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INTRODUGTION

Presently available data on range energy and stopping power for
heavy ions have been gathered together in order to provide a convenient
source of info_rmatipn on which to base work on proposed heavy-ion acceler-
ators. An additional motivation for this compendium is the growing intere_-st
in povssible damage; by cosmic-ray heavy ions, to nerve tissue in astronauts

making trips longer than a few weeks.

‘THE PASSAGE OF HEAVY IONS THROUGH MATTER

The first indication that ions heavier than protons are present in the
primary cdsmic radiation was secured from observations of wide,l densely
ionizing tracks in emulsions flown just below the top of the atmosphere (1).
Since the Z of a particle can be identified by an examination of its track of
developed silver grains in nuclear emulsion, it was soon realized that carbon,
nitrogen, and oxygen, as well as heavier ions up to iron, were present in
decreasing numbers with increasing 2Z.

In evaluating the behavior of a heavy ion in a stopping medium, it is

of first importance to know the charge state of ion at any part of its path.

.This charge state is sually not single-valued, nor equal to Z. Furthermore,

it changes with velocity. However, for a given velocity and density the change

in charge state with different stopping mediums is quite small. The .charge
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state achieved shquld be though‘; of as thgﬂresult of a competition between
the loss and capture processeé,. T'hé'cbhargve of any one' i-én fluctuates along
its path, and eventually declines to zero as the end of the path is approached.
There is at present no rigorous theory that ‘relates the velocity and

charge state for a given ion in a given m.e‘dium..' : An excellent review of the
present theoretical situation has been given by Neufeld (2). There have
been three basic approaches to the problem. The earliest is that of Bohr (3)
and Lamb (4). It is assumed in fhe Bohr thec;ry that an ion of large Z will
lose all the electrons whose orbital velocities are less than itsﬁtrarislation‘al
veloc‘:-ity thrdllig.h..the sltycb)pping medium. This is ,c.ertainly'qﬁalité.ti‘vé;lfy true.
Ebiur a‘r'gue.d'vthavt the slower and .ie,ss firrnl;grvboﬁ'nd ele'c'tr;')ri.s are 't‘h‘e most '
| .eas::ily‘ re.r'nolv.ed, and thatvin_thé inverse p;'-ovciess electrons are more 11ke1y
,. _t_c'>'.be éapturéd.i;ltb orbits‘\::vhose characteristic velocity is E-loée_ to that of
the moving ion through the medium.

| Lamb stated the stripping condition in another way-=-that the moving
ion is stripped of its outermost electrons until the ionization potential of the

next sté’.ge ‘of ionization is greater than the kinetic energy ‘of electrons bomi-

barding the ion with the velocity of translation of the ion through the medium.

In ordér to cheék the validity of the Bohr-Lamb criteria it is nec-
essary to have values for the electron velocities in heavy ions. These have
been given by the Bohr model:(5), the Knipp and Teller model (6), .and'vari-
ous refinements of the work of Lisitzin (7-11)." The material pertirent to the
he_avy-ionpr:ob‘lem from the last five references has been summarized by
Neufeld (2, 12). : At best, the experimentally measured values for the'ionic
‘charges as a.,func‘-'tion"of:ve'locit-y agree only roughly with those predicted
from the theories of Bohr-and Lamb.' Furthermore; the species of the ™ -

‘Stopping medium and:its density have not been considered at all,

&
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Lassen has shown that in a gas fission fragments have a higher ioni-
zation in argon than in helium (13, 14, 15). On the other hand, Hubbard did
not find this effect with either oxygen or neon passing through hydrogen,
helium, nitrogen, or\argo_n (16). It is possible that the effect is too small
with oxygen or neon for him to have seen it. In a solid or a liquid, the
effect of the stopping medium on the charge state of the traversing ion is
less than in a gas. For fission fragments the variation is less than 10% in
various mediav. . Surprisingly, when nickel (Z=28) and Formvar (Z=4) are
Vcompared as étopping media, the stripping of heavy ions is greater in the
Formvar (17,18, 19).

The average charge of an ion increases with the pressure of a
stopping gas, up to a plateau value.  This effect depends on .the relation
average time between successive charge-exchange collisions relative to the
average time for radiati‘on of the ion in an excited state. If the collisions are
infrequent, electrons that have been éxcited but not separated completely
from the ion can radiate and drop back to their original state. If the collisions
are closer together in time than the de-excitation processes, the electrons
are successively excited and eventually removed from the ion.

