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Abstract: The range-energy (R-E) relations for Au ions in CH and Au in the 
+61 energy interval 10 ~ EIA ~ 150 MeV are reported. Bevalac beams of Au • 

Au+JS and Au+11 at E/A = 50 MeV were used to investigate the dependence 

of dE/dx, hence effective charge z*, of Au ions in matter as a function of 

target material and initial charge of incident Au ion. The essential finding 

of this experiment is that the measured ranges of the Au ions are typically 

within 2% of those predicted by the Barkas-Berger R-E relation. The 

experimental R-E relations for Au in CH and Au can also be reproduced with 

equal precision by assuming that dE/dx is given by the product of the rate of 

energy-loss for protons and an empirically-derived expression for z*2, each 

quantity being dependent on the target material, via the adjusted ionization 

potential Iadj' and the velocity B of the ion. 
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I. Introduction 

Important to the problem of ion-target coupling for Heavy Ion Fusion 

(HIF) is the range-energy relation for heavy ions at intermediate energies in 

both cold and hot matter. 1 As an initial step to address this problem, we 

have carried out an experiment at the Bevalac to obtain range- energy data 

pertinent to HIF; specifically, the range-energy relation and energy-loss 

rates for Au ions in light and heavy targets, at energies 10 ~ E/A ~ 151 MeV, 

accelerated and incident on the targets at charge states zacc = 61, 35 and 

11. The principal target materials selected for this experiment are CHand 

Au, representative of HIF targets that are designed to utilize the different 

absorbing properties of low- and high-Z materials. Several range points for 

Au in Al are also reported. 

A unique feature of heavy ion beams for HIF, E/A ~ 150 MeV, is the low 

charge state at which they will be accelerated, e.g., at zacc = +1 or +2. 2 

Such beams, on penetrating the target, will have ionic charge states far from 

equilibrium values characteristic of their velocity B and the target 

material. As a consequence, both the rate of energy loss, dE/dx, and the 

effective charge, z*, of the incident heavy ions in matter will be low 

initially, but will increase as they approach their equilibrium values as 

electron-stripping takes place. The effects of the diminished values of dE/dx 

and z* of the incident heavy ions will thus tend to increase the range of the 

ions in the stopping material. 

The objectives of the experiment were, first, to use Bevalac beams of 

Au+6l at E/A = 150 MeV to establish the charge-equilibrated energy-loss rates 

and ranges of these ions in CH and Au targets, and, second, to use beams of 

Au+6l, Au+35 and Au+ 11 atE/A= 50 MeV to focus on the dependence of dE/dx, 

hence z*, of Au ions in matter as a function of the initial charge state of 

the beam, zacc· 

WPC:JOR:Range 
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II. Low-Charge-State Beams at the Bevalac 

An essential aspect of this experiment is the availability of low-charge

state, high-rigidity beams of heavy nuclei at the Bevalac. The limitations of 

the maximum beam rigidities, i.e., momentum per zacc' that can be transmitted 

by the transfer line from Hilac (p/zacc = 463 MeV/c} and accelerated in the 

Bevatron (p/zacc = 5.75 GeV/c}, establish the maximum energie~ of injection 

and extraction for given values of zacc· Table I gives the values of E/A(max) 

for 197Au ions injected and accelerated at zacc = 61, 35 and 11 to p(max) = 

5.75 zacc GeV/c, a momentum set by the maximum B-field of the Bevalac, 

12.575 kG. The particular values of zacc were selected because the energies 

for which these charge states are available from the Hilac are equal to, or 

less than, those set by the rigidity limits of the transfer line. 

An additional operational requirement to be met at the Bevatron is that 

the dynamic range of acceleration frequencies necessary to accelerate an ion 

beam from injection to extraction be within the interval 210 :S v :S 2500 kHz. 

This restriction allows the ions to be accelerated on a single harmonic, 

thereby avoiding the need for the switching of harmonics during 

acceleration. Under these conditions the maximum velocities that can be 

extracted when accelerating under the nth harmonic is s = 1/n. The 

acceleration of Au+ 11 to 50 MeV per nucleon therefore was carried out using 

the 3rd harmonic (where three separate bunches of ions are accelerated 

simultaneously), with extraction taking place at nearly the maximum rigidity 

of the Bevatron. The acceleration of Au• 11 ions for this experiment was, as a 

matter of fact, the first 3rd_harmonic accelerated beam at the Bevalac. 

Included in Table I are the energies of the Au beams used in this experiment, 

calculated by K. Crebbin (Bevalac Operations), based on the operational 

parameters of the Bevalac, e.g., 8-field, orbital frequency and radius, and 

their estimated uncertainties.3 
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III. Phenomenology of the Range-Energy Relation for Heavy Ions 

The range-energy (R-E) relation for heavy ions of mass M (in units of the 

mass of the proton) and atomic number z at velocity B in matter can be 

expressed phenomenologically by 

( 1 ) 

The range of a proton~ J.(B}, with velocity B in a given stopping material, 

when scaled by M/z2, is the calculated range for a completely stripped ion in 

that material. However, because electron capture occurs when the velocity of 

the ion is B ~ BK, where BK = z/137 is the velocity of the K-electron of the 

ion. At such velocities, then, the effective charge z* of the ion is less 

than z owing to electron capture. The rate of energy loss of the ion is 

therefore diminished, thereby extending its range. The quantity Bz represents 

this range extension. 

For the proton R-E relation, we shall used the relation formu.lated by 

Barkas and Berger. 4 The Barkas-Berger R-E relation uses the Bethe theory, 

with shell and density corrections, to fit experimental proton R-E data by 

adjusting the ionization potential, Iadj' of the stopping material. The 

range-extension term has been deduced empirically from the heavy-ion ran,ge 

data (E/A ~ 10 MeV} of Heckman et al.5 and Henke and Benton.6 We have taken 

theR-E code for heavy ions developed by Benton and Henke,7 expressly written 

to incorporate the phenomenology of the Barkas-Berger R-E relation, J.(B}, and 

the range-extension term for heavy ions, as the baseline R-E relation to 

compare and interpret the results of this experiment. 

Because the value of the effective electronic charge qeff of an ion in 

stopping materials is not directly measurable, or known from fundamental 

principles, an effective charge of z* is empirically defined by the expression 

WPC:JOR:Range 
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dE( B) /dx 
= d·d B) /d). • (2) 

By definition, the quantity z•2 of a heavy ion (at velocity B) is the observed 

value of the rate of energy loss (stopping power) of the ion, dE/dx, 

normalized by the value of the rate of energy loss of the proton (z = 1), 

dT/d)., both measured (or, alternatively in the case of the proton, evaluated 

from an underlying theory) at velocity B. 

