Cosmic rays affect satellite electronics and ground-based computer systems at high altitudes -- see Terrestrial Cosmic Rays and Soft Errors, IBM experiments in soft fails in computer electronics, IBM Journal, Vol. 40, 1996. Engineers can find useful information about soft errors in electronics from cosmic rays on the Particle Interactions with Matter website. The high energy particles affect airplane passengers -- the FAA has an online cosmic ray airline flight profile calculation available. These effects are especially augmented during large solar particle events. During these times, polar flights are generally diverted to lower latitude flight paths. 

Cosmic Rays. Cosmic rays are energetic particles that are found in space and filter through our atmosphere. Cosmic rays have interested scientists for many different reasons. They come from all directions in space, and the origination of many of these cosmic rays is unknown. Cosmic rays were originally discovered because of the ionozation they produce in our atmosphere. Cosmic rays also have an extreme energy range of incident particles, which have allowed physicists to study aspects of their field that can not be studied in any other way. 

In the past, we have often referred to cosmic rays as "galactic cosmic rays", because we did not know where they originated. Now scientists have determined that the sun discharges a significant amount of these high-energy particles. "Solar cosmic rays" (cosmic rays from the sun) originate in the sun's chromosphere. Most solar cosmic ray events correlate relatively well with solar flares. 

Scientists have postulated that cosmic rays can affect the earth by causing changes in weather. Cosmic rays can cause clouds to form in the upper atmosphere, after the particles collide with other atmospheric particles in our troposphere. The process of a cosmic ray particle colliding with particles in our atmosphere and disintegrating into smaller pions, muons, and the like, is called a cosmic ray shower. These particles can be measured on the Earth's surface by neutron monitors. 

 HYPERLINK "http://www.ngdc.noaa.gov/stp/SOLAR/COSMIC_RAYS/shower.gif" 
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Click on figure to view a diagram of a cosmic ray shower 

Neutron Monitors. Ground-based neutron monitors detect variations in the approximately 500 Mev to 20 GeV portion of the primary cosmic ray spectrum. This class of cosmic ray detector is more sensitive in the approximate 500 Mev to 4 GeV portion of the cosmic ray spectrum than are cosmic ray muon detectors. The portion of the cosmic ray spectrum that reaches the Earth's atmosphere is controlled by the geomagnetic cutoff which varies from a minimum (theoretically zero) at the magnetic poles to a vertical cosmic ray cutoff of about 15 GV (ranging from 13 to 17) in the equatorial regions. (Note: GeV is a unit of energy, GV is a unit of magnetic rigidity). 

The primary cosmic ray particles interact with the atmosphere and generate secondaries, some of which will reach the surface of the Earth. In high latitude regions of the Earth, where the geomagnetic cutoff is low, the lower threshold response of the neutron monitor is controlled by the atmospheric mass (about 1030 grams at sea level) which limits the response threshold of the neutron monitor to primary radiation of about 430 MeV. (At the South Pole, where the surface is 2820 M above sea level, the reduced atmospheric mass lowers the primary radiation detection threshold to about 300 MeV). At mid-latitudes or equatorial latitudes, the detection threshold is controlled by the geomagnetic cutoff. Neutron monitors at high altitudes have higher counting rates than neutron monitors at lower altitudes because of the atmospheric absorption of the cosmic ray secondaries generated near the top of the atmosphere. 

When the secondary cosmic rays interact in the monitor, (actually in lead surrounding the counters) they cause nuclear disintegrations, or stars. These stars are composed of charged fragments and neutrons typically in the energy range of tens to hundreds of MeV, even up to GeV energies. As a result of these high energy nuclear interactions, there will be more secondary fragments generated than incident particles and hence there is a multiplier effect for the counters. The neutrons are moderated and then counted using Boron tri-fluoride (BF3) proportional counters which are efficient thermal neutron detectors; hence the name neutron monitor. The original design is often designated as an IGY neutron monitor. A description of this type of instrument is given by Simpson, (Annals of the IGY, Vol. 4, pp. 351-373, 1957). The NM-64 or super neutron monitor was developed for the IQSY (International Quiet Sun Years 1964-65) when instruments with a higher counting capacity were required. A description of this type of neutron monitor is given by Carmichael (Annals of the IQSY, Vol. 1, pp. 178-197, 1968). Super neutron monitors are often designated as xx-NM-64 where xx is the number of tubes in the monitors. An 18-NM-64 at high latitude has a counting rate of approximately 1 million counts per hour or 0.1 percent statistics. 