. It should be recognized that in an ion that is in equilibrium with its
stripping medium, having been several times ionized and yet having several
electrons remaining, the remaining electrons are not in their ground states,
but are in a continual state of excitation. One of the inadequacies of heavy-
ion theory is that the ions are éctually in excited states whenever moving
inside 2 medium, whereas all theories so far have been for ground-state
ionms. It would be desirable, in order to use the Bohr-Lamb theories in.a
solid or ~liq1iid, to know the distribution of electron oribital velocities or

energies in.an ion that is continually perturbed by collisions at a relatively
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high frequency. Neufeld considers the effect .of;‘the_r.noyin‘g:i“cv_):r_lv‘on_fi:he medi-
‘um, and the back reaction (due to rearrangement of fchte“e_;}‘_\ecj:}'gr‘;s_l of the medi-
‘um) on vthe_.ele(ctrons. of_the ion (20). This reﬁne_menj:_ has _the a;dyarltt&g{e Ao_f.
being,épplicable to any ion, whereas the Bohr th.eory is ap}plic;abl_e oply _:t;o)_,
heav? ions. | |

| ~An .alterna,ti,ve approach to the.theoretical understanding Of‘j:hé ﬁgs__s-
age of heavy: ions through a medium has been suggestgd by Bell (21) :I-,'Ie,_?
estimated the charge on a moving ion by c_qnsiderir;g thg detail;qd ba}a..nc‘e‘_qf
the capture and loss processes. . 'A,ssurn__ingtg:that only one electx_'gn is los‘F or
gained in any one collision, Bell has used, as the conditipn for equ1hbr1um
between a heavy ion and its medium,

S
O

. 3
OC(Zav’V) - OL'(Zav’V) ’ T . '(;) S

where ¢ and o are the capture and loss cross sections (for one elec-

C L
~tron) for an ion with average cha;‘ge Z:v,. and vequity Ve . The .char‘_gesx
fo‘_,r. fission £ragme;1t$; computed on this basis by Bell, and the experimental
- values f_ou_nd by_ Las_gen (13,14) are shown in Table I. The modifigd _Yd“}?-s
of Lassen shown in the table are corrections ma.dé by Bell for a 6% mo-
‘mentum diffgrence betv_veep‘ Lassen's measurements and Bell's cAalcvulations.
This method has been refined by Gluckstern (22), who instea_d Qf, using for
o the sum of in_dividual capture cross sections into. the various states
available has used the capture cross section for any electron. This de-
_ creases the value of the cross section by about 40%,_ In addition, Gluckstern
modified the B_e]_.l_ statistical model so that it yyould apply to light ion§_ in
which .the;e are t(ﬂ)o.fe;w electrons for a statistical model. ._This was dong
by substituti}'lg for the Thom;s~f‘erm_i distribution one in ‘whic_:h.i_:he electrons
are locat-e‘d in,_concentric shells \_)vith r_a_di,'; chresanding to the known ipni-

zation, potentials.
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The capture and loss cross sections calculated by Gluckstern (22)
for oxygen, neon, phosphorus, and argon as functions of velocity are shown
in Figs. 1-4. The calculated charge distribution on oxygen and neon ions in
argon compared to the experimental values of Hubbard (16) are seen in.
Figs. 5,6 for two different energies. It is seen that the agreement is good.
The gradual increase in average ion charge with increasing velocity is com-
pared with the experimental results of Reynolds, (17,18,19), Stephens (23),
and Hubbard (16) in Fig. 7. The agreement between theory and éxperiment
is seen to be better than 1/2 of a charge state in all cases.

The build-up of the 43, +4, 45, and 46 charge states of 8.7-MeV
bxygen_ions in argon as experimentally measured by Hubbard (16), is seen
in Fig. 8.  The solid lines in Fig. 8 are least-squares fits to the experi-
mental data, not the theoretical values. Gluckstern (22) had used these
values and, for example, the rate of loss of +4 ions with depth is given by

dN

4 _
Tx T " 043Ny -0y Nyt 03, Nyt 05, Ny {2)

From this relation one can obtain the experimental cross sections given in
.Table I for comparison with the theoretical values from Fig. 1. The agree-
ment is good, except that the measured .capture cross sections for low-
charée states are smaller than those calculated.

In view of the fair success of the capture-and-loss model, the fol-
lowing conclusions from it are of interest.

a. The captufé cross section is independent of the particular ion,
and is proportional to Z*Z/V3°5 .

b. . The loss cross sections have maxima and are sensitive to the

model of ion used.
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., ¢, The charge distributions do not chapgq much .in w1dth With
velocity.
.d. The average charge is independent of thé strip_per material.
- e. .Thg average charge increases With velocity until the K shell )
begins to ionize, and then levels off. |
-f. Possibly double- and triple-ionization cross sections apd capture
cross sections should be included in.this analysis.

