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1. INTRODUC TION

‘The purpose of the research reported here is to provide estimates
of.thve stop’ping.f)ower and range of any atomic-ﬁucleué mc;ving in any
stopping rﬁ‘edium. The range of kinetic energies corisidere‘d ‘vari(:‘sv fr‘om‘
10 to 1 OOO MeV/amu_. |

The applications of these data fall into two main categories. First,

- when the charged particles are themselves incident upon the target

material, as in irradiation with a monoenergetic beam from a particle
accelerator, stopping power is basic to the calculation of important beam

parameters. Such parameters include dose, particle energy spectrum,

LET spectrum, and beam width, all as a function of depth in the tissue.

These calculatiéné have been performed for a vafiety of target ‘material‘s, ‘
including water, -by Litton,. Lyman, ana Tobias (1968) and Litton ( 1967)v
by introducing the effects of straggli.ng,‘ removal of particles due to
nuclear collisior}s, and ﬁultiple Coulomb scatte.ring.

. The. second application_of these daté_is to the calculation of energy.
dep‘osition.and ra'nges'. of he.avy secondary particles, For. example, v'in"
neutron irradiation, the éntire ‘dose i% déposifed by secondary particles.

In n_-meson"irradia{tion, the Bigh.—LET dose deposited by star formation

is due to these heavy secondaries. These stopping-power and rangé

data are of general application to the analysis of experiménts involving

charged-particle acceler'ators',‘ cosmic'_rays, or the fission process.
Thfo@ghout this paper we refer to MeV/amu, rep’reséntéd_ by

the symbol €, as a unit of specific energy. (See "No.tat”ions” in the

Appendix.) It is a unit intermediate between velocity and energy.
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The relationship to velocity is given by

e = 9311 - 52)"1/2 -1]
| ' ' 1/2

e (& . 5)
1(31+Z>

w

or ' ' : B':

+
-

ahci the rei'ationship to 'energy is given by ‘s’ = E_/Ai. The slﬁWing—dbwn
'rﬁechani:‘sm of a charged particle i‘n .matter isv similar throughout any

: plan»e of ‘constant ';zelocity in (Y, Z'l’ Zé) space‘.. Since € is a funétioﬁ of
velocity only, the sarhe statement can be made regaijding any plane of

constant specific energy in( &, Z, ZZ) space.

1
We will find it convenier_lt. ih this report to discuss information in

i _tgrms»of ( s,‘.Zi, ZZ)'-s‘pace. 'For instance, ‘in fig. 1 the slabs covering
the bottom and part of the back of the box represent the volume of this
space for which present accelerators can provide heavy .part_icles, Alpha
: "partic‘les, as indicated in the figure, can bevaccelerated to 230 MeV/amu._
P'.r'oto_ns\, répresented by the bottom slab, can be accelerated above

500 MeV/amu. - The slab along the back of the box describes the cépa— _
bilities of present heavydc’mv accel.e.réators.f' 'Throughogt most ;)f this
»d'iscussi»o‘n.the boundaries of- the space wevco_nsidel% are given by: _'.
0.01 < & <500, 1 <2, <92 1<7, <92 These boundariés are
somewhat arbitrary, and have been set prin.la.rily for the purpose of

' drawing figures.

Using this ( ¢, 2,, 2

1 2) space as a device for restating the purpose

of this research, we may say that is our aim in this report to provide

" a computational method for filling the box in fig. 1 with range
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and stopping-power data. The range we calculate is the total path-
l»ength> mean range and does not take into consideration the shortening
of the projected range due to Coulomb multiple scattering.

" The approximate limits of the only useful expe rimental stopping -

power or range data available are illustrated in fig. 1. Northcliffe (1963)

has produced the m.ost'usebful summary of thesve‘ data in the slab against
the back of the box. Whaling (1958) has summaried the data in this
slab extensively fc_)f protons and alpha ’partic_les and also for heavier
ions 1n gases. The résearcheré who c‘).riginally bbtained these data are
'surblnmarizediby Hyde (1964) and Args,x Menon, and Gordon (1965).
Exp_erimvent'al data in the two narrow slabs against the bottom of the box
are of only minor coﬁc_e’rn to us here; theory can accurately calculafe
these valuesb. Since the data from these small regions muét be extrap-
olated throughout the entire volume ‘of the box, it visv »qle-ar that it is of
pvrimary importance to include'_enough physic_al -theor)‘r t;o malke this

extrapolation effective,

‘ 1.1 Stopping-Power The'ory

The interactions of energetic heavy charged particles with matter

ha_ve been of great interest forvmore‘tha,r.l half a century, Bohr (1913,

- #

1915) developed the ‘semiclassical stopping-power theory using impact

parametérs in 1913, Bethe (1930, 1932) published his purely quantum
mechanical theory in 1930.

,-Zz)

Each of those theories is valid in only part of the ( ¢, 21

" space. Bohr's theory is valid only when the following inequalities are

“satisfied [Bohr (1948)]: -
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Z, << 137, - _ (1)

(Zi rZi)-1/3.. << 137 B,

e

—~- << screening distance of scattering
mV : - -
atom, and

rZi_ >>137[3’, | L (2)

" where h is Plank's coh.stant divided bY‘ZTT.,. m 1s the mass éf the ion,
V is its bv.elocity, and the 'scréening distance of an atofn' is the distance
from its nuéleus to the r‘adius‘_where th“e fscreen‘ing by its electron cloud
“has reduced thé effeétiye nuclear charge to 1/e of its true value. (See
the Appendix fér notations. ) |
The expression 137 ﬁ'appearsvmany times throughout this
. paper. Thisr.expresslion is the ion velo.city in units of the Bohr orbital
- K-shell velocity of the hydrogeﬁ atom. In discussion of the interactions
of charged particles v;/it.h matter, this is a &ery convenie"‘nt unit of
velocity.  Since the K—_sheli elecfron veloci'ty of the one —_el-ec.tron. atom
’lis.proporfional to the charge of the nucleus, inequality (i) éan_ be
festated: "In érder for Bohr's ~theofy to be valid, the vélocityl of the ion
.m>ust be greater than the K-shell ele'ctro.r; Veiocify of the stopping
medium, " Similarly, inequality (2) limits the ion velocity to legs than
its own K-shell electron velocity. Theljefore Bo_hr's theory is iimited
_'_té that region' of (&, Zi’ ZZ)‘épac,ev where the ion carries albng. w"itvh it
its .own electroﬁ éloud. This limité the L.lsef,ulinessv of Bohr's theo‘ry
to f;hé few cases for which adequé.te c.ha.rge—‘s‘tate data are.évailable.
Bethé's. theory, because u.sre was made of the.' Born approximation;

~is limited to the region where
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rZ, << 1378, 0 _» (3)
However, it was shown 1ét-er by Mott (1931) that the less restrictive .

inequality (3) or

rZ, << Z. (4)

is sufﬁcie‘nt. Thos, eince the Kv—shell velocity of the ion is approx-
| imately 8 2.21/137, the use of Bethe's theory is essentially restricted
to the region of (g Z 1 Z ) space where tl'.le‘ion is compvl'etely‘ioni_‘z_e-d,
although for very low energy, when r = 0, the theory is again v.alid_,
- Bethe orlglnally also requlred 1nequa11ty (1) However, he later showed
‘with L1v1ngston how the inclusion of shell corrections could eliminate -
the need for this inequality (Livingston and Bethe 1937). These shell
corrections, in effect, subtract from Bethe's for'mula.vthe contribution
~to the stopping.power of those most tighﬂy bound eiectrons in the stop-
ping medium, which, at low ion velocities, are rar.ely excited. Walske
(1952) made a detailed derivation of the K-shell correotio‘n. He later
made an estirnate‘ for the-j.L shell correction (Walske 1956).v Recently
- Bichsel (1961) has estimated corrections for all higher shells of the
stoppiné atom, | |

In 1933 Bloch (1933) developed hlS theory whlch in addltlon to
incq.uality_ (1), is ;jee_trlcted by (erzi)v/ << 137'B. Bloch's theory
pro'vides a bridge between Bethe's and B'ohr's theoriesiin the sense that
Bloch's theory agrees with Bohr s theory in the limit of inequality (2)

aad wtth P the s theory 1n the limit of ine quaht\, (3).