The neutron monitor and supermonitor data here consists of over 100 stations' hourly (UT) values of: (a) counting rates corrected for atmospheric pressure effects; (b) uncorrected counting rates; and (c) atmospheric pressure data. If it is not possible to have all three types of data, the most important is the counting rate corrected for atmospheric pressure. 
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This plot shows data from the Climax, Colorado neutron monitor operated by the University of Chicago. The cosmic rays show an inverse relationship to the sunspot cycle because Sun's magnetic field is stronger during sunspot maximum and shields the Earth from cosmic rays. 



Cosmic ray data are archived from the following instruments: 

· Neutron Monitors and Supermonitors 

· Ionization Chambers

· Muon Telescope (cubical, crossed, narrow angle and wide angle)

· Aircraft and Ship Measurements

· Satellite Observations

Most of the data held by NGDC are from ground-based neutron monitors. Satellite Observations are primarily held by the NSSDC. 

__________________________________

Although this subject is more about the effects of energetic hadrons on terrestrial electronics than about ion beams, it is scientifically in a similar field (hadrons = protons, neutrons and pions, i.e. particles which respond to the nuclear force / strong interaction). The science and technology about cosmic ray induced soft fails was considered proprietary by IBM for more than 15 years. In 1996, a complete issue of the IBM Journal of Research and Development was devoted to reviewing this work. A summary of the issue, and the complete first article (the 15 year history of the development of the IBM scientific understanding of soft fails from radiation) is given at IBM J. R.& D.
 

The scientific history of  this field is reviewed in detail. The field is not static because the technology of integrated circuits is still rapidly changing and the effects of cosmic rays on integrated circuits (ICs) show trends which are not well understood. The trends in the sensitivity of ICs to cosmic rays are reviewed for SRAMs, DRAMs and logic over the last 15 years.

 

Fundamental to any estimates of the fail rate of ICs is an understanding of the ambient flux of cosmic rays in the environment. As this flux has been investigated over the last 15 years, it has become fuzzier rather than more precise. Previous measurements of the ambient flux which were considered reliable have been shown to be suspect. New measurements rarely agree with past measurements. Recent reports of the flux of sea level cosmic ray hadrons vary by more than 10x, even though they were performed by highly competent scientists. The problem will probably be resolved by understanding that the immediate materials nearby an experiment can have significant effect on the measured flux. The field of the terrestrial flux of cosmic rays will be reviewed.

________________    

Ion Beam Analysis (IBA) 
This package contains programs for the analysis of data from ion scattering experiments (called Rutherford Backscattering Spectroscopy, RBS), and analysis of data from target sputtering experiments (called Elastic Recoil Detection, ERD). In general, the package is applicable to any ion, at any energy in any target material. It is written in a windows-based environment with a full graphics user interface (GUI) for analysis of complex spectra using mouse-based input. The software contains a full 32-bit instruction set to minimize computer delay in calculating simulations.

The software is written in a language called APL, which is a multi-window GUI application language particularly forgiving of mistakes. Since IBA analysis is so complex, and covers any ion at any energy for any target, it is particularly difficult to ma ke a program which will not get confused by user requests. APL allows the user to immediately recover with just two key strokes, without reloading any code or data, and continue executing the analysis from the point of error. The required APL compiler is available for both Win-95 and OS/2 systems (see the Installation Manual for details). For details on the APL environment for scientific programming, see the website: http://www.software.ibm.com/ad/apl/apl2.html. The APL compiler is normally very expensive (about $1500) but it is available with "educational discounts" from IBM sales. The software requires the full APL package and will not work with any of the stripped down versions of APL. 