There are indications that the double-ionization process may be as
much .as 50% of the s_ingl.e‘—ionizaf,tiorn processes. This .woﬁld..fprce a mod_ifi-
cation of the theoretical cross sections for single events give:r}_ir},Figs. 1-4.

; Somg of the above features are illustrated in the experjmental charge
distributions for oxygen and neon measured by Hubb:?.rd.(Lé) and shown in .
Figs. 5 and _6, .. Additional detailed experimental Work With.lfesults pa_#a_l_ldl-

ing those given in Figs.. 5,6, and 8 is described by Nikolaev (24).

- RANGE-ENERGY AND STOPPING-POWER DATA

Many experiments have been conducted to measure thg fanges of
heavy ;ons of different energies in.a variety of materia,ls.w The authors
_‘ (r‘bef_erencevs‘ 25-30) who have reported on these qxperim:ents ha}ve.not all
plotted their da.ta,rir; the same way, some preferring, for example, range
vs energy, others prefe}rri_ng E/A vs range, and still others _c_ond(i\ens._in.g.
the ra,n_ge_._by multiplying it by _ZZ/A of the beavy ion, and plottin_g this either
as the independent or the dependent variable. Because of th,?_ pr_a.ctica,l
usefulness of this information, the curves given in Figs. 9-19 have been
replotted wherever this was necessary to give consistent dajca,.‘ -Ranges for
all materials, except emulsion, are given in units of mg/cmz .Ranges of.
ions in..emulsion are:given in microns. Energies,v in all cases,, refer to

total ion energy, rather than to energy per nucleon (E/A).
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Somewhat less information is available on stopping power as a
function of range or energy or velocity. Here, too, one finds considerable
variety in the way in which data prepresented by different authors. Accord-
ingly, Figs. 20 through 28 have been replotted to give stopping power as
dE/dx (MeV/micron) for ions in emulsion, and as dE/pdx (MeV mg-lcmz)
for ions in all other materials. = The very extensive work on tissue by
Neufeld and Snyder (31, 32), shown in part in Figs. 26 and 27, should be
especially noted, since this is the basis for the biological evaluation of the
effects of heavy ions,

Additional specalized curves for heavy ions which may be of use in
special applications are given in Fig, 28 from Roll and Steigert (28),
which shows dE/dx vs energy in emulsion, Fig. 29 from Heckman (29),
which shows dE/dx vs residual range in emulsion, Fig. 30 from Simons (33)
. for the number of ion pairs formed perp in HZO vs the residual range in
HZO,,and.Fig.. 31 from Brustad (34) for the experimental Bragg peaks of

B,C,0 and Ne .in tissue.

Accelerator Studies

The present accelerators can give monoenergetic, intense beams of
ions with Z as high as 18. It is possible to quickly change from one ion
to another, which.is very convenient experimentallyand perhaps reduces

some systematic errors.
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.CONCLUSION

"At present the physicist has a fair theoretical understanding of"‘
heavy ions. :The technology for producing them and accelerating them is
well developed, although the maximum energies now available are dis-
appointingly small. . One area in which there is little or no.informa_ti_on
available.is neutron production by heavy ions as a function of energy and of
‘A. . Biological experiments indicate that effects produced by heavy ions are
quite different from those of x rays. -

. There is a prospect of gaining valuable new information in the bi-
oradiology of . heavy ions through the use of experimental factors, such.as
variable;radialf:harge distribution, that are not possible with presently
available radiation sources. This prospect argues strongly for early con-

struction of new heavy-ion accelerators of high .energy.
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Table 1. Charges of fission fragments obtained by Bell (Ref. 21) and by_LalsseniQ(Re_fs., 13 and .121).

Stopping medium

Hydrogen

Helium

Oxygen

Ion species

Light fragment
Heavy fragment

Light fragment

. .Heavy fragment

Light fragment

Heavy fragment

Measurements
by Lassen

.15.8
12.6
14.1
11.6
15.2

14.1

Modified values
from Lassen

16.7
13.3
14.9
12.2
.16.140.5

14.8%£0.5

Values c,élcuiatea'

by Bell

22,5 (21)
16.3 (15)

16.5
12.5
'1:5,.5

~13.5

_2'[—

§960T1-TYDN
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Table II. Comparison of experimental and theoretical cross sections for

8.7-MeV oxygen ions (V/V0 = 4,7) in argon. (From Gluckstern, 1954.)

