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ABSTRACT

The radial distribution of ionization around heavy ion tracks was

measured using a unique variable pressure ionization chamber containing a

movable screen walled probe chamber. Measurements were made at pressures

and distances which correspond to distances in tissue of a few A to a few

thousand A using 38.4 MeV 1 60, 33.25 MeV 127I and 61.9 MeV 127I ions.

Results are compared to theoretical calculations reported in detail by

Paretzke .

An equation which adequately summarizes the data out to radii which

include 95% of the total energy lost by the primary particles is:

D(r) = C • Z 2 • (E/m)"1 • r"2

where D(r) is dose (ergs/gm), at radius r(A of unit density tissue-like

material), for particles of energy E (MeV), mass m (amu), effective

charge Z and C is a constant.

Calculations and experiment are in general agreement with this equa-

tion. The deviations between experimental data and theoretical calcula-

tions are explained in terms of charge nonequi1ibrium for small radii.

Gas atom scattering and Auger electron production from incident heavy ions

explain deviations from theory at large radii.

Research carried out at Brookhaven National Laboratory under contract with
the U.S. Atomic Energy Commission.
**
Health Sciences Center, State University of New York, Stony Brook, N.Y.
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Introduction

One of the main goals of microdosimetry is the understanding of the

mechanisms of radiation damage in biological systems. To further this

understanding we study the spatial and sometimes temporal aspects of

energy deposition. This paper will emphasize spatial aspects of the

energy deposition process at the nanometer (10 A) level since we believe

that the concentration of energy in such regions accounts for the large

difference in effectiveness between ionizing radiations, UV, and thermal
2

energy insults to biological systems. Okada has recently summarized the

literature on actions of radiation on living cells. He cites five classes

of experiments which indicate that the nucleus contains the sensitive

sites responsible for cell killing. He also considers possible target

molecules and structures within the nucleus which may be responsible for

various biological effects. For many effects DNA is the target and for

others it may be involved along with other molecules. Both single and

double strand breaks in DNA ere important. Since DNA is about 20 A in

diameter, and since single strand breaks may result from rupture of a

single or a few bonds, it is apparent that energy concentrated in regions

of a nanometer or perhaps less are important.

3 4 4
Target theory analyses * of the type employed by Lea , track-segment

analyses " of the type employed by Howard-Flanders , models employed by

11 12

Baum and Burch have all indicated important target diameters or Crack-

segments ranging from molecular bond distances (about 1 X) to about 1000 K

for a variety of organisms and effects from enzyme damage to mammalian

ceil killing. The frequency with which 10 to 40 A diameters or track-

segments occur in these analyses is again strong supporting evidence for

DNA involvement.



13The RBE theory of Butts and KstKz , and subsequent application of

delta ray theory or track structure analysis to a wide variety of

physical and biological systems is clear demonstration of the importance

of local energy density at the nanometer level. While USX serves as a

convenient first approximation to local energy deposition, it is also

clear that it is ambiguous and inadequate since it is a one-dimensional

espression of a three-dimensional energy spread.

We must, of course, not only consider the initial damage sites, but

also, possible interaction between damaged molecules or structures.

3 17 18Chromosome aberrations ' ' • and a variety of other effects on higher

19 20organisms ' apparently involve interaction between two events spaced

by distances of the order of microns. Thus, our spatial considerations

must eventually extend over a range of ubout four decades.

The first nanometer scale measurements of D(r) were made on 1, to 3

21

MeV alphas and protons by Wingate and Baum . These demonstrated quali-

tative agreement with early calculations and somewhat better agreement
1 22

with more recent predictions * . Both the calculations and the experi-

ments have uncertainties associated with them. The major parameters

influencing experimental results will be discussed below.

