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The analysis of experimental energy-loss data for 0.2-0.5 MeV/amu p, @, and N in Se has

been made to obtain certain quantities.

Data of standard media are also shown for compari-

son. The results tell us that the effective-charge parameter for N is quite different from unity.
The variation of the relative mean excitation energy measured by a particles is not linear in
terms of Z,. The parameter ¢ for N is slightly larger than the theoretical value (Z}/%). The
electronic stopping cross section for N, which lies between two theoretical values, is not ex-
actly proportional to the projectile velocity, suggesting that nitrogen as a projectile shows a
peculiar behavior particularly unlike other light-heavy ions.

I. INTRODUCTION

The mechanism of energy loss of low-energy
heavy ions has been the subject of theoretical and
experimental studies in the field of atomic stopping
since Bohr?! laid the theoretical foundation for it.

In the region of E,=0.1-0.5 MeV/amu, it is
considered that the electronic contribution is still
primarily responsible for discrepancies in range

.or energy-loss quantities between theory and ex-
periment. These discrepancies are partly related
to an effective charge of the ions in media when
theories contain no ionization effects.

For small Z, and high E, projectiles in isolated
atoms, the Bethe-Bloch treatment? applies to the
electronic stopping region. Thus, it can be recon-
sidered only for the estimate of ionization.

The relativistic Bethe-Bloch formula for the
stopping power is given by

—dE =4ne* ZiNyZym v M3 B, (1)

ax
where

B=In(2mv?I')-p% —1n(1 - %) - CZ;* - 0.55.
The quantities e and m are the charge and mass of
the electron, v =cp the velocity of the incident ion,
and N, is Avogadro’s number. I and C/Z, denote
mean excitation energy and shell correction of the
medium, respectively. The factor C/Z, is effective
at very low velocities; the quantity 6 expresses
the density correction term which is of importance
at very high velocities.?

Equation (1) is often applied to evaluate the stop-
ping power of heavy ions, merely by replacing the
full nuclear charge of the ion by an effective charge
Z s =v Z4, which depends on the ion velocity. In
terms of the effective charge, Eq.™1) may be re-
written in the form

-dE
_{Y =3.072%10" 22, Z, F2 M;'B (2)

where —dE/dX and M, are expressed in MeV cm?®

3

mg’1 and amu, respectively. In the case of ions
penetrating the same medium at the same velocity,
one obtains

—d% =constX 2%, . ®)
II. EXPERIMENT ON p IN Se

A deuteron beam of 200 keV, 100 LA X 20% ex-
tracted from the Kyoto University Cockcroft-Walton-
type accelerator bombarded a deuteron target built
in Zr (backed by Cu) to yield a nuclear reaction
D(d, p)T. Use was made of these protons as pro-
jectiles to absorber targets. Various kinds of pro-
ton energies were selected by varying the scattering
angle or degrading the initial energy with Al foils.
Signals from a solid-state detector were analyzed
by a 256-channel pulse-height analyzer. The gain
and zero point of the detector-amplifier-analyzer
system were monitored by inserting test pulses
from a mercury pulser into the preamplifier. The
main sources of error are location of peak in pro-
file, drift in pulse-height analyzer, and uncertainty
in foil thickness.

Table I shows the experimental results — dE/dX
(MeV cm?mg™?) of p in Al, Se, and Ag. The results
for p in Al and Ag are successfully compared with
others. *1° The atomic weight averaged over the
abundance ratio was used. The Se foils employed
in the experiment were transparent and light red.

Our previous experimental data for o« particles
and nitrogen ions'"'? in Al, Ni, Se, Ag, and Au
were analyzed extensively.

III. EFFECTIVE-CHARGE PARAMETER OF N IN Se

The relative effective charge responsible for the
electronic part of the energy-loss process is de-
duced from the comparison of -~ dE/dX of different
ions in the same medium at the same velocity by
using Eq. (1). The capture and loss of electrons
and the use of a full nuclear charge in place of the
effective charge in Eq. (2) is less valid.
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TABLE I. Stopping powers (MeVcm?mg™) of p in
Al, Se, and Ag as a function of proton energy (MeV).

pin E,roton —-dE/dX
Al 0.992+0.015 0.171+0.007
Se 1.381+0.015 0.092+0.020
0.947+0.015 0.115+0.020
0.707+0.015 0,138+0.020
Ag 1.366+0.015 0.064+0.015
1.141+0,015 0.077+0.015

From our p, @, and N experiments, the effective-
charge parameter of nitrogen ions

wHEIEE)]T
()] ()]

was obtained by noting that the factor B remains
unchanged.

