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Inner-Shell Vacancy Formation 

X-rays from Coalescing Atoms 

X-ray continua from collisions of combined 
atomic number up to 164 have been detected. 

Walter E. Meyerhof 

In a collision of two atoms with atomic 
numbers Z1 and Z2, the nuclei may ap- 
proach each other so closely that, for a 
very short time, the atomic electrons 
arrange themselves as if they belonged to 
a united atom (UA) of atomic number 
ZUA = Zi + Z2. In recent years several 
interesting applications of these qua- 
siatoms or, more accurately, qua- 
simolecules, have been proposed. First, 
if Z1 + Z2 is sufficiently large, such qua- 
simolecules provide a "laboratory" in 
which the behavior of electrons in the 
presence of extremely high electric and 
magnetic fields can be studied (1, 2). In 
particular, the emission of positrons in 
very energetic collisions between very 
heavy ions and atoms has been predict- 
ed. Possible new tests of quantum elec- 
trodynamics under high-field conditions 
are thereby provided, which, because of 
the instability of nuclei with Z s 106, 
would otherwise be impossible. Second, 
x-ray emission spectra from qua- 
simolecules may permit spectroscopic 
studies of superheavy atomic systems 
with ZUA as high as 184 (3-6). Third, the 
shape and anisotropy of x-ray emission 
spectra give insight into details of the 
atomic collision process, such as depen- 
dence of the electronic energies on inter- 
nuclear separation, transition mecha- 
nisms and transition probabilities be- 
tween electronic states, and dynamic 
line-broadening effects. The intensities 

of the x-ray spectra, and to some extent 
their shapes, are related to the produc- 
tion of inner-shell vacancies in atomic 
collisions. To date, only the second and 
third of these proposals have been pur- 
sued experimentally, and these are the 
topic of this review. 

The entire field has been stimulated 
through the discovery by Saris et al. (7) 
of a quasimolecular x-ray band emitted 
in Ar + Ar collisions (8-10). Meanwhile 
many such x-ray bands have been ob- 
served; three sample spectra are given in 
Fig. 1. 

It is convenient to classify the bands 
by the UA shell, K, L, orM, to which the 
electronic transitions between the molec- 
ular orbital (MO) levels lead (3-5, 7, 8, 
1I). This article attempts to give an over- 
view of the present state of the field: the 
evidence for MO x-rays, their proper- 
ties, and their suggested future uses. It is 
helpful to examine first the known mech- 
anisms of inner-shell vacancy formation, 
since they are closely related to MO x- 
ray production. Possible background 
continuum spectra have to be consid- 
ered. Experimental continuum x-ray 
spectra can then be compared with theo- 
retical models for MO x-ray production 
(so far this has been done only for K MO 
x-rays). Finer details of the collisions, 
some of which are not yet understood, 
appear in the anisotropy of the spectra 
with respect to the incident projectile 
and in studies of x-ray continuum 
spectra in coincidence with scattered 
projectiles. 

Two extreme models have been pro- 
posed for the formation of vacancies in 
the inner shells of the colliding atoms, 
which result in the emission of character- 
istic x-rays or Auger electrons of the 
separated atoms (SA) (12). For brevity 
these models will be called atomic and 
molecular, respectively. 

In the atomic model one assumes that 
the Coulomb field of the projectile (Z,) 
interacts with a given electron in the 
target (Z2). The time variation of the field 
causes momentum to be transferred to 
the electron, which is thereby ejected 
from the target. The electronic structure 
of the projectile is not taken into ac- 
count. The initial wave function of the 
target electron is assumed to be the atom- 
ic wave function, undistorted by the pro- 
jectile. Different variations of this basic 
model have successfully explained SA 
vacancy production by collisions in 
which Z Z2 (12). 

In the molecular model (12, 13) it is 
assumed that the collision is slow enough 
that at each internuclear separation R the 
electronic wave functions in the projec- 
tile and the target atoms adjust them- 
selves to the molecular configuration ap- 
propriate to a diatomic molecule with 
nuclear charges Z, and Z2 and inter- 
nuclear separation R. In this case, the 
time-varying nature of the projectile and 
target Coulomb fields at the position of 
the electron can cause the electron to 
make transitions to unfilled qua- 
simolecular levels or to the continuum. 
This allows vacancies to appear in one of 
the collision partners after the collision. 
The expenditure of energy in the transi- 
tion determines the transition probability 
in a critical way. If the relevant energy 
levels happen to cross at a given R, or 
approach each other very closely, there 
is no expenditure of energy in the transi- 
tion, and the vacancy production cross 
section can be very large. If there is an 
energy gap between the relevant levels, 
such as is the case in ionization, the 
cross section can be many orders of mag- 
nitude smaller. The molecular model has 
been very successfully applied to SA 
vacancy formation in collisions in which 

839 

The author is professor and chairman of the De- 
partment of Physics, Stanford University, Stanford, 
California 94305. 

3 SEPTEMBER 1976 



0.3Z2 Z, c 3Z2 and v, c 0.3 ve, where 
v, is the projectile velocity and Ve the 
orbital velocity of the "jumping" elec- 
tron 

Ve = (2Ue/m)2 (1) 

Here Ue is the ionization energy of the 
initial state and m is the mass of the 
electron. 

Since the preceding conditions on Z,, 
Z2, and v,/ve are also those which make 
possible the observation of MO x-ray 
bands (Fig. 1), further details of the mo- 
lecular model are discussed below. It 
should be noted, though, that as Z1/Z2 
decreases to small values, there must be 
a continuous transition from the molecu- 
lar model to the atomic model. Indeed, 
using the theory of perturbed stationary 
states, Basbas, Brandt, and co-workers 
(14) have shown that for Zi <Z2 the 
molecular model reduces to a modified 
atomic model. The modifications reflect 
the increase in the binding energy of the 
target electron due to the penetrating 
projectile (a "molecular" effect) and the 
Coulomb deflection of the projectile by 
the target. 