_ Each of these theories gives the stopping power in the form
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- ’ 1
IR - 0.3072 ZA B (5)
p 2
"Bohr found
3.
o 1.123 m_ Vv : 5 >
B:Z,Z 1'nl > . fln(i-ﬁ)—p "
: : rZie w : :

- wheré w may be regarded as an effective oscillation frequency of the
electrons in the scattering atom. For Bethe's theory, including shell _

corrections,

| 2.2 R— |
] amgetet o, BG
B = ZZ In —--—-—I——-—— - In ('1 fﬁ- ) b B .- —'TZ - 6 . ' (6)

He‘r¢ Iis the average exéitafion potential of the stopping medium, Z{Ci R
is the sum of the shell corrections summed over the electronic shells o.f
v the stopping medium (i. e. , '1 = K, L, .M’. . .- ), and & is the-cérrec‘tion
due'té polarization ,of thé stopping medium, For our purposes We- may
.negléct'é, since it .makes' a '_s'ignificaﬁt-contributi'on only for ion specific i
- energies abo%/e 5-00 MeV/arhu. Even at 1000 MeV/amu, 6 :i'ed>uc.es the

stopping ’p.ower by less than 1%. For Bloch's theory

2m cZ 2

' | S rZi 2 2|
B = 27, 1n+—’+¢_(1) -Req»_ 1+11_3_7_B -In(1-8%)-p"] ,

w.here-x,b is the logarithmic derivative of the gamrha. function.
The usefulness of any of these theories islimited for 137[3$Zi

because for these low velocities the ion carries along its own electron

cloud, implying that r is less than 1 and is usually unknown. Asll stated
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~above, this makes Bohr's theory not generally useful, because his theory

_ is valid only when this.inequality holds. It also makes Bloch's theory’

1 ZZ) space, where Bethe's
theory is also valid., Lindhard and Scharff (1961) and Lindhard, Schafff,
and Schiott (_19.,63)_, hereafter referred to as LSS, have recently developed:

the only generally useful theory vavli‘d at low ion velocities. LSS have

'ma_de use of the Thomas~Fermi description of the electroﬁ clouds of the‘

ion and stopping atom to give a formula for the stopping power due not
orily to excitation and ionization of the stopping atoms, but also to the

elastic Coulomb collisions of ion and nucleus of the stopping atom.

The contribution of the former to the stopping power (i.e., the

excitation and ionization of atoms in the stopping medium) is the only.

effect indiuded by Bohr, Bethe, and Bloch in their three theories dis-~-

. cussed above, For specific energies above 1.0 MeV/amuﬂWe may neglect

all other contribu'tionsb to the slovs'(ing down of the ion because this elec-

tronic s'topp.ing power is usually more than two orders of magnitude.

greater than any other contribution, However, as discussed by Bohr

(1948), in that region of ( €, Z,, Z,) space defined by small & and espe-

1

cially for 1ar.ge Zi and large Z,, the slowing down of the ion due to

2’

elastic Coulomb collisions between the ion and'nuc'le_i' of the stopping

‘medium (i. e., nucleaf Coulomb stopping power) affords the major

contribution to the stopping power.
| LSS.have found it convenient to express their théory in dimension~ -
less 'L;riits'.- _Their unit corresponding to distance is.

- Ai

, |
(_, =4 ma N —""————z—‘ R, (7)
A Ay .
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where Na. is Avogadro's number and
a = 0.8853 a, (Zi/3 + 22/3’)'1/2‘ - - (8)

where éO is O.529><.10-8cm, the first Bohr radius for hydrogen. The

. unit corresponding to energy'_is

A, A :

o -6 a1 2 e :
e = 1,602%x107° & . (9)
: \Ay A, 22, ‘
10

whereé is givenby eq. (8) and e is 4.803 % 10~ ; the electronic charge -

"in esu. . Now the LSS expression for the electronic stopping power is

»@i)' = ke V2, 7 (10)
\d& o , .
e .
‘where k is a constant given by
| 21/2221/2 | (A, + A2)3/2_'
k = £ 0.0793 L — - , {11)
-(-Zi/3 R 23/3)3/4 A, 3/2 A;/2

space for

where £ is of the order of Zi/é.‘ T}.leAvolu’me. of (&, Z1, ZZ)

which eq. (v10) is valid is gi_vén by
zZ

and Z_ > 1}md. o ‘ (12)

1 2

211/3; > 137B. - o (13)
' 2/3 e . U . .
(LSS suggest Z‘.1 > 137 B instead of 1n:=equva11ty.(13), but we find this
to be an inadequate restriction). .

. The stopping power due to nuclear Coulomb collisions is not

eXpreséed in closed form by LSS because the Thomas-Fermi scattering

cross section cannot be expressed in closed form. It is graphically -
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presented 1n fig. 2 in the dimensionless units of egs. (7) and _(9).> The
validity of tﬁis formulation is restricted by inequality (42). The contri-
bution of this elastic component of the total stopping povs}er ié significant
only-r in the region idéﬁtiﬁed by inequal;ltsr (13). |
. In fig. 3 we iliugpréte the volume of { €, Zi" ZZ). space in Which‘
e»aéh of the above f;o.ur fheories 1s valid. The boundaries separating
each of the regions afe- somewhat arbitre;.rily placed. The LSS theory
is Qalid over a plane across most ofbthe Back of the box. (It is actually
é slab of thickness given by 0,01 < € < 0.5 MeV/amu.) Bethe's theory
Vwit>h sheil corre‘ctions-'i_s valid throuvghout i)erha'ps a third of fhe box. .
It.ié valid over essentially all of the box for which\‘r is unity. There
is a small 'region iﬁ Whi-Ch BlOc.h's‘ or Bohr's theory is va.lid and Bethe's
theory is not valid. However, in this region r is less than unity, and
uncertain. Thus the advantage of Bloch's‘ or Bohr's theof? over Bethe's
.in any region of the box is questionable. »It is clear, at any rate, that
over avlarge portion of the box there is no vaiid théory (see fig. 3) and
no exp_érimental data (see fig.  1). |