The quantity — dE/dX for p or o decreases with
increasing E,, but that for N increases up to the
maximum and decreases in this E, region.

Table I shows the experimental results of the
effective-charge parameter vy for N. It is clear
that vy increases with energy. vy from Eq. (4) is
lower than that from Eq. (5) since the parameter
v for a particles is lower than y, for protons at
the same velocity. In terms of Z, dependence, it
is almost constant.

IV. MEAN EXCITATION ENERGY OF Se

The value - dE/dX is sensitive to the quantities
Iand C/ Z, which indicate the characteristics of
the electrons of the medium atom; when the effec-
tive charge is approximated to be a nuclear charge,
experimental errors for I become large. For these
reasons, most experiments concern high-energy
protons, deuterons, or ‘a particles so that the ef-
fective charge may be assumed to be equal to a
full nuclear charge.

The factor B in Eq. (2) can be approximated as
a nonrelativistic form:

B=1n(2mv?/I*)
or (6)
I*~2mv?e® .

The quantity I* contains the mean excitation energy,
shell corrections, etc. Considering Zg¢, high-
energy experiments are more valid than lower-
energy ones. However, this nonrelativistic ap-
proach is valid in the lower-energy region.

Table III shows the experimental results of I*
(eV) and I* /Z, for o particles as a function of E4,
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where Inf* =1nl+C/Z, or I*=e®/?2andy, =1, and
those for protons where v, =1.

The value I* increases with increasing E 4, and
Z,; the absolute value cannot be believed to be ac-
curate because of the factor e/ %2, This increase
is not linear in terms of E, because the factor B
does not vary monotonically with v. At least the
factor B contains the variation due to (- dE/dX)B2.
In the present velocity region, the quantity — dE/dX
decreases with increasing v.

Since the value I* refers to a medium atom, it
should be the same for the same medium at the
same velocity whether the incident particle is a
proton or an « particle. Nevertheless, these re-
sults are not the same, partly due to the difference
of the effective-charge parameter between protons
and o particles.

The shell corrections are energy dependent, un-
like the mean excitation energy. If the ion velocity
is much larger than the orbital velocity of electrons,
the term C/Z, tends to zero. It may not be negli-
gible in heavy elements since the orbital velocity
is high. It is reported that the value C/Z, extends
from 0.1 for light elements to 0. 3 for heavy ones.
Therefore the term €€/ %2 will vary from 1. 15 to
1.35.

Recently it has been suggested that the quantity
1/Z, does not increase monotonically with Z,, but
oscillates probably because of the shell structure
of the medium atom. * More precise measurements
in the intermediate Z, region are required for the
recognition of this oscillatory behavior of I/Z,.

V. STOPPING CROSS SECTIONS OF p, a, AND N IN Se

Accurate measurements of — dE/dX values for
light particles in the region E,=0.1-0.5 MeV/amu
are important, particularly to discuss the Z, os-
cillation of the electronic stopping cross section
S, .51

Chu and Powers® have found that S, for @ pa.-
ticles increases with Z,, except in the region of
Z,=22-29, where a zigzag exists, and where it
decreases with increasing Z, except at Z,=26, in
contrast with the increase predicted by theories

TABLE II, Effective-charge parameters of N in Al,
Ni, Se, and Au obtained from Eq. (4) or (5), where
¥p=Ya=1; experimental errors are 5% at most.

Al Ni Se Se Au
E, Eq. (5) Eq. (5) Eq. @) Eq. (6) Eq. (5)
0.20 0.51 0.59 0.56 0.61 0.57
0.25 0.56 0.62 0.60 0.66 0.61
0.30 0.61 0.65 0,63 0.70 0.65
0.35 0.65 0.68 0.66 0.73 0.68
0.40 0.69 0.70 0.68 0.76 0.71
0.45 0.73 0.71 0.70 0.77 0.73
0.50 0.75 0.73 0.72 0.79 0.75
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TABLE III, Mean excitation energies (eV) of Al, Ni, Se, Ag, and Au measured by o particles. I* means the value
of Eq. (6), where v,=1; experimental errors are less than 5%. The last column indicates those of Se measured by

protons, where ¥,=1.

