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We report observations of x radiation from 1.0 to 4.5 keV produced by the collision of K ions of 0.5 to 3.0
MeV with thick targets. Characteristic lines of the beam or the target or both are observed, depending on the
target. These lines are superimposed on a continuum that is exponential in form. The relative dependence of
the line yields on atomic number and the continuum on photon energy can be reproduced without the use of
an adjustable parameter, if one assumes that the processes are controlled by the Fourier spectrum experienced
by an orbital electron that results from the passage of a uniformly moving charged particle, A mechanism is
proposed that allows this control to function in producing K-shell vacancies. The formulas are applied to
other data and are shown to reproduce the relative Z dependence for projectiles of 0.01 to 2.5 MeV/amu with

Z& ranging from 17 to 82.

I. INTRODUCTION

The collision of potassium ions of a few MeV
with targets of arbitrary atomic number is a good
experiment for examining the production of x rays
that result from the interpenetration of electron
shells. In particular it allows the study of nearly
matched K shells, where the mechanism for creat-
ing vacancies is obscure, and it allows the study
to be made under conditions where Coulomb ex-
citation is negligible. In addition to the charac-
teristic x-ray lines, a continuum has been dis-
covered, "which has been interpreted as the re-
sult of transitions to vacancies in the molecular
orbitals while the colliding atoms are in close
proximity.

Electron promotion'' from the 2pa to the 1so
molecular orbital has been the obvious model for
interpreting these collisions, as it has had many
successes, but its application to deep encounters
with nearly matched K shells /as led to a contra-
diction for atoms of atomic number greater than
10 if the heavier partner enters the collision with-
out vacancies in the 2p shell. Theories in which
the Coulomb force produces the required holes
through direct interaction on the K shell have not
been developed for collisions between atoms of
comparable atomic number, but all indications
are that they fail by orders of magnitude to pre-
dict the cross section. Recently Meyerhof and co-
workers' ' have suggested that K-vaca, ncy forma-
tion occurs by direct Coulomb excitation from the
1scr and 2pcr orbitals to high-lying vacant or con-

tinuum states.
%'e shall demonstrate that our measurements and

those of others as well show evidence that the pro-
cesses are controlled by the Coulomb interaction
of the moving nucleus but that they are probably
not due to direct interactions. Recent proposals
to explain the photon energy dependence of the
molecular-orbital continuum use stimulated ra-
diative transitions. ' ' Our method of describing
the interaction handles this well and suggests that
inner-shell vacancy production may also result
from induced transitions.

II. EXPERIMENT AND APPARATUS

We observed the x-ray spectra produced by a
beam of singly ionized potassium hitting thick tar-
gets. Somewhat arbitrarily we selected the ener-
gy range of the spectrum to extend from 1 to 4.5
keV. This range included the K lines of potassium
and a portion of the continuum. Photons below 1
keV lie outside the range of our detector. Thus,
for characteristic lines, the experiment dealt with
K lines from the beam plus whatever K, L, or M
lines from the target fell within the selected en-
ergy range of the detector.

The beams of potassium ions originated in a hot-
wire ionizer, so that ions were produced from
atoms with very low ionization potentials. The
Carnegie pressure-tank Van de Graaff machine ac-
celerated them. The analyzing magnet allows a de-
flection of only 7, and beam purity at the source
is important. The charged-particle spectrum dis-
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closed by the magnet showed monoenergetic lines
only for alkali metals and convinced us that multi-
ply cha. rged rubidium was the only contaminant.
This resulted from the traces of rubidium in the
KCl charge of the ion source that were further
ionized by the collision with the residual gas of
the tube. We estimated the rubidium to be present
in the deflected beam at the target in amounts of
at most a few parts per hundred thousand.

A thick target intercepted the bea. m at 45 and
was viewed by a. Si(Li) detector mounted on the
target chamber with a vacuum connection at 90'
to the beam. The only attenuation between the tar-
get and the detector crystal was a 0.025 mm beryl-
lium window, although in some cases a Mylar foil
was added to attenuate further the low-energy pho-
tons. The data were corrected for absorption by
the w ndow by an empirical formula. " No correc-
tion nor cal;bration was made for the low-energy
portion of the spectrum where losses in the gold
electrode and the dead layer occur.