The Stopping and Range of Ions in Matter

Software -

SRIM is a collection of software packages which calculate many features of the transport of ions in matter. Typical applications include:

· Ion Stopping and Range in Targets: Most aspects of the energy loss of ions in matter are calculated in SRIM,  the Stopping and Range of Ions in Matter. SRIM includes quick calculations which produce tables of stopping powers, range and straggling distributions for any ion at any energy in any elemental target. More elaborate calculations include targets with complex multi-layer configurations. 

· Ion Implantation: Ion beams are used to modify samples by injecting atoms to change the target chemical and electronic properties. The ion beam also causes damage to solid targets by atom displacement. Most of the kinetic effect s associated with the physics of this kind of interactions are found in the SRIM package. 

· Sputtering: The ion beam may knock out target atoms, a process called ion sputtering. The calculation of sputtering, by any ion at any energy, is included in the SRIM package. 

· Ion Transmission: Ion beams can be followed through mixed gas/solid target layers, such as occurs in ionization chambers or in energy degrader blocks used to reduce ion beam energies. 

· Ion Beam Therapy: Ion beams are widely used in medical therapy, especially in radiation oncology. Typical applications are included. 

Science -

The science of ion beams goes back almost a century to the earliest explanations of radioactive particles transiting thin films (1904). The field is so rich that it is difficult for a non-expert to understand any of the current papers in the field. But basically,  the stopping of ions in matter can not be calculated from first principles. Hidden in stopping theories are parameters which normalize calculated stopping powers to existing data. The "Science" section of SRIM will review the basic theories of the stopping of ions in matter. Then some of the major parameters are reviewed and it will be shown how they are derived from experimental data. Examples are shell corrections, mean ionization potentials, the effective charge of ions and the Fermi velocity of solids.

 

Over 2000 papers have been published in the experimental stopping of ions in solids. Experimental measurements of stopping powers is a difficult task, and there is wide variation in the results.. Plots will show how existing stopping calculations compare to experimental data from these papers.  Since the stopping calculations are based in great part on theory, the interpolation of stopping powers between various ions and targets is often more accurate than individual measurements, especially for difficult targets.


Historical Review

(This review is taken from "The Stopping and Range of Ions in Matter")

Introduction

The study of the penetration of a particle into matter might begin 400 years ago with the study of projectile ballistics, since the understanding of cannonballs in a viscous medium might be considered similar to the penetration of particles in matter.


A study was done by Leonardo DiVinci on catapults and how to increase the range of their projectiles (~1580). Unfortunately, his knowledge of dynamics was not as good as his analysis of static structures (levers, etc.) and he began with the unfortunate premise that the velocity of a projectile was proportional to the maximum force exerted on it, and hence what he actually derived was an early version of GIGO (Garbage In  Garbage Out). Other studies on catapults and projectiles  were published by Galileo and Newton. But of special note was the analysis by a British vicar, Benjamin Robins, who attempted to help his Navy design better cannons during the Napoleonic Wars. His treatise, published in 1804, was called “New Principles of Gunnery” and reached the important conclusion that the energy loss of a projectile in a viscous medium was proportional to its velocity (see ref. 1804). This result was widely discussed and criticized, until Robins invented a ballistic pendulum apparatus to measure the effect. Since his result is similar to the quantum mechanical solution for the energy loss of charged particles in an electron gas, developed 130 years later, it is worth noting Robin’s major scientific contribution. Later, similar studies were published by Euler, LaPlace and Lavoisier, all of whom reached the same conclusion as Robins for low speed projectiles.


