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In accordance with the plane-wave Born approximation, contribution of atomic bremsstrahlung (AB) in
heavy-ion-atom collisions has been estimated and compared with experimental results. It is found that AB
is negligibly small in symmetric or nearly symmetric collisions, whereas it becomes predominant in asym-
metric collisions. Thus continuum x rays produced in asymmetric heavy-ion—-atom collisions, which have

not fully been interpreted yet, can be understood by taking account of the atomic bremsstrahlung.

Continuum or broad spectral x rays produced in heavy-
ion—atom collisions have been interpreted in terms of
molecular-orbital (MO) process! and radiative electron cap-
ture.?2 Especially, the intensity of ‘MO x rays is much en-
hanced when an electron orbital of the projectile well over-
laps with that of the target atom.> Up to the present,
several ideas and experimental results on the production of
these x rays have been reported and recently summarized
by Anholt.* Stott and Waddington® have observed the x
rays in cases of asymmetric collision and reported that the
intensity of the continuum x rays from a Au target bom-
barded with C, O, Cl, and Br ions, cannot be explained in
terms of Mo x rays. Anholt and Saylor® have calculated the
cross sections of radiative ionization (RI) for O+ Zr and
O+ Au collisions. Further, Anholt and Salin’ have estimat-
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ed the contribution of quasimolecular bremsstrahlung
(QMB) in Kr+Ti collisions. The contribution of RI and
QMB, however, was found to be negligibly small in compar-
ison with the experimental x-ray yields observed in these
collisions, and the continuum x rays produced in asym-
metric collision still remain to be solved.

Recently,® we have calculated the cross section of atomic
bremsstrahlung (AB) in the case of light-ion bombardments
and have shown that AB is predominant in the region of
high x-ray energy. By using the method previously de-
veloped, we estimate here the contribution of AB in the
heavy-ion—atom collision, which corresponds to QMB. The
T-matrix element 75, of AB for heavy-ion bombardments,
following the same way as was done in our recent report,? is
given by
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where Z, (Zp), N, (N7), €p,i (ETJ), X; ($;), and H, (Hy)
are, respectively, the atomic number, the number of elec-
trons, energy of the initial electron state, the wave function
of the initial electron state, and the Hamiltonian of elec-
trons of the projectile ion (the target atom); m, is the elec-
tron rest mass, % g the transfer momentum of the incident
ion, fw energy of the emitted photon, r; (rc) the position
vector with respect to the projectile nucleus (the target nu-
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cleus), V,; the differential operator of r,;, and e the polariza-
tion vector of the photon.

In the derivation of Eq. (1), the condition ga << my/m,
and m,/m, is assumed, where m, (mr) is mass of the pro-
jectile nucleus (the target nucleus) and a is the radius of the
target atom or the incident ion; this means that the nuclear
‘bremsstrahlung can be neglected. Then, the dipole approxi-
mation can be applied to the radiative interaction. Electrons
of the target atom and the projectile are classified according
to the nucleus with which they belong, and the Coulomb in-
teraction between a target electron and a projectile electron
might be neglected.

By taking the wave functions X and ¢ as a single product
of hydrogenlike functions, the production cross section of
atomic bremsstrahlung for heavy-ion bombardments can be
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expressed by
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where, ag, «, v,, and 6, are the Bohr radius, the fine-
structure constant, velocity of the projectile, and the emis-
sion angle of photon with respect to the direction of incident
particles, respectively, and the expressions of S; and S,
have been given in our recent article.?

It is seen from Eq. (2) that the cross section of AB van-

ishes in the case of symmetric collision (Z,=Zr and N,
: ]
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where E, is incident energy of the projectile, S(E,) the
stopping power!® of the target for the projectile with energy
E,, and N,(E,) the number of electrons of the incident ion
with energy E, and was estimated from the equilibrium
charge state!! of the projectile in the target material. The
solid line in Fig. 1 represents the prediction of AB calculat-
ed from Eq. (3). It is seen in Fig. 1 that the present theory
of AB can well reproduce the experimental result. The
target-atom dependence of the continuum x-ray yield for
1.4-MeV/amu Kr, Ni, and Ti bombardments is shown,
respectively, in Figs. 2, 3, and 4, where the data points®
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FIG. 1. Continuum x-ray yields for a thick Ti target bombarded
with 1.4-MeV/amu Kr ions. The dot and dashed line represents the
experimental results taken from Figs. 4 ands 7 in Ref. 9. The solid
line is the prediction of atomic bremsstrahlung calculated from
Eq. (3).
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—
=Nr). This fact corresponds to the case of Z,/m,
= Zr/mr in the nuclear-bremsstrahlung production, and
just reflects the characteristic of the dipole radiation.