Se

E, Al Ni Se Ag Au (measured by p)

I* I*/Z I* I1*/Z I* ~/z I* I*/z I* I*/Z I* I*/zZ
0.20 113 8.7 239 8.5 256 7.5 260 5.5 310 3.9 oo e
0.30 120 9.3 271 9.7 316 9.3 331 7.0 406 5.2 s e
0.40 137 10.5 287 10.2 356 10.5 385 8.2 481 6.1 s oo
0.50 158 12.1 293 10.5 3% 11.3 428 9.1 540 6.8 305 9.0
0.60 169 13.0 300 10.7 408 12.0 461 9.8 587 7.4 315 9.3
0.70 184 14.2 304 10.9 423 12.4 486 10.3 624 7.9 323 9.5
0.80 191 14.7 308 11.0 438 12.9 503 10.7 653 8.3 334 9.8
0.90 194 14.9 310 11.1 445 13.1 512 10.9 677 8.6 343 10.1
1.00 197 15.2 315 11.3 452 13.3 515 11,0 688 8.7 356 10.5

which do not include the effect of the periodic varia-
tion in radial electron density.!® They have also
found a zigzag for protons in Z,=23-29 at lower
energies, probably due to the existence of a 4s
electron.

According to Fig. 1, the electronic stopping
cross section S,; (in units of 107 eV cm?/atom)
for « in Se is as large as that for « in Ni. Hence
it may be said that it does not increase monotoni-
cally with Z, between Z,=28 and Z,= 34.

In order to compare the stopping cross section -
between theory and experiment for N in Se,

Sp=5.15X10"1(Z,+ Z,)vv;l eVem?/atom
; )
or
Ser =& 8m€%agZ,Z, (233 + 23/3)% 2v 03t
£E=2ZV8 v,=e¥/n, ay=r2/me?, 0,233 >0

(8)
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FIG. 1. Smoothed curves of experimental stopping
cross sections (101 eV em?/atom) for p or @ in Al, Ni,
Se, Ag, and Au; experimental errors are 5% at most,
as shown in Ref. 12.

was quoted as the theoretical electronic stopping
cross section per atom. 17719

The observed stopping cross section per atom
S, is given by

~dE
=\ N-t y
So <dX >exnt ! (9)

where N, is the number of stopping atoms per unit
volume; (- dE/dX),,: was calculated by differenti-
ating the energy-thickness relation obtained from
our previous experiment.

The nuclear stopping cross section per atom
calculated by

Snu =§m%nzezaZIZ2M1(M1 +M2)-1 ’
€20 = 2/(2.718 X 0. 8853),
a=0.8853 a,(2%/% +z&/3)"V2  (10)

is about 0.2-0. 3 in units of 10" eV cm?/atom for
N in Al, Ni, Se, etc., suggesting that the nuclear
contribution is negligible in S,,.

Table IV shows the results of calculation by Eqgs.
(7) and (8) compared with experimental results of
Eq. (9) in units of 10" eV cm?/atom. It is seen
that S,y <S,<Sr in every case.

When S, was plotted in log-log paper as a function
of energy to examine if it was proportional to v,
the exponent p of the equation

S, =cE? a1

was found to be about 0.40, where c is a constant.
Consequently, it is reécognized that Sy for Z, =7
is not in proportion tu v, but is entirely in agree-
ment with the result of Hvelplund and Fastrup. 2°
The present analyses indicate that (- dE/ AX)gxpt
and S, deviate from the respective theoretical val-
ues systematically. It is said that the relative
amplitude of the periodical Z, oscillation of S,;
decreases for fixed Z, with increasing v and it is
more dominant in the case of low Z,. Our results
support the fact that nitrogen itself behaves pecu-
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TABLE IV. Stopping cross sections Sj, Sg, and Sp(10!% eV cm?/atom) for N in Al, Ni, Se, Ag, and Au; experimental
errors are less than 5%. Column A shows the observed stopping power, while columns B, C, and D the theoretical ones
(MeV em®mg™)); experimental errors are less than 3%. Column E shows the ¢ value derived from (— dE/dX) expt+