Production of Molecular Orbital X-rays 

In the molecular model approach, the 
production of SA and MO x-rays in 
heavy-ion collisions is best discussed 
with the aid of correlation diagrams (12, 
13) such as those shown in Fig. 2. These 
diagrams are based on the assumption 
that inner-shell electrons can be treated 
as independent particles moving in a 
screened two-center Coulomb field (5, 
15). This is in contrast to the situation for 
outer-shell electrons, where multielec- 

tron states play a decisive role (16). The 
correlation diagrams show how electrons 
move from the SA levels to the UA levels 
by way of the MO levels, as the inter- 
nuclear separation R changes from infin- 
ity to zero. In a collision with an impact 
parameter b, the projectile moves in an 
approximately hyperbolic trajectory so 
that the minimum value of R is (17) 

R min = D/2 + [(D/2)2 + b2]1'2 (2) 

Here D is the distance of closest ap- 
proach in a head-on collision (b = 0) 

D = 2Z,Z2e2/(Mov 2) (3) 

Mo = M,M2/(M1 + M2) 

where e is the electronic charge, and M, 
and M2 are the projectile and target 
masses, respectively. Correspondingly, 
in a collision an electron moves on a 
correlation diagram from R = o to Rmin 
and back to R = oo. If, during the colli- 
sion, the electron makes a transition out 
of a particular MO level, the vacancy in 
that level can be filled in the remaining 
part of the collision with the emission of 
an MO x-ray, or after the collision with 
the emission of an SA ("characteristic") 
x-ray. (Auger electrons can also be emit- 
ted.) The probability for emission of an 
MO x-ray during collision is roughly 
equal to the ratio of the collision time to011 
to the vacancy lifetime r. For K MO x- 
ray emission, t,con asK/v,, where aK is 
the UA Bohr K radius and r can be 
estimated from the expression (18) 

1/TK = 2.6 x 109 Z3.93 sec-' (4) 

where Z is the UA atomic number. The 
ratio tcoll/rK is always very small com- 

pared to unity. For example, for Br + Br 
collisions with a projectile energy of 30 

Mev (million electron volts), tco/01 
TK 10-3. Hence, most K MO vacancies 
terminate with the emission of SA x-rays 
or Auger electrons. 

Cross Sections for K Molecular 

Orbital X-rays 

Contrary to the SA x-rays, which ap- 
pear as sharp lines in an x-ray spectrum, 
MO x-rays are expected to form bands. 
This is because MO x-ray emission can 
occur at any value of R and the energy 
separation between MO levels generally 
varies rapidly as a function of R, usually 
reaching a maximum at R = 0 (see Fig. 
2c). This is called the UA limit. Unfortu- 
nately, as the preceding estimate shows, 
the intensity of the MO x-ray bands is 
weak, so that the bands could be con- 
fused with other x-ray continua such as 
electron or nuclear bremsstrahlung, dis- 
cussed below (19). Therefore, it is impor- 
tant to make absolute predictions of the 
expected intensities and shapes of MO x- 
ray spectra for a variety of collision sys- 
tems and to check whether the experi- 
mental spectra agree. So far, this has 
been done only for K MO x-rays, be- 
cause here the situation is simplest (20- 
23). Even so, one has to distinguish two 
separate processes of MO x-ray produc- 
tion. 

Referring to Fig. 2, a and b, one can 
see that K MO x-ray emission requires a 
prior vacancy in the 1scr MO. It is pos- 
sible that such a vacancy is produced 
early in a collision and that later in the 
same collision an MO x-ray is emitted 
(20). This is called the one-collision pro- 
cess. But it is also possible for an (atom- 
ic) K vacancy to be produced in the 
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Fig. 1. X-ray spectra from heavy-ion collisions. (a) Spectrum for 11-Mev I + Au. The M MO x-ray band is indicated, as well as the composite L 
x-ray structure from I. The peak near 10 kev is due to La x-rays from Au. [From Mokler et al. (4)] (b) Spectra for 300-kev Ar + Ar and Ar + C12. 
The L MO x-ray bands are shown, as well as the C1K peak. [From Hoogkamer et al. (9)] (c) Spectra for 30-Mev Br + Br. The K MO x-ray band 
and Z = 70 UA Ka and Kf, limits are indicated, as well as the Br K x-ray peak. [From Meyerhofet al. (20)] In (b) and (c) the low-energy portions 
of the spectra are considerably distorted by absorption effects. 
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Fig. 2. Correlation diagrams for energy levels of inner electron 
shells as a function of internuclear separation. (a) Schematic dia- 
gram showing the most important MO levels for K MO x-ray pro- 
duction in a symmetric collision. Spin-orbit splitting of the levels 
is omitted. The wavy vertical line indicates a possible electronic 
transition with emission of a K MO x-ray, assuming that a Iso- 
vacancy exists. (b) Schematic diagram for an asymmetric col- 
lision; (H) and (L) denote the higher-Z and lower-Z collision part- 
ners, respectively. (c) Realistic correlation diagram for 531 + 
79Au, computed for 20 electrons. Note the large spin-orbit coup- 
ling in this case. The internuclear separation, R, is given in atomic 
units (a.u.) (1 a.u. = 0.53 x 10-8 cm). [From Fricke et al. (5)] 
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projectile in a collision and, if the vacan- 
cy lives sufficiently long, to be carried 
into a subsequent collision (7, 8). This is 
called the two-collision process. If the 
latter collision is symmetric (Fig. 2a), 
there is a 50 percent probability for the 
vacancy to move into the s(o- MO. It can 
then be radiatively filled. In an asymmet- 
ric collision (Fig. 2b) the situation is 
more complicated. Either the projectile 
must be the higher-Z (H) collision part- 
ner so that the vacancy is brought into 
the ls(H) state in the second collision or, 
if the vacancy is brought into the ls(L) 
state, it must jump to the sro- MO early 
in the second collision. [Such a jumping 
process does exist (24).] Because of the 
energy gaps involved in creating the 
ls(H) vacancy in the projectile or in the 
ls(L) -- lsro jumping process, the in- 
tensity of the two-collision process di- 
minishes rapidly with increasing asym- 
metry of the collision (20). 