The calculation is now compared with experimental
results on heavy-ion bombardments. Figure 1 shows com-
parison of the present calculation with the experimental
result on Ti bombarded with 1.4-MeV/amu Kr ions. The
ordinate represents the continuum x-ray yields for the thick
target. The experimental results were taken from Figs. 4
and 7 in Ref. 9 and are shown by the dot and dashed line.
The thick-target yields of AB were estimated from
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r
represent the thick-target yields at the reduced x-ray energy

v(=kw/EFf )=0.7, E¥ being the K., x-ray energy of the
*1 1

united atom; the dashed curves show the prediction of MO
X rays based on the scaling-law method by Anholt® multi-
plied by factors of 1.1, 2.1, and 1.5, respectively, for Kr, Ni,
and Ti bombardments. The solid curves are the thick-target
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FIG. 2. Target-atom dependence of the continuum x ray pro-
duced by 1.4 MeV/amu Kr ion bombardments. The data points
(Ref. 9) show thick-target yields of continuum x rays at the photon
energy v=0.7. The dashed line represents the scaling-law calcula-
tion of two-collision Mo x rays by Anholt (Ref. 9), multiplied by
1.1, and the solid line is the prediction of atomic bremsstrahlung

from Eq. (3).
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FIG. 3. Same as Fig. 2, except for Ni-ion bombardments and the
multiplication factor of 2.1 for the scaling-law calculation.

yields of AB calculated from Eq. (3). As expected from Eq.
(2), the contribution of AB is negligible in the vicinity of
symmetric collisions and becomes predominant in the region
of asymmetric collisions. Generally, the present theory
reproduces well the experimental results, while the predic-
tion overestimates the experiment in the region of the
target-atomic number Zr=40-50 for Ti bombardment.
Since the present theory is simply based on the plane-wave
Born approximation, the Coulomb deflection effect!? of the
projectile by the target nucleus, the screening effect for the
electric charge of the projectile, and the binding-energy!’
and polarization'* effects, i.e., the molecular-orbital effect,
should be taken into account. The relativistic effect!’ on
the electronic wave function should also be taken into ac-
count. In the present case, however, the Coulomb deflec-
tion effect has been estimated to be small on the analogy of
K -shell ionization,!? and the screening effect has also been
found to be small, since, if we consider a screened potential
of Yukawa type e "°K/r, where ax is the K-shell radius
and, if we estimate the screening effect from the Fourier
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FIG. 4. Same as Fig. 2, except for Ti-ion bombardments and the
multiplication factor of 1.5 for the scaling-law calculation.

transformation of this potential, the transfer momentum ¢
is found to be much larger than ax~1.

Anholt and Salin® have calculated the production cross
section of AB for heavy-ion bombardments, that is, QMB,
on the basis of a semiclassical method, and have shown that
QMB can be neglected in comparison with MO x rays and
rapidly decreases with increase in the x-ray energy. This
discrepancy between our calculation and that of Anholt and
Salin for the high-energy photon emission might be solved
by calculating QMB process on the basis of the quantum
method.!6

Although our present theory for the atomic brems-
strahlung production may be improved by taking account of
the effects mentioned above, especially the MO process, it
must be noticed that the present theory can well represent
the characteristics of AB and the predominant part of the
continuum x rays produced by asymmetric collisions should
be interpreted in terms of the atomic bremsstrahlung.

The authors would like to thank Dr. R. Anholt for his ad-
vice and discussions.

IF. W. Sarris, W. F. van der Weg, H. Tawara, and R. Laubert,
Phys. Rev. Lett. 28, 717 (1972).

2H. W. Schnopper, J. P. Delvaille, K. Kalata, A. R. Sohval, M. Ab-
dulwahab, K. W. Jones, and H. E. Wagner, Phys. Lett. 47A, 61
(1974).

3T. M. Kavanagh, R. C. Der, R. J. Fortner, and M. E. Cunningham,
Phys. Rev A 8, 2322 (1973).

4R. Anholt (private communication).

5W. R. Stott and J. C. Waddington, Phys. Lett. S6A, 258 (1976).

SR. Anholt, and T. K. Saylor, Phys. Lett. S6A, 455 (1976).

7R. Anholt and A. Salin, Phys. Rev. A 16, 799 (1977).

8K. Ishii and S. Morita, Phys. Rev. A 30, 2278 (1984).

9R. Anholt, Z. Phys. A 289, 41 (1978).

105 F. Ziegler, Handbook of Stopping Cross Sections for Energy Ions In
All Elements, edited by J. F. Ziesler, The Stopping and Ranges of
Ions in Matter, Vol. 5 (Pergamon, New York, 1980).

I1H, D. Betz, Rev. Mod. Phys. 44, 465 (1972).

12G, Basbas, W. Brandt, and R. Laubert, Phys. Rev. A 7, 983
(1973).

I3W. Brandt and G. Lapicki, Phys. Rev. A 10, 474 (1974).

14G. Basbas, W. Brandt, and R. Laubert, Phys. Rev. A 17, 1655
(1978). .

I5M. Kamiya, K. Ishii, K. Sera, and S. Morita, Phys. Rev. A 16,
2295 (1977).

16C, Y. Chen, T. Ishihara, and K. M. Watson, Phys. Rev. Lett. 35,
1574 (1975).



