
PHYSICAL REVIEW A VOLUME 14, NUMBER 5 NOVEMBER 1976

K-vacancy production in heavy-ion co&lesions. I. Experimenta] results

for Z & 35 projectiles*

W. E. Meyerhof, Robert Anholt, T. K. Saylor, t S. M. Lazarus, ~ and A. Little~
Department of Physics, Stanford University, Stanford, California 94305

L. F. Chase, Jr.
Lockheed Palo Alto Research Laboratory, Palo Alto, California 94304
(Received 10 June 1976; revised manuscript received 9 August 1976)

We have determined projectile and target K x-ray cross sections from a variety of targets spanning the periodic
table and bombarded by 12-60-MeV Br, 200-330-MeV Kr, 15-80-MeV I, 326—470-MeV Xe, and 90-110-
MeV Pb. Most targets were thick solids, but, to assure proper extraction of cross sections, some thin solid and
gas targets have also been used. The present paper mainly gives experimental details and describes the method
of cross-section determination. In subsequent papers various features of the target dependence of the cross
section will be examined in terms of atomic and molecular models of inner-shell excitation processes.

I. INTRODUCTION

In the present series of papers we wish to ex-
amine the gross features of K-vacancy production
mechanisms in heavy-ion collisions. The work was
originally undertaken to obtain a quantitative
understanding of molecular-orbital (MO) K x-ray
spectra, ' but the present work is restricted to
separated-atom (SA) K x-ray formation.

Mechanisms of K-vacancy production have been
examined theoretically using as basis atomic or
MO wave functions. ' The limitations of each of
these approaches have been discussed. ' In essence,
atomic models are appropriate for target x-ray
production if Zy«Z2 where Z, and Z, refer to the
projectile and target atoms, respectively. Molec-
ular models are most useful if Z, = Z, and v, (v~,
where vy and v~ are the projectile speed and the
target K-electron Bohr velocity, respectively.
Using the method of perturbed stationary states,
Basbas eI; al. 4 have shown how the atomic approach
can be extended into the molecular domain, es-
sentially by modifying the former to include bind-
ing-energy effects. Polarization effects have also
been considered. ' A different relation between the
two models has recently been obtained by Briggs. '

The present paper (I) describes the experimental
determination of K-vacancy cross sections and
points out common features in the Z, dependence of
cross sections for a given Z, and E, (bombarding
energy). In future work (paper II) the projectile
and target cross sections close to symmetry will
be examined in terms of excitations from the 2Pcr
MO' and in terms of K-vacancy sharing. " In pa-
per III, the cross section of the higher-Z collision
partner far from symmetry will be discussed in
terms of excitation from the lscr MO. The gradual,

experimental transition between the atomic and
molecular domains will be pointed out. In paper
IV, the cross section of the lower-Z collision
partner far from symmetry will be considered in
the light of the K-L level-matching mechanism
suggested by Barat and Lichten. '

II. EXPERIMENT

Beams of Br and I were produced at the Stanford
FN tandem Van de Graaff accelerator, Kr and Xe
at the Berkeley Superhilac, and Pb at the Brook-
haven MP tandem Van de Graaff accelerator. In
most cases, the beam was directed onto a thick
target placed at 45 with respect to the beam axis.
The target chamber acted as a Faraday cup. An
electron suppressor was located between a beam
collimator and the target chamber. At Berkeley,
the current integration was checked by comparing
the experimental yields of Coulomb-excited nuclear
y rays from '"Sm and "'U with theoretical esti-
mates. " Agreement to within 2(@ was found.

Si(Li), intrinsic Ge and Ge(Li) detectors were
used, depending on the energy and intensity of the
x rays to be detected. The detector efficiencies
were calibrated with standard radioactive sources.
In the energy range from 5 to 14 keV, relative x-
ray fluorescence yields from thick x-ray scat-
terers were used for the calibration. " Calibrated
Al absorbers eliminated unwanted low-energy ra-
diations.