One-collision process. The cross sec- 
tion for a one-collision process can be 
written down readily in the quasistatic 
approximation. Here one assumes that, 
once the iso- vacancy has been created, 
at each internuclear distance R there is a 
probability dt/lx(R) for the vacancy to be 
radiatively filled, where rx(R) is the radi- 
ative lifetime of the vacancy and dt is an 
interval of time. Neglecting any coher- 
ence or interference effects, the differ- 
ential cross section for emission of a K 
MO x-ray with an energy Ex in a collision 
with impact parameter b is 

d2(1)'l/dEx = 

2rrbdb P(b) (dR/dEX)/vRTx(R) (5) 
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In Eq. 5, 2rrbdb is the Coulomb scatter- 
ing cross section (17), P(b) is the proba- 
bility of making a lso- vacancy during the 
collision, and dt has been replaced by 
dR/vR, where VR is the radial component 
of the projectile velocity, v,. If the impact 
parameter of the collision is not defined, 
Eq. 5 has to be integrated over the appro- 
priate range of impact parameters (20). A 
complete quantum mechanical calcula- 
tion of the one-collision process is under 
way (25). It indicates that Eq. 5 is in- 
complete; there may also be an impor- 
tant contribution to the cross section due 
to transient effects. 

Two-collision process. For a two-colli- 
sion process, one has to consider that a 
projectile with a K vacancy has a proba- 
bility nv, ,T2rbdb of making a second 
collision (with impact parameter b) with- 
in the lifetime TK of the vacancy, where n 
is the atomic target density. Multiplying 
this probability by the jumping probabili- 
tyf of the K vacancy to the ls(r MO (in 
the second collision) and by the radiative 
decay probability dt/lr(R), one obtains 
the probability of radiative MO decay of 
the incident projectile K vacancy. 
Hence, the differential yield of K MO x- 
ray emission with energy Ex is, per pro- 
jectile K vacancy 

d2y/(2dEx = 

2nv ,TK 2rbdbf(dR/dEX)/VRTx(R) (6) 

A factor of 2 has been included because 
there are two crossings of a given R by a 
trajectory. [It would be more correct to 
consider the relevant interference ef- 
fects, but these drop out on integration 

over impact parameters (26).] If the im- 
pact parameter b of the second collision 
is not defined, one must integrate Eq. 6 
over the appropriate range of impact pa- 
rameters, giving for the spectral yield per 
projectile K vacancy (20, 27) 

dy2)/dEx = 

4rfnrK(1 - D/R)l12R2(dR/dEx)/TX(R) (7) 

where D is given by Eq. 3. 
Quantum mechanical calculations for 

the two-collision process have been 
made (22, 23, 28). Although a detailed 
review of these calculations is not appro- 
priate here, a sketch of the theory will be 
helpful for the subsequent discussion. 
The differential cross section for emis- 
sion of a K MO x-ray with energy Ex 
(= hao) in a collision with impact parame- 
ter b can be written (22, 23) 

d2-r/dEx = 2-'bdb I C(w,b) 1 2c2/(2rr)2ic3 
(8) 

where C is the radiation amplitude, h is 
Planck's constant divided by 27r, c is the 
velocity of light, and, for simplicity, isot- 
ropy of the radiation with respect to the 
beam direction has been assumed. In the 
long-wavelength approximation one 
finds 

C(o,b) = (-i/h) X dt a(t) Dfi(t) 
-00 

t 

exp {i [o9 - fij(t')]dt'} (9) 

Here a(t) is the amplitude for creating 
lso- vacancies, Dfi(t) is the electric dipole 
(velocity) matrix element between the 
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initial (for example, 2p7r) and the final 
(Isor) states, whose energy difference is 
denoted by hwfi(t). For an exact treat- 
ment of the one-collision process the 
time coherence between a(t) and the re- 
maining radiation amplitude must be con- 
sidered (25). For the two-collision pro- 
cess la(t)2 is a constant representing the 
fractional number of ls(o vacancies 
brought into the collision by the projec- 
tile. Muller and co-workers (22, 23) have 
obtained an analytical form for Eq. 9, 
making reasonable, simplifying assump- 
tions for Df(t) and wfi(t). At a fixed im- 
pact parameter b the quantity IC(o,b)l2 is 
found to oscillate as a function of o 
because of interference between the in- 
coming and outgoing parts of the radia- 
tion amplitude [(26); see also (29) and 
(30)]. Upon integration over impact pa- 
rameters, the oscillations effectively dis- 
appear (22, 23, 28), and for Ex < EUA the 

quasistatic approximation (18) turns out 
to be reasonably good. But for Ex > EUA 

important line-broadening effects are 
found (21), which can be represented by 
a spectral tail of the form 

dy (2)dEx, exp(-Ex/F) (10) 

where 

r 0.3 [(EUA - ESA)hv 1/RO1 (11) 

In Eq. 11 EUA and ESA are the UA and SA 
Ka x-ray energies, respectively, and Ro 
is approximately equal to twice the UA 
K radius. 

Looking at Fig. 2, one can see that 

many different electronic transitions can 
fill a vacancy in the iso- MO. The 

2prT -> iso- transition has the largest 
transition probability (31) and in most 
calculations is the only one taken into 
account. (At the SA and UA limits, the 
transition corresponds to a Ka, transi- 
tion.) 