The rate of energy loss of an ion in (cold) matter can be represented by 

the expression 

dE 
-dx = (3) 

where re = e2/mec2 is the classical radius of the electron and N is the number 

density of target nuclei of atomic number Z. The effective (electronic) 

charge qeff asymptotically approaches the atomic number z of the projectile at 

velocities B >> BK, and L is the stopping number per target electron and is 

model dependent. The function L based on the Bethe theory employed by Barkas 

and Berger is 

2m B2v2c2w 
L = 1n [ e 

2 
max ) - 2~ -6-2C/Z 

1adj 

( 4) 

where 1n Iadj = 1n I + C/Z(B=1), with I being the empirically defined 

ionization potential of the stopping medium,4,7,8 "'max is the maximum kinetic 

energy of knock-on electrons, and the functions 6 and C account for the 

effects of density and shell corrections on the rate of energy loss, 

respectively. The quantity v in Eq. 3 represents the corrections that arise 

from higher-order electrodynamics. Ahlen has given an extensive review on 

stopping-power theory, with special emphasis on the higher-order-z 
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corrections, i.e., ~, to be applied to the classical theories of L at both low 

and high (relativistic) velocities. 8 Recent results on heavy-ion stopping at 

non-relativistic velocities have also been presented by Geissel.9 We mention 

here that the effective charge z*, as defined by Eq. 2, implicitly includes 

the effects of the higher-order corrections for high-z nuclei. Hence, z* 

cannot, in principle, be equated with qeff' i.e., z* = qeff(1+~)I. 
Experimental observations of z*, when given in the form of Eq. 2, have 

shown that the effective charge can be described to an excellent approximation 

by the expression 

lj3 

z* = z(1 - e-kz 818K) , (5) 

where k is an adjustable constant to fit the z* data and B is the velocity of 

the projectile of atomic number z with BK = z/137. 

The form of Eq. 5 has been used to systematize a variety of effective-

charge data deduced from range and stopping-power measurements. The effective 

charges z* for light-ion projectiles, 6 ~ z < 18 at reduced velocities ~r = 

z 113 BIBK in the interval 0.3 ~ ~r ~ 5.5 in nuclear emulsion,5 are well 

represented by Eq. 5 with k = 0.912. 10 Pierce and Blann 11 found that the 

stopping powers of ions 16 ~ z ~ 53, with ~r < 2 in various gases (H2 through 

Kr), expressed in terms of the z*/z parameter were likewise compatible with 

Eq. 5. They also made the further observation that the effective charges 

derived from stopping-power measurements in solid targets 12 • 13 did not differ 

from those observed for gases within the experimental uncertainties of ±3%. 

Combining and augmenting their data with published results for lighter ions with ~r 

< 3, Pierce and Blann gave a value k = 0.95 for their best fit to Eq. 5. 

At lower reduced velocities, 0.11 < ~r < 0.19, Brown and Moak 14 fitted 

the z*/z parameter evaluated from the stopping-powers of the heavy nuclei z = 

35, 53 and 92 in solid-target foils, 6 < z ~ 79, and give the expression 

WPC:JOR:Range 
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z*/z = 1 -· 1.034 exp (- 1 ~7~88 ) (6) 
z . 

as the result of a two-parameter least-squares fit to these data. For beam · 

velocities of interest in the present experiment, B ~ 0.5, the values of z*/z 

evaluated by Eqs. 5 (with k = 0.895) and 6 differ by greater than 5% only at 

velocities s < 0.065 (i.e., E/A < 2 MeV); hence, for practical applications, 

Eqs. 5 and 6 are equivalent. Brown and Moak also noted that the values of z* 

for stopping Br and I ions agree closely with q, the average ionic charge of 

these ions emerging from gas targets. (See Refs. 8 and 15 for further 

discussions.) 

The effective-charge data, whether z* or q, when expressed as Eq. 5, thus 

show only small, i.e., • 10%, deviations from k = 1, with no systematic 

variations clearly attributable to the target material. That z*/z may depend 

on the target material can be demonstrated following a more detailed 

exposition of Eq. 1. A key result from R-E measurements of. Heckman et al.5 

was that the range-extension terms Bz for all projectiles measured, i.e., 12c 

to 40Ar, can be scaled by the quantity z8/3 to yield a range-extension 

function for nuclear emulsion that depends only on the parameter BIBK, the 

velocity of the projectile in units of its K~electron orbital velocity; 

specifically, 

where z is the atomic number of the projectile. 

Barkas and Berger generalized the range-extension function Bz for 

applications to other stopping materials. They give for Bz the relation 

WPC:JOR:Range 
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where Iadj is the adjusted ionization potential for the stopping material of 

atomic number Z, <A/Z> is the mean mass-to-charge ratio of the stopping 

material and Cz(B/BK) is the scaled range-extension function deduced from the 

measured R-E relation of heavy ions in nuclear emulsion. The residual range 

of a heavy projectile (z,M) with velocity B in a material (A,Z) having an 

ionization potential Iadj is therefore 

From Eqs. 2 and 9 we obtain the following expression for (z*/z)2 : 

dC 
2 ( 8f3 _z)-1 (z*/z) = 1 + K(A,Z) z dA ( 10) 

where K(A,Z) (31.8 + 3.86 
s;e )<~> = 1adj z ( 1 Oa) 

d dC _6 
10 and dCZ/dA = (d~ d:) 2 3 

m c By .p 

( 1 Ob) 

Eq. 10a depends on the A and Z of the stopping material only, whereas Eq. 10b 

depends on the 8 and z of the projectile, and on Z of the target material via 

the Iadj parameter in d•ldA, the rate of energy loss for protons. Although 

the target dependences of Eqs. 10a and b are compensatory, the net effect is 

that z*/z is predicted by Eq. 10 to be greater in low-Z materials than in 

high-Z materials within the interval of energies 10 ~ E/A ~ 150 MeV considered 

in this experiment. This result indicates that the k parameter in Eq. 5 is 

not a constant, but that it varies inversely with Z of the target. 

In Fig. 1 we plot the function -1/137z213 ln(1-z*/z) versus the velocity 

8 of an Au projectile, with z*/z evaluated by use of Eq. 10 for stopping 

materials CH (Iadj = 62.3 eV) and Au(Iadj = 796.7 eV). The experimental 

observation that z*/z data exhibit the exponential form of Eq. 5 approximates 

the curves shown by straight lines of slope k. Although the effective charges 

WPC:JOR:Range 



- 8 -

calculated by differentiating the Barkas-Berger R-E relation do not show a 

precise linear relation with s, the curves do exhibit a remarkable linearity 

with s, and can be approximated reasonably well by straight lines with slopes 

k ~ 1.13 and~ 0.89 that are superimposed on the curves for CHand Au targets, 

respectively. 

The a-dependence of z* of an ion in a stopping material predicted by the 

Barkas-Berger R-E relation, Eq. 10, therefore justifies use of the empirically 

observed relation, Eq. 5. Consequently, the rate of energy loss of heavy ions 

can be written as 

lj3 
dE : *2 dT _ 2( 1- -kz SISK)2 dT 
dx 2 d>. - 2 e d>. • ( 11) 

Thus, given the ionization potential of the stopping material, hence the rate 

of energy loss for protons, Eq. 11 enables one to fit range and stopping power 

data simply by adjusting the parameter k, i.e., the effective charge z* of the 

projectile. Obviously, the above approximation is useful only as long as z* 

can be accurately expressed by Eq. 5. Because the parameter z* inherently 

incorporates, by definition, higher-order z-corrections to dE/dx, it would be 

unrealistic to expect that z* will continue to conform to a simple exponential 

function as relativistic velocities are approached. At the energies E/A ~ 150 

MeV considered in the present experiment, where the ranges of the Au ions are 

still controlled mainly by the effects of charge neutralization, i.e., range 

extension,--effects that dominate all higher-order corrections8, 16--we 

anticipate that Eq. 11 will offer a valid approach for interpreting our 

measurements of range and energy loss. 

WPC:JOR:Range 
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IV. Experimental Configuration and Methods 

Figure 2 is a schematic drawing of the experimental arrangement at the 

Bevatron's Beam-40, zero-degree magnetic spectrometer. The configuration of 

the 0-deg. magnetic spectrometer provided for time-of-flight (TOF) 

measurements of the primary and secondary (i.e., energy-degraded) 197Au beams 

over a distance of 21 m, between the start- and stop-counters s 1 and s2• 

After counter s 1 was a multi-target chamber with remote control for inserting 

and retracting the energy-degrading target foils into, and out of, the primary 

beams. 