Wé refer the reader tb the literature for bther surveys of stopping-
power t«heory.. For é'd'evelopment ;‘frorn first principles of the form of
Bethe's theory used today, Sée Fa.no'( 1963). For a brief o_\,rerview _of the
deve‘lopme‘n_t of Bohr's and Bethe’é theories see Turner (1967). For
moreb co_mprehenéive reviews 6f the same gatu’i‘e as pres>er.1t.ed heré; see
Bvethe and _Ashkih (1953) an';i Northcliffe (1963). For a gene‘ral fheorgtical
tr.e_atise': on the interactions between heavy energetic charged'particles

and matter, including charge exchange and the relation.ship between the
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classical andvquantum mec.hani'cal‘appfoaches, See Bohr (1.948). For

“'a tabulation us'iog Bethe's theory of stopping power and range of protons
and mesons, see .Barkasb and Be_fger (1964.).' A recent-and useful tabula-
~tion of ranges and s'topping power of a variet;t of so.lid and gaseous sto'p-

: p1ng materials for heavy ions { H through 257 Lw) over the“energy.ran‘ge

' 0,0125 < &< 12 MeV/ar’nu is provided by Northcliffe and Sc..hil‘li-n'g (197.0).
For an up—to—date discussion of several topics on the penetration. of

.‘char_ged particles in matter, see NAS-NRC pubhcatlon 1133 (1964). Of.

1nterest to the radiochemist and radiobiologist is a classical development
of the relative energy deposition within the hig_h-LET track core and the

lower LET peripheral region of the heavy-ion track provided by

- Mosumder, Chatterjee, and Magee (1968).

1.2 Our Composite Method

The unique aspect of the research reported here is that nowhere
"~else have stopping power and range been generated for such a large

continuous volume of (¢,2 ) space where active charge exchange

1’
between ion and stopping medium occur. We have generated stopping
powef and -rangeé_for all ions from hydrogen through uranium in any
non.gaseous stOpping med'ium over the velocity’dinterval from 0.01 to
1000 MeV/amu contmuously Over this v'elocity interval the charge on
the ion varies from lebs than 10% to 100% of its nuclcdr charge. The
dE/.dR maximum 1is contained in this interval for' all ions. The genera—
tion of accurate stopping power for the very heavy ions in the region

of dE/dR maximum is at this time a difficult u’nderte.king. " The tech-

niques de'veloped here are a first-order attempt to supply these data.
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We expect and solicit critical appraisal,
There have been several efforts to produce stopping power tables
_for use by researchers, but these tables usually do not give values

that are valid for that difficult and large region of (- €, Z z,) space in

1’
which active charge exchange occurs (see e. g., ‘Bérk'as and Berger
1964, Janni 1966, Serre 1967, -Trower,‘19_66, and Williamson, Boujot,'v
and Picard 1966). Ho'wevér, the.'rebcer_lt fables by Northcliffe éhd Schilling
(1970) do cover some of this region of active charge exchange.

‘The availability ofvex‘perimental stopping power and the validity
of the various theories are'ga;ch restricted to its own region o.f( e, Zi’ ZZ)
space as discussed a‘t‘)'ov,e.v Thus in.'developing our method for generating
stopping power, it is _co.nvenient for.us to divide (e, Zi’ ZZ) space into
'corre‘sponding regions. We develop for each region its owﬁ technique
~and strive f.o.r cbntinuify in stopping power at the boundaries. The divi- |

sion of ( €, 2 ',ZZ) space is roﬁghly illustrated in fig., 4. The depths of .

1

the low- and medium -.-lox'av‘-specific -energy regions have been exaggerated
‘in order to make them visible., The depth of the region for which\Zi < 10

"and & < 10 has also been exaggeréted. :

2. METHOD

2.1 Method for Z4 Less than Eleven

2.1.1 Specific energy less than 10 MeV/amu

In this region of ( &, 21, ZZ) space some .expei'imental data are

avail'able. Active charge exchange occurs, making theoretiéal treatment
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.difficult, Thus v make maximum use of the experimental data. To do

this we have mc1lind a method proposed by Northcliffe (1963) for
’ 'generating_;vsmo"-‘h é:topping—pow»er curves through'experimentai points.

L ) . . ¢
CFor further detaiis sce Steward (1968).

L2.14.2 »Spe’g»jF'i(j_'c_nergy greatc.r.than 10 MeV/amu

In this region of ( ¢, 2, %,) space (Z, < 10, & 2.'1Q.Me\_/./amu),
the ions are comp.lctely stripped of‘orbital eléctron»s, so that we may
‘ extend to all ions the proton stopping power bby means of ‘fhe'_'formula
vdE/.dR = Zzi-(d.’]B/‘/ﬂ.]f{)p, where ‘dlf.j/dR is the.stopping power of the ion

| ~of charge Z, at the same velocity and in the same stopping material as

1
for the proton whose stopping power is.(dE»/dR)p. This transformation
vis‘con'sistc,nt with Bethe!s theory‘. The proton stopping power is obtained

from Barkas and Rcrger's (1964) polynomial fit to Bethe's theory.

2. 1. 3_ Ion mcan ranges for Zy £ 10

- The mecan range of these ions in units of g/cm2 is obtained from

the expression
- (0,01 A1 : . ode!
R( g) = 2\ g + A =
S(e =0.01) | "1 SUeN)”

where S( g ) is the stopping power of the ion at specific energy € cal-

_culate'd as indicated above. The first term of this expression is an esti-

mate of the range of a 0.01-MeV/amu ion, This assumes that.the stopping

‘power 1is _propdrtional' to 81/2 below 0.01 MeV/amu.

E . y
This document is available from the authors upon request.

&
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2.2. Method for Z4 Greater than 10

2.2.1 Low-specific-energy region (137 8 < 21/3) ‘

Inb‘this re.gio_n' the ions aré rapidly c.apturing elec’tvror;s,. thus losing
effeﬁtive charge. The sfopping power or lvineal}~ energy transfer (LE»T.) '
s decreasi‘ng with 'd.ec‘reas'.in_g’velocity. The LET of the ions is not large |

.compared with that in the other .f_e'gions. This is the region of the re'c':oi.l
| nucleus or nuclear reaétion prloduc.:ts.' Charged particles in this region
are .of.parti‘cular conce'rﬁ to the radiobi(')l‘ogi.st because the radiation
dmage may be qualitativély different from the -damage for highei‘—en‘ergyv
particles (see, e.g., 'Kistefnaker, Detteer‘,' Séunders, énd Snook 1967
and Jung 1967). |

LSS have deveIOped .a theory for this veloéity .r'egion (éee section
1. 1). The‘ir theory- for the electronic stopping power is giveh by eq. (10).
B.y modifying the constant k (eq. 11) very' slightl'yv we obtained better
agreément with experimental fissiéh—product range datav in Al and U and

stopping—;jb'wer data for Ne and Ar ions in Al. - We increased the constant

by 1.5% and ch.angedv g from Zi/ 6 to Z(;'ZOT. Making these rhodificatipns, |
along with a change of units, we obt.é'.in for the electronic sf_opping power
e\ . . 1/2 . .
(F) =c. V% : (14)
e : , _
4 1'207122)/[A2 (Zi/3 + YZ‘§/3-)3/Z].‘ The theory

where Ce = 7.39%10 (Z1
developed by LSS for the nuclear Coulomb stopping power is represented

by the curve in fig. 2. By fitting a function to this curve and changing

units again, we get
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dE\ o' 10.277
<a3‘>ﬁ = C, & exp [-45,2,(cn €) ] (15)
where .
| /A 3/2 /77 1/2 . _3'/4
C = 444y 10® 1\ £ 72 [ g2/3, ,2/3 .
Cy .1 X_1 A TA A 1. 1T 72 v
17%2 ) 2 )
ahdv : o : o _
C' L A1 AZ . 1 ZZ/3 : ZZ/:’), -1/2
n —2—175 ‘A"“_—‘i_JrA2 1 2 )