Experimental Approaches 

It is of interest to review the experi- 
mental evidence for the existence of MO 
x-rays as much as possible independent 
of any detailed theory, although finally 
only a detailed comparison can provide 
the assurance that the phenomenon is 
well understood. Since MO x-rays form 
continua one must consider other contin- 
ua with which these might be confused 
and which might form backgrounds un- 
der the MO x-ray spectra (19). As shown 
below, by a suitable choice of collision 
partners and bombarding energy one can 
obtain spectra that consist almost entire- 
ly of background (for example, nucleus- 
nucleus bremsstrahlung radiation). Good 
agreement with the relevant theoretical 
cross sections (32, 33) permits calcula- 
tion of the background in other situa- 
tions. One can then choose conditions 
such that the x-ray continuum spectrum 
is due predominantly either to the two- 
collision process or to the one-collision 
process (9, 10, 20, 34). When the two- 
collision process is dominant, one can 
show that the K MO x-ray yield per 
projectile K vacancy has the expected 
dependence on the target density n. For 
the one-collision process it should be 
independent of n, but for the two-colli- 

sion process it should be proportional to 
n (see Eq. 7) (20). 

By using the Doppler effect it has been 
demonstrated, independent of any theo- 
ry, that the continua assigned to MO x- 
rays are indeed emitted from the qua- 
simolecular system consisting of projec- 
tile and target, and not from the target or 
projectile alone (35, 36). Calculations by 
Miuller and co-workers (37) have stimu- 
lated measurements of the x-ray energy 
dependence of the anisotropy of MO x- 
ray continua with respect to the incident 
beam (35, 36, 38, 39). The peaking of the 
anisotropy near the UA limit also signals 
the quasimolecular origin of the contin- 
uum radiation (38, 39). The detailed inter- 
pretation of the anisotropy promises to 
yield important information about the x- 
ray emission process in heavy-ion colli- 
sions (1, 2, 40) and may contribute to an 
understanding of the spectroscopy of su- 
perheavy molecules (6). 

Backgrounds 

Various radiative processes due to 
electrons, bremsstrahlung of nuclei, and 
Compton scattering of gamma rays from 
nuclear excited states can form back- 
grounds under MO x-ray spectra, in addi- 
tion to normal room background (19, 41). 
Figure 3 shows examples of different 
backgrounds. 

Although non-MO, electronic radia- 
tive processes disturb MO spectra, they 
are of intrinsic interest and have been the 
subject of much theoretical and experi- 
mental study (32, 42). They are due main- 
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ly to loosely bound target electrons for 
which Vi/Ve 1 (see Eq. 1). One distin- 
guishes radiative processes in which the 
target electron is captured into a vacant 
projectile state (radiative electron cap- 
ture) or scattered by the projectile (pri- 
mary electron bremsstrahlung or radia- 
tive ionization) from those in which the 
liberated target electron scatters on oth- 
er target atoms (secondary electron 
bremsstrahlung or knock-on bremsstrah- 
lung). The latter processes are particular- 
ly important in thick solid targets (32, 
42), but their intensities turn out to be 
more than an order of magnitude below 
those of K MO x-ray spectra (31, 43, 44). 
For example, Fig. 3a shows a measured 
x-ray spectrum for 67-Mev Nb + Nb col- 
lisions (43, 44). The characteristic Nb K 
x-rays lie below 20 kev. The spectrum 
has been corrected for absorber and de- 
tection efficiency effects. The dash-dot 
line in Fig. 3a is the computed secondary 
electron bremsstrahlung spectrum, and 
the solid line includes the room back- 
ground. One can see that the secondary 
electron bremsstrahlung is very small 
compared to the experimental contin- 
uum. (Nucleus-nucleus bremsstrahlung 
is negligibly small in this case.) 

Primary electron bremsstrahlung 
forms a peaked spectrum centered 
around Ex = ?mv,2 and radiative elec- 
tron capture into the projectile K shell 
forms a peaked spectrum centered 
about Ex = UK + /2mv12, where UK is 
the projectile K ionization energy. For a 
typical projectile velocity of 109 centime- 
ters per second, the energy /2mv,2 is 
only 0.3 kev. Hence, as far as the study 
of K MO spectra is concerned, the impor- 
tant question is how intense the high- 
energy tails of these peaked spectra are. 
Unfortunately, calculations on this point 
are not yet definitive (32, 42). It is pos- 
sible, though, that a sharply falling con- 
tinuum, seen in many spectra just 
beyond the SA K lines, is at least partly 
due to radiative electron capture (for 
example, see Fig. 3a, continuum C1), but 
it has also been assigned to MO x-ray 
transitions ending on the 2po- MO (43- 
45). In quite asymmetric collisions con- 
tinuum spectra have recently been seen 
above the SA K lines, which do not agree 
with computed radiative electron cap- 
ture or MO spectra (46). These may rep- 
resent tails from primary electron 
bremsstrahlung. 

Nucleus-nucleus bremsstrahlung may 
form a significant background under MO 
spectra (19), but the effect can be com- 
puted with good accuracy (32, 33). The 
electric dipole part of the cross section is 
proportional to [(Z,IA )-(Z/A2)]2 where 
A1 and A2 are the mass numbers of the 
projectile and target, respectively. 
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Hence, the intensity of the bremsstrah- 
lung spectrum may vary markedly with 
the projectile isotope. Figure 3b shows 
thick target x-ray spectra from 79Br + Al 
and 81Br + Al and the corresponding 
(absolutely) computed nucleus-nucleus 
bremsstrahlung cross sections (47). The 
spectral yields differ by nearly a factor of 
2. The good fit between theory and exper- 
iment allows theoretical nucleus-nucleus 
bremsstrahlung spectra to be computed 
in less obvious situations (see below). 
For identical projectile and target iso- 
topes, the electric dipole cross section is 
zero, but in cases where the dipole cross 
section is small, dipole-quadrupole inter- 
ference can be of major importance (32, 
33). 