Following counter s2 was an absorber-wedge and emulsion-detector unit 

that was used to obtain the residual ranges of the transitted ions. The range 

measurements were performed with counter s2 removed from the beam immediately 

after completing the TOF measurements. The vacuum systems of the spectrometer 

and the Bevatron were common with no material intercepted by the beam until 

s 1• Quadrupole focussing of the energy-degraded beam transmitted through the 

s 1-target system was necessary only for the lowest energies to overcome the 

effects of multiple scattering. The dipole magnets of the spectrometer were 

not used. 

The range-energy data were obtained by measurements of the following 

quantities: 

i) Ion velocities, hence kinetic energies, by TOF measurements. The 

kinetic energy of a nucleus of atomic mass A, with velocity a (c = 1) will be 

expressed in units MeV per amu, i.e., the kinetic energy of a particle of mass 

931.5016 MeV, given by 

E/A = 931.5016 (y- 1) MeV, (12) 

WPC:JOR:Range 
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ii) dE/dx, the rate of energy loss by measurements of energy loss 

6E(TOF) per increment in foil thickness ~x. 

iii) Integral residual ranges of the transmitted Au ions by use of 

circular, wedge-shaped absorbers with emulsion detectors. 

A. TOF Measurements 

To minimize the effects of energy-loss and perturbat-ion of the charge 

state, zacc' of the incident beam introduced by the start-counter s 1, Fig. 2, 

we used scintillators of minimal thickness 0.53 mg/cm2 and 1.3 mg/cm2, about 

6.25 cm2 in area, suspended at 45° with respect to the direction of the 

incident beam and viewed by two diametrically opposed 8575 photomultipliers. 

The 0.53 mg/cm2 s 1 scintillators were used for beams of Au•61 at 50 and 150A 

MeV and for the Au• 11 beam at 50A MeV. The 1.3 mg/cm2 s 1 scintillator was 

used for the Au+35 beams at 50 and 150A MeV. 

Stop-counter s2 was of the same design, hav'ing a 1.3 mg/cm2 scintil

lator. With this configuration we obtained a time resolution of ~ 0.2 x 10e9 

sec (FWHM), which, for a flight path of 21m, permitted the relative kinetic 

energies to be determined to 6E/E ~ 0.1%, accuracies that are comparable to 

the estimated uncertainties of the calculated beam energies, Table I. 

Although we undertook absolute calibrations of the TOF, their apparent 

systematic errors led to beam-energy estimates having uncertainties that were 

significantly greater than those assigned to the calculated beam energies 

listed in Table I. For this reason we have normalized our TOF measurements to 

the beam energies given in Table I. (An exception to this procedure was made 

in the case of the 50A MeV-Au• 11 beam, to be discussed in Sec. V-A.) 

WPC:JOR:Range 
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B. Range Measurements 

The ranges of the Au ions at energies E/A ~ 15 MeV were measured by the 

use of circular, wedge-shaped absorbers made of CH, Al and Au, backed by 

10 ~m-thick nuclear emulsion detectors to record the location of the end

points of the ranges of the incident ions in the absorbers. Figure 3a shows 

the cross-section of the "washer-shaped," circular wedge of CH, with a glass

backed nuclear emulsion detector placed in contact with the plane (back)

surface of the wedge. Figure 3b is a photograph of the emulsion detector that 

was in contact with the CH wedge and exposed at normal incidence to the 

primary Au+6 1 beam at E/A = 150 MeV. For wedge-thicknesses less than the 

range of the Au ions in CH at this energy the ions will exit the wedge, 

penetrate the emulsion detector and will be observed under the microscope as 

continuous ionization tracks that enter and exit normal to the emulsion 

surfaces. The circular pattern of the beam profile terminates along a 

circumference whose radius is geometrically related to the range of the 

incident ions in the absorber. The radius r is determined i) by measuring the 

xy coordinates of the Au ions that are observed to stop in the 10 ~m-thick 

emulsion plate by use of an encoded microscope stage, digitized in 1 ~m 

increments, and ii) by subjecting these data to a least-squares fit to obtain 

the mean radius r and the standard deviation of the radial distribution of 

stopping Au ions. 

Figure 3c presents the radial distribution of the stopping Au nuclei 

deduced from the emulsion plate shown in Fig. 3b. The mean range R of the 

incident Au ions is given by 

( 13) 

WPC:JOR:Range 
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where p = density of the absorber wedge, a = angle of the wedge, r 0 = radius 

of the circular wedge at (i.e., extrapolated to) zero thickness, and 6 =ion 

range (gm/cm2) in the absorber material equivalent to the 5 ±1(est.) ~m half-

thickness of the emulsion detector. The parameters p tana, r0 and 6, with 

their uncertainties for each wedge-absorber material are given in Table II. 

The mean range of the radial distribution of the stopping Au ions shown in 

Fig. 3c is r = 1.8377 ± 0.0036 (rms) em, the rms error being equivalent to a 

range straggle of ±0.30%. The corresponding mean range of the incident beam 

of 151.3A MeV- Au ions inCH is, in this particular example, R0 = 0.5907 ± 

0.0001 3 gm/cm2 (statistical), where Ro symbolizes the residual range of the 

incident Au ions at beam energy. 

A set of R-E data was generated for each of the primary beams by 

inserting increasing thickness si of target material into the beam, thereby 

degrading the primary energies of the ions from Eo/A to E1/A (as measured by 

the TOF). At each energy Ei/A the mean residual range of the ions measured 

via the wedge absorber is Ri. The sum Ri + Si is, in principle, an invariant, 

equal to the range of the incident primary beam, i.e., Ri + Si: R0. Thus, 

for each set of R-E data we obtained up to fifteen (seven on the average) 

measurements of Ri, hence the number of independent measurements of R0 . The 

importance of the expected constancy of the measured quantity Ri + Si is that 

it gives a means for estimating the overall experimental errors in the range 

measurements. These include statistical as well as systematic errors, the 

latter attributable to errors, for example, in the physical dimensions of the 

wedge and absorber foils, fluctuations in the thickness of the emulsion layer, 

and most important, the intrinsic variations in the reproducibility of the 

observations of the individual scanner/measurers. We take as the best measure 

of the range R0 the average value of the quantities Ri + Si, 

WPC:JOR:Range 
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n r 
i=O 

( R. +S.), 
1 1 

from which the resultant residual range of the Au ions at energy Ei/A is given 

by R i = R0 - S i . 
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V. Results 

A. Ranges and Energies of the Primary Beams and their Correlations 

Table III is a tabulation of the measured ranges R0 of the 197Au ions in 

each absorber material at the various calculated beam energies listed in Table 

I, the latter being corrected for the amount of energy lost by the ions when 

traversing (at 45°) tne 0.53 (1.3) gm/cm2-thick (CH) scintillators, s 1. The 

mean error associated with each value of range is based on the observed 

dispersion of the measured values of Ro for each energy/target-material 

combination, hence includes the statistical and systematic uncertainties 

identified in the previous section. The range straggle, a(R0)/R0 , observed 

for each measurement is given in the final column. The values of a(R0 )/R0 at 

each beam energy are compatible with their means, hence independent of the 

target material. At 150A MeV, a(R0)/R0 = 0.0034 (standard deviation D = 

0.0005) and at 50A MeV, a(R0 );R0 = 0.0070 (D = 0.0010), values that are the 

composite of the intrinsic range straggle (including the enhanced straggle due 

to fluctuations in the effective charge of the stopping ion) and the 

additional range straggle introduced by pulse-to-pulse variations in the beam 

energy. 