The accurate determination of the yield of pho-
tons per unit charge of the beam entails experi-
mental problems. (i) A large flux of electrons
and photons leaves the target; the photons release
copious numbers of photoelectrons from the walls
of the chamber w'ith the result that these effects
cannot be corrected with target bias. We insulated
the entire chamber, which had only small apertures
for the entrance of the beam and exit of the pho-
tons to the detector, and integrated the total cur-
rent from the chamber. (ii) The portion of the
beam that does not pass into the chamber and
strikes the beam tube preceding it releases large
numbers of electrons that can enter the chamber,
and are even guided into it by the positively charged
beam; similarly, electrons from the chamber can
escape by the same route. We placed a series of
apertures before the insulated target chamber and
a magnetic field across the region, which reduced
these effects to a negligible amount. (iii) The
residual gas of the beam tube in the region between
the analyzing magnet and the target chamber can
ionize the singly charged beam to higher-charge
states, giving an incorrect measure of the number
of incident ions. We pumped this tube with a cold
trapped diffusion pump and corrected our data for
the indicated pressure. This correction, which
was never more than 20/p, is not very good and is
a source of error. (iv) Carbon buildup reduces the
energy of the beam and contributes to the error
through the strong energy dependence of the thick-
target yields. We measured its effect and moved
the target occasionally to reduce its effect to neg-
ligible size. (v) Potassium buildup in the target
gives errors, if one is observing the potassium
lines. %'e found that the precautions needed to

prevent carbon buildup sufficed to prevent this.
The target was kept out of the beam except when
needed. (vi) The pulse amplifier had some diffi-
cult count-rate problems, the effect of the large
flux below 1 keV being particularly troublesome.
We ran at the lowest count rates that were prac-
tical, but even with this precaution, it was prob-
ably our greatest source of error and one of un-
certain magnitude. The pulse-height analyzer
gated the current integra, tor during its dead time
and presented no problems in this regard.

The potassium beam is not suitable for exami-
ning the targets for impurities because of the
strong Z dependence of the excitation mechanism.
We bombarded the targets with 1 MeV protons and
observed the x radiation from 1 to 22 keV pro-
duced, thereby identifying impurities as well as
confirming the atomic number of ea.ch target.

III. EXPERIMENTAL RESULTS

Three spectra are shown in Fig. 1 that are typi-
cal of the measurements. Characteristic lines
a,re seen superimposed on an x-ray continuum of
approximately exponential form. The three ex-
amples result from a 2.00 MeV K' beam incident
on thick targets of aluminum, yttrium, and iron,
noted, respectively, according to the location of
the peaks from left to right. For the first two the
potassium K shell has a greater binding energy
than the aluminum K or the yttrium L shell, both
of whose lines stand out; in both cases the potas-
sium K lines are barely discernible. In the third
spectrum the potassium K shell has a smaller
binding energy than the iron K shell; the potassium
lines stand out, and the iron K lines, although out-
side the energy range of the spectrum reproduced
here, were looked for and found to be much less
intense. This swapping effect is we1.l established, '
and we observe it for K, L, and M shells that
nearly overlap the K shell of potassium. The
yields of the characteristic lines observed are
shown in Fig. 2 for a 2.00 MeV beam. The K lines
from the beam are shown as solid circles, radia-
tion from the target as open circles. The range of
a.tomic number where the K shell of potassium
overlaps a shell of the ta, rget is shown with shad-
ing.

The continua for the range of Z =13 through Z =32
are very similar in shape. In some cases there is
evidence of target impurities, but for targets of
atomic number 21, 22, 23, 26, and 27 the results
can be fitted to an exponential over the range from
1.2 to 2.3 keV. Theparametersare given in TableI.
The continua for targets with atomic number great-
er than 40 follow the same shape but do not allow
the regular exponential description. All of the data
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FIG. 1. Examples of
spectra obtained by bom-
.barding three different tar-
gets with K+ at 2.00 MeV.
The spectrum having the
leftmost peak is from an
aluminum target; the al-
uminum E lines are strong
and there is only a sugges-
tion of potassium. h. lines.
The spectra having the
rightmost peak is from an
iron target; the potassium
E lines are strong; the iron
K lines fall outside the plot
but are known to be very
weak. The spectrum with
the peak at left center is
from an yttrium target;
the yttrium L lines are
strong and the potassium
E lines are very weak.
The unperturbed loca-
tions of the various lines
-are indicated. These lines
were used to establish the
energy scale, so energy
shifts cannot be read from
their positions.

lO-' =

I

E (keV}

in this latter region have greater amounts of error
owing to the large flux of photons below 1 keV,
many of which pass the beryllium window and for
which the compensation made by reducing the
counting rate was not enough.