The experiments described here were designed to measure dose (an

average quantity) as a function of radial distance from a beam of mono-

energetic heavy ions. It is of course important to know not only the

dose but also the fluctuations or deviations, that is, che frequency
23distribution of z (specific energy imparted) , in small volumes at any

radial distance. The importance of this can be illustrated by considering

dose near a I MeV proton. At a radial distance of 30 A, the dose is about

10 rads. This converts to an average energy per 10 A diameter sphere at

this distance of only 0.03 eV. If events less than a fe«* eV energy are



wmimpertant, fewer Chan l?» of Che 10 k diameter spheres located at 30 k

would be effected oven chough the dose ia 10 rads. However, the average

dose is very useful when normalised to a gamma D37 dose as is done in

Katz's theory. Moreover, the details of Che event spectra can be obtained

from die Monte Carlo type calculations of Paretzke . The importance of

these experiments, therefore, is to provide overall average values which

an S>c turaimred with the detailed predictions of model calculations. Such

comparison is especially important for Heavier ions since there is very

lictle information on chair secondary electron spectra.

Me report here on results obtained with 38.4 KeV l 60, 33.25 MeV i 2 7I

127and 61.9 MeV I ions in tissue-equivalent gas (64.4% CH^, 32.4% CO2 and

3.2% BL, by volume). The results are compared to theoretical calculations

of Paretzke . The effects of scattering of gas atoms and production of

high energy Auger electrons from the incident ion are also considered.

Experimental Method

The experiment employs the 1 meter long 30 cm diameter, variable

pressure, ionization chamber (see Fig. 1) which has been described in

21detail by Wingate and Baura . However, in experiments reported here a

cylindrical copper lining was employed in the chambar to avoid possible

surface charge buildup on the inner surface of the chaaber. Also, a

section containing a ZnS screen, goid scattering foil, solid state

detector and deflecting magnet was installed etveen the Hi exit foil

and Faraday cup monitor shown in Fig. 1. The ZnS screen provides a

visual monitor, and the scattering foil and solid state detector provide

an energy monitor of the beam. Six collecting electrodes spaced along

the beam axis permit collection of ionization within a volume of the

track of effective radius determined by and directly proportional to gas

pressure. For example, tissue-equvalent gas at 10 urn Hg pressure



simulates a tissue cylinder of approximately 20 k radius.

A small mesh ionization chamber (12.3 cm long, 1.6 cm diameter, 977,

transparent) is utilized to measure ionization at various positions within

the larger ionization chamber.

The heavy ion beam is collitnated by a 20 mil diameter hole in a 40 mil

thick gold foil located upstream of the 1/8" diameter hole in the front

end place of the chamber. Beam intensity is monitored by means of an

evacuated Faraday cup which absorbs the beam after it leaves the chamber

and passes through a 0.6 ntn thick Ni foil which is necessary to permit

operation of the Faraday cup at constant low pressure (<10* mm Hg).

A magnet placed above the entrance to the Faraday cup prevents electrons

ejected from the Ni foil and electrons ejected from the cup from entering

or leaving the cup and thus causing erroneous readings. Magnetic field

intensity was transverse to the beam and varied from 120 to 640 Oersteds

across the diameter of the Faraday cup.

Current fr *'.* Faraday cup feeds a Victoreen, Model 475, picoamp

meter. The output of the picoamp meter drives a current digitizer and

sealer which acts as "master" to a similar "slave11 unit which monitors

current from either a segment of the large chamber or current from the

mesh probe chamber. Since we are interested in dose per particle, the

ratio of the tve monitors when corrected for effective charge on the

heavy ion provides the information needed. Gas pressure, chamber volume,

W (eV/ion pair), and position in the chamber are other values needed to

convert the measured ionization into a value of D(r) or radially restricted

21
LET, that is, Lf . The value U = 36.7 eV/ion pair, applicable for

0.07 MeV/amu carbon recoils in CH, was employed for all the ions studied

here. Due to lack of data on W for heavy ions, this value is uncertain by

about + 20%.



Pressure in the chamber is controlled using an oil diffusion pump and

a spectrometer leak valve to continuously supply fresh gas. A second

diffusion pump is employed on the beam side of the entrance pin-hole in

order to maintain 10** mn Hg pressure at the accelerator beam pipe.

Additional pumping is provided on the beam pipe to reduce pressure to

<1G ss*. Kg st the accelerator. Pressures in the icnisaticn chamber arc

monitored using a Baratron variable capacitance, flexible diaphram, type

gauge*.

