E-13		6.04E-13		5.56E-13

		3600		10.222		1.95E-13		0		2.26E-13		0		5.01E-13		0		2.04E-13		1.87E-13		2.35E-13		2.16E-13		5.22E-13		4.80E-13		5.22E-13		4.80E-13		5.22E-13		4.80E-13

		3700		10.505		1.69E-13		0		1.95E-13		0		4.35E-13		0		1.76E-13		1.62E-13		2.04E-13		1.87E-13		4.54E-13		4.17E-13		4.54E-13		4.17E-13		4.54E-13		4.17E-13

		3800		10.789		1.47E-13		0		1.70E-13		0		3.81E-13		0		1.53E-13		1.41E-13		1.77E-13		1.63E-13		3.97E-13		3.65E-13		3.97E-13		3.65E-13		3.97E-13		3.65E-13

		3900		11.073		1.29E-13		0		1.49E-13		0		3.36E-13		0		1.34E-13		1.23E-13		1.56E-13		1.43E-13		3.50E-13		3.22E-13		3.50E-13		3.22E-13		3.50E-13		3.22E-13

		4000		11.357		1.13E-13		0		1.32E-13		0		2.97E-13		0		1.18E-13		1.09E-13		1.37E-13		1.26E-13		3.10E-13		2.85E-13		3.10E-13		2.85E-13		3.10E-13		2.85E-13

		4100		11.641		1.00E-13		0		1.17E-13		0		2.65E-13		0		1.05E-13		9.63E-14		1.22E-13		1.12E-13		2.76E-13		2.54E-13		2.76E-13		2.54E-13		2.76E-13		2.54E-13

		4200		11.925		8.94E-14		0		1.04E-13		0		2.37E-13		0		9.31E-14		8.57E-14		1.09E-13		1.00E-13		2.47E-13		2.27E-13		2.47E-13		2.27E-13		2.47E-13		2.27E-13

		4300		12.209		8.00E-14		0		9.35E-14		0		2.13E-13		0		8.33E-14		7.67E-14		9.74E-14		8.97E-14		2.22E-13		2.04E-13		2.22E-13		2.04E-13		2.22E-13		2.04E-13

		4400		12.493		7.19E-14		0		8.42E-14		0		1.92E-13		0		7.49E-14		6.90E-14		8.77E-14		8.07E-14		2.00E-13		1.84E-13		2.00E-13		1.84E-13		2.00E-13		1.84E-13

		4500		12.777		6.49E-14		0		7.61E-14		0		1.74E-13		0		6.76E-14		6.23E-14		7.93E-14		7.30E-14		1.81E-13		1.67E-13		1.81E-13		1.67E-13		1.81E-13		1.67E-13

		4600		13.061		5.88E-14		0		6.91E-14		0		1.59E-13		0		6.13E-14		5.64E-14		7.19E-14		6.62E-14		1.65E-13		1.52E-13		1.65E-13		1.52E-13		1.65E-13		1.52E-13

		4700		13.345		5.35E-14		0		6.29E-14		0		1.45E-13		0		5.57E-14		5.13E-14		6.55E-14		6.03E-14		1.51E-13		1.39E-13		1.51E-13		1.39E-13		1.51E-13		1.39E-13

		4800		13.629		4.89E-14		0		5.75E-14		0		1.33E-13		0		5.09E-14		4.69E-14		5.99E-14		5.51E-14		1.38E-13		1.27E-13		1.38E-13		1.27E-13		1.38E-13		1.27E-13

		4900		13.913		4.48E-14		0		5.27E-14		0		1.22E-13		0		4.66E-14		4.29E-14		5.49E-14		5.06E-14		1.27E-13		1.17E-13		1.27E-13		1.17E-13		1.27E-13		1.17E-13

		5000		14.197		4.11E-14		0		4.85E-14		0		1.12E-13		0		4.28E-14		3.94E-14		5.05E-14		4.65E-14		1.17E-13		1.08E-13		1.17E-13		1.08E-13		1.17E-13		1.08E-13

		5100		14.480		3.79E-14		0		4.47E-14		0		1.04E-13		0		3.94E-14		3.63E-14		4.66E-14		4.29E-14		1.08E-13		9.96E-14		1.08E-13		9.96E-14		1.08E-13		9.96E-14

		5200		14.764		3.50E-14		0		4.14E-14		0		9.63E-14		0		3.64E-14		3.36E-14		4.31E-14		3.97E-14		1.00E-13		9.23E-14		1.00E-13		9.23E-14		1.00E-13		9.23E-14

		Magnetic		Electic		Stinson Strip				Stinson Integral				Strip				Integral

		Field		Field		Tau		delta		Tau		delta		Tau +		Tau -		Tau +		Tau -

		Gauss		MV/cm		sec		sec		sec		sec

		657.555		1.867		4.24E-04		2.80E-05		4.16E-04		5.20E-05		4.52E-04		3.96E-04		4.68E-04		3.64E-04

		672.700		1.91		2.18E-04		1.40E-05		2.00E-04		2.20E-05		2.32E-04		2.04E-04		2.22E-04		1.78E-04

		695.945		1.976		8.48E-05		2.60E-06		8.85E-05		2.80E-06		8.74E-05		8.22E-05		9.13E-05		8.57E-05

		713.203		2.025		5.43E-05		1.60E-06		5.42E-05		1.30E-06		5.59E-05		5.27E-05		5.55E-05		5.29E-05

		744.548		2.114		2.01E-05		7.00E-07		2.04E-05		5.00E-07		2.08E-05		1.94E-05		2.09E-05		1.99E-05

		744.548		2.114		2.23E-05		7.00E-07		2.02E-05		4.00E-07		2.30E-05		2.16E-05		2.06E-05		1.98E-05

		753.705		2.14		1.60E-05		4.00E-07		1.69E-05		4.00E-07		1.64E-05		1.56E-05		1.73E-05		1.65E-05
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