In most cases cross sections were extracted
from thick-target yields by the Merzbacher-Lewis
formula, "as described in Appendix A. Straggling
and recoil effects were checked with the convenient
formulas of Brandt and Laubert, "and were found
to be negligible in all collision systems examined
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by us (see Appendix B). To check our method of
extracting cross sections, we made several mea-
surements with weighed thin targets, using 47-
MeV I, and 326- and 470-MeV Xe beams. Most
thin-target cross sections agreed within 10 to 20%%uo

with the thick-target cross sections.
A few measurements were made with Kr and Xe,

using gas targets confined in a 4.4-cm-long cell
covered with a 2.5-p, m-thick Ni entrance window.
Only a central 2-cm-long section of the cell could
be seen by the x-ray detector. The pressure was
kept between 5 and 200 Torr, to keep the energy
loss in the gas to reasonable values. In certain
cases one expects a gas-target cross section to be
smaller than a solid-target cross section, "as will
be discussed in paper II. But in other situations,
e.g. , for higher-Z cross sections in very asym-
metric collisions, no solid-state effects are ex-
pected, and here our gas cross sections agree
within 20 to 30%%uo with cross sections for solid tar-
gets of adjacent elements.

Errors contributing to uncertainties in our cross
sections consist of the following components: beam
integration +1(P/q, detection efficiency +15%%uo, dead-
time effects less than +5%%up, absorption less than
+15% and conversion from thick-target yield to
cross section+20%%up, giving an overall estimated
error of approximately +30%%up. In the case of low

yields (&10 ' photons(projectile), uncertainties
caused by room background subtraction and poor
statistics could cause errors as large as a factor
of 2 or 3. Also, in the region of strongly deformed
nuclei (Z= 60 to 75 snd Z &90), internal conversion
decay from nuclear Coulomb-excited states can
produce x rays of comparable or greater intensity
than the SA x rays from the atomic collision pro-
cesses. In some cases, the detected nuclear y
rays could be used to estimate the contribution of
internal conversion x rays to the total x-ray yield.
If the internal conversion x-ray yield is large, a
large uncertainty is attached to the resultant atom-
ic x-ray yield.

All K x-ray cross sections were converted to K-
vacancy yields by using neutral-atom fluorescence
yields. " For Z &20 this should not introduce ad-
ditional uncertainties in the cross section exceeding
10%%up, since K fluorescence yields differ from
neutral-atom yields appreciably only if the L shell
is practically empty. " This situation occurs only
rarely in solid targets. "

III. RESULTS
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FIG. 1. Projectile and target K-vacancy cross
sections for 30-MeV Br. Symbols: k, thick-target
projectile cross section, from present experiment;
4, projectile cross sections from inverse collisions
extrapolated to same projectile velocity (see text for
references); ~, thick- targe t targe t cross sec tions;
4 and 9, projectile and target cross sections, re-
spectively, extrapolated from Ref. 22. Typical errors
+30%, except where indicated otherwise. Typical fea-
tures of the cross sections, marked by roman numerals,
are discussed in the text. Curves are only to guide the
eye. Dashed vertical line indicates symmetric collision.

Figures 1-6 give sample projectile and target
K-vacancy cross-section data from our work, as
well as other cross sections interpolated or extra-
polated to equal relative projectile-target veloci-

FIG. 2. Projectile and target K-vacancy cross sections
for 202-MeV Kr. See caption for Fig. 1, except that
here symbol ~ represents projectile cross section extra-
polated from 135- and 156-MeV Kr data.
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FIG. 3. Projectile and target X-vacancy cross sections
for 47-MeV I. See caption for Fig. 1, except that here
4k and 4 represent thin-target data for projectile and
target, respectively.
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FIG. 5. Projectile and target K-vacancy cross sections
for 387-MeV 6Xe See caption for Fig. 1, except that
here solid symbols represent interpolation of 326- and
470-MeV data, and 4 and 0 represent gas-target data
for projectile and target, respectively.