Figure 3c gives an illustration of back- 
ground due to Coulomb-excited nuclear 
gamma rays from 60-Mev 79Br + Ti (47). 
In this case, the x-rays were detected in 
a 17-cm3 coaxial Ge(Li) detector, with no 
additional absorber. To determine the 
shape of the background under the x-ray 
continuum one can use gamma rays of 
similar energy from a radioactive source. 
The background is quite flat, so the accu- 
racy of the extracted x-ray continuum is 
affected only at the high-energy part of 
the spectrum. One can minimize this 
type of background by using projectiles 
and targets with nuclei having high-lying 
excited states. 
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K Molecular Orbital X-ray Spectra 

One can produce K MO x-ray spectra 
under conditions where the two-collision 
and the one-collision processes are sepa- 
rately dominant. One can show that be- 
cause of the factorf in Eq. 7 the two- 
collision process is strongest for symmet- 
ric collisions (20). Also, it turns out that 
the dependence of the two- or one-colli- 
sion process on the projectile energy is 
determined mainly by the cross section 
for making vacancies in the 2p(r or lsro 
state, respectively (20). Since the cross 
section rises more steeply with energy in 
the latter case (48), the two-collision 
process will dominate only at a suffi- 
ciently low bombarding energy, which 
depends on the particular collision sys- 
tem. 

Figure 4a shows the continuum spec- 
trum from 30-Mev Br + Br (20). The SA 
Br K x-rays lie near 12 kev and the 
continuum C1 (compare Fig. 3a) dis- 
appears near 20 kev. Above that energy, 
the continuum spectrum agrees in abso- 
lute magnitude with the two-collision 
quasistatic calculation (curve T in Fig. 
4a) (Eq. 6), as well as with the full quan- 
tum mechanical treatment (curve TQ) 
(22, 23). The one-collision process 
(curve 0) and the nucleus-nucleus 
bremsstrahlung contribution due to the 
mixture of isotopes in the target (curve 

20 30 40 50 16 24 32 40 48 

X-ray energy (kev) X-ray energy (kev) 

Fig. 4. Spectra of K MO x-rays from collisions in which the two-collision process is dominant. 
(a) Spectra for 30-Mev Br + Br. The histogram shows experimental data. The curves are 
absolute calculations based on two-collision quasistatic theory (T) (Eq. 6), two-collision 
quantum mechanical theory (TQ) [from Miiller (23)], the one-collision quasistatic process (0), 
and nucleus-nucleus bremsstrahlung (B). [From Meyerhof et al. (20)] (b) Spectra for 58Ni + 58Ni 
at various bombarding energies [from Greenberg (49)]. The curves are absolute two-collision 
quantum mechanical calculations. Note the dynamic tail beyond the UA limit [from Miiller 
(23)]. 
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B) are very small in this case. Figure 4b 

gives several spectra for '5Ni + 58Ni 

(49). The quantum mechanical two-colli- 
sion calculations agree with the experi- 
mental spectra well beyond the UA limit 
(22, 23). These spectra demonstrate the 
importance of the dynamic tail (Eq. 10). 
The absolute fits in Fig. 4 provide one 
important piece of evidence for the exis- 
tence of K MO spectra, as well as for the 
role of the two-collision process. 

Two other independent confirmations 
of the two-collision process are avail- 
able: using gas targets and comparing 
spectra from N+ + N2 and N+ + NH3 
(in the bombarding energy range from 35 
to 400 kev), Saris and co-workers (9, 10) 

have found the N+ + N2 spe 
by far the most intense. The e: 
is that the N+ projectile can c 
vacancy in a collision with on 
atom and then carry the vaca 
collision with the second targi 
the N2 molecule. In NH, the 
are not very effective in pr 
vacancies. 

In experiments with solid ta 
taining Br, in which the Br con 
was varied, a series of spectr; 
tained with 30-Mev Br proj 
shown in Fig. 5a. The relative 
concentration, nrel, is indic< 

unity representing a solid (f 
target. The other constituents 

YMO/YKX 

0 

X-ray energy (kev) 

Fig. 5. (a) Corrected x-ray spectra from bombardment of various Br targets with 
Room background has been subtracted. Typical systematic errors are ? 30 pc 
relative Br densities, nre,(Br), correspond to the following targets: 1.00, pure Br 
KBr; 0.18, 50 percent KBr + 50 percent KCI; 0.03, 10 percent KBr + 90 percent I 
case, B, 0, and T are the computed bremsstrahlung and one- and two-collision A 
respectively. The darker curves give B + O + T. (b) Ratio of integrated MO K 
(Ex = 27 to 50 kev) to beam K-vacancy yield plotted against relative Br density. Li 
give the relationships expected for one- and two-collision mechanisms, respecti 
symbols represent total MO yield, solid symbols total MO yield minus estimated c 
contribution. [From Meyerhofet al. (20)] 
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ctra to be get (K and Cl) contribute to the MO 

xplanation spectra only in a minor way. Each spec- 
)btain a K trum is fitted absolutely with the sum of 
e N target two-collision (T), one-collision (0), and 

ncy into a nucleus-nucleus bremsstrahlung (B) con- 
et atom in tributions. After the latter two have been 

H atoms subtracted from the spectra, the remain- 

oducing K ders are integrated over energy and 
plotted against the relative Br concentra- 

irgets con- tion (Fig. 5b). The expected proportional- 
icentration ity to n (Eq. 7) is found, confirming the 
a were ob- importance of the two-collision mecha- 
ectiles, as nism in this case. 
atomic Br Figure 6 shows various spectra in 

ated, with which the one-collision process is ex- 
frozen) Br pected to dominate. The most direct evi- 
in the tar- dence for the one-collision process 

comes from the use of monatomic gas 
targets (34), with which the two-collision 
mechanism cannot contribute. The dis- 
tance between target atoms in a gas is 

106 
too large for the projectile K vacancy to 

T, ,I survive between collisions (see the dis- 
cussion preceding Eq. 6). Figure 6a 

(0) shows the x-ray spectrum from 48-Mev 
~ ~~ S + Ne (34). Here strong dynamic ef- 

fects are expected beyond the UA limit, 
but still the spectrum agrees within an 

(T) order of magnitude with the quasistatic 
one-collision prescription of (20). Figure 
6b shows the continuum spectrum from 

Fig. 3c after subtraction of background 
1.4 0.8 and correction for absorber and detec- 

n re tion efficiency effects. Figure 6c gives 
the spectrum from Fig. 3a after back- 30-Mev Br. 

ercent. The ground is subtracted. In Fig. 6, b and c, 
;0.44, pure the one-collision process (curve O) ap- 
eC1. In each pears to dominate over the (quasistatic) 
IO spectra, two-collision and nucleus-nucleus brems- 
x-ray yield strahlung spectra (curves T and B, re- nes O and T 

ively. Open spectively). Figure 6 leaves no doubt 
ne-collision that the two-collision process alone can- 

not explain the spectra. A quantum me- 
chanical treatment of the one-collision 
process is needed (25); meanwhile, one 

Nb+Nb has to contend with a quasistatic pre- 
scription for the one-collision spectrum 
(20). 