N in E, A B c D E S S Sp
Al 0,05 3.565 2,73 2,82 3.36 1.79 1.59 1.22 1.46
0.10 4.55 3.88 3.93 4.52 1.62 2,04 1.74 2.07
0.15 5,38 4,75 4.79 5.38 1.56 2.41 2,13 2.53
0.20 6.06 5.49 5,52 6,12 1.53 2.72 2.46 2,93
0.25 6.61 6.14 6.16 6,77 1.49 2,96 2,75 3.27
0.30 7.04 6,72 6.74 7.36 1.45 3.15 3.01 3.59
Ni 0,05 2,04 1.63 1.70 1,93 1.73 1.99 1.59 2.55
0.10 2,63 2,31 2.36 2.61 1.57 2.56 2,26 3.62
0.15 3.13 2,83 2,86 3.13 1.53 3.05 2,76 4,43
0,20 3.55 3.27 3.30 3.57 1.50 3.46 3.19 5.12
0.25 3.90 3.66 3.68 3.96 1.47 3.80 3.57 5,73
0.30 4,18 4,01 4,03 4.31 1.44 4,07 3.91 6.28
Se 0.05 1.76 1.28 1.33 1.48 1.90 2,30 1.67 2.99
0,10 2,26 1,81 1.85 2,02 1,73 2.96 2.38 4,24
0.15 2.68 2,22 2,24 2,42 1.66 3.52 2.91 5,20
0.20 3.04 2,57 2,58 2.77 1.63 3.99 3.36 6.00
0.25 3.34 2,87 2,88 3.07 1.61 4,38 3.76 6.71
0.30 3.58 3.14 3.16 3.34 1.58 4,69 4,12 7.35
Ag 0.05 1.74 1.01 1.06 1.15 2.38 3.11 1.81 3.93
0.10 2,22 1.43 1.46 1.58 2.13 3.98 2,57 5.59
0.15 2,63 1.76 1.78 1.90 2.07 4.71 3.15 6.84
0.20 2,97 2,03 2,05 2.17 . 2,02 5,32 3.64 7.91
0.25 3.25 2,27 2,28 2.41 1,98 5.81 4,06 8.84
0.30 3.46 2,48 2,50 2.63 1.92 6.20 4,45 9.68
Au 0.05 0.89 0.61 0. 65 0.68 2,01 2.91 2,00 6,26
0.10 1.15 0.87 0.89 0.93 1,83 3.77 2.84 8.90
0.15 1,38 1.06 1,08 1.13 1.79 4,51 3.48 10,9
0.20 1.58 1.23 1.24 1.29 1.78 5.15 4,02 12.6
0.25 1,75 1.37 1.38 1.44 1.76 5.71 4,49 14.1
0.30 1,89 1.50 1.51 1,57 1.73 6.18 4,92 15.4
liarly as a proje:-ctile, . a}s expfected from the phenom- —dE ) 8nEN, e2a,Z, Z, v v 723
enon that Z,=17 is positioned just on one of the dX ), T @RI YT 5y V<Voly ™.
peaks. (12)
VL. £ FOR N IN Se OBTAINED FROM ( -dE/dX), For t-he estimation of 1( 1-8aYE/1/iX),“l the following two
pt relations were quoted™ *:
The discrepancy between theoretical and experi- _dE 47N, 72 72 ¢* aM,M,v?
mental energy-loss data is expected to be due to (dX >nu = Mo In <Z1Z2(M1+Mz) ez) ,
the difference between theoretical and experimental
¢ values. For this reason, the £ value calculated b/a<1 13)
frommsto.pping. powers w.as compared with theory. (_ dE\ 1°N,aZ,Z, ele b a1 (14)
A N ion with a velocity v, has an energy of ax ). 5. 718(M, + M) /a

350 keV (i.e., E4 =0.05), and that of energy 4. 63 !
MeV (i.e., E, =0.33) has a velocity of v, Z?/S =8.0 where b is the classical distance of closest approach

% 10® cm/sec. Because of a small contribution of in a head-on collision of two unscreened atoms.
(- dE/dX),, in that energy interval, (-dE/dX), Equation (12) refers to the electronic stopping
should be obtained with little error by differentiat- with £=Z {/ 6, Equation (13) shows the nuclear stop-
ing the energy-thickness relation. ping and is very small compared with Eq. (12).

The theoretical electronic stopping, based on a Equation (14) also gives the nuclear stopping and
model of a charged particle losing energy continu- is independent of energy; it is 0. 634, 0.299, 0.201,
ously in moving through a Fermi gas of charged 0.143, and 0. 0661 in units of MeV cm®mg™! for

particles, is?! ‘ N in Al Ni, Se, Ag, and Au, respectively.
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In Table IV is shown the comparison of ~ dE/dX
between theory and experiment. Column A shows
the experimental —dE/dX MeV cm®mg™ obtained
from Refs. 11 and 12. Columns B, C, and D in-
dicate the respective theoretical values(MeV cm?
mg™!) obtained from Egs. (12), (12)+(13), and (12)
+(14), respectively. Column E gives the £q4
value obtained from the experimental - dE/dX
value through Eq. (12). ‘

According to the results, £.,,: depends on E 4
and the kind of a medium; it is always slightly
larger than the theoretical value Z}/® = 1. 383.