ty. " '-' These extrapolations were always made on

Iogcr vs logE-, pl-ots (o is the K-vacancy cross sec-
tion, E, the bombarding energy). At low values of
Z„ the Z, cross sections could be obtained from
inverse collisions Zg ZI The match up with
our thick-target cross sections is generally satis-
factory (see Figs. 1-5, 1 & Z, & 8, and Fig. 3, Z,
=28, 35). In this region our gas-target data also

iv)
(b) 107-MeV Pb
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FIG. 4. Projectile and target K-vacancy cross sections
for 326-MeV 6Xe, See caption for Fig. 1, except that
here, ~ and 0 represent thin-target data for projectile
and target, respectively.
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FIG. 6. Projectile and target K-vacancy cross sections
for 107-MeV Pb. See caption for Fig. 1.



1656 E. MEYERHOF et at. 14

agrees reasonably well with inverse collision data
and with thick-target cross sections (Fig. 5, 1 ~ Z,
~ 10).

In general, the thin-target and thick-target cross
sections agree within expected error (see Figs. 3

and 4). Qn the other hand, near symmetry (Z,
= Z,), the gas-target cross sections appear to be
l,ower, by as much as a factor ~, from the trend of
the solid-target data (see Figs. 2 and 5). This may

be due to solid-state effects, "as discussed in pa-
per II.

The Pb data (Fig. 6) are quite sparse and inac-
curate because of low cross sections or uncertain
extrapolations. %e show this data only to point
out that the trends found in other cross sections
are present here also.
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FIG. 7. Sehernatic correlation diagrams for symmetric
(a) and asymmetric (b) collisions. Only levels relevant
to the present discussion are shown. Three excitation
processes a, b, and c are indicated, which are discussed
in the text. For asymmetric collisions the vacancy
transfer probability ~ plays an important role. The
letters A, L, and U refer to the higher-Z, lower-&
collision partners and the united atom, respectively.

IV. DISCUSSION

Since the values of v,/Ur, where vr refers to the

projectile, are all appreciably less than unity

(from 0.06 for 107-MeV Pb to 0.30 for 202-MeV
Kr), and since, over most of the region of Z, ex-
amined, Z, and Z, have comparable magnitudes,
it is appropriate to discuss the cross sections
shown in Figs. 1-6 in terms of the molecular mod-
el." Figure 7 gives a schematic correlation dia-
gram' for symmetric and asymmetric collisions.
Only those levels and excitation processes are in-
dicated which are relevant to the present discus-
s ion.

The common features in the cross sections which
we wish to discuss qualitatively in terms of basic
MO excitation processes are marked with roman

numerals (i) to (iv) on Figs. 1 to 6. In subsequent

papers, quantitative comparisons with various
theories are presented.

Region (i). For very low values of Z„Z, is the

higher-Z partner and its cross section is appro-
priately compared with "atomic" theories. It has

been shown that perturbed stationary-state theory
with atomic wave functions, which includes binding

energy and polarization effects, ' ' can explain the

Z, cross sections (Z, &Z, !) in region (i) up to val-
ues of Z, between 10 and 20."" As Z, increases
beyond this region, the theoretical cross sections
fall increa. singly below experiment, probably be-
cause of an overestimate of the binding-energy ef-
fect"

From the molecular point of view, the cross sec-
tions in region (i) represent the excitation from the

1' MG to the continuum, and possibly to high-lying
vacant states (process c on Fig. 7)." Hansen" and

Foster et n/. "have proposed modifications of the

binary encounter theory to simulate the molecular
effects. These modifications, for which Briggs'
has attempted to find a theoretical basis, as well
as other semiempirical approaches proposed by
us, "will be discussed in paper III.

There is a second region where excitation from
the 1' MQ is expected to play a. dominant role.
This occurs for the target cross section for very
large values of Z, (e.g. , Fig. 2, Z, ~ 60; Figs. 4

and 5 Z, a '70). Here, rela, tivistic effects are ex-
tremely important. In paper III an estimate will
be presented which makes it possible to find a
quantitative explanation for these cross sections.

