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ELECTRONIC STOPPING POWER CALCULATIONS

ANNUAL SUMMARY

This report is a summary of work completed during the first year of

the contract, June 1, 1978 to May 31, 1979. It is a joint effort between

Dr. J. C. Brennan of The Catholic University of America and Dr. D. J. Land

of the Naval Surface Weapon Center.

The purpose of this theoretical study is to calculate more precise

values for the electronic stopping powers of low velocity heavy ions

( v .~ v~ = c 2/3~ ). The method has been described in the Office of Naval

Research proposal and in several publications of the coworkers. The effort

this year has been directed toward completing the Z1, Z2 matrix of stopping

power values to include projectiles and targets for all Z greater than 54.

This calculation has been accomplished and will be issued as a technical

report at the end of the summer. The matrix of stopping powers for 2 less

than 54 has recently been published in “Atomic and Nuclear Data Tables”.

The most important issue which ‘will be discussed in the technical

report is to compare these theoretical stopping power values for high Z

projectiles and targets with experiments. This is not easy to do because

the experimental results for low—velocity projectiles are sparse. Most

projectiles between 2=6 and Z=20 have been used on targets of carbon,

aluminum, nickel, silver , and gold. Also, carbon , nitrogen, oxygen, and

neon projectiles have been studied on a variety of gaseous targets, pri—

manly the noble gases. Bromine, chlorine, iodine, and uranium projectiles

have also been studied as they traversed carbon, aluminum , nickel, silver ,

and gold. Finally there is an extensive set of data for lithium and

nitrogen projectiles incident on targets from Z=6 to Z—52. There are some

other isolated measurements of stopping powers but at velocities too high

to be of use for our calculations.
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In a previous article , the authors discussed a procedure for extrapo-

lating electronic stopping powers to velocities above v0. What we suggested

was a straight line ~.it from our calculated values valid at vo to the

values at a velocity where the scaling law commenced to be valid. We found

that if we choose this point at a velocity of 2v0, we obtained reasonably

good agreement with those experimental data available except for the

heaviest projectile, uranium. For this case we found that a value at 3v0

gave better agreement.

Recently we have investigated this question and now feel that it

can be understood at least qualitatively by the determination of how many

“outer electrons” a projectile must shed before the scaling laws become

operable. By outer electrons, we mean in this context, those electrons

which give significant contributions to the electronic stopping within

the Firsov framework. In other words , we are defining outer electrons of

a projectile as those which give the observed structure to the electronic

stopping power values as calculated at v0. Once these electrons have been

stripped from the projectile , the ion behaves as a structureless particle

and the scaling law can be used . We have determined the number of outer

electrons for all projectiles on this basis. It is not surprising to

find that for those projectiles with 2 above 20 for which data exist , namely

the halogens and uranium, uranium has twice as many outer electrons as do

the halogens. Thus it seems clear why the scaling law does not become

operable for uranium until a higher velocity is reached than for the

other projectiles. Our calculations indicate that many other projectiles

have large numbers of outer electrons but , unfortunately , no experimental

data exist for these cases.

The stopping power calculations employed relativistic flartree—Fock

wave functions for Z2 greater than 54. For comparison , a group of targets

in this region were calculated using nonrelat ivistic  Nermann Skil iman wave



functions. Although individual atomic shell contributions might differ

in the two cases by as much as 20%, the relativistic and nonrelativistic

wave functions gave results for the total stopping which differed by less

than 5%. Because of this insensitivity, the stopping powers of the heavy

projectiles, Z1 greater than 54 were calculated using the Hermann Skillman

nonrelativistic wave functions. It was felt that this part of the matrix

is somewhat less useful in practice and did not justify the use of relativistic

ionic wave functions which would require more computor time. However, a

brief study on this point is in order in the coming year in view of the

20% individual shell differences found for the targets.

As we will detail in our technical report, the values of electronic

stopping which we have calculated for this matrix give good correlation

with existing experimental data. However, these calculations which are

based on a model originated by Firsov are not susceptible of explaining

certain features of the data. The Firsov model essentially leads to

complete symmetry between Z~ and Z2 oscillations. However, a close scrutiny

of the data reveal small but important differences. For example, the

vaniationsof Se as a func tion of Z2 rises quite steeply from minima at the

noble gases to maxima, whereas the variation with Zi indicates a more

gradual rise of the stopping powers.

There is another method of calculating stopping powers due to Lindhard . The

Llndhard model , which is based upon the coulomb interactions between projectile

and target is more physically motivated than is the Firsov model which is

based on the mechanical transfer of electrons. We chose the Firsov model

originally because it was possible to modify it to put in more realistic

atomic wave functions for both projectile and target. Recently Ritchie of

Oak Ridge has made some progress in modifying the Lindhard model to contain

details of the projectile system , but so far for only the lightest pro-

jectiles. We shall be seeking to extend these modifications to other

—- ~~~~~~~~~~~~
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projectiles. Such an approach may succeed in explaining the observed

lack of symmetry in Z1 and Z2 as discussed above. The Lindhard Model may

also provide a method to include the difference between solid and gaseous

targets. We shall also attempt to study the charge state behavior of the

projectiles as a function of increasing velocity. Our previous attempts

to account for nonlinear behavior of Se with velocity within the Firsov

framework were not successful. The extension of the Lindhard model will

therefore be an important goal of the next year ’s activities.

The cooperation between Dr. Brennan of Catholic University and Dr. Land

of the Naval Surface Weapons Center continued throughout the year.

Dr. Brennan spent the Summer of 1978 and the Spring and Summer of 1979

at NSWC. Dr. Brennan and Dr. Land visited the Oak Ridge National Laboratory

and Dr. Brennan also visited atomic physics groups at Kansas State

University , the University of Arizona, and Stanford University.
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