L and M Molecular Orbital X-ray Spectra 

Although L MO x-rays were the first 
MO x-rays to be discovered (7, 8), it has 
not yet been possible to make the same 
kind of quantitative fit to L MO x-ray 
spectra as to the K spectra (Figs. 4 to 6). 

~\ ,\ This is because the L spectra consist of 
Z=82 Ka' S several, roughly equally intense, MO 
60 transitions (31). In addition, the transi- 

tion energies are strongly influenced 

Fig. 6. Continuum x-ray spectra from collisions in which the one-collision MO x-r; 
expected to be dominant. (a) Spectrum for 48-Mev S + Ne (gas target). The qua 
collision prediction (O) is shown. [From Bell et al. (34)] (b) Spectrum for 60-Mev 
Fig. 3c). Curves O and T represent the quasistatic one- and two-collision predicti 
the nucleus-nucleus bremsstrahlung spectrum, and the heavy line their sum. [From 
al. (20)] (c) Spectrum for 67-Mev Nb + Nb. The notation is the same for (b), ex( 
pected dynamic tail (Eq. 10) is indicated by a dashed line. [From Kaun (44)] 

844 

by the state of ionization of the pro- 
ay process is 
Lsistatic one- jectile-target system (50). So far, 
Br + Ti (see one has succeeded in establishing regu- 
ons, curve B larities in the variation of the approx- 
Meyerhofet imate "end point" of L MO spectra 

ceptthatx- (51). Also, it appears that there 
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can be one- and two-collision processes 
of L MO x-ray production (see Fig. lb) 
(9, 10). Figure 7a shows the spectrum 
from 88-Mev Pb + Pb collisions (47), as 
seen in a 4-millimeter intrinsic Ge detec- 
tor. This particular detector was too 
small to detect the SA K lines from Pb. 
But there is a rapidly falling continuum 
beyond the SA L spectrum, which dis- 
appears into room background above 
- 60 kev. This energy is just the ioniza- 
tion energy for the 2p3/277 state of the 
quasimolecule Z1 + Z2 = 164 at Rmin 
(Eq. 2) (47, 50), which suggests that this 
continuum may be the L MO x-ray spec- 
trum for ZUA = 164. Substituting the ap- 
propriate energies into Eq. 11 gives the 
dynamic tail shown as a dashed line in 
Fig. 7a; the slope is close to that of the 
experimental spectrum. 

One interesting feature of M MO 
spectra is that, despite a multitude of pos- 
sible x-ray emitting transitions, they are 
peaked (see Fig. la), in contrast to K and 
L MO spectra, which fall roughly expo- 
nentially with energy (3-5). This is be- 
cause over a considerable span of the in- 
ternuclear distance R, the transition ener- 
gy is practically independent of R (for 
example, see the 4fo---> 3dr7 transition 
for R < 0.1 atomic unit in Fig. 2c). Since 
the MO spectral distribution, in the qua- 
sistatic approximation, depends on dRI 
dEx (Eqs. 4 to 6), one expects a sharp 
peaking which is somewhat abated, but 
not completely eliminated, by line- 
broadening effects (3-5). There are still 
difficulties in explaining the absolute in- 
tensity of M MO spectra (3-5), but the 
peaking feature permits spectroscopic 
studies of superheavy quasimolecules. 
Figure 7b shows x-ray spectra for 11- 
Mev I colliding with a variety of targets 
(3-5). Above an x-ray energy of 5 kev the 
absorber hardly affects the spectra. The 
arrows in Fig. 7b indicate computed UA 
4f-- 3d transition energies (5, 15, 50); 
the good agreement with experiment 
shows that it may be possible to extract 
spectroscopic information from M MO 
spectra. 

The Radiating System 

The Doppler shift of the continuum 
spectrum can be used to determine the 
nature of the radiating system in a way 
that is independent of any detailed model 
of the collision process (35, 36). It fol- 
lows from symmetry principles that in 
the center-of-mass (CM) system of the 
emitter the radiation cannot show any 
fore-aft asymmetry (37). In the laborato- 
ry system, the Doppler shift affects the 
energy, angle, and solid angle of the radi- 
ation. Even if the angular distribution of 
3 SEPTEMBER 1976 

the radiation in the CM system is not 
known, one can use the fact that it must 
be symmetric about 90? in order to ex- 
tract the Doppler velocity as a function 
of E. 