Thus, for the low-specific-energy region, the total stopping power is

e\ _ [dE\ . /dE " |
_ ‘ . e . n B . : _

where '(dE/dR)e and (dE/dR)rl are given in eqs. (14) andb( 15) reépecti_vely.

given by

2.2.°2. Medium—low—specific—energy region (Zi/3 < 1378 = 9)

This is. a..narrbw.region- connecting the ’va-ria‘b‘le upper boundary

“of .the,rlow-speci.fi.(.; -energy fegion with the fixed lower boun.dary -'obif‘the
mediunﬂhigh~spéci£ic.-énergyA region. No (?,.Xpérirn(_‘,vntal data noir theories
available for this region are satisfaétory for estimating the stopﬁiz1g
.power. HoWeyer, bsincé this region is so narrow, a cubic polynomial,

' matching slope vand‘magnitude of thé. stopping power at bqth boundaries

'p'rovideé the stopping-power relation within the
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2.2.3 Medium-high-specific-energy region (9 < 137 8 < 3 Z,)

This region.is‘ bounded oﬁ the high side byvthe velocity at which
~ the ion can be cons‘ider.ed to be completely 'strippve-d of electrons. It is
b011ﬁdéd on thé 1_ow‘ side by velbcities for which we believe the method
_.described below cannc.>tv'ade,q‘uétely- provide stobping p.owe r.

Ouf rri\éthoci ﬁses bcha’rge_—s‘tate dat’a-'de_rived_frorﬁ rar_lge'—energy data
ayailable for Ar ions incidént upon Al. These‘ charge -state data are
1> 10 and all éto_pping media >as-.
.des‘c:rivbed in détail by Steward (1968). A plot of this charge state a'ppearé

gene‘raliZed- to all ions for which Z

in fig. 5. The stopping power in this medium-high-specific-energy
region now becomes -

(dE( £)/dR = 2y (dE/( € )/dR)p.
where the proton stopping power (@ilE/dR)p is gi\}én by the polynomials"’

of Barkas and Berger (1964).

2.2.4. High-specific-energy region (137 >3 Z,)

In-this re‘gion the ion is assumed to be completely stripped of its
orbital electrons and the conditions for the validity of the Born approxi-

mation are met. Thus Bethe's theory gives the stopping power
v 2 '
dE( ¢ )/dR = Z, (dE( € )/dR)p,
where ('d'E/dR)p is given by the Barkas and Berger polynomial as before.

2.2.5. Ion mean range for Z1 > 10

. The mean range of ions is given by the integral of the reciprocal

of the. stopping powers calculated above,’



_16- : ' "UCRL-19428

2.3 Compoﬁnds and Mixtures

When there is more than one atomic component to the stopping
medium, as in mixtures and compounds, we assume that the stopping
power of each corhpone'nt acts independently and is thus additive to the

others. This is Bragg's rule, which can be expressed

dE _ 1 2 <dE N
aR "5 &« Pi\ar) .
i i
' ,__whefe (dF‘_‘,/dR)i is the stopping power of ‘th.e ith component in denéity—
independent units such as MeV/(g/cmZ), P and p are the partial density
“of the ith cdmponent’ and the overall density of the medium respectively

(p = E'.'pv-i). " The validity of Bragg's rule is discussed in section 3, 7.

3. DISCUSSION OF METHOD

3.1 Experimental Data

o Z5) space defined by & < 10 and z, <10,

our method is designed to closely follow smooth curves pluced through -

In the i'egidn of (&,Z

'a.vailab‘le experirh-ental stoppiﬁg-power data. 'Northcliff‘e (1963) has
‘ sﬁmm’arized the availability c;f these data'and he‘has plotted .t_hem for
‘H, . He, B, C,. N,. O, F, aﬁd Ne ions each'iricident,upon'C, Al, Niy Ag,
. ‘.'.a.‘nd Au.: The uﬁgértaihty for the.dat_a points quoted by the inve stigators
' commonly varies from i.3% to + 15%. -
- We are reluctant to estimate error limits for the smo.qth curves
~which NOr_th‘cvliffé_ places thréugh these data, but \%)_e have molré confidence

in them than we do in many of the raw experimental points. We expect
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the error limits 'are gréatest for € < 0.1 MeV/amu, smaller for

0.1 < & < 10 MeV/amu. Also we expect the error limit to increase.

with increasing Zi'

‘3. 2. Gaseous vs an_gaseous- Stopping ‘Media

Stopping power H?.-nd. ranges .calc‘ulated by our method may not be
valid for'gase.ous stoéping media. Lassen (1951) discovered that the
most probable charge j_svtate of partiélly stri:pped ioﬁs differed in gase.ogs
v'and nongéseoUs stopping material. F'Irom his data it a.-ppe'ars. that fission

products in so'iids have a stopp.ing power greafer by more than a factor
of two fhan in rarefied gases. Bohr and Lindhard (1954) ‘s_u.ggest_ed that
this difference was the result _of-the fact that in solids an electronic level
of the .ion iexcited by oﬁe collision has a shorter time interval in which

to relax before the next col_lision'occui‘s, therefo’ré this electron is mofe
épt to be in an excited level, and th,us; rh'ore readily rémoved, at thé

time of the subsequent collision in solids than in g"a.ses. Grodzins,
Kalish, Murnick, Van de Gljaaff, Chrﬁara, and_ Rose (1967)‘_f0un'd the
>root_-mean-squba.'re charge of iodine ions éf' £ = 1.2 to be ab.out 30%
greater wﬁen stripped by carbon foils than when stripped by argon gas.
Ryding, | Wittkower, -a;'nd Rose (1969) determined that iodine iohs of |

€ = 0.03_5 have 17% gfe-ater mean charge iﬁ the denser bf-tbwo rarefied
g’dses; 'All these déta are compatible with Lé.ssen's original findings
.and Bohr and Lindhard's 'phys'ical interpretation, ‘
.A Pierce and Blann (196.8) diStinguisH between the root—mea.n—sqxiail"e

‘charge and the effective charge of the ion. The effective charge is defined
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as the ya1u¢ Which, when substituted .for' rZi' in Bethe's theory (eqs.. 5
~and 6) gives th¢ correct s_to'ppiﬁg power, They find that the rms chargé
of ions emerging fro‘pd solid foils i.s' indeed .gre‘ater 'thaﬁ‘that of ions
_emerg‘i'ngvfrom gases. ‘However., the effective charge of the ions in these
‘two cases are the sanle.‘» ‘Pie‘rce and Blann sugg(ast that ions may in‘deod :
_have.identical gharées \.Nh‘ile' traversing s#)lid and gaseous stopping 'n.'ledi‘a,
, but the ion is thén robbéd.of some "of its electrons at t.he‘ surface of a
solid as the ion leaves.. They suggest an iﬂteresting‘physical explaration
for tﬁis phenomenon.. Martin and North.c.:liffe' (1962) also found ’.che.effe'ctiv‘:
ion. charge to be the s.ar‘ne_ in aluminum and most gases. |