Because of the small dispersions and precision in both the energies and 

ranges of the Au ions within each of the two groups of energy, we are able to 

interrelate the (calculated) beam energies with the corresponding measured 

ranges to examine the internal consistency of these quantities. The 

relationship between ranges R1 and R2 of an ion at kinetic energies E1 and E2 

can be expressed by 

( 14) 
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where n denotes the R-E index, defined by n = (dE/E}/(dR/R). The value of n 

depends on both energy and stopping material, and is in the interval 0.62 < n 

i 0.85 for Au beam energies and target materials used in the present 

experiment. Thus, applying Eq. 14 by normalizing the energies and ranges of 

the beams accelerated at zacc = 35 and 11 by these quantities for beams 

accelerated at zacc = 61, we expect that the ratios of the calculated beam 

energies, E(zacc)/E(61), and the measured ranges [R(zacc)/R(61))n, should be 

equal within their statistical(standard deviation) errors. The results of 

this analysis are shown in Fig 4. The quantities [R(zacc)/R(61})n evaluated 

for the measured ranges in CH and Au convincingly exhibit the same pattern of 

variations as one progresses from beam to beam, Figs. 4a through 4c. On 

comparing these ratios with E(zacc)/E(61), also plotted in Fig. 4, we conclude 

that the equality of the ratios of range and energy i) are well demonstrated 

for the Au+35 beams at -50A and 150A MeV (i.e., the observed ranges vary with 

beam energy as given by Eq. 12), but ii) are not demonstrated in the case of 

the Au+ 11 beam at 50A MeV. Because of the agreement of the quantities 

[R(zacc)/R(61))n for the CHand Au targets, we surmise that the computed 

energy for the Au+ 11 beam is most likely to be in error. 

We wish to point out, however, that whereas the calculations of beam 

energies for the beams at zacc = 61 and 35 involve first harmonic 

acceleration, the acceleration of the zacc = 11 beam was done via the third 

harmonic of the orbital frequency. It is not unrealistic that the 

parameterization of the operating variables of the Bevatron that lead to 

internally consistent values of calculated energies under normal operating 

conditions3, 17 may be inadequate to accommodate estimates of energies for 

beams accelerated at higher harmonics. For this reason, we shall accept as 

the revised energy of the Au+ 11 beam the energy evaluated from theR-E 
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relation observed in this experiment for Au(+61) in CHand Au (see Sec. V

B). The revised, normalized beam energies, evaluated independently for the 

ranges measured inCH and Au are E/A = 51.30±0.10 and 51.12±0.08 MeV, 

respectively, values that are consistent with their weighted mean of 

51.19±0.06 MeV. 
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B. Range-Energy Measurements and Analysis 

Tables IV and V summarize the experimental R-E data for Au ions in CH and 

Au obtained with use of the Au+61 beams at the nominal energies of 150A and 

50A MeV, respectively. The kinetic energies were derived from the TOF 

measurements, with the initial energies given in Table III. The range Ri for 

each value of kinetic energy, Ei/A, was evaluated by the expression Ri = R0 

-Si, where the relevant values of R0 for each beam are listed in Table III, 

and Si is the thickness of the energy-degrading target foil. The target 

foils, typically 20 cm2 in area, were weighed to accuracies of ±1 mg, with 

areas measured to ±0.02 to 0.05 percent. The resultant nominal uncertainty in 

the thickness S of the foils is 6S ~ ±0.1 mg/cm2 . 

The R-E data tabulated in Tables IV and V are plotted in Fig. 5. The 

open circles indicate the results using the 150A MeV Au+6 1 beam, and the 

closed circles indicate the results using the 50A MeV Au+6 1 beam. The two 

sets of R-E data for each target material agree in the overlapping energy 

interval 10A to 50A MeV. The curves drawn in Fig. 5 are the predicted R-E 

relation for 197Au ions inCH and Au.3-6 In these calculations of range 

versus energy the ionization potentials recommended in Refs 3 and 6 were used; 

namely, Iadj = 63.2 eV for CHand Iadj = 796.7 eV for Au. The short line 

segments at the low- and high-energy ends of the curves illustrate the 

sensitivity of the calculated range curves to Iadj' where, in this 

illustration, they have been varied by ±10J from the above nominal values. On 

the average, the measured ranges of Au in CH are 2.4±0.6% greater than given 

by the Barkas-Berger R-E relation, whereas in Au they are 1.5±0.2% less than 

predicted. 

To present these results in a more useful form, we have fitted a 

polynomial of the form 

WPC:JOR:Range 



- 18 -

by the method of least squares (l.s.) to each data set. A simple quadratic 

function, i.e., n = 2, gives an excellent fit to the data in all cases. Table 

VI lists the l.s.-adjusted coefficients ak for each R-E data set given in 

Tables IV and V. The rms deviations of the residuals of the l.s. fits for the 

E/A i 50.6 MeV data are 0.00034 and 0.00050 gm/cm2 for CH and Au, 

respectively. Such deviations are comparable to the estimated accuracies of 

the energy and range measurements alone. The increased rms deviations of the 

residuals for theE/A i 151.3 MeV data inCH and Au, i.e., 0.0013 and 0.0014 

gms/cm2 , respectively, suggest, not unexpectedly, that a quadratic function 

may be inadequate to fit the range data over the larger energy interval, 20 ~ 

E/A < 150 MeV, although adequate for presenting the computational results in 

Table VII. There we tabulate the values of the ranges and rates of energy 

loss of Au inCH and Au.for representative energies between 15A and 150A MeV 

given by the l.s. polynomials. The ranges and dE/dx listed in the energy 

interval 15 i E/A i 50 MeV were evaluated by use of the coefficients 

appropriate for each target material, denoted~) in Table VI; those in the 

interval 50 i E/A i 150 MeV were evaluated by use of coefficients Q). The 

error in the last digit of the calculated values of range and dE/dx obtained 

via the l.s. polynomials (at energy E/A) are given in the parentheses. At the 

common energy of 50A MeV, the two sets, i.e.,~) and£) of the l.s. 

polynomials, and their derivatives, give values of range and dE/dx that are in 

agreement within the statistical limitations of the individual l.s. fits--an 

agreement that demonstrate the inherent internal consistency of the 

experimental data. 
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C. Comparison of R-E Measurements for Au Ions with zacc = 61, 35 and 11, 
E/A < 50 MeV 

One objective of this experiment is to investigate the sensitivity of the 

R-E relation to the initial charge state of the incident Au ion. Because of 

the low charge-states at which heavy ions will be accelerated for applications 

to HIF, we have used Bevalac beams of Au+35 and Au+ 11 , in addition to Au+6 1, 

to simulate, as realistically as possible, the initial stage of heavy-ion 

penetration into cold matter at energies and charge states pertinent to HIF. 

Using what is knqwn about capture and loss cross-sections of atomic 

electrons, hence equilibration distances, in matter, 18 •19 and from theoretical 

treatments of the effects of electron-stripping in HIF targets, 20 the 

expectations were that the initially diminished stopping power of low-charge-

state ions would have little effect on the magnitude or shape of the R-E curve 

for Au nuclei incident at 50A MeV. 