However we shall review only the last century, from the discovery of radioactive particles (1895) to the dawn of computer physics (1970). Scientific progress since 1970 is the subject of the remainder of this book. Certain terminology is traditional, and we shall use it from the beginning:
 ·  Ion  =  The moving atom, whether it is charged or neutral. Its atomic number is Z1, its mass is M1, its energy is E, and its velocity is E/M1. This velocity is only used to compare relative velocities, so the fact that it is squared is usually ignored.
·  Atom  =  Any target atom, with atomic number, Z2, and mass, M2.
·  Stopping Power =  The rate of energy loss by the ion in the target, defined as dE/dx, the energy loss per unit distance, x. Some authors use stopping cross-sections, or inelastic losses or similar descriptions for the same concept. Recently, some authors have converted to using the phrase stopping force, which more aptly describes the units of energy loss per length of travel, but for this historical section we shall use the traditional phrases.
The development of the theory of an ion slowing in a solid has been difficult because the problem of describing both the ion and the target is complex. Once the ion penetrates a solid, it is quickly stripped of some of its electrons, and its charge state becomes a function of the target. The target feels the ion coming, and its electrons polarize around the moving ion. The charge state of the ion is modified by the polarized target, which then further affects the target. Some of the target atoms penetrate through the ion’s electron cloud causing quantum exclusions of available states. Finally, all of these effects depend on the constantly changing ion velocity.
In order to understand historical conceptual advances, it is illustrative to show how new ideas affect the scaling of stopping powers, i.e. the relative change of stopping between ions or targets or as a function of ion energy. Shown in Figure 1- 1. are the stopping powers of various ions (H, He, C, Ni, Ag and U) in various solids (C, Al, Ni, Ag, U) over 8 decades of energy. The stopping powers range over a factor of 10,000. We shall use this figure to show how new ideas affect the scaling of these curves.
 

Early Studies with Radioactive Particles (1899 - 1920)