'Evén if the excess in ion charge found after emerging from solida
over that found after émerging from gases is indeed the result of sofne
surface phenomenon as suggested by Pierce, and Blann it ne\}ert}aeless
appears from the findings of Ryding et al that a dens1ty effect of the
type descrlbed by Bohr and Lindhard may still ex1st

The question of the degree to which the ion charge is influenced by
the density of the stovppvi.ng»rnedium. \;vhénever the ion is not completely:
ionized appears to be not e‘ntirely_resolv_.ed. Since som'e.b effect‘does
. ea{ist, we su‘g._ge‘svt. that the stopping powers calculated here be uséd with
,_Cau"cion Whene’ver the stopping rf;edium is a g.a's and the ion is not com-
pletely strippgd of clectr(ans. For Z-1 < 10 and € < 10. M(:V'/amu,
experimental stopping powers in HZ gas are built into our calculational
techniq'ue( From the discuésion above and from the data o.f Martin and
Northcliffe (1962), it is hot_clear in what direction this may cause thé

calculation to err. If this introduces any error at all, it will occur only.
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whenever the ion is. not co'mple‘tely stripped, the ion has Z < 10, and
the st’bpping medium is hydrogenous (i.e., water, tissue, a hydrocarbon,

etc. ).

3. 3. _Bethe's Theory

Barkas and Berg'e“r (1964>) have determinéd that t‘heir polynomiai,
which we use ihstead .of Bethe's theory, has a root-'mean-;squa’re' perc'_e_nt—‘
age de_via_tion‘frorri 600 pbints_éalculated by Bethe‘s’ Theoryvof 0.6% for
the ion rarigera-nd 1.3% for its stopping power. The maxifnufn error fof
the rénge is 2.8%. Therefore the overall accuracy of our method wvhere

" Bethe's Theory is valid (see fig. 3d) should be between 1% and 3%.

3.4, LSS Theory -

'In developing their theories which are baséd upon-the Thomas-
) f‘erm_i model o'f. the atom,>‘ 19614, 1963 (referred to as LSS), Scharff,
and Schiott treat separately the effect of eiastic céllisions Bet-ween the
ion and the Coulomb field of the nuclei in the stopping material, and the |
. effe.c‘t of inelasltic' collisions betw‘een the ion énd the atomic electrons in
- the. stopping material. The assumption that these two effects are uncor -
‘ ‘rel.a.ted n;ay result in sirstefriﬂatic vovei‘éstimation‘ of the stopping power,
| aécording' to LSS. .LS‘S also w;rn that the vandity of _'thivs theory is |

2 MeV/amu, since the Thomas-Fermi treatment

uncertain for & < 10~
of the atom is a crude approximation when the ion and atom do not come
close to each other., Others _have been critical of these theories too,

particularly of the theory for the stopping due to inelastic collisions

a.nd'Z2 has

(see eqs. 10 and 11). The variatibn of k (eq. 11) with Z1
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been vfo‘und to be irinperfect‘, ancl the variation of stopping power with
velocity has been found to differ somewhat from £ 1/2 (eq. 10). (For a
more detuiled discussiun of these Sriticisms s.ee, :Steward 1968.)

. However, wheréver we have available direct comparison with
ex‘peri.m.ental data, thé'rauges ca'lc_ulat.ed in the low—specific.—energ.y .-
region by means of eq. (16), which is an only sllghtly modified LSS theory,
ai'e usually yei‘y close to the exper1mental values. We calculate ranges
whlch"are»u‘sually within 5% to 10% of the ranges rrle.a_sured for Dy 1uns
in Al by Gilat and Alexander (1964) (seé fié. 8 of Steward 1968). Also
S we have collected 235U fission-product ranges from several reported
exper1ments which are summarized in Hyde (1‘.964), and we obtain ‘goodb-
ag.,reement with ranges u'alculated by our techniques, asldemunst.r‘ated
in Tables 1 and 2. |
| Since the experimental ranges are a measure of the distance the
“lon travels pl‘ojectéd onto the initial direction Qf flight, vsle should_com—
'vpare’;vthe experimental ,ranlg_es with a. calculation of the mean projected
range. ’l‘h_e-path—length range, obtained by our method, is the total mean
distahce the ion travels no matter.how twisted its path muy be. The i
dlfference between the projected and path length ranges is due to multiple '
scattering of the ion by nuclei in the stopping mater1al As one would
- expect, this difference is the more significant the l1ghterv the ion and the
' heauier_the’ nuclei of the stopping medium.  In order to calculate the
pr_ojééted rauge for‘these experimental comiaariéons», two comp_utér pro- -
grams were written.._- Ohe calculates the_mea.n-projected range of the |

‘ions and the other calculates the difference between the mean projected
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range'and the mean path—'leng'th' range. It is these programs that have
prov1ded the prOJected ranges. 1ncluded in Tables 1 and 2. The computer

programs and the method used in each are dlscussed by Steward (1968).

3.5. Medium-Low-Specific —Enei'gx Region

We calculate ranges that are w1th1n 5% to- 10% of the ranges mea-
sured for Cl ions in Al by Kaplan and Ewart (1966) (see fig. 9 of - Steward -
1968). .Since we believe the velqc1t1es of these Cl ions are
aho-ve the reglon of valldity for the LSS theofy, and are thus in our
' mediur'n-:low-specific—energy region, this agreement is 'more a confvil;‘rlna-
tlon. of the technique we use to calculate ranges in this hlgher energy
_reg1on than it is a confirmation of LSS theory. That the ranges of these
_Cl. ions were measured at éuch high velocities '(O._Z < & < 0.9 MeV/amu)
may have contrlbuted to the finding by Kaplan and Ewart that the variation

1/2

of stopping power with energy was less pronounced than €

3.6. Medium-High-Specific-Energy Region

There are two major assumptions implicit in our calculational
technique used in the medium-high-specific -energy region which pre\}ent
our generating stopping power in this region with theoret_icalnrigof. One

assumption is that Bethe's theory is valid in this region of ( £, Z ZZ)

1’
space. This is not true, since neither inequality (3) nor (4), one of

“which is requited for use of the Born approximation, is always fulfilled.
Incquality (3) is nowhere well satisfied, since the high-velocity boundary

of this region is 3 21 = 437 B. Therefore we cannot be certain that

Bethe's theory will generate correct sto.ppi‘ng power unless inequality (4) -
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is. satisfied, that is to say. unless the nuclei of the stopping mgdium are
heavier .th'an-‘the ‘io.n._ It is clear then thaf we cannot use Bethe's theovry
here With rigof.whehev‘er the stopping»materiziil. is wét_ér, tissue, or any
' _‘ hy_dr'ocarbon.. However,, for re‘asohs discussed b.Y, Steward (1968), we

' ijelieve ‘this me_thod.to be fai;‘ly good, land at least the best availabie.
',:’The second'ass-ump“tion is that r (éee fig. 5), w:hi‘ch is a function only _of.
X = 137 B/Zig,v, can successfully Ygivevvthe ch-ai'ge. state of all ions in all
"s'topp‘if_lg media‘througho'utb the medium—hiéh—.specifivc—ene rgy region.