This is indeed the case, as is illustrated in Figs. 6 and 7, where the R-

E data, obtained with the 50A MeV-incident Au beams having zacc = 61, 35 and 

11, are plotted for targets CH (Fig. 6} and Au (Fig. 7}. Also included in 

these figures are the data obtained for E/A ~ 60 MeV by use of the 150A MeV

Au+61 beam. The curves drawn in the figures are the l.s. (quadratic} 

polynomial fits to theR-E data obtained with the 50A MeV-Au+6 1 beam, i.e., 

coefficients (a}, Table VI. A principal conclusion to be drawn from Figs. 6 

and 7 is that the R-E relations of Au in CH and Au in the interval 10 ~ EIA ~ 

50 MeV show no discernible dependence on the charge state of the incident Au 

beam nuclei used in this experiment. Quantitatively, the differences, A, and 

standard deviations, D, of the combined R-E data for Au with zacc = 11 

(excluding the normalized data point} and 35 with respect to the polynomial 

fits to the Au (zacc = 61) R-E data drawn in Figs. 6 (CH} and 7 (Au} are A = 

0.058 mg cm-2, D = 0.61J and A = -0.02 gm cm-2 , D = 0.83%, respectively. We 
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conclude, therefore, that to the statistical and systematic levels <1%, the R-

E data we have obtained are compatible with a unique R-E relation for each 

target material, CHand Au, in the energy interval 10 i E/A ~50 MeV, 

independent of initial ionic charge. 

D. Rates of Energy Loss and Effective Charge 

The data on the rates of energy loss dE/dx in CH and Au obtained with the 

50A- and 150A-MeV Au+6l beams are shown in Fig. 8. The values of dE/dx are 

based on the differences in the measured energies AE(MeV) = Ei-Ej per 

increment in degrader-foil thickness Ax(gm/cm2) = Si-Sj, where AE/Ax ~ dE/dx 

(MeV gm- 1 cm2) at mean energy E = i(Ei+ Ej) are given to good approximation 

for the selected intervals of AE and Ax. To have the data exhibit more 

continuity, we have utilized data having, in some cases, common values of 

energy and foil-thickness; the data as shown are therefore not statistically 

independent. Excluded from this figure are the dE/dx data taken in the energy 

interval 40 < E/A ~ 50 MeV with the 50A MeV Au+6l beam, to be presented in the 

following section. 

The dashed curves in Fig. 8 are the values of dE/dx evaluated from the 

differentials of the l.s. polynomials applicable to these data, Table VI, 

i.e., dE/dx = A[dR/dE]-1 = A[a2 + 2a3 E(MeV/amu)]- 1• For comparative 

purposes, the predicted energy-loss rates given by t~e Barkas-Berger R-E 

relation are shown by the solid curves. An alternative way to display the 

dE/dx data is to present the equivalent effective charge z*, defined by Eq. 

2. This is done in Fig. 9, where the data points for each target were 

evaluated from the differentials of the l.s. polynomials, Table VI and Fig. 8, 

with the energy-loss rates for protons, dT/dl, in the respective target 

materials given by the Barkas-Berger R-E relation. The plotted errors are the 
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standard deviations associated with the uncertainties in the l.s. 

coefficients, Table VI. The heavier solid curves are the values of z* for Au 

in CH and Au given by the Barkas-Berger R-E relation. The lighter solid 

curves give representations of the observed z* data in terms of the empirical 

expression for z*, Eq. 5, where the parameters k are 1.05 and 0.876 for the 

target materials CHand Au, respectively. 

Although the data show some systematic differences from the calculated 

values of z* obtained via the Barkas-Berger R-E relation, the dominant 

characteristics are reproduced by the observations; namely, the effective 

charge z* is larger in the low-Z CH target than the high-Z Au target. This 

dependence of z* on target material is reflected in the 20% difference in the 

values of the parameter k, Eq. 5, for the two materials. 

E·. dE/dx Versus Penetration Distance for Incident, Non-Equilibrated Au Ions 
at E/A = 50 MeV 

The modus operandi for this phase of the experiment was, first, to 

determine the dE/dx of charge-equilibrated Au ions at energies E/A ~50 MeV. 

This was accomplished by the series of measurements that constitute, in part, 

the dE/dx versus E data given in Fig. 8. The 150A MeV Au+6 1 beam on being 

degraded to 50A MeV will have traversed 75-80% of its total residual range, 

thus insuring that a charge-equilibration state has been attained. With a 

"baseline" charge-equilibrated dE/dx curve thereby established, the second 

step was to measure the dE/dx of incident Au ions, with zacc = 11 and 61, at 

50A MeV. The results of these measurements can thus be compared with the 

"baseline" dE/dx curve as a means to detect charge-equilibration effects in 

the dE/dx of these low-charge-state Au beams. These comparisons are made in 

Figs. 10 through 12. 
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Figures 10 and 11 present the experimental observations on the dE/dx of 

Au ions as a function of penetration distance, x (mg cm-2), inCH when the 

ions have charges zacc = 11 (Fig. 10) and 61 (Fig. 11) and incident energies 

51.32A and 50.56A MeV, respectively. The abscissa also gives the related 

quantities of the energy lost (Eloss/A), hence the resultant kinetic energy 

(E/A), at penetration distance!· The plotted values of dE/dx were evaluated 

from nearly all combinations of the corresponding quantities of ~E and ~x in 

the data, with the criterion that the mean energies E/A exceed 40 MeV. Thus, 

as previously mentioned, the data are not statistically independent; however, 

the uncertainty in each datum is shown to illustrate the statistical features 

of the data. 

The experimental results are to be compared with the upper curves in each 

figure. The curves give the rate of energy loss dE/dx versus E!A, hence 

distance ! 1 for charge-equilibrated Au ions at energies 40 ~ E/A ~ 52 MeV, 

evaluated from the derivatives of the l.s. polynomials for the R-E relation in 

CH obtained with the 150A MeV-Au+6 1 beam (for kinetic energies E/A ~ 90.17 

MeV, Table IV). The effect of electron stripping on the dE/dx of Au• 11 is 

evident over about the first 10 mg cm-2 of penetration distance ! 1 Fig. 10. 

The data dE/dx versus E/A(!) are based on measurements carried out after the 

ions had traversed scintillator s 1, of thickness 0.53/sin 45° = 0.75 mg cm-2 • 

The initial measurement of dE/dx (4.9 ± 0.8 MeV gm- 1 cm2 , with ~x = 0.78 mg 

cm-2 ) corresponds to an effective charge z* = 64, indicating that after 

penetrating a total distance x = 1.53 mg cm-2 inCH the Au• 11 ion has been 

stripped of electrons up to, and including, the M-shell. In other words, the 

Au• 11 ion has lost some 53 of the 68 electrons initially carried by the Au 

nucleus on traversing -1.5 mg cm-2 of CH. At distances!~ 10 mg cm-2 the 

dE/dx of the Au• 11 incident beam is compatible with the equilibrium values of 

dE/dx to within an apparent s~stematic error of about 1%. 
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Similar data taken with the Au+6 1 beam, Fig. 11, show, within the 

assigned errors, that the dependence of dE/dx on ! is indistinguishable from 

that observed for the Au• 11 beam. The fact that the energy-loss curves for 

Au•11 and Au+6 1 are indistinguishable after penetrating about 1.5 mg cm-2 of 

CH indicates the Au ions have attained comparable values of z*. It follows 

then that the outer-shell electrons of the Au• 11 ion must be completely 

stripped from the ion within distances x s 1 mg cm-2 • Thereafter, the value 

of dE/dx, and its approach to equilibrium, is controlled by the capture and . 

loss of the inner H- and L- shell electrons. 