Effective Charge of Heavy Ions

During acceleration, ions frcm the accelerator pass through a gas or

foil "stripper" which provides a spectrum of charge states. Ions are

magnetically selected which have charge state somewhat below their equi-

librium charge states in gases. After the ions enter the chamber, they

pick up and loose electrons and eventually (after ~ 0.1 to 1 y,g/cin

range) an equilibrium distribution of charge states is achieved :ithin

the ionization chamber. The ions then pass through a thin Ni foil and

enter the Fareday cup monitor. Passage through the Ni foil leads to a

new distribution of charge states. Fig. 2 shows the dramatic difference

between charge-state distributions resulting from the passage of ions

through gases and solids. This difference has been attributed to the

decreased time between collisions in the condensed medium and the resulting

26
Increase in population of excited states . Total excitation per ion is

large enough to allow the ejection of many electrons after the ions have

27
emerged from the solid . The average equilibrium charge for iodine ions

which have passed through various gases and solids is sumnarized on Fig. 3.

Differences between gases and condensed media are seen to be large and

*
Hade by MKS Instruments, Inc., Burlington, Massachusetts, USA



consistently much greater than differences between specific gases or

between specific solids.

To estimate ion intensity from our Faraday cup monitor we must correct

for changes in charge on the ions which results from their passage

through the Ni foil just preceeding the Faraday cup. This correction is

made by calculating average charge, q, to be expected on ions after

passage through condensed media using the following relationship for ions

29
of Z > 16 as suggested by Nikolaev and Dmitriev .

5 - [ l + 0.1058- Z
0-75(E/m)0-8333"j"°-6 (1)

The values employed are shown in Table I. Values of q listed represent

the charge on the ion as received from the accelerator after stripping.

Table I. Ions Studied

MeV/amu q q(after solid) q(gas)

2.4 6 7.2 7.2

0.26 6 16.0 9,3

0.49 9 20.8 13.2

Results for 33.25 MeV I (0.26 MeV/amu), 61.9 MeV 'i (0.49 MeV/amu)

and 38.4 MeV l6O (2.4 MeV/amu) are shown in Figs. 4, 5 and 6 respectively

and in Table II. Also shown in the Figures are results of (a) Paretzke's

1 28

theoretical predictions of delta ray dose and (b) calculations of dose

due to scattered gas atoms and Auger electrons from the projectile ions.

The solid line in each Figure represents the sum of (a) and (b) and is

seen to agree well with the experimental results. Significant differences

seem apparent only below about 10 A tissue radius. Measurements for these

radii are ubject to the largest experimental error as discussed be*low.

Ion

160

127I

1 2 7I

Results

Energy(MeV)

38.4

33.25

61.9

and Discussion
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In Fig. 7 we compare these results to the value of D(r) obtained from

the equation

D(r) = C • Z2 • r"2 • (E/m)"1 (2)

where C is a constant, r is radial distance from the ion path and ion

parameters are effective charge (Z), energy (E), and mass (m). In these

plots, results shown on Figs. 4 - 6 have been multiplied by the inverse

of equation (2), but neglecting the constant. A horizontal line then

indicates agreement with equation (2). We refer to these plots as

normalized dose curves since all ion*: would fall on the same line if a

single constant applied. For 2.4 MaV/amu 0 ions the data indicate agree-

° ° 127
ment with equation (2) over the range 10 A to 1000 A. For I ion of

0.26 and 0.49 MeV/amu the agreement with equation (2) applies only over

the range 10 A to 200 A. However, in all three cases, tb:» radial dose

pattern follows the expression given in equation (2) until about 95% of

the energy lost by the primary particle has been accounted for.

At distances less than 10 A, measured values of D(r) are lower than

expected theoretically. This is attributed to lack of charge equilibrium.