Arguments favoring the assumption are presented by Steward (1968).

3.7. Bragg's Rule

' 'We use Bragg's rule in order to calculate the stopping power of .

compounds and mixture throughout ( €, zZ , Z space. In the low-velocity

1 2)

portion of this space, e.g., & < 1 MeV/amu, Bragg's -ruié_is less valid
than for the higher-velocity rggions, " The .r.nain reason for thié is that |
as the velocity of the ion deci‘easés, the more tightly bouna_inner elec-
tronic s‘hell‘s of the stopping rﬁedium play av smaller role in vthe' stopping
proc_ess'.‘ Thus tHé most loosely b(ﬁﬁnd shells, for éxvample the valence
shell, contribute a 1argér fraction of the stopping. Since 1t is primafi.ly
the ‘val‘ence shell whose energy lévels are modified by moleculat binding,
it is primarily thc,-low;véh")city‘ions whose stopp‘ing-rate will be afféétcd_
by t}ie chemical state of the atomic éorn'po>nents ofA the stopping medium.
As.a corollary to thié line of reasoning, we wish to point out that for all
.i(_)rrvel»ociti»és one expects that compounds of the lighter atoms, such as
-H, C, N, and O, will not fc_)llow. Bragg's rule so well as compounds of

heavier atoms. This is because larger fractions of the total electron
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clvoudsvl Q_f thé lighter -atorﬁs are vélenée electrons. Thus, for 8 << 1
MeV/arr;u, our calculation of stopbing power in compounds may suffer’
from the use of Bragg's rule, particularly .\Vl.'le.l"l..the s,toioping rﬁediurﬁ is
tissue, a hydroc'arb.on, water, or other hydrogenous., compound.v »

The error'iﬁtroduc.ed by u-sing Bragg's rule is no>tvla;r'ge in most
.caé;es, ~~Thompson (1952) has found that the use of Br;gg"s rule fo; cal-
culating the s;coppiﬁg- power of hydrocarbén.s for high-energy protons
(200 to 340 MeV) introducés an error of the order of 1 to Z%_-or.less.
'Aniaﬁsson(igé 1) rhakes similar findings"for 5.3-M'elY a'particle"s.v
Reynolds, Dunbar, Wenzel, .vand Whaling (1953) have found that vBragg'sv
iule introduées an e.rrvc'u‘ in the calculation of stopping'power'Of gaseous
H, C, N, and O compouhds which increases to moi;_e than 2% as the proton

energy decreases below 0.15 MeV.

4, RESULTS

The computer prograrﬁ that incorporates our method has generated
a vsavrnpling of ranges and stopping powers to be divsp'layed he,re‘.'_‘ The
_ioné c.hosen are H, ‘4He,.. 12C, Zo.Ne, 40Ar, 84K,r’, 131Xe, and .ZZZRn:.
Data are pre sented for each of thé_sé "ifons- incident upon water, aluminum,
copper‘," silver, lead, and uran.ium.v ‘ R oo |

In figs, ‘6 .t'h_rou‘gh 11 stopping powéf is plotted as a function of
specific energy. One of the conspicuous featurc;s of these curves is the
differencc in behavior 1n the low—speéific—ehergy reg:ion b_etweeﬁ the

ions for Z, > 10 and for Z, < 10. This reflects the fact that a com-

1 ~=

pletely different method is used to calculate the stopping power in these

1

two cases. . For Z, > 10, eq. (16) is used. The increasing contributions

i
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‘of the-nuélear Coﬁlomb'stopping-power term a‘s:Z1 increa§es and €
. decreases Céuse the slope of the curves to decrease uhde;‘vthese condi-
~tions. According»tb LSS, .the.assun'lption that the nuclear and electronic
stopping powers a.re ’séparable may leéd to a syste?ﬁatié overés.tnimatio'n
‘of the stopping power in this low—specivfic—enebrgy region, The smoéthed
experimen_tai stopping power which we t.ry to dupiicate_ w‘ith our method
for Z1 'S710_-does not usualiy.shéw a decreasi‘nlg slope for. de_creas_iﬁg
-velocity beca‘use the scatter of the vexperimenta.l points is usﬁally too
great to permit the resolution of such fine ‘detail. “Thus the decréasingv
slope for deéreasing velocity may be overestiméted for Ar ions and
underestimated for Ne ions, leading to a discontinuity in the systerﬁatic_

,change of behavior across the _4Z 10 boundary.

1
It r'nay'be useful to’exarnbine this discontinuity in mofe detail in
-order to obtain a m>easure of the accﬁracy of our method for .Zi = 10
In fig. 12 the lower pair of curves are plots of the stopping power of
Ne io_ﬁs in Al by both methods. The agreement between these two curves :
_i.s very go'qd. The di‘fference between their magnitude s is + 10%. The
upper pair ‘ofvcurves.in fig. 12 compares the two methods fof Ne ions
in wafer. The agreement is not so good'.here. ' Thex;e a;re two rﬁain
breésons: for this, and both have to do with the difficulty of treatir;g
hyarogeﬁous Stc‘)pvping m_édia. First, the experimental .sto‘pping power of
‘hydrogen 1lséd by the method for Z1 < 10 is ‘;he stoppiné power of
gaseous hydrogen; The ions at low velocities thérefbre may have a
lower charge tflan they would in _éohdensed hydrogen, ‘as di‘scuss‘e‘d in
lsecti_on 3.2. Second,. the Thomas;Fermi atomic model, whi’éh is u'se;d '

: “in the low-specific-energy region for Z

1 > 10, cannot be applied with
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rigor tAo hydr-ogenoﬁs. step’ping media, since the sta_t_isticai model cannot
.properly be applie_a to hydrogeh. The ‘method.forA Zi.i > 10 is more |
iaroperly applied to stopping media heavier than hydfogen. |

In figs. 13 threugh 18 the stopping power is _plofted as a‘f’u'ncvfioﬁ of
ion residual path—len.gtl.q range. Points of constant specific ehergy ere
indicated by symbols at O 01; 0.1, and 1.0 MeV/amu and by curvesat
5, 10, 50, .100, 200, 300, and 500 MeV/amu From fig.' 13 ,_f(_)r instance;
- we .svee that a 5-MeV/.a.fnu- ZONe in water has an LET of 7500 MeV/(g/CmZ)
.and a range of 100 microns‘.’ The discontinuity‘in behavior across the
Z1 = 10 boundary disvcussed' abeve i1s apparent here also.