These inferences are supported by the calculations that lead to the lower 

curves shown in Figs. 10 and 11, calculations that are in qualitative 

agreement with the observations. The calculations are based on the 

computational results generously supplied to us by W. E. Heyerhof on the 

charge distributions of 50A MeV Au ions as a function of penetration distance 

in mylar when the ions have incident charges q =51 and 61, the former being 

the highest ionization state accommodated by his code. 21 •22 Tabulated in 

Heyerhof's calculations are the mean squares of the charge distributions, q2 = 

L fi qf at distance !' carried out for penetration distances sufficient to 

establish an equilibrated charge distribution, hence q~q· Given the quantity 

2 2 q /qeq' we take the effective rate of energy loss of the incident ion to be 

2 2 I dE] . dE dE/dx = q /qeq dX eq , w1th [dx]eq taken to be the equilibrium values of 

dE/dx observed in this experiment. Step-wise integration gives the effective 

dE/dx versus the total kinetic energy loss, Eloss/A, at penetration distance 

! 1 quantities that are plotted in Figs. 9 and 10. 

The calculated effective dE/dx curve given in Fig. 10 is based on the 

charge-distributions calculated for incident Au ions with q =51 (i.e., ions 

with the K-, L-and H-shells vacant), and in Fig. 11, for incident ions with q 
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= 61. The calculations of dE/dx versus! reveal not only the differences 

between the energy loss rates for q = 51 and 61 Au ions are indetectably 

small, but that the increase in the residual range due to the suppressed 

energy-loss rates is also small. As specific examples: i) the effective 

charges z* at x = o (after traversing the 0.75 mg cm-2 scintillator s 1) differ 

by only three units, z* = 62 and 65 for q =51 and 61, respectively, and ii) 

the increases in the residual ranges of the ions that result from the lower 

values of dE/dx before equilibration takes place are ~R = 1.8 and 1.4 mg 

cm-2 • These increments in range amount to about a 1.5% correction to the 

total range of a charge-equilibrated Au ion inCH at 50A MeV, with the q

dependent differences in ~R being unobservable in the present experiment. 

Because the calculated effective dE/dx appears to be compatible with the lower 

limits of the data, the above estimates can be considered to represent upper 

limits of the range increments ~R. It should be mentioned, however, that the 

electron capture and loss cross sections for Au adopted by Meyerhof have been 

adjusted to fit the Au charge-distributions measured at 200A MeV, 18, 19 and the 

extrapolation of the charge spectra to 50A MeV is necessarily speculative. 22 

It is therefore reasonable to assume that the differences between the 

calculated and experimental values of dE/dx are, in part, owing to the 

imprecise knowledge of the relevant cross sections. 

Fig. 12 presents the dE/dx versus the depth of penetration in Au for 

Au• 11 ions, incident atE/A= 51.13 MeV. The observed values of dE/dx for 

distances corresponding to Eloss/A s 5 MeV are fully consistent with the 

energy loss expected for charge-equilibrated Au ions. The curve of effective 

dE/dx estimated on the basis of Meyerhof's calculations on the charge 

distributions of Au (incident with q = 51) in an Au t~rget shows that 

equilibration is established within x s 1 mg cm-2 after entering target. For 
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such small equilibration distances, any effects on the range of the ion at 50 

A MeV are negligible. That no observable effect could be expected is in 

accord with the experimental result. 

F. R-E Relation Based on the Parameterization of z* 

Because the empirical expression for z*, Eq. 5, gives a good representa-

tion of the z* data, it follows that a target-dependent R-E relation for heavy 

ions can be based on the relation dE/dx = z*2d;/dA (Eq. 11 and discussion 

thereafter). Following this approach we present in Table VIII the calculated, 

and measured, ranges and rates of energy loss of Au ions in CH and Au for 

energies 15 ~ E/A ~ 150 MeV. The calculated quantities are from Eq. 11, with 

d;/dA taken to be given by relativistic Bethe theory, i.e., Eq. 4 with 

corrections 6 = C = 0, evaluated for each target material by use of the 

nominal values of Iadj' and where the effective charge parameter k has been 

adjusted to fit the data for each target atE/A= 50 MeV. The experimental 

data, taken from Table VII, are given for comparative purposes. The mean 

ratio of the calculated to experimental ranges for the combined data is 

Rcalc/Robs = 0.996 with dispersion D = 0.016. 

In the case of Al (Iadj = 163 eV) the values of k are those that give 

agreement with the measured ranges of Au at the listed primary beam energies, 

with k(ave) = 0.967 ± 0.011. 

Fig. 13 summarizes the dependence of k on the stopping material, where we 

have (arbitrarily) taken the ionization potential Iadj(Z) to be the target

dependent parameter that specifies k, hence z*. Included in Fig. 12 is the 

observed value of k = 0.912 for nuclear emulsion (Iadj = 297 eV). 10 Estimated 

errors in k equal to ±1% are included, errors that are compatible with the 
k 

dispersion of the data about the l.s. power-law fit, k = k0 IaJj, with k0 = 
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1.53 ± 0.15 and k1 = -0.091 ± 0.002. The resultant expression for dE/dx that 

systematizes the R-E measurements of this experiment thus becomes 

( 15} 
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VI. Summary 

We have measured the R-E relation for Au ions in CH and Au (with several 

beam-energy ranges in Al} in the energy interval 10 ~ E/A ~ 150 MeV using 

Bevalac beams Au•6 1, Au•35 and Au• 11 . The purpose of the low-charge states at 

which the ions where accelerated was to investigate the sensitivity of the R-E 

relation to the initial charge of the incident Au ion at energies pertinent to 

HIF, E/A ~ 150 MeV. The intent of the experiment was to simulate as closely 

as possible the conditions to be met in the initial phase of the ion-target 

coupling in Heavy Ion Fusion experiments. 

The essential finding of this effort is the verification of the Barkas

Berger R-E relation for Au ions at energies E/A ~ 150 MeV. Specifically, the 

observed ranges of Au ions are typically within 2% of those predicted by the 

Barkas-Berger R-E relation, the ratio of observed to calculated ranges varying 

on the average from +2.4 ± 0.6% for CH(Iadj = 63.2 eV} to -1.5 ± 0.2% for 

Au(Iadj = 796.7 eV}. 

That such close agreement between the results of this experiment and the 

Barkas-Berger R-E relation, as refined by Benton and Henke,6 is noteworthy, 

since the modification of the R-E relation for protons to include heavy nuclei 

is based entirely on the phenomenology of the range extension due to electron 

capture observed in nuclear emulsion for nuclei z ~ 18 at energies E/A ~ 10 

MeV. From this experiment, the Barkas-Berger R-E relation can be expected to 

give the ranges of nuclei, E/A ~ 150 MeV, in low- and high-Z targets, i.e., 60 

~ Iadj ~ 800 eV, to accuracies 2 to 3%, with small, target-dependent 

additive corrections that depend on the charge carried by the incident ion. 

For Au with q ~ 61 atE/A =50 MeV, this range correction amounts to about +2 

mg cm-2 inCH, decreasing to an estimated and unobservable 0.1 mg cm-2 in Au, 

i.e., a 0.03% correction to the range at 50 A MeV. 
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As has been persistently observed in a broad range of experiments on the 

stopping powers of heavy nuclei, we find that the effective charge z* of the 

Au ions can be expressed by the empirical relation 

A result of the present experiment is clear evidence that the parameter k 

(nominally a1), hence z*/z, is target dependent, not explicitly reported 

heretofore, but as predicted by the Barkas-Berger R-E relation. Such a target 

dependence is shown in the calculations supplied to us by W. Meyerhof that 

give the q(rms) charge of Au, from q(incident) to equilibrium, as a function 

of penetration distance in mylar and Au targets. 