%e note the good agreement of the Z,-Z, cross
sections in region (l) with the Z2 Z~ cross sec-
tions (Figs. 1-4), indicating the absence of solid-
state effects. " The one exception is the case of
202-MeV Kr, where the Z, -Z, cross sections ex-
ceed the Z, —Z, cross sections by as much as a
factor 2 (Fig. 2, Z, «10}. Since the Z, -Z, cross
sections were extrapolated from solid-target
data, " -" one might suspect that capture of (higher-
Z) target K electrons into (lower-Z) projectile K
vacancies could enhance the Z, -Z, cross section
over the Z, -Z,, cross section. " Experimentally
the opposite situation is found. Hence it is more
likely that stripping or excitation of the Kr pro-
jectile in the Z, -Z, collisions produces a reduc-
tion of the effective K excitation energy and con-
sequently„an increase in the K-vacancy production
cross section. " Furthermore, stripping or ex-
citation of Kr L, electrons could increase the flu-
orescence yield in Z, -Z, collisions, compared to

Z2 Zi colllslons.
%e also want to draw attention to the fact that in

region (i) the 4 t-MeV I data are affected materially
by Coulomb excitation of the 58-keV state of '"I.
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Contributions to the x-ray yield from internal-con-
version decay of this state have been subtracted in

Fig. 3. They account for the entire experimental
yield between Z, =28 and 40. They had not been
subtracted in Fig. 2 of Ref. 8, nor in Fig. 3 of Ref.
24, which are therefore in error in this region of
Z24

Regions (ii) and (iii). It has been pointed out by
Purser-" that in a fairly wide region of Z, spanning
symmetry, the sum of the projectile and target
cross sections lie on a. smooth curve as a function
of Z„contrary to the individual cross sections.
In paper II, examples of such plots will be given.
If the cross section of the higher-Z collision part-
ner drops to small values, i.e. , outside of region
(iii), this smooth curve represents the cross-sec-
tion trend of the lower-Z collision partner [regions
(tl) ln Figs. 1-6].

These features can be understood in terms of the
molecular processes sketched in Fig. 7. The 2'
Mo can receive vacancies by the Fano-Lichten
electron promotion mechanism (a), ' if vacancies
are somehow produced in the 2pm Mo,"and by the
direct excitation process (b)."4'" These pro-
cesses, which will be detailed in paper II, both are
expected to be smooth functions of Z, across the
region of symmetry.

on the outgoing part of the collision, the 2Pg va-
cancies are shared between the higher-Z and low-
er-Z 1s states with relative probabilities m and
1-u „respectively, where M) ~ &." Hence the
summed K-vacancy cross section for both collision
partners represents the total 2PO vacancy cross
section on the outgoing part of the collision, plus
a very small contribution from process (c). Em-
pirical" and semiempirical" scaling laws for the

Z, and E, dependence of the 2PO cross sections
have been proposed, some quite successful, as
shown in paper II. In Fig. 3, the variation of the
target cross section between Z, =35 and 50 is an
exception to the smooth behavior discussed above.
Most likely, this is a solid-state effect, as will be
discussed in detail in paper II.

Close to symmetry, in region (iii), the vacancy
sharing process can account for the Z, dependence
of the higher-Z K-vacancy cross section, ' except
in the case of 202-MeV Kr, when the simple va-
cancy shar ing formula appears to break down per-
haps because of the high value of v,/rr» (see paper
II). We attribute the empirical deviations found in
Ref 32 to ta, rget recoil effects, as discussed in
paper 11. In very light systems (Z&10}, many-
electron" "or electron relaxation effects" can
also affect the vacancy sharing ratio.