Soon after the discovery of energetic particle emission from radioactive materials, there was interest in how these corpuscles were slowed down in traversing matter. From her work in 1898-1899, Marie Curie stated the hypothesis that "les rayons alpha sont des projectiles materiels susceptibles de perdre de leur vitesse en traversant la matiere." (00a). Figure 1- 2 shows her apparatus, in which particles emitted from radium (source A) went through thin metallic films (at T) and were counted by an electrometer (P). By varying the thickness of the metallic film, she was able to find the energy loss of the particles as a function of the density of the metal. Many scientists immediately realized that since these particles could penetrate thin films, such experiments might finally unravel the secrets of the atom. Early attempts to create a particle energy loss theory were inconclusive for there was not yet an accurate proposed model of the atom. 
The theoretical treatment for the scattering of two point charges was derived by J. J. Thomson in his classic book on electricity (03a), see Figure 1- 3.  Much of the traditional particle energy-loss symbolism can be traced to this book which introduced a comprehensive treatment for classical Coulombic scattering between energetic charged particles. This work, however, did not attempt to calculate actual stopping powers. 
Enough experimental evidence of radioactive particle interactions with matter was collected in the next decade to make stopping power theory one of the central concerns of those attempting to develop an atomic model. In 1909 Geiger and Marsden were studying the penetration of alpha-particles through thin foils, and the spread of the trajectories after emerging from the back side. They hoped to determine the distribution of charges within the foil by the angular spread of the transmitted beam. There are conflicting histories as to who made the suggestion that they look for backscattered particles - but the subsequent startling data reversed the current thought on atomic structure. They reported that about .01% of the heavy alpha-particles were scattered back from the target, and from an analysis of the data statistics such backscattered events had to be from isolated single collisions. Two years later, Rutherford was able to demonstrate theoretically (11a) that the backscattering was indeed due to a single event, and by analyzing this and electron scattering data he was able to first calculate that the nucleus of Al atoms must have a charge of about 22 and platinum would have a charge of 138 ! 
J. J. Thomson, director of the prestigious Cavendish Laboratory, and Niels Bohr, a fresh post-doctoral scientist who had left the Cavendish lab for Rutherford's Manchester Laboratory, published almost simultaneously (12a,13a) an analysis of the stopping of charged particles by matter, see Figure 1- 4 . These papers illustrate much of their divergent ideas on the model of an atom. Thomson incredibly ignored in his paper the alpha-particle backscattering measurements of Geiger (09a) and the Rutherford heavy-particle scattering theory (11a) which emphasized the atomic positive charge must be concentrated within the atom. But the nuclear atom with a heavy positively-charged core was the basis of Bohr's ideas. (13a,15a). 
Bohr's early work is instructive because for the first time a unified theory of stopping was attempted, and we can see in this and in similar works the essential problems of stopping theory: 
        How does an energetic charged particle (a point charge) lose energy to the quantized electron plasma of a solid (inelastic energy loss)?
        How do you incorporate into this interaction simultaneous distortion of the electron plasma caused by the particle (target polarization)?
        How can you extend the point charge-plasma interaction to that for a finite moving atom in a plasma?
        How do you estimate the degree of ionization of the moving atom and describe its electrons when it is both ionized and within an electron plasma?
        How do you calculate the screened Coulomb scattering of the moving atom with each heavy target nucleus it passes?
        How do you include relativistic corrections to all of the above? 
This is a brief list of the major problems encountered, and scientific interest shifts back and forth between them over the decades because of external scientific tidal forces. Examples might be (a) the development of quantal scattering in the nineteen twenties, (b) the study of nuclear fission in the thirties and forties, (c) the study of nuclear physics in the fifties, (d) the technological applications of ion implantation for material modification in the sixties, and the use of ion beams in material analysis in the seventies. This ebb and flow of interest continues because of the recurrent importance of the problem, and the difficulty of calculating the penetration of energetic atoms in solids from first principles. We briefly review some of the historical milestones in this field below. 
Both Thomson and Bohr concluded that the particle’s velocity was more important than its energy, see Figure 1- 5. 
One of Bohr's original conclusions was that the energy loss of ions passing through matter could be divided into two components:  nuclear stopping (energy loss to the medium's atomic positive cores) and electronic stopping (energy loss to the medium's light electrons). Bohr, in his first papers, correctly deduced that the electronic stopping would be far greater than the nuclear stopping for energetic light ions such as are emitted by radioactive sources. This conclusion was based on recoil kinematics considering only the relative masses and abundance of the target electrons and nuclei. 
Bohr further introduced atomic structure into stopping theory by giving target electrons the orbit frequencies obtained from optical spectra and calculating the energy transferred to such harmonic oscillators.  He noted that the experimentally reported stopping powers for heavy atom targets indicated that many electrons in these targets must be more tightly bound than the optical data suggested. He also realized that his accounting of the energy loss process was seriously limited by a lack of knowledge of the charge state of the ion inside the matter, i.e., its effective charge in its interaction with the target medium. 
Quantum Mechanics and Stopping Theory (1930 - 1935)

A major advance in understanding stopping powers came 20 years later when Bethe (30a,32a,34a) and Bloch (33a,33b) restated the problems from the perspective of quantum mechanics, and derived in the Born approximation the fundamental equations for the stopping of very fast particles in a quantized medium, see Figure 1- 6. This theoretical approach remains the basic method for evaluating the energy loss of light particles with velocities of 10 MeV/amu - 2 GeV/amu. This restriction in velocity  is because below these velocities the ion projectile may not be fully stripped of its electrons (which is assumed by the theory), and above this velocity there are additional relativistic corrections. 
Analysis of Fission Fragments (1938 - 1941)