7 The H-He, C—Ne, and Xe-Rn crossovers of fig. 13 are not so
bizarre as they prob_ebly appear, because velocity and not reeiciuai range
js the natural variable of stoﬁping power. Let us discus_e fh_ese cross-
overs one at a time. | Since He has feur times the mass but only twice
the eharge_ of H, the two ions have-the same range fer constant velocity
when r = 1 because range is proportional to A1/(r Zi)z. This makes it
_eésier for the He and H curves to cross over at some low Qelocity where
r = 4 for H ions but r < 41 for He ions,. |

’Ifhe_efr-.i).r we introduced into .fig. 13 at low velocity for Z1 S 10
~ by using the exﬁe_rimental stopping power in gas'eous hydrogen instead
of condensed hydrogen may have the effecvt of introducing a>value of
r that is too sina.ll.. Since S’Eopping power is prdportioﬁel to(r Z ‘)Z the
" error has the effect of movmg a curve plotted on the coordinates of fig. 13
‘down and to the right of where it should be. Neon ions would be affected

by this error at higher velocities than carbon ions, so the magnitude of

~ the C-Ne crossover may be accentuated by this error.
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Al t'hreeofl thvesc Crossovers occur in regions whe‘re we have_
» relativély low confidence in our methdd.. Thus they‘may not exist in
' reélity and may be an arﬁfact- of the method. ~This is certainly the case
for the Xe’—Rn. crossoyeré of fig. 13. TheS‘e‘ two Cufves c__r.os.sv ove.r only
slightly in the m.edium-low'-spec;,ific’—energy region. It is in this r‘egivon
-that we extend thé stop‘p'mg, power f.rom the_b‘ound'aries into the rc—:gionvby :
means of a cub&c poly.nomié«l determined by thé svlope and n%lagnbitqde of
the stopp_in'g"_power at t»he boundaries. In fig. 13, whére two curves
approach each other neér- this m’ediux‘n;l.ow:—specifvic —.eﬁergy reéion, the
curvature provi:de,dv'by the cubic can easily be sufficiently errdneox.Ls_ to
allogw crossovers such as this Xe-Rn crOSSQVer.

In figs. 19 through 24 the velocity is plotted as a function of re siaual
‘range. The diSconfinuity iﬁ‘the systematic change of behavior across

1
below 0.1 MeV/amu.

the Z, = 10 boundary, as discussed above, is apparent in these curves

SUMMARY

‘A method is discﬁss‘ed.f.or calculai.:.ing range and stopping -power
data for an)f ileavy' ion with 0.0i < g < 1000 MeV/amu incidént upbn any -
nongaéeous stoppin.g mec.liurn_.v The method is inc'orporated into _;.
FORTRAN IV éomputer» progf‘am.v '..Results are pre sented for H,» 4He,
12C, Z.ONe, 40,Ai‘, 84Kr,' 131Xe, and ZZZ,Rn ions each incident uipon

}HZO, Al, Cu, Ag, Pb, and U.

For ions at low energy with Z < 10, the program uses experi-

mental data. For ions witﬁ zZ > 10, the nuclear and electronic stopping -
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power ‘theo.i')'r developed };;y_ Lindherd'»ef 51. is adjusted te fissio_h-

product fange data at low ene'r.gy.; for intermediat-e energies, charge --s‘t‘a’ite
data dev.eleped from ekper_imental Ar range-energy data in Al ere extended
to other ions and stop‘ping media. " Bethe's theory‘is used for ail,ions_ at
vhi_gh energy.. The _partiele fanges c.alculatecvi’by' the m‘_ethod‘ are path-

length ranges and do not include the effects of multiple scattering.
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- Table 1. Ranges in Al calculated by the program compared with the

experimental fission-product ranges (Hyde 1964).

89

58

~ Estimated
_ specific energy
Ion (Me'\_//amu)
: 38S_r - 1.12
115
486d 0.6‘13
140 .'
56Ba 0.489
e 0.437

Rangé (1ng/cm2)

| Catlc‘ulét,ed |
Expe‘rimen'tal | Pro.ject.e'd ' Path length
4.09 4.12 4.15
3.32 . 3.14 | 3.18
2.98 | : 3.03 3.07
2.7 2.84 2 .87 h
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.Experimental fission-product ranges in U compared with

58

Table 2.
- ranges calculated by the program (Hyde 1964).
SRS 2
_‘Range (mg/cm®) .
Calculated
 Estimated
specific energy : ‘ o T
- Ion (MeV./amu) Experimental Projected Path length
89 |
3857 1.12 . 11.55 : 11.76 12.82
46P, 0.816 10.14 . 9.91 . 10.87
tacd 0.643 952 8.35 ©9.27
?ggBa' 0.489 - 874 164 . 8.48
A4, 0.437 8.37  7.04 - 7.85
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' APPENDIX: NOTATION

- Symbol Descriptionof Symbol in Order of Appearance
e | ,The.specifi'c energy of the ion units of MeV.per atomic

mass unit of the ion

B The ratio of the Velocity of the ion to that of light in a
vacuum
E K_ine'tic energy of the ion in units of MeV
Ay | | Atomic weight of the ion
-V v _ " The velocity of the ion (cm/sec)
Z, The atomic number of the ion (projectile)
Zg. The atomic number of the stopping medium (target)
r " The ratio of the foot—m_ean’—sqhare actual charge of the
ion Z to that of its nucleus Z
71 . 4
_ eff __
'gﬁ Plank's constant divided by 2w
m 'The mass of the ion
dE ‘ . : : . [ 2y
4dR Stopping power in units of MeV/(g/cm®).
B The stopping number (dimensionless)
> Atomic weight of the stopping medium
In " Natural logarithm’
m - The rest mass of an electron (gm)
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Description of Symbol in Order of Appearah'ce

The charge of an electron = 4.803X 10_10 (ésu),-

‘The velocity of light

Average atomic excitation potential of the stopping medium
Shell corrections for the ith shell

Polarization correction for the stopping medium

dlnf(x). _ 1 dI(x)
&

= dx = 1ogar1thm1c der1vat1ye of

the gamma function

Real part of a complex number

The dimensionless unit corresponding to range are to

Lindhard et al.

Avogadro's number

Ion range (’g/cmz) '

The radius of the first Bohr orbit in hydrogen = O.>529>< 10—8(crn)

The dimensionless unit corresponding to energy due. to

Lindhard et al,

Electronic stopping-power constant from Lindhard et al.
see Eq. (11) and LSS (196.3);_ :
1/6

A numb}er near 1 and of the ordevr‘ of Z-1

Stopping power‘Me.V/(g/cmZ)' for protons’

_ Identicai to. eD/dR above. This symbol is used where

a less cumbersome notation is desirable. -
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Description of Symbol in Qrder of Appearance

Electronic stopping power MeV/(g/cm‘Z)

Nuclear Coulomb stopping power MéV'/'(g/cr_nZ)

r Zi’ the root-mean-square charge of the ion

-Density of the stopping medium
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FIGURE CAPTIONS

Fig. 1. A geometric view of t}.lat' part of ( e, Zi' Zé’) '_s'p‘a.ce for w'hich.
0.01 S. £<500, 1< Z1 < 92, and 1 < ZZ < 92, .’The regions
' o'fv this subspace f.o‘r which experimental Astopping power is available
are indi.cated by the slabs covering thé— bottom and part of the » |
" back of the box (accelerated particle "data) and. thé two lines on
thé»b_ack of thc; b_o?( (fission product'range data},.
Fig. 2. The nuclear Coulomb stopping powér for heavy ions at low
| ‘velocities. The { ~¢. units used in this figure (yseev text) éllow
one curve to provide fhis s‘to.ppi'ng .power for any ion in any medium.
Fig.. >3. In these four views ofr( g, Zi’ ZZ) s.slﬁa.ce \ye dgpict the regions
N of validity of. four diffe.rent theories. The theories are: |
(a)i_Lindhard et al, (19‘6.3); (b) Bohr (1913); (c) Bloch (1933); and- -
(d) Bethe (1930). o