This phenomenon is consistent with the general
tendency of the £-vs-Z, relation. 122

As for some media and projectiles, it is known
that the theoretical value is lower than the experi-
mental one in the case of Z,=5-9, but exceeds it
in the case of Z,=11 - 15; the discrepancy vanishes
at Z,=10. This is the periodic dependence of S,
on Z;. Among these light-heavy ions, the discrep-
ancy becomes maximum at Z,=7 or 13. This is
consistent with the present results and it is not due
to errors in the experiment, but due to the charac-
teristic of nitrogen between theoretical and experi-
mental stopping parameters.
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The exact comparison of £ values between two
kinds of data is not comprehensible unless every
parameter, i.e., My/M,. Lindhard’s k parameter,
reduced dimensionless energy €, etc., is identical
in both cases. No one can do significant compari-
son between N and ®N, for example, though the
theoretical electronic contribution remains the
same in the assumption.

There are no other data of Se to be discussed in
comparison with the present one.

VII. CONCLUSIONS

(i) It is recognized that the effective-charge
parameter for N in Se is sufficiently lower than
unity, similarly with N in other media, so that
this effect has to be taken into consideration in
the region E,=0.1-0.5 MeV/amu. (ii) The relative
mean excitation energy does not linearly change
with Z,. (iii) The electronic stopping cross section
is not in proportion to the velocity of a projectile.
(iv) Particularly among some light-heavy ions,
stopping data of nitrogen as a projectile are far
from theoretical predictions. Those discrepancies
result from the potential characteristic of nitrogen
itself.

IN. Bohr, Kgl. Danske Videnskab. Selskab, Mat.-Fys.
Medd. 18, No. 8, 1 (1948).

2H, A. Bethe and J. Ashkin, in Experimental Nuclear
Physics, edited by E. Segré (Wiley, New York, 1953),
Vol. 1, p. 166. ’

Y. Fano, Ann. Rev. Nucl. Sci, 13, 1 (1963).

%S. K. Allison and S. D. Warshaw, Rev. Mod. Phys.
25, 779 (1953).

V. C. Burkig and K. R. MacKenzie, Phys. Rev. 106,
848 (1957).

SF. Emery and T. A, Rabson, Phys. Rev. 140, 2089
(1965).

"H. H. Andersen, A. F. Garfinkel, C. C. Hanke, and
H, Sdrensen, Kgl. Danske Videnskab. Selskab, Mat. -Fys.
Medd. 35, No. 4, 1 (1966).

H. H. Andersen, C. C. Hanke, H., Simonsen,

H. Sdrensen, and P. Vajda, Phys. Rev. 175, 389 (1968).

A. H. Morton, D. A, Aldcroft, and M, F. Payne,
Phys. Rev. 165, 415 (1968).

p, W, Aitken, W. L. Lakin, and H. R. Zulliger,
Phys. Rev, 179, 393 (1969).

Uy, Nakata, Can. J. Phys. 46, 2765 (1968).

124, Nakata, Can. J. Phys. 47, 2545 (1969); 48,

1744(E) (1970); 48, 1745 (E) (1970).

134, H. Andersen, H, Sgrensen, and P. Vajda, Phys.
Rev, 180, 373 (1969).

4y, |, Andersen, H. Simonsen, H. Sgresnen, and
P. Vajda, Phys. Rev. 186, 372 (1969).

%W. K. Chu and D, Powers, Phys. Rev. 187, 478
(1969).

18W. White and R, M. Mueller, Phys. Rev. 187, 499
(1969).

o, B. Firsov, Zh. Eksperim. i Teor. Fiz. 36,
1517 (1959) [Soviet Phys. JETP 9, 1076 (1959)].

185, Linhard and M. Scharff, Phys. Rev. 124, 128
(1961).

g, Fastrup, P. Hvelplund, and C. A. Sautter, Kgl.
Danske Videnskab. Selskab. Mat.-Fys. Medd. 35, No. 10,
1 (1966). -

%p, Hvelplund and B, Fastrup, Phys. Rev. 165, 408
(1968). —'

23, Lindhard, M. Scharff, and H. E. Schigtt, Kgl.
Danske Videnskab. Selskab, Mat. -Fys. Medd. 33, No. 14,
1 (1963).

%3, H. Ormrod, J. R. Macdonald, and H. E. Duck-
worth, Can. J. Phys. 43, 275 (1965).