In the late 1930's a renewed interest was taken in energy loss with the discovery of nuclear fission and the energetic heavy particles which resulted from nuclear disintegration, see Hahn and Strassman paper which led to their Nobel Prize (39b). Various theoretical studies were published by Bohr (40d), Lamb (40b), Knipp (41b), Teller and Fermi (40c), see Figure 1- 7 and Figure 1- 8. 
The problem presented by the fission fragment data was how to treat the interaction of a partially stripped heavy ion. This is called the 'effective-charge' problem, for it was hoped that if a degree of ionization for the projectile could be estimated, then the traditional stopping power theories could be used.  Bohr suggested (40d,41a) that the ion be considered to be stripped of all electrons with velocities lower than the ion velocity, and using the Thomas Fermi atom he could show that : 
Eq. 1–1:                        Z1*  =  Z11/3  V / Vo 
where Z1 is the atomic number of the ion, and Z1* is its effective charge in energy loss to the target electrons, V is the ion velocity and V0 is the Bohr velocity (  2x108 cm/sec). Lamb (40b) considered the same problem as Bohr, and suggested a similar effective charge approximation, but based on the energy rather than the velocity of the ion's electrons.  Lamb also got a similar, but less detailed, expression for stopping power assuming Thomas-Fermi atoms. He suggested that the target electron velocity distribution would significantly alter the stopping of the fission fragment, see Figure 1- 9. 
Fermi (40c) considered the same points as Lamb and Bohr, but concentrated upon evaluating the interaction of a charged particle with the dielectric plasma of a solid, and the electric polarization of the medium by the particle. This polarization of the target medium had been suggested first by Swann (38a), and Fermi was able to reduce this difficult problem to a form which could be calculated.  He showed that stopping powers were universally proportional to target density, on an equal - mass - traversed basis. 
A detailed suggestion for scaling stopping powers was shown by Knipp and Teller (41b), who successfully used the effective charge concept of Bohr and Lamb to scale H stopping values to equivalent He ion stopping powers. 
These theoretical studies had only limited success with the fission fragment problem, and the primary practical result was to provide scaling relationships for the heavy ion stopping and ranges. That is, it allowed for interpolation and modest extrapolation from existing data into systems with different ions/targets/energies. Basically, the dominant effects were the target material and the ion's velocity. If you knew the stopping of one ion, say a proton, at two velocities in a material, and you knew the stopping of a heavy ion in that material at one of these velocities, then its stopping at the second velocity would be a direct proportionality. This law was applicable over a wide variety of velocities and ions. In fact it became so widely used that it stimulated several papers of objections to its theoretical shortcomings (63b,72b). 
 

Particle Stopping in a Free Electron Gas (1947 - 1960)