2
O’pq/'n'ao

. a,b . c
P—"q Experimental ‘Theoretical
3»4 L. 2,27 %0.1 2.65
4 -5 ‘ 1.77+0.15 1.75
56 : 0.81%£0.2 0.80
4 -3 ' 0.14£0.1 0,65
5—+4 ' 0.57+£0.15 0.95
6 -5 1.22%£0.2 1.30

a. . Determined from a least-squares fit to the data in Fig. 5.
.b. . Errors listed are estimated from the uncertainty in the data.

c. Obtained from Fig. 1.
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Modified capture cross sections (~---- ) and .

modified loss cross sections (
ions in argon (Z,=18).

V,=c¢c/137 = 2.18x10° cm/sec;

) for oxygen

®

0 2 8
a_=h/me” = 0.53x10"° cm;
% -17 2
ma, = 8.8X10 cm .

(From Gluckstern, 1954.)
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Fig. 15. Ranges of ions in copper. [Redrawn from Hubbard

(1960). ]
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Fig. 16. Ranges of ions in silver. [Redrawn from Hubbard

(1960). ]
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Fig. 17. Ranges of ions in gold. [Redrawn from Hubbard
(1960). ]
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Fig. 18. Range-energy relations for C, N, O, Ne, and A ions"
in Ilford emulsion (3.815 g/cm3). The curves through
the experimental points are the least-squares polynomials
fitted to the data. [ From Heckman (1959). ]



-32- UCRL-10565

50
Carbon
40 -
/ Oxygen
A/

/ Neon

w
(o]
N

17 L

J/
4

n
&)

4

Range in tissue (mg/cm?

/
.o y

/V

0 2 3 4 5. 6 7 8 9 10 I 12

Energy per nucleon (MeV)
O 12 24 36 48 60 72 84 96 108 Carbon 132
.32 48 64 80 96 12 128 144 Oxygen - 176
O 20 40 60 80 00 120 140 160 B8O Neon 220

o
o

MU-18937
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Fig. 20. dE/pdx for ions in air at 760 mm, 20°C
(p = 1.20 mg/cm3). [Redrawn from Teplova (1958). ]
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Fig.. 21. dE/pdx for ions in argon at 760 mm, 20° C
(p = 1.66 mg/cm3). [ Redrawn from Teplova (1958). ]
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Fig. 22. dE/pdx for ions in hydrogen at 760 mm, 20°C
(p = 0.08 mg/cm3). [ Redrawn from Teplova (1958). ]
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Fig. 23. dE/pdx for ions in hydrogen at 760 mm, 20° C.
(p = 0.08 mg/cm3). [Redrawn from Roll and Steigert

(1959).1 . .
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Fig. 24. dE/pdx for ions in nickel. [Redrawn from
Roll and Steigert (1959). ]
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Fig. 25. dE/pdx for ions in aluminum. [Redrawn from
Northcliffe (1959). ]
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Fig. 26. dE/pdx for 1’ and He? ions in tissue.
[ Redrawn from Neufeld and Snyder (1960). ]
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Fig. 27. dE/pdx for ions in tissue. [Redr‘aWn from Neufeld

and Snyder (1960). ]
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Fig. 28. dE/dx for ions in emulsion. [ Redrawn from
Roll and Steigert (1959). ]
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Fig. 29 dE/dx in emulsion as a function of residual range.
The dashed parts of the curves show extrapolations to
shorter ranges than were actually measured., | From

Heckman (1959). ]
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Fig. 30. Specific ionization of heavy ions as a function of residual

range in water. (Adapted from Simons, 1960.)

Regions
A: Hilac operating conditions (1 to 40 amu; up to 10 MeV/amul).

B:

C:

Tracks have densely ionizing cores and limited radial 6

rays, ending by thin-down tracks.

Additional region included by projected future accelerators

(1 to 131 amu; to about 125 MeV/amul).

Region from 125 MeV/amu, at sunspot minima, to 1 BeV/amu
at sunspot maxima. Minimum energy of particles that can
penetrate to the top of the atmosphere at middle latitudes
varies within this region; tracks have densely ionizing cores
and extensive radial &§-ray patterns, and may have either
thin-down or collision endings. The smaller particles in this
region have somewhat less densely ionized track cores than
the heavier particles.

1 to 10 BeV/amu; 20 to 56 amu. Tracks have densely ionizing
cores and extensive radial 6-ray patterns, and end by collisions.
1to 10 BeV/amu; 12 to 20 amu. Tracks have extensive radial
6 rays and less densely ionizing cores, and end by collisions.
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such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