Region (irr) In the ne. ighborhood of atomic num-
bers where the 1s binding energy of the lower-Z
collision partner matches the 2P binding energies

o(H) =rr (Iso) +wo(2po),

o(L) =(I-w)o(2p )+o» i, (2)

where o (iso) is the iso excitation cross section of

region (i), o(2po) is the total 2po vacancy cross
section on the outgoing part of the collision [re-
gions (ii) and (iii)], w is the K-vacancy sharing
ratio" and a& ~ is the contribution from K-I
level matching [region (iv)]. Equation (1) assumes
that the 1sg cross section does not participate in

the vacancy sharing process, contrary to what is
shown in Fig. 7b, because experimentally one can-
not determine o(lscr) except in the region where w

is practically zero. In paper IV, a justification
will be given for excluding a& ~ from the vacancy
sharing process. Papers II, III, and IV wiB dis-
cuss in detail the cross sections o(2Po), o(lscr),
and 0~ ~, respectively.

V. CONCLUSION

The present work illustrates common features
in heavy-ion K-vacancy production. The common
features are summarized in Eqs. (1) and (2}. Near

of the higher-Z partner, dramatic increases in the
K-vacancy cross section of the lower-Z partner
have been noticed. " If a given projectile Z, bom-
bards a range of targets Z„ there are two such
level matching regions: (1) where the ls level of

Z, matches the 2p levels of Z, (see Fig. 3; the I
2P levels match the K level of Z, = 22), and (2)
where the 1s level of Z, matches the 2P levels of

Z2 (see Figs. 1 and 2; the Br and Kr K levels
match the 2P levels of Z, = 80).

Barat and Liehten' have discussed the level-
matching effect in terms of the molecular model

(Fig. 7). Whereas normally the UA 3d level cor-
relates with the 2P(H) level (neglecting spin-orbit
coupling) via the 3do MO (not shown on Fig. 7), if
the Is(L} level lies above the 2p(H) level the 3do
MO correlates to the Is(L) level. In the latter
case, the ls(L} level can receive the, presumably
copious, 3dg vacancies, and a large increase in

the Is(L} vacancy cross section can occur.
Foster et a/. "have suggested that the Z, depen-
dence of the ls(L) cross section in Br collisions
(see Fig. 1) can be understood in terms of a 3do

-2P(H), ls(L) vacancy sharing mechanism analo-
gous to the 2po- Is(L}, ls(H) vacancy sharing. '
An explanation" of the K-I. level-matching proces-
ses in terms of a, new correlation scheme pro-
posed by Eichler et, a/. "will be discussed in pa-
per IV.

S'g~pggyy. In the light of the preceding discus-
sion, we write the K-vacancy cross sections for
the higher- and lower-Z collision partners as
follows:
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symmetry, the cross sections are dominated by
the sharing of the 2pg vacancies. Far from sym-
metry, the lower-Z partner profits from E-I lev-
el matching, and the higher-Z partner obtains
vacancies solely by iso excitation. The latter pro-
cess provides an experimental means to study the
gradual transition from the atomic to the molecular
regime, which is of much theoretical interest. ' '
In this connection it is important to extend the Pb
K-vacancy cross sections measurements (Fig. 6),
since they provide the largest region (i). A good
understanding of relativistic effects will then be
important. "

In lighter systems than those examined by us,
one expects the same common features in the K-
vacancy cross sections as those found here (e.g. ,
see Ref. 39). The only difference is that the elec-
tron promotion process (a) (see Fig. 7) is expected
to play an increasingly important role as Z, and

Z, decrease, until for Z„Z, &10 it completely
dominates the 2' vacancy production. '
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, ~F(E,) (Al)

Here, n, is the number of target atoms per unit
volume, E, is the incident projectile energy, dE,/
d x is the diff e rentia1. ene rgy loss of the p roj ec-
tile in the target, and p is the x-ray absorption

APPENDIX A: CROSS-SECTION DETERMINATION

The extraction of x-ray cross sections (o) from
thick-target yields (Y) has been discussed by
Taulbjerg et al."and conveniently parametrized
by Laubert. " We show in Appendix B that recoil
and straggling effects are negligible in all collision
systems examined by us. In that case, the Me rz-
bacher-Lewis formula" is applicable. ' For a
thick target placed at 45' to the beam direction,
viewed by a x-ray detector at 90,

y~z~, (A2)

where )6 =P( Z„Z„E) is only weakly dependent on

E,. Figure 8 gives sample plots from our work,
illustrating the relationship (A2). With this rela-
tionship, Eq. (Al) can be written, for a monoiso-
topic target and omitting the second term,

(E )
l'(E,)PA. , dE,

(A3xoE, d( p2x), ,
where A, and p, are the target atomic weight and

density, respectively, and N, is Avogadro's num-
ber.