Figure 8a shows an x-ray spectrum 
from 200-Mev Kr + Zr (35). The SA 
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x-rays lie below 18 kev. Nucleus-nucleus 
bremsstrahlung is negligibly small in this 
case. The shape and intensity of the spec- 
trum are mainly due to the one-collision 
process (solid line). The dotted line gives 
the dynamic tail (Eq. 10) fitted to the 
spectrum above the UA limit. The ex- 
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Fig. 7. (a) X-ray spectrum from 88-Mev Pb + Pb. An intrinsic Ge detector with a 1.6-mm Al 
absorber was used. Below 40 kev the spectrum is severely distorted by the absorber. Only room 
background has been subtracted. Small fluorescent K x-ray peaks due to In metal used in the 
detector can be seen. The 2P312 rr binding energy forZ = 164 is shown. The dashed line gives the 
slope of the dynamic tail, assuming that the continuum is due to La Mo x-rays. [From Meyerhof 
et al. (47)] (b) X-ray spectra from bombardment of a variety of thin targets with 11-Mev I. The 
arrows indicate computed UA 4f -> 3d transition energies about which the M MO x-ray spectra 
appear to be centered. The peak structure around 5 kev is the absorber-distorted L x-ray 
spectrum of I, and the small peaks near 10 to 14 kev are from target L x-rays. [From Mokler et 
al. (4)] 
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[From Meyerhof et al. (35)] 
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tracted Doppler velocity VD is shown in 
Fig. 8b as a function of the x-ray energy. 
It is given in terms of the velocity Vci of 
the Kr + Zr quasimolecule, assuming 
the projectile has the incident velocity. 
Because of the slowing down of the Kr 
projectile in the thick Zr target, the aver- 
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age ratio vD/v,i is expected to be 0.90, as- 
suming the quasimolecule is the emitter 
of the continuum radiation. This agrees 
well with the experimental average value 
0.92 + 0.03 obtained from Fig. 8b. If the 
target were the emitter one should find 
VD/V ci 0, and if the projectile were the 

10 30 

X-ray energy (kev) 
Fig. 9. Anisotropy of K MO x-rays as a function of x- 

l ray energy. (a) Anisotropy coefficient X for 64.8-Mev 
11 Ni + Ni, assuming an angular distribution 1 + , 
1 sin20x (CM). The curve is a theoretical fit assuming 

? 
I iT 

specific populations of the initial MO levels. [From 
Smith and co-workers (2, 40)] (b) Anisotropy ratio 
1(90?)/1(30?) - 1 for 40-Mev Ca + Ca, Fe + Fe, and 
Ni + Ni; I (Olab) is the detected intensity at the angle '' '' I 0lab. The curves are drawn to guide the eye. Arrows 

30 40 give UA Ka energies. (c) Fine structure in ani- 
energy (kev) sotropy ratio for 40-Mev Fe + Fe, using an x-ray 

energy resolution of 0.5 kev. [From Woelfli et al. 
(39)] 
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Fig. 10. (a) Molecular levels of U + U as a function 
of internuclear distance R. Only the Iso- and 2prr 
MO's are shown. Processes 1 and 2 will involve 
positron emission and process 3 x-ray emission, 
assuming a Iscr vacancy exists. [From Miiller and 
Greiner (55)] (b) Shape of predicted positron spec- 
trum from 1625-Mev U + U for head-on collision; E, 
is the positron energy. [From Smith et al. (57)] (c) 
Center-of-mass differential cross sections for posi- 
tron production from 1600-Mev 238U + 23U colli- 
sions as a function of projectile CM scattering angle. 
Curve A shows the predicted atomic-collision cross 
section, curve B the calculated background cross 
section from internal pair conversion of decaying, 
highly excited nuclear states. [From Oberacker et al. 
(62)] 
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emitter one should find VD/VCi 1.9. 
Similar results have been found for M 
MO radiation (36). 

Anisotropy of Molecular Orbital Radiation 

Experimental searches for an an- 
isotropy of MO radiation with respect to 
the beam direction were stimulated by 
Miiller and co-workers (37). The calcu- 
lations, based on a quasistatic model, in- 
dicated that the Coriolis coupling of the 
emitting electron in the rotating qua- 
simolecule should give a significant an- 
isotropic contribution to MO radiation. 
The additional radiation is called in- 
duced, to distinguish it from the sponta- 
neously emitted radiation from a fixed 
quasimolecule, which may also be an an- 
isotropic. The overall angular distribu- 
tion of the radiation is found to be 
1 + r?sin20x where 0x is the angle of the 
emitted x-ray with respect to the incident 
beam in the CM system and r) depends 
on Ex. Experiments indeed reveal an an- 
isotropy for K, L, and M MO radiation 
that is dependent on x-ray energy (35, 
36, 38, 39). The anisotropy peaks near 
the UA limit, signaling the qua- 
simolecular origin of the radiation. The 
original calculations (37) also showed 
that the anisotropy of the induced radia- 
tion should peak sharply near the UA 
limit. New, quantum mechanical, calcu- 
lations indicate that the induced radia- 
tion is not as important as was originally 
believed. The anisotropies may be pre- 
dominantly due to unequal population of 
the initial MO levels, which can produce 
a large anisotropy of the spontaneous ra- 
diation, also peaking near the UA limit 
(1,2,40). 

Figure 9 shows various interesting fea- 
tures of the anisotropy. Figure 9a shows 
the anisotropy of the K MO spectrum 
from 64.8-Mev Ni + Ni (see Fig. 4b) 
found by Greenberg et al. (38) and a theo- 
retical fit by Smith and co-workers (2, 
40), which assumes that the initial 2p3/2(r 
state is completely empty and the 2P3/27- 
and 2p 12o states completely full. A theo- 
retical reason for these assumptions is 
not yet available. Figure 9, b and c, are 
from the work of Woelfli and co-workers 
(39). Figure 9b shows that in diverse col- 
lision systems the anisotropy indeed 
peaks near the UA Ka limit (arrows on 
the abscissa); the curves are drawn to 
guide the eye. The peaking of the an- 
isotropy near the UA Ka limit may per- 
mit spectroscopic studies of the lsor MO 
even in superheavy quasimolecules (6). 
Figure 9c shows an oscillating fine struc- 
ture in the anisotropy; at present this is 
unexplained, but it may be connected 
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with coherence effects in the radiative 
amplitude for MO x-ray emission, simi- 
lar to those suggested in (52), or with a 
possible splitting of MO levels caused by 
the rotation of the quasimolecule (39). 

