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ABSTRACT

~ X-ray continua have been observed in 33 MeV 16 35

0, 60 MeV "°C1, and
200 MeV 84Kr encounters which have nearly identical yields per Zr K-
vacancy. Equally intense yields per Kr K vacancy have also been observed
in 200 Mev 3% + XC1, Ti, and Ni encounters. These observations tend to
preclude the molecular orbital x ray mterpretatlon of these continua.

We compare with theoretically calculated yields of molecular orbltal ’

X rays and bremsstrahlung



During -a sufficiently slow encounter between-a heavy ion and a tar-
get atom, the electronic energy levels form molecular orbitals, and if
inner shell vacancies exist, they may radiate during the'collision emit-
ting what are called molecular orb1ta1 (MO) b rays Since the MO energy
1evels change with the 1nternuc1ear dlstance and the transition may
occur at any p01nt in the COlllSlOn, contlnua 1nstead of sharp l1nes are
observed X- ray continua have been observed in many systems and the MO

1, 2 3 an

1nterpretat10n has been born out by comparison with theory d

4,5

measurement of the Doppler shlft and angular d1str1but1on of these

continua.

" The MO model leads us to expect that the continua spectra taken in
very asymmetric.collisions (e.g. Ov+ Zr) should not have similar shape
and magnitude to a spectrum taken in a near symmetric collision. With
the former example, the spectrum should approach an:endpoint much
lower in x ray energy. Due to dynamical line broadening considerations,
the spectra will tall beyond the expected endpoint at the united atom (UA)
transition energy; but Wlth the endpoints in the tw0’systems‘so far apartv
(23 and 63 ker the two spectra should be distlnguishable However we
observe that when plotted per separated atom (SA) K vacancy, these con-
t1nua have nearly identical shape and magnltude. In this paper we dis-
cuss the MO interpretation and various bremsstrahlung processes that_give
- rise to continua. At present, no model is available that accounts for
the remarkablevsimilarity of these spectra.

Figure 1 shows measured thick target yields per SA K vacancy for
0, Cl1, and Kr + Zr and 200 MeV Kr + KCI, Ti, andei. ‘Experimental details

are similar to those previously published.l We report mainly two



0U 704307574

oBserVatibns: 'The'yieldfper SA vacancy (1) 1s ihdependéht of the atémic
numbers of the projéttile:(21)vf0r the same target and the target (Z,)
for the same-projéCtile,'and (2) appears qhalitatively to be independent
of beam energy. In our experiméhts, néarly idehticél yields were obtained
with ions ranging from 1.3 to 2.4 MeV/amu (a 503 change in vélocity).
The uncertainty in the yields per vacancy is approximately 50% also; hence,
writing the yield as proportional to the projectiie velocity to the nth
power, the'data allows us to place |n| < 1. |

. ‘Endpoints in MO x ray continua have rarely appeared at the UA limit
and thereforé tﬁefqualitative siﬁilarity'in these spectra is not important;
The quantitative similarity, howeVer, is important and may indicate that

some process other than MO x rays is producing these continua. We have

~ considered the contributions from electronic pile-up, nucleus-nucleus

bremsstrahlung (NNB), radiative electron captufe,;and Comptén'scattered
y-rays. Aside from the fact that thé yields from’ihese procesées can be
estimated and shown to be negligible, none of these fit the observations
1istéd aboVe. Electronic pile-up, NNB, and Compton_scafteied Y-rays would
nof give the same yield per SA K vacancy under é variety of.different beam
energies and projé;tile-target combinations. While Our.observatibns,will
not eliminate the possibility that the Kr + KC1, Ti, and Ni data may be

due to radiative electron éapture (REC) thét effect Cahnot give the samev_v

yield for 0, Cl, and Kr + Zr since the different projectile there will givev

-much different spectra. Based on work by Kleber>and'Jakubaésa,6VWe have

made theoretical calculations of REC for the Kr work. The yields decrease

rapidly beyond the peak at 15.6 keV and béyond 25 keV, they are less than

-9

10 ° photons/proj./keV everywhere.



Figure 2 shows that the yield of NNB7 and secondary electron brem-

sstrahlung (SEB)8 are insignificant compared to the experimental yield.
We also give an estimate for another kind of bremsstrahlung called Radiative

Ionization (RI).10

Whereas SEB occurs when electrons ejected into the.
continuum collide with other target nuclei, RI occurs when the electron is
ejected from the target atom and is analogous to inner bremsstrahlung in
- o1 . | . b o | .
B decay. If we have a cross section do(v ,v,,v,) for an electron with

velocity 32 colliding with a projectile ion of velocity 31, scattering

with velocity ?;, the breméstrahlung is given by:

2 2 . ) :
do o 8l 466,300 | (&)
dEy 3 By . -
where a = 1/137, c?|AB|? = |v-V'|?, and V and V' are the relative velocities

before and after the collision.  Following Gerjuoy,9 (1) is integrated

to obtain a cross section d’o(Ex,AE,Vl,vzl/ﬁAEdEx which is then inter-
grated over a Fock distribution of velocities v, and over AE to obtain
‘the estimates shown%2 RI should be important for these slow ion velocity
systems because in order for the electron to be ionized, there must be an
initial large acceleration, and therefore a large bremsstrah}ung yiéld.
Like the SEB estimates, these calculatiohs can be trﬁsted when 7, K 2, ,
the O + Zr case. There, this yield lies a factor of ten or more -
below experiment. RI has many of the right features (e.g., yieidsrpér |
K vacancies independent .of velocity, and the projectile-target combina-
tion) to explain these'spéctra. Moré accurate calculationé are needed
(especially calculations that can be reliably extended to éymmetric
Coliisions) before we can conclude that these éontinua are noi due to

RI.