As shown on Table I .he charge, q, on the accelerated ions was considerably

below the equilibrium charge in gas, q (gas). Based on data of Datz,

25 2
et al. we estimate that gas thicknesses of about 1 |Xgin/cm are required

127 2

for 90% charge equilibrium for the I ions and about 7 u.gm/cm for the

0 ions. The 1 y,gm/cm value corresponds to a position in the center of

the chamber and a gas pressure of about 17 |im Hg. At this pressure, the

chamber simulates a track of 34 A radius and probe measurements at various

positions simulate radii down to about 10 A. Experimental data for I

therefore reflect too small a value of D(r) below about 10 A. For 0,

errors become important below ~ 70 A . We estimate that this charge



nonequilibrium may introduce an error of ~40 7o for 0 at 3 A and ~ 2 0 %

at 20 A. The. error may be ~ 8 0 % for I at 3 A and should be negligible

at radii equivalent to ? 10 A of tissue.

Lack of secondary electron equilibrium is another factor which may

o

contribute to low experimental results in the region below 10 A. However,

probe measurements as a function of distance from the entrance port of the

chamber showed no lack of secondary electron equilibrium.

Experimental results for 0 fall about 10 to 50% above the theoreti-

cally predicted values at radial distances greater than 20 A. This may

be due partly to the choice of W employed in the data reduction (36.7 eV/

i.p.). Since the 0 ion had 2.4 MeV/amu, a value of W closer to that for
30

alphas in tissue-equivalent gas (31.0 eV/i.p.) may have been a better

choice. This would lower the 0 curve by ~20%. For the slower I

ions, the value chosen for W is probably more nearly correct.

1 127
For radial distances greater than ~100A, I normalized dose curves

fall rapidly to a minimum and then rise again. The rapid fall is pre-

dicted by theory as shown by the solid curves. This fall reflects absorp-

tion of delta rays. The subsequent rise reflects contributions due to

28
scattered gas atoms and Auger electrons ejected from the incident ion .

Auger electrons ejected from excited gas atoms are much lower in energy

and are included in the delta ray dose calculations.

It is of interest to note that there was no measureable backscatter

effect from the copper lining in the chamber as evidenced by D(r) measure-

ments made at equivalent radii determined at various pressures and distances

from the wall.

Conclusions

These results indicate that the delta ray fraction of the dose pattern



2

around charged heavy ions follows a simple 1/r relation until about 95%

of the particle's energy loss has been accounted for. At larger radii

the delta ray dose function drops more rapidly with radial distance and

gas atom scattering and energetic Auger electrons from the incident heavy
28

ions are principal contributors to the dose .

The results agree remarkably well with recent theoretical predictions

of Paretzke especially after the heavy ion and Auger contributions have
e

been included. At equivalent distances less than ~10A, the experimental

results are low due to lack of charge equilibrium on the ions employed.
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Figure Captions

Fig. 1 Experimental D(r) and Lr chamber.

Pig. 2 Comparison of charge-state spectra for gases and solids (taken

25from Dat2, et al) .

Pig. 3 Most probable fraction charge q/Z or charge q for iodine ions in

25solids and gases (taken frorn Oatz, et, al)

12?

Fig. 4 D(r) vs. r for 33.25 MeV x I (0.26 MeV/amu) ions in tissue-

equivalent gas. Lower dashed curve is the sum of calculated gas
28atom scattering and heavy ion Auger electron contributions .

Solid curve is the sum of Paretzke's delta ray dooe prediction

plus the above gas atom and Auger contributions. Points are

experimental data.

177

Fig. 5 D(r) vs. r for 61.9 MeV I (0.49 MeV/amu) ions in tissue-

equivalent gas. Lower dashed curve is the sum of calculated gas
28atom scattering and heavy ion Auger electron contributions .

Solid curve is the sum of Paretzke's delta ray dose prediction

plus the above gas atom and Auger contributions. Points are

experimental dafcr.

Fig. 6 D(r) vs. r for 38.4 0 (2.4 MeV/amu) ions in tissue-equivalent

gas. Lower dashed curve is the sum of calculated gas atom

28scattering and Auger electron contributions . Solid curve is the

sum of Paretzke's delta ray dose prediction plus the above gas



atom and Auger contributions. Points are experimental data.

Fig. 7 Universal dose vs. radial distance for heavy ions studied. Solid

lines represent the sum of calculated delta ray and gas atom

23
scattering and Auger contributions. Plotted points are

experimental data.
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