Since for most collision pairs Z„Z, we made
measurements only at two values of E„we ob-
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FIG. 8. Typical bombarding energy dependence of
thick-target projectile yields for symmetric collisions.
The dashed lines represent a power-law dependence of
the form {A2) with constant exponent P. These lines are
only meant to guide the eye and were not used in the P
determination, in which the E

~ dependence of P was
taken into account.

coefficient in the target. In most of our systems
the second term in Eq. (Al) contributes no more
than a few percent and has been neglected, except
in the case of target cross sections for Z, ~ 20.

It has been pointed out by Schnopper eI, aE." that
frequently K-vacancy cross sections obey the re-
lation cr ~ E, , where n is constant over limited
regions of E, or only weakly dependent on E,. Our
results show that, for the heavy projectiles and
the bombarding energy range used, a similar rela-
tionship holds for the thick-target yield F



]4 E-VACANCY PRODUCTION IN HEAVY-ION COLLISIONS. I. . 1659

IO-
Projectile

I I

Target
which can be interpolated if needed. It might be
objected that in the cases in which Br and Kr are
the higher-Z collision partners, the Z dependence
of their cross sections is extremely strong, such
as Z "predicted by the PWBA. " But we note that
(36/35)" = 1.4, and over the E, range considered
here (30-202 MeV) the yield typically varies by a
factor 10'. Since

»g [F(El)/1'(E l')]
6 log(EI/Ell)
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FIG. 9. Values of power-law exponent P [Eq. (A2)]
as a function of &~ for thick-target projectile and target
yields from I collisions between 47 and 62 MeV. Verti-
cal dashed lines indicate symmetric collision. Typical
error on P is + 0.5.

tained values for p for projectile and target yields
in the following manner, accurate to at least 20%%up.

For example, treating Br and Kr as a single pro-
jectile species, we assumed that the power law

(A2) holds between E, = 30 and 202 MeV (see Fig.
8). The resulting values of P show relatively regu-
lar variations as a function of Z, (see Fig. 9),

the uncertainty of a factor 1.4 in the yield ratio
does not affect P by more than a few percent. This
is much smaller than systematic errors in P which
are as large as 20%%uz (Fig. 9).

For I, measurements were made at 47 and 62
MeV, and for Xe at 326 and 470 MeV, so that p
could be determined directly in each case. In the
case of Pb, measurements were very tedious,
taking as long as 8 hours, and each using up to 20
stripper foils in the Tandem Van de Graaff ter-
minal. " Hence, only the Pb+ Pb yields were mea-
sured at two energies (88 and 107 MeV). The re-
sulting value of P (=8) was used to determine all
other directly measured cross sections on Fig. 6.
Judging from the plots in Fig. 9, this introduces
uncertainties in the cross sections by a factor of
about 2. Within this uncertainty, Fig. 6 indicates
that the directly measured cross sections agree
with the extrapolated cross sections obtained from
inverse collisions. "'"

All energy loss values needed in Eq. (A3) were

TABLE I. Straggling and recoil corrections to K-vacancy cross sections. '

E
(Me V)

Projectile Target
E

30
30
30

202
202
202
202

47
47
47
47
47

470
470
470
470
470

Br+ Mg
Br+ Fe
Br+ Zr
Kr+ Be
Kr+ Fe
Kr+ Zr
Kr+ Pb

I+ Al
I+ Ni
I+ Y
I+ Pr
I+ Pb

Xe+ Al
Xe+ Ni

Xe+ Y
Xe+ Pr
Xe+ Pb

3 ~ 3(—1)
3.4 (0)
3.4 (2)
6.0 (2)
4.9 (3)
1.6 (4)
4 0(4)
3.2 (—3)
&6 (-4)