Fig. 4. In this view of ( £, Zi’ Z space we illustrate the regions into

Z) _
which we divide this space. In the high-specific-energy region

< 410 and & = 10 we use Bethe's -

(H) and the region for which zZ,

theory directly. In the medium-high-specific-energy region ( MH)
we . use Bethe's theory with charge-state data. In the medium-low -
specific -energy region (ML) we use a cubic pdlynOmial (see text).
In the low-specific-energy reéion (L) we use Lindhard's theories.
1

In the region for which Z $10 and ¢ < 10 we use experimenta.l

v data.
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Fig. 5. Here r is the charge state Z'l- / Z,, and X = 137 B/Z%_ where

eff X
g 1s given by
g‘:' 2/3 A : : ~ for 1'375$Z1 2/3 ,
o 137p 4 421'-32_12/3_ 23 '
g = . oy for Z, < 137p < 24, ,
= 6z, -32,°° -t c o
1 1
g =1 ’ | for 22, <1374 <32,

-Fig. 6. Stop_'ping‘—powgr curves as a function of As’pecific energy for
| various ions in water as calculated by the computer prbgram. At
" the top of the figure, values of B = V/c are dis.playevdi. (The Ne
and C curves touch at abou.t 0.04 I\/'[e.V‘/amu ‘d.ue to é'n inaccurééy,.
m the program. Our meth(.)droverestirrlxate‘s the experimental
stopping power. for carbon io.ns in hydrogen at 0.04 MeV/amu
by 14% and vun\derestimafes it for Ne ions by 6%.)
Fig. 7. Stopp‘ing—power curves as a function of specific energy for
| various ioﬂs in a‘lu‘r_ninum as calcﬁléted by thé computer program.
At the top of the figure, v‘alué sof B = V/c .a.re displayed. |
:Fig. 8. Stopping-power curves as a fthtioh of specific energy for
vario@s ions in copper as calculated by fhe computér program,
At the-top of the figure, values -o-f‘[3 = V/c are displayed.
Fig. 9. St(')pping—powér cﬁryés as a function of specific e.ner_gy for
various ions in silver as calculated by tvhe épmputer program.
At the top of the figure, valués of [5 = V/c are displayed.
Fig. 10. St.opiiing -power curves as a function of sbeciﬁc energy for

various ions in lead as calculated by the computer progfam,
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At the top of £he figure, values of B = V/c are dispilay.re(‘i.v

Fig. 11, Stopping-power curves as a fuhction of specific eﬁergy for -
various ions in. ufar}ium as célculated by the Acom?uter program.
At the top of the f._igure‘, val§es-of B :‘V/C are disﬁlayeci, “

‘Fig. 12. Stopping-power curves as a function of specific énergy for
a Ne. ion in aluminum (lower paif}’ and- in water (upper pair).

The memb.er of each pair of curveé t}_ia.t shéws a decreasing slope
for decreasing velocity at very low velocity is calculated by the

- method nor‘mally gSed. only for ions with Z1 > 10, The_other_‘
member of each pair of cuvf‘./es is caléulated by the method used
for 7, < 10.

" Fig. 1.3. Stop‘pirﬁg -power curves as a function of residual raﬁg_e for
vva.rious ions in water a"s cvalculated' by thé computer program,
Various ion specific enefgies in units of_ MeV/amu are designated
on each éurve by symbols for & < 1.0 and by curves of cons_tanf ,
velocity for &€ 25, The H-He, .C—Ne, and Xe-Rn créssovers
are discussed in the text.

Fig. 14. Stopping-power.curves as a function of residual range for
various i‘ons in aluminum as. calculated by the. computer program,
Various ion'speéific energies in units of MeV/é.rmi a’Lr.e designated
on each curve by symbols for € < 10 and by curves of constant

. velocity for & 2‘5 . |

Fig. i5. 'Stopping-pqwér curves as a function of residual range for

various ionsvin copper as calculéted by the computer proéra&ﬁ.

Various ion specific energies in units of MeV/amu are designated
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on each curve by sy'rnBols for € < 1.0 and by curves of contan_t
velocity for ¢ ,ZFS. |

Fi'g. 16. Stopping—power curves as a function ofifesidual range for
varioué 'flon.sAin éil_\}er és’ calculated by the computer program:,
.Vari.o'us ion sp~e‘cific‘.energie.s in units of MeV/amu a;‘.‘g.dsesignated
on each c_urve' by éymbqls for £ < 1.0 and by Cu.rve_s of constant
, velocity‘for £ = 5, |

bF.ig. 17.., | Stopping-power curves as a func’tio_r_l of rvesidual range for
'varioﬁs ions in lead as calculated by the computer prdgrazﬁ;
Various ion épecifi‘c energies in.uni,ts of MeV/amu are designated
on each curve by symbols for g < 1.0 and ’by_ curves of constant
velocity for € 25,

~Fig. 18. Stopping-power curves as a'function of residual range for

o varioﬁs ions inburar.lium as calculated by the c.omp_"uter progr.am.

‘ V'Vari‘ouslion specific energies in units of MeV/a’Lmu are designated
on ‘ezvich curve by symbols for € < 1.0 and by curves: of constan"c
“velocity bf'or _E}' =z 5.

Fig. 19. Energy-range curves for various ions in water as calculated
by th_é. computer prograrﬁ. For.v‘any spec'ifié energy 6n the
oi‘dinéte, the :r-esidual p.é_th-length raﬁge is read fforri the{abscis;sa.
At thelleft of t'he‘f_igure ‘values of § = V./c are displayed.

. Fig. 20. Energy-range curves for various iions_ in aluminum as calculated

| by the computér program, FOJ;“ any specific energy oﬁ the ordinate,

the residual pa_th-lerigth_ _rangé is read from the abscissa. At the

left of the figure values o_f B = V/c are displayed.
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F1g 21. ' Ene‘i‘gy.—range cu'rves"for' various ions in éopper as calcglated
by’ the computer program. For any s‘pecific energy on the ordinate,
the residua'l path—iength :énge is read from the abscissa. At |

" the left of the ’figure. values of B = V/c barg displayed,
Fig., 22. Energy-range curves for various ions in silver as 'calculated‘
| by the computer pfogi’am‘. For any spec.ifi:c energy on the orvdinate,'_
the' residual path-length range is reaid fr’om.the _absciss'a.. At the
left of the :figure vélues of B = V/c are displaye‘d.. ‘ |

| »Fi‘g, 23, | Energy-range curves for varioﬁs_.i‘ons in lead as calculated by
the computer progl;am. For any specific energy on the ordinate, .

.the residual path'—le.ngth range is read from bt}-1e abscissa. At
the left of the figure values of B = V/c are diéplayed, :

Flg &4 Energy_—range curves for various ions in uranium as calculated
by the computér program. For any specific energy on the ordinate,’
the residual path—lengthv range is reaa from tvh’e abscissa. At -

the left of the figure values of = V/c are displayed.
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