Impact Parameter Dependence 

By detecting projectiles scattered at a 
particular angle in coincidence with MO 
x-rays, the impact parameter of the colli- 
sion can be specified (17). In the qua- 
sistatic theory the spectral shape should 
be given by Eqs. 5 or 6. Because of the oc- 
currence of the reciprocal of the radial 
component VR of the projectile velocity, 
the quasistatic theory predicts a sharp 
peak at the (highest) x-ray energy corre- 
sponding to R = Rmin (Eq. 2), where 
VR = 0. Quantum mechanical calcula- 
tions for the two-collision spectrum pre- 
dict a line-broadened peak, as well as os- 
cillatory structure in the spectrum due to 
interference effects in the radiation am- 
plitude between the incident and out- 
going parts of the collision (Eqs. 8 and 9) 
(22,23,28-30,40). 

Coincidence experiments between 
MO x-rays and scattered projectiles are 
very tedious because of the small in- 
tensity of the MO radiation. No oscillat- 
ing structure has been seen in the few 
measurements made to date, nor has the 
predicted peaking near the UA limit been 
found in K and M MO spectra (53). An- 
swers to these puzzling problems remain 
to be found. 

Positron Emission: An Open Question 

One exciting open question is whether 
the predicted positrons from the decay of 
deep inner-shell vacancies of superheavy 
quasimolecules can be detected (1, 2). It 
has been suggested that such positrons 
should be emitted in energetic U + U 
collisions (1, 2). Figure 10a gives a sim- 
plified MO correlation diagram for the 
U + U system (54, 55). For R c 35 fer- 
mis the lsao MO dives into the negative 
energy continuum of the Dirac theory. 
Should a vacancy exist in the Isor MO, 
electrons from the negative energy con- 
tinuum, rather than from higher MO lev- 
els (process 3 in Fig. 10a), can fill the va- 
cancy, thereby liberating positrons (56) 
(process 1 in Fig. 10a). This process is of 
fundamental significance because it can 
be considered as the breakdown of the 
vacuum state under the influence of ex- 
tremely high electric fields (1, 2). 

Dynamic effects in the collision en- 
hance the yield strongly, since there can 
be an energy transfer from the nuclear 
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motion to the electrons, allowing transi- 
tions from the negative energy contin- 
uum into lsro vacancies even before div- 
ing occurs (process 2 in Fig. lOa) (57). 
Figure 10b shows the predicted shape of 
the positron spectrum at fixed impact pa- 
rameter b (b = 0) for 1625-Mev U + U 
collisions. In terms of the shape function 
W(Ep,b) the differential cross section for 
emission of positrons of energy Ep is 

d2op/dEp L0o2rbdb W(Ep,b) 

where Lo is the fraction of projectiles with 
a Iso( vacancy. This expression assumes 
no coherence between the amplitude for 
creating lsro vacancies and the decay 
amplitude, an assumption which is not 
accurate if the process goes by the one- 
collision mechanism (22, 23). 

From an experimental point of view, 
the possibility of detecting positrons de- 
pends on the magnitude of Lo and on pos- 
sible background positrons. In the qua- 
sistatic approximation, the value of Lo is 
given by P(b << aK) if a one-collision 
process occurs, or by nv1rKOK if a two- 
collision process occurs (see Eqs. 5 and 
6), where o-K is the cross section for pro- 
jectile K vacancy production. For 1600- 
Mev U + U, the value of P(0) has been 
estimated from cross-section system- 
atics, based on the atomic model, to be 
0.2 (58), whereas nonrelativistic system- 
atics based on the molecular model lead 
to values between 10-4 and 10-5, depend- 
ing on the method of extrapolation (48, 
59). Relativistic effects may enhance the 
latter estimates by several orders of mag- 
nitude (60). On the other hand, for this 
collision, nvlTKcrK 4 x 10-10 (61), so 
the two-collision process is expected to 
be negligible. 

Calculations show that the largest posi- 
tron background is due to internal pair 
conversion from the decay of highly ex- 
cited nuclear states in U (62). Figure 10c 
shows the predicted positron differential 
cross section for 1600-Mev 238U + 238U 
collisions as a function of the projectile 
CM scattering angle (curve A). A value 
L0 = 10-2 is assumed. Curve B gives the 
estimated positron background due to in- 
ternal pair conversion. For unequal U nu- 
clei, the background is estimated to be 
smaller. Hence detection of positrons 
from heavy-ion collisions, although very 
difficult, appears to be feasible (1, 2). 

Summary 

The discovery and investigation of x- 
ray continua has provided a new tool for 
studying the detailed electronic process- 
es that occur when atoms collide. In the 

collisions considered here, the qua- 
simolecular origin of the continuum radi- 
ation has been established. Therefore, as 
the atomic numbers of the projectiles 
and target atoms are increased one can 
simulate some of the properties of super- 
heavy atoms. In particular, the peaked 
nature of the x-ray energy dependence of 
the anisotropy of K, L, and M MO radia- 
tion, as well as the peaked nature of the 
M MO spectra, will allow approximate 
spectroscopic studies of superheavy 
atoms. Special excitement attaches to 
the possibility of observing fundamental 
processes occurring under extremely 
high electric and magnetic fields. The re- 
cent successful development of a 1400- 
Mev U beam at the GSI (Gesellschaft fuir 
Schwerionenforschung) accelerator in 
Darmstadt, Germany, promises an immi- 
nent attack on these basic problems (63). 
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(6). These two tetramers could define 
the twofold axis of symmetry within the 
nucleosome. These complexes interact 
through 70 to 90 amino acid residues at 
their carboxyl terminal end to produce a 
tight, trypsin-resistant core (7). The posi- 
tively charged histone amino terminal 
residues extend outward from this core 
and define what may prove to be a 
"kinked" or "coiled" pathway for the 
DNA (5, 8) about the histone complexes. 
These so-called "particles-on-a-string" 
or "nu" bodies constitute the primary 
level of folding for the bulk of the 
chromosome. Through their mutual inter- 
actions higher levels of DNA packaging 
can be achieved, although details of this 
organization are not known. At present 
there is no proof that nu bodies are homo- 
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