3.6 (—3)
1.1 (0)
2.1 (—2)
3.2 (1)
4.0 (1)
1.1 (2)
5.2 (2)
2.5 (2)

5 ~ 3(—4)
9.5 (—3)
5.0 (—1)
3 ~ 3(—2)
1.3 (0)
2.3 (0)
1.6 (1)
1.6 (—5)
&4 (—6)
1.8 (—5)
6.1 (—3)
3.9 (—4)
4.2 (—3)
1 ~ 2(—2)
3.0 (—2)
8.8 (—2)
5.5 (-2)

5.1 (3)
6.4 (0)

1.9 (5)
8.3 (3)
6.6 (1)
2.8 (6)
4.0 (2)
1.8 (1)
5.9 (—3)

&1.3 (—5}

1.8 (5)
9.3 (3)
1.6 (2)
2.6 (1)

6.4(0)
2 ~ 1 (-2)

2.3 (1)
2.4 (0)
2.9 (-4)
2.1 (3)
6.5 (-1)
6.7 (—2)
4.6 (—5)
&3 (—7)

2.6 (1)
1.6 (0)
4.1 (-2)
7.9 (-4)

2.6 (0)
3.3 (-2)

1.2 (1)
2.4 (—1)
1.1 (—8)
4.5 (3)
5.5 (0)
2.2 (—1)
4.3 (—4)

3(—9)

2 ~ 6 (1)
1.2 (0)
1.6 (—2)
4.0 (—6)

All cross sections in barns. The power of 10 by which each number has to be multiplied
is given in parentheses. Typical absolute errors, ~30/0, relative errors for one projectile,
+20%.



1660 W. E. MEYERHOF et al. 14

taken from Ref. 42, and the corrections suggested
in Ref. 43 were applied.

APPENDIX B: STRAGGLING AND RECOIL EFFECTS

As discussed in Refs. 40 and 13, one must sub-
tract from Eq. (Al} a straggling contribution K if
the projectile cross section is desired, and strag-
gling and recoil contributions K+R if the target
cross section is desired. We specify the formulas
of Ref. 13 to the case of pure Rutherford scattering
and to a linear velocity dependence of the stopping
powers of projectile and (recoiling) target ions in

the target material. Substitution of the power law

assumption, (A2) then results in the following es-
timates for K and R:

p 131 gig2&i ' P(P —I)F(E,)
A, +A, E2 (B1)

59 )( IP- g g5/6(A +A )A 1/2A-1 2 2 N
1 2 1 2 1 2 (I2 &i2E3/2

4

(B2)

where T„=4A,A,E,/(/1, +A,)' and the subscripts 1

and 2 refer to projectile and target, respectively.
Also, E, is in MeV; A is in amu; K, R, and g are

1.76x10 g q
."

2
4+]P-' '+1 8xIP-io (B3)

where q =mE/M, G, with m the electron mass, M,
the projectile mass, and G the 2po binding energy
at the distance of closest approach in target-tar-
get collisions, which is equal to the UA 2P binding

energy" for sufficiently energetic collisions (see
Fig. 7a). Equation (B3) was used in Eq. (B2), and

an equivalent l value was computed from l
= d(logo)/d(iogE) .

Table I gives sample values for K and R, and

compares them with the uncorrected cross section
(A3), converted to vacancy cross section. It is
clear, even though K and R are not computed ac-
curately, that they are negligible compared to the

estimated 3(Y/p error ono.

in barns. In Eq. (B2) the cross sections(g„g„E)
is the K-vacancy production cross section for tar-
get atoms moving through the target material with
the energy E. The derivation of Eq. (B2} assumes
that this cross section has a power-law dependence
of the form E'. The symmetric cross-section mea-
surements of Ref. 31 show that the energy depen-
dence is more complicated. It can be parametrized
as follows (in barns}:
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