An observation of practical importance is that the experimental R-E 

relations for Au in CHand Au, 15 s E/A s 150 MeV, can be reproduced with 

surprising accuracy by assuming that the dE/dx of Au is given by Eq. 5. Here 

the parameter k(Z) introduces the dependence of z* on the atomic number of the 

target, and where the rate of energy loss of protons of dT/d~ (at ion velocity 

S) depends on A, Z and the ionization potential Iadj of the target material. 

By taking Iadj to be the Z-dependent variable of the target to parameterize k, 

we obtain an expression for dE/dx, Eq. 15, that is able to reproduce the 

observed R-E relations of Au in targets with 32 s Iadj s 797 eV to accuracies 

typically ±2J for kinetic energies E/A s 150 MeV. We expect fhat similar 

accuracies can be attained for the computed R-E relations for other nuclear 

projectiles as well as for higher velocities, until such velocities incur 

higher order corrections to dE/dx sufficiently large to invalidate the 

empirical expression for z*. 
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Table I 

61 

35 

11 
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Bevalac beam parameters for 197Au ions accelerated at charge 
zacc· The maximum injection energies are limited by either the 
maximum energy of the Hilac or the rigidity of the transfer line 
(p(max)/zacc = 463 HeV/c); the maximum extraction energies are 
limited by the rigidity of the Bevalac (p(max)/zacc = 5.75 
GeV/c). The corresponding beam velocities and the harmonic for 
single-harmonic acceleration are also listed. The calculated 
energies of the 197Au beams at extraction used in this experiment 
are given in the final column. 

E/A (max) 
Injection Extraction 

8.5 MeV 1077 Mev 

3.63 451 

0.358 53.8 

s Harmonic 

0.886 1st 

0.739 1st 

0.326 3rd 

EIA (beam) 
this exp. 

151 . 40±0 . 15 He V 
50.74±0.03 

151.52±0.15 
50.60±0.03 

50.44±0.03 
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(gm/cm3) 

ro 
(em) 

& 
(gm/cm2) 

- 33 -

Parameters for Eq. 11, g1v1ng the range R(gm/cm2) of stopping ions 
in the circular-wedge absorbers. 

Absorber Material 

CH Al Au 

0.4889±0.00028 0.6187±0.00086 1.2815±0.0012 

0.6312±0.0005 0.6391±0.0005 0.63196±0.0005 

0.0008±0.0002 0.0013±0.0004 0.0037±0.0007 
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Table II I Ranges and range straggling of Au in CH, Al and Au at beam 
energies corrected for energy loss in start-counter s 1. 

Beam Energy Material Range Range Straggle . 
E/A (MeV} R

0
(gm/cm2} a(R

0
}/R

0 

Au+61 151 . 31 ±0. 15 CH 0.5900±0.0003 0.0030 
Au 1 .2811±0.0004 0.0034 

Au+35 151.3 1±0. 16 CH 0.5895±0.0006 0.0037 
Al 0.7595±0.0006 0.0030 
Au 1. 2778±0 .0010 0.0041 

Au+61 50.56±0.06 CH 0.1074±0.0002 0.0089 
Au 0.3017±0.0005 0.0072 

Au+35 50.16±0.11 CH 0.1069±0.0001 0.0060 
Al 0.151 1±0.0002 
Au 0.3007±0.0005 0.0062 

Au+ 11 51.19±0.06* CH 0.1097±0.0002 0.0069 
Au 0.3056±0.002 0.0070 

*Beam. energy revised from calculated value (including energy loss in s 1) 
of 50 .2.6 MeV. See text. 

WPC:JOR:Range 
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Range-energy data for 197 Au+6 1 ions in CH and Au. Ranges at~e 
given by R = R0 - S, where S is the thickness of the energy
degrading target foil. The data are normalized to the primary 
beam energy E/A = 151.31 ± 0.15 MeV and ranges R0 = 0.5900 ± 0.003 
and 1.2811 ± 0.004 gm/cm2 for CHand Au, respectively. 

Kinetic Energy 
E/A (MeV) 

151.31 
150.06 
149.08 
147.08 
143.04 
135. 10 
117.21 
90.17 
67.76 
57.09 
43.85 
41.34 
36. 17 
32.75 
27.21 
21.78 

151.31 
147.89 
147. 10 
145.33 
138.38 
124.49 
114.09 
82.40 
59.98 
43.52 
27.51 

Material 

CH 

Au 

Range 
R(gm/cm2 ) 
0.5900 
0.5833 
0.5771 
0.5646 
0.5410 
0.4912 
0.3911 
0.2580 
0.1655 
0.1274 
0.0871 
0.0788 
0.0666 
0.0575 
0.0457 
0.0346 

1.2811 
1 .2401 
1.2290 
1.2069 
1 . 1251 
0.9723 
0.8618 
0.5558 
0.3711 
0.2531 
0.1520 

WPC:JOR:Range 
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Table V Range-energy data for 197Au•61 ions in CH and Au. Ranges are given 
by R = R0 - S, where S is the thickness of the energy-degrading 
target foil. The data are normalized to the primary beam energy E/A 
= 50.56 ± 0.06 MeV and ranges R0 = 0.1074 ± 0.0002 and 0.3017 ± 
0.0005 gm/cm2 for CH and Au, respectively. 

Kinetic Energy 
E/A (MeV) 

WPC:JOR:Range 

50.56 
50.14 
49.66 
48.40 
46.33 
41.83 
32.43 
28.88 
22.66 
18.73 
14.84 
12.26 

50.56 
50.31 
50.14 
47.02 
46.20 
47.98 
43.00 
37.96 
20.68 
14.52 
10.08 
7.65 

Material 

CH 

Au 

Range 
R(gm/cm2 ) 

o. 1074 
0.1059 
0.1044 
0.1007 
0.0945 
0.0820 
0.0584 
0.0489 
0.0360 
0.0291 
0.0227 
0.0182 

0.3017 
0.3001 
0.2987 
0.2762 
0.2705 
0.2822 
0.2496 
0.2157 
0.1170 
0.0874 
0.0671 
0.0553 
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Table VI Coefficients of least-squares polynomial fits to the R-E data for Au ions in CH and Au, 

with R = L ak(E/A)k gm/cm2. • The rms deviations of the residuals of the l.s. fits are 

given fo~=2ach data set. The errors in the last two digits of the coefficients are 

enclosed in parentheses. 

Material E/A (MeV) ao a1 a2 rms Deviation 

-
CH 

a) 12.3 - 50.6 2.!fo(83) x lo-3 1.0!f1(59) X 10-3 2.o!f6(90) x lo-5 0.0003!f gm/cm2 

b) 21.8 - 151.3 -5.1(1.8) X 10-3 ).370(53) X 10-3 1.705(30) X 10-5 ·0.0013 

a) 7.65 - 50.6 2.575(85) X 10-2 3.698(76) X 10-3 3.47( 12) X 10-5 o.ooo50 
Au 

4 . 6 ( 2. 6 ) X 1(}-3 4.623(66) X 10-3 2.518(35) X 10-5 b) 27.5 - 151.3 0.0012 

\. 

I 

w 
~ 

I 
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Table VI I Ranges and rates of energy loss for Au ions evaluated from l.s. 
polynomials (a) and (b), Table VI, for CHand Au. 