We also bombarded reactor-grade graphite.
One would expect tha. t the carbon nucleus would
ionize the potassium K shell through Coulomb ex-
citation, and we did see these lines. The graphite
showed a strong line at 2.65 keV and two weak ones
at 1.8 and 2.3 keV. Proton bombardment confirmed
that these lines result from Cl, Si, and S. The
yield of the potassium lines was not reproducible
and much larger than the value calculated from
Coulomb excitation, " so we attribute it to excita-
tion by impurities, a,s the proton bombardment
disclosed considerable Ca and Pe and some Ti and
V. The graphite showed a smooth continuum from
1.0 to 1.5 keV. We observed the continuum from a
20 pg/cm' thick carbon foil, which showed the

same contaminants as the thick target but also the
same smooth region of continuum. The results
for the continuum are given in Fig. 3.

The yields of the potassium K lines as functions
of incident particle energy were measured for
targets just beyond potassium in atomic number;
the results are shown in Fig. 4. Errors from im-
purities were negligible for all these targets.

IV. INTERPRETATlON

Coulomb excitation or direct interaction, calcu-
lated by means of the Born, binary encounter, or
semiclassical approximations, is the only success-
ful theory to account for the production of holes in
the inner shells of atoms in heavy-ion collisions.
Its validity requires that either the ionizing parti-
cle have no electrons or those that it ha, s have
much smaller binding energies than the shells
wherein the holes are to be produced, conditions
that are not met in this experiment. Meyerhof and
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FIG. 2. Thick-target yield of x rays observed in the
photon energy range 1.0-4.5 keV produced with a 2.00-
MeV K beam. The open circles are data points for ra-
diation from the target: for 10 & Z & 20 they are A" lines,
for 35 & Z &50 they are I lines, for Z &70 they are M
lines. The solid circles are points for the A lines of
potassium. The lower limit of observation for these
lines is determined by the continuum. The shaded re-
gions show the range of targets whose I- or M shells
overlap the E shell of potassium. The atomic numbers
of the targets are 13, 16, 21-23, 25—30, 32, 39—42, 46-
50, 70, 72-74, 79, 82, 90, 92.
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FIG. 3. X-ray continua resulting from potassium ions

of 0.5 to 2.5 MeV striking a 20 pg/cm2 carbon foil. Solid
and open circles distinguish nearby sets of data. Beyond
1.5 keV impurities in the foil obscured the continuum;
below 1.0 keV the correction for the beryllium window
of the detector is too large for reliable application. The
straight lines are calculated from the exponential of Eq.
(7) with n=2.

co-workers" have proposed that excitation from
the 1sg and 2Pv orbital to vacant states higher than
the 2t)w orbital or to the continuum produces K va-
cancies, thereby avoiding the difficulties of elec-
tron promotion. They call this process Coulomb
excitation from molecula. r orbital and investigate
its plausibility through scaling attempts. For sym-
metric collisions they find that the experimental

summed target and projectile cross section for
Z„Z,&10 with gaseous targets and for Z„Z,) 50
with solid targets is given by the approximate em-
pirical formula

1 1 1 ' 63(4'
4 Z, Z, 1+1O-'( +1.8x10-"~

10'r (1.5)

21
22
23
26
27

5.1
3.7
2.6
1.2
0.82

TABLE I. The photon yield 1'(1.5) at 1.5 keV in photons
keV particle i for the x-ray continua from 1.2 to 2.3
keV that result from 2.00-MeV K' ions incident on solid
targets of atomic number Z2, described by Y(E) = F(1,5)
x expt-2. 4(& —1.5)], where E is the photon energy in
keV.

where

with E, and M, being the projectile energy and
mass, U is the binding energy of the 2pg at the
distance of closest approach, nz is the electron
mass, and ao is the Bohr radius. They find Eq.
(1) gives a