During the 1950's there were fundamental papers on evaluating both the energy transfer from slow particles to quantized electron plasmas, and in the energy loss to target nuclei. The study of particle stopping in a free electron gas is the first step in calculating the energy loss of an ion to a target's electrons. This problem was evaluated in Bohr's earliest papers (13a,15a) where he considered the electrons to be charged harmonic oscillators, with orbit frequencies established by the analysis of optical data. This interaction of a particle with an electron plasma was extended to quantized plasmas and then to Thomas-Fermi atoms by Bethe (30a,32a) and Bloch (33a,33b).  An excellent review of relativistic particle (>10 MeV/amu) stopping powers was made by Ahlen (80e) and this chapter will not cover in detail this subject.  For energies above 10 MeV/amu you should consult ref. (80a). 
Fermi then considered how the fast charged particle would polarize a classical electron medium of the target and hence modify the particle/plasma interaction (40c). This work was extended by Fermi and Teller (47b) to a degenerate free electron gas and they found that for slow particles the energy loss would be directly proportional to the particle's velocity.  Bohr pointed out (48a) that behind the particle there would be an oscillating wake of charge, and this was evaluated more rigorously by Bohr (48b), and by Neufeld and Ritchie (55a).  A full treatment of a charged particle penetrating a quantized electron plasma was presented at about the same time by Lindhard (54a), Neufeld and Ritchie (55a) and Fano (56c). The Lindhard approach concentrates on non-relativistic particle interactions with a free-electron gas and provides a full general treatment with the following assumptions:
        The free electron gas consists of electrons at zero temperature (single electrons are described by plane waves) on a fixed uniform positive background with overall charge neutrality.
        The initial electron gas is of constant density, which is considered to be a close approximation to the conduction electrons in metals.
        The interaction of the charged particle on the homogenous electron gas is a small perturbation.
        All particles are non-relativistic. 
The Lindhard approach is widely cited in the literature as it formed part of the first unified theory of ion penetration of solids (63a), and it has been widely used as the basis for calculating the electronic stopping of ions in matter (see, for example, 67a, 70b, 72f, 74a, 75k, 77h, 78a, 79d), see Figure 1- 10. 
The energy loss to target nuclei is basically the study of screened Coulomb collisions between two colliding atoms. In the 1950's, major advances were made in the elastic energy loss of the ion to target nuclei.  Bohr summarized much of the earlier work in 1948 (48a) which used the Thomas Fermi model to estimate the screened Coulomb potential, V(r) between atoms: 
Eq. 1–2:                        V(r)  =  ( Z1 Z2 e2 / r ) exp (-r / a) 
where Z1 and Z2 are the atomic numbers, r is their separation, and a is a "screening parameter". This screening parameter is an important concept in much of the theory which follows. It essentially increases the size of an atom by moderating the effect of the nuclear positive charge on the outer electrons because the inner electrons shield some of the nuclear charge. This screening parameter then leads to a "screening function" which is the reduction of potential at a point due to the inner electron screening. Once the screening parameter is specified, then the classical scattering and energy transfer can be calculated. Bohr argued that a reasonable approximation might be (48a): 
Eq. 1–3:                        a  =  a0 / (Z12/3 + Z2 2/3 ) 1/2 
but this approximation was not derived. 
Firsov took a more practical approach and used numerical techniques to derive the interatomic potentials of two colliding Thomas-Fermi atoms (58a,b). After finding the numeric values of the potentials as a function of the atomic separation he then fitted these potentials using the Thomas-Fermi screening length and found that the best fit was obtained with: 
Eq. 1–4:                        a  =  a0 / (Z11/3 + Z21/3)2/3 
Another problem which received wide attention in the 1950's was the degree of ionization of the ion as it goes through materials.  As we noted before, Bohr and others suggested that one simple criterion would be to assume that ions lose electrons whose orbital velocities would be less than the ion velocity.  He suggested that the ion charge fraction, Z1* / Z1 , would be : 
Eq. 1–5:                        Z1* / Z1  =  V / ( V0 Z12/3 ) 
This relation comes from the Thomas-Fermi atom which assumes the electronic charge densities of atoms are similar with a common unit of length being proportional to Z-1/3 . The charge density is proportional to Z2 , and the total binding energy scales as Z7/3 . Therefore the binding per electron scales as Z4/3 and the electron velocities are proportional to Z2/3 . This concept is illustrated in Figure 1- 11. Lamb had proposed (40b) the electron binding energy was the important stripping criterion, while Bohr suggested it was the electron velocity.  A definitive clarification was made by Northcliffe (60c) who scaled a wide variety of experimental data by dividing each ion/target/energy experimental stopping power by the stopping power of protons in the same target and at the same velocity.  In perturbation theory this ratio should scale as (Z1*)2 where Z* is the number of electrons left on the ion.  He found a large amount of data could be accurately described using the relation:
Eq. 1–6:                        [image: image2.png](Z*1Z)=1-a e.\p|:%




where a and b are fitting constants. The expression expands to be the Bohr relationship (assuming a = 1). By the end of the 1950's the status may be summarized as: 
        A good treatment of the energy loss of a charged particle to a quantized electron plasma. The theory includes both polarization of the medium about the charge, and discussions of extensions of particle interactions with electron plasmas to electrons in atomic matter.
        A good calculation of interatomic potentials and the energy transferred during a scattering collision between two atoms.
        A good evaluation of the effective charge of heavy ions in solids for the intermediate velocity range  ( 3 v0 < v1 < 30 v0 ), where v1 is the ion velocity, and v0 is the Bohr velocity. 
Problems left to be solved included:
        How to extend the electron plasma point-charge interaction theory to the interaction with a finite sized ion?
        How to derive fundamentally the effective charge of a moving ion (where effective charge is defined as a combination of ion charge state plus target polarization)?
        And finally, how to you modify all of the above to use more realistic Hartree-Fock atoms rather than statistical atoms? 
 