The. two collision yiéld'of'N[)x.rays in these systems is cOnsisfently
smaller than the experimental yield observed. The quasi-static theory
of one collision M) x rays1 coming from vécancies that are created then
radiate in the same collision can predict the Kr + Zr and Kr + Ni spectra
to'Within a factor of two or better, but fails for other cases. Although
this theory predicfé experimental ht)xﬁray yieldSVSuccéssfully in a great
many césés, there are theoretical objections to it and -even cases where

13 The main objection to the thedry is that it 1s a static

it does not fit.
theory and unlike for the two collision yield where dynamical calculaﬁions,‘
have been dbne which showed that the static théory gives reliable résuits
between the.SA and UA limits,2 the dynamic theory of one collision MO

x rays has not yet been developed. |

14 have recently suggested that a dynamical process |

Thoféon and Choi
_ ihvolving emission of "transient1y formed vacanc;es" may give a greater
lone collision yield than the part predicted by the quasi-static theory.
They recognized that while:the excitation of 1so eélectrons is very ineffi-
cient giving few vacaﬁcies at the end of the collisiOh; the probability
of having a vacancy during the collision when the two nuclei are within
say the K shell radius of oﬁe another, is comparatively large. ‘erays 
emitted by these transient vacancies would give a shapeleés continuum, -
with ho endpoint at the UA transition energy, but it is not clear whether
"~ the yield per SA K vacanéy would be identical under a Variety of condi;
 tions. ‘No calculation of this yield has been done however and we leave
this possibility bpen.
In conclusion, we have observed continua that have yields per SA

vacancy independent of the projectile-target combination and rdughly



independent of velocity. At this pdint, all theories of bremsstrahlung
processes and M0 x rays fail to predict the magnitude of these x ray
yields and the remarkable similarity under a variety of conditions. The
aﬁthoré feel that the Radiative Ionization and ohe collision MO

b fay process (espeéially emission of transiently forméd vacancies) are
the most likely candidatés to explain these continua, though the theory
of these processes needs considerable improvement before the magnitude
of the x ray yield can be predicted with any certainty. |

These observations are not unique to the two systems presented in
this work. In .75 MeV/a.m.u. C, 0, C1, and Br bombardments of Au, Stbtt
and Waddington15 have noted nearly identical continuum'yields'per Au L
vacancy in the region between 15 and 60 keV. The present experiments
were partly inspired by their work. We have repeated their experiments
with O, Ar, and Kr bombardments of Au, Pb, and U and have confirmed this
trend. We have also observed identical yields per Br K vacancy when
KBr was bombarded with both O and Kr ions. Although this trend was not
widely observed in the low velocity work of Meyerhof ejt.al.'1 there are
two cases where the one collision yield was dominant, namely Br + Ti and ;
Br + Al, where identical yields per Br K vacancy were dbserved. In mbét‘
of that work, the two collision yield was dominant and this may be the -
reason why this effect was not widely observed.

The observations presented in this paper make an important contri-
bution to the data on x ray continua from heavy ion collisions. The
origin of these continua and the close similarity in the magnitﬁde and
shape using different projectile-target combinations needs tb be ﬁnder— é

stood before we can infer anything from "MO x ray continua' about the



[

atomic and molecular processes that go on in heavy ion collisions.

The authors would like to thank W. E. Meyerhof, F. S. Stephens,

" R. M. Diamond, and S. M. Lazarus who participated in gathering this data.
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FIGURE CAPTIONS

Left: Yield per Zr K vacancy for 33 MeV O (solid), 60 MeV C1
(dashed), and 200 MeV Kr + Zr (dash-dot). Right: Yield per

. Kr K vacancy for 200 MeV Kr + Ti (solid), Ni (dashed), and KC1l

(dash-dot).

Absolute yields for 33 MeV O + Zr, 200 MeV Kr + Ti, and 200

MeV Kr + Zr. ‘Dashed: Secondary Electron Bremsstfahlung (SEB)

and Radiative Ionization (RI) yields. Dotted: Nucleus-Nucleus

- Bremsstrahlung (NNB). Solid lines: two collision (TCMO) and_

one collision MO x ray yield (OCMO).



1073 T J
| 3
200 MeV Kr +
.
_
104 —]
B
-
107 '*:3
]
10°° E
7
- 20 60

10

Photons /keV/SA K vacancy

-10-

- XBL 757-3473



-5 ’ _ '
10 L — I | T T [ T T I —3 o
- 33 MeV O+ Zr , 200 MeV Kr +Ti | 200 MeV Kr + Zr 7 3
. ] . '
. - . \‘ ll : ] Ty
T ‘\ 1\ | <
lO.'6+:— \ ‘\ A = &,
_ E E [oN
> | _ o
2 L\ _ “
S N
O 1~ ' -
= 10 S - o
~ l\_ ' e s
s R ~
- 'f\\ . et
£ -
a \\
' ]0-.8 =3\
-\
[~
NN
1'0‘9 | i R o \\ ! b | [ lL L |
10 20 30 40 50 60 10 20 ,30 40 5010 20 30 40 50 60 70
 XBL 757-3470
iz, T



U u o io w7 o/ 9

LEGAL NOTICE

This report was prepared as an account of work sponsored by the
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owned rights.
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