Material E/A 

CH 

Au 

(MeV) 

15 
25 
35 
50 
75 

100 
150 

15 
25 
35 
50 
75 

100 
159 

WPC:JOR:Range 

Range 
(gm/cm-2) 

(a) (b) 

0.0226(2) 
0.0412(2) 
0.0639(2) 
0.1056(2) 

0.0890(3) 
0; 1399(4) 
0.1977(4) 
0.2974(3) 

0.1060(5) 

0.2988(7) 

dE/dl£ 
(MeV gm- 1cm2) 
(a) (b) 

11. 9 < 2 > x 1 o4 
9.54(7) 
7.97(3) 
6.38(7) 

0. 1936(8) 
0.3024(7) 
0.5840( 10) 

4 ! 16 < 3 > x 1 o4 
3.62( 1) 
3.21( 1) 
2.75(2) 
0.4930(8) 
0.7187(8) 
1 .2647( 7) 

6.40(5)x104 
5 .01( 1) 
4.12(1) 
3.04(2) 

2. 76( 1)x104 
2.344(5) 
2.039(2) 
1.617(5) 
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Table VIII Calculated and measured ranges and dE/dx for Au ions in CH and 

Material 

CH 
k = 1.051 

Au 
k = 0.836 

Al 

Au. The calculated quantities are based on Eq. 11, using the 
effective charge parameters listed with the target materials. The 
experimental values are from Table VII. The values of k for Al 
are those that give agreement with the measured ranges at the 
listed beam energies. 

E/A 

15 
25 
35 
50 
75 

100 
120 
150 

15 
25 
35 
50 
75 

100 
120 
150 

E/A(HeV} 
50.22 

151.31 

Range(gm cm-2} 
Calc. Exp. 

0.022 
0.041 
0.064 
0.106 
0. 194 
0.302 
0.403 
0.574 

0.087 
0.139 
0.198 
0.297 
0.494 
0.726 
0.936 
1.286 

0.023 
0.041 
0.064 
0.106 
0.194 
0.302 
0.405 
0.584 

0.089 
0.140 
0.198 
0.297 
0.493 
0.719 
0.922 
1.265 

Range(gm cm-2} 
0.1511 . 
0.7595 

dE/dx (MeV gm- 1cm2} 
Calc. Exp. 

11.5x104 
9.28 
7.84 
6.42 
5.02 
4.18 
3.72 
3.22 

4.03 
3.57 
3.20 
2.71 
2.29 
1.98 
1.80 
1.60 

k 
0.956 
0.982 

0.969±0.013 

11.9x104 
9.54 
7.97 
6.40 
5.01 
4.12 
3.60 
3.04 

4. 16 
3.62 
3.21 
2.75 
2.34 
2.04 
1.85 
1.62 

WPC:JOR:Range 
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Figure Captions 

Plot of (137)-1 z213 ln(1 - z*/z) versus 6 for Au projectile inCH 
and in CH and Au. The quantity z*/z is from the Barkas-Berger R•E 
relation, Eq. 10. The straight line approximations with slopes k 
represent the empirical expression for z*/z, Eq. 5. 

Schematic drawing of experimental configuration. TOF measurements 
were made over flight path s 1s2 . Stop-counter s2 was removed when 
the wedge-emulsion unit was 1n place. 

a) Cross section of CH wedge absorber with glass-backed 10 ~m-thick 
emulsion in contact with back surface of wedge. Beam enters (from 
left) normal to plane of wedge-emulsion interface. 
b) Photograph of emu6~ion detector exposed with CH-wedge absorber 
to E/A = 150 MeV Au~ beam. Relative scale sizes of Figs. a) and 
b) are equal. The enhanced darkening of the emulsion is due to 6-
rays produced in, and ejected from, the circular CH wedge. The 
lighter, central disk is the "hole" in the wedge. 
c) The radial distribution of stopping Au ion observed in emulsion 
plate shown in b). 

Correlations between measured ranges and calculated beam 
energies. ·Circles are the ratios [R(z)/R(61)]n, where R(z) refers 
to the ranges of Au with zacc = 11, 35 and 61, and where n is the 
R-E index (0.62 ~ n ~ 0.85 for the data shown). These ratios 
should be equal. to the ratios of the corresponding beam energies 
E(z)/E(61), denoted by the squares. · 

R-E relation for Au ions in CH and Au. The open (closed) circleg 
are data obtained with the nominal 150A MeV (50A MeV) energy Au+ 1 
beam. The curves are from the Barkas-Berger R-E relation. The 
short line segments indicate the sensitivity of the calculated 
ranges to ± 10% changes in the ionization potential. Iad 1 = 62.3 
eV (CH) and 79.67 eV (Au). The standard deviations of th~ 
experimental data are comparable to the size of the symbols. 

R-E data for Au inCH, 10 ~ EIA ~50 MeV, obtained with 50A MeV, 
incident Au beams having zacc = 61+6~5, and 11. Data obtained for 
E/A ~ 60 MeV by use of 150A MeV Au beam are also shown by open 
circles. Thg l.s. polynomial fit to the R-E data obtained with the 
50A MeV -Au+ 1 beam is shown. The standard deviations of the 
experimental data are comparable to the size of the symbols. 

R-E data for Au in Au, 10 ~ E/A ~50 MeV. Details are same as 
given in caption for Fig. 6. 

Measured rates of g~ergy loss of Au in CH and Au. Data were 
obtained using Au+ beams at incident energies E/A = 50 and 150 
MeV. Except where shown, the standard deviations of the data are 
comparable to the size of the symbols. Dashed curves are dE/dx 
evaluated using the l.s. polynomial coefficients, Table VI. Solid 
curves are the energy-loss rates given by the Barkas-Berger R-E 
relation. 

WPC: JOR: Range 



Fig. 9 

Fig. 10 

Fig. 11 

Fig. 12 

Fig. 13 
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Effective charge z* of Au in CH and Au versus energy. Data points 
and associated errors were evaluated from the differentials of the 
l.s. polynomials, Table VI. The lighter curves are based on 
empirical expression for z*, Eq. 5, with k = 1.05 and 0.876 for CH 
and Au targets, respectively. The heavier curves are the values of 
z* given by the Barkas-Berger R-E relation. 

dE/dx and associated standard deviations of Au ions versus 
penetration distance ! in CH (also versus energy loss and final 
energy E/A). Incident ion is Au+ 11 atE/A= 51.32 MeV. Upper 
curve is the observed dE/dx for equilibrated Au ions in CH. Lower 
curve is the calculated values of dE/dx based on the charge 
distributi8ns of 50A HeV Au (qinc = 51) in mylar computed by M. E. 
Heyerhof. 2 ,z, 

dE/dx and associated standard deviations of Au iong versus 
penetration distance ! in CH. Incident ion is Au+ 1 at E/A = 50.56 
MeV. Upper curve is the observed dE/dx for equilibrated Au ions in 
CH. Lower curve is calculated values of dE/dx based on the charge 
distribut~8n~ 1of 50A MeV Au (qinc = 61) in mylar computed by H. E. 
Meyerhof. ' 

dE/dx and associated standard deviations of Au ion~ versus 
penetration distance! in Au. Incident ion is Au+ 1 atE/A= 51.13 
HeV. Upper curve is the observed dE/dx for equilibrated Au ions in 
Au. Lower curve is calculated values of dE/dx based on the charge 
distribut~8n~ 1of 50A MeV Au (qinc = 51) in Au computed by M. E. 
Meyerhof. ' _ 

Effective charge parameter k versus ionization potential Iad 1 of 
target. Value of k for nuclear emulsion (Iadj = 297 eV) is eaken 
from Ref. 9. 

WPC:JOR:Range 
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