Theories for Stopping & Ranges of Heavy Ions (1963 - 1985)

In 1963 the first unified approach to stopping and range theory was made by Lindhard, Scharff and Schiott (63a) and their approach is commonly called the LSS-theory. This work brought together all the pieces, and bridging approximations were made so that calculations of stopping and range distributions could, for the first time, be made within a single model. This remarkable achievement was the result of over a decade of study by Lindhard and collaborators (53b, 54a, 63a, 64a, 68a, 68b), with the later publications deriving in detail some of the major equations of LSS theory.  LSS theory was the peak of stopping and range theory based on statistical atoms.  With this theory it was possible to predict the range of ions in solids within a factor of two - a remarkable achievement considering it was applicable over the entire range of atomic species and energies up to the stopping power maximum (70a, 70f, 75e, 75f, 75g, 77a).  Since it was based on Thomas-Fermi atoms it was most accurate for atoms with many electrons in the intermediate range where they are neither fully stripped nor almost neutral. The theory naturally shows no shell effects. 
During the 1960's and 70's the primary advances came by applying numerical methods to traditional theoretical approaches. The use of computers permitted the incorporation of more realistic Hartree-Fock atoms into the theory and gave significant improvements. These important steps were initiated by Rousseau, Chu and Powers (70b) in electronic stopping, and Wilson, Haggmark and Biersack (77c) in nuclear stopping. 
One way to evaluate these theoretical steps is to estimate the accuracy with which one can calculate stopping powers. After the work by Bethe-Bloch in the 1930's, the stopping of high velocity protons could be calculated to about 20%. By the late 1950's, the excellent review article by Whaling (58c) pointed out that little could be calculated for anything heavier than a proton. This changed abruptly with the LSS theory in 1963 (63a), which created a unified approach to the stopping of low energy heavy ions. With this approach, most stopping powers could be estimated within a factor of two or three, and the ranges of these ions in single-element targets could be calculated within a factor of two. 
The LSS theory was the last of the comprehensive theories based on statistical models of atom-atom collisions.  Improvements in calculating stopping and ranges over the next twenty years were made by using numerical techniques and removing some of the approximations used by Bohr, Firsov and Lindhard. One new theoretical insight which has had profound implications was made by Brandt and Kitagawa (82a) where they revised the Bohr suggestion of the degree of ionization of ions traveling within solids.  Bohr had suggested that the ion's electrons which had orbital velocities less than the instantaneous velocity of the ion would be stripped off, leaving the ion only with its inner high-velocity electrons.  Brandt and Kitagawa suggested that this stripping criteria should be modified to consider the ion's electron velocity only relative to the Fermi velocity of the solid. They then proceeded to develop the formalism to allow the full evaluation of this new concept which has proved to be quite accurate. This concept is illustrated in Figure 1- 12. 
Stopping powers in 2003 (the date of this chapter) can now be calculated with an average accuracy of about 5% overall, 6% for heavy ions and better than 2% for high velocity light ions.  Range distributions for amorphous elemental targets have about the same accuracy. 
For extended reading in the field of the stopping and range of ions in matter, the following scientific papers are recommended. The classic review by Bohr (48a) encompasses almost everything learned in the first 50 years of study, and it is relatively easy to understand. Other reviews have been made by Whaling (58c), Fano (63b), Jackson (62a, 75a), Bichsel (70e), Sigmund (75b), Ahlen (80e), Ziegler, et al. (78a, 80a, 80b, 82b, 84a), and the International Commission on Radiation Units and Measurements (84d, 93d). For original sources, the theoretical treatment of the stopping of ions in matter is due greatly to the work of Bohr (13a, 15a, 48a), Bethe (30a, 32a, 34a), Bloch (33a, 33b), Firsov (57a, 57b, 58a, 58b) and Lindhard (53b, 54a, 63a, 64a, 68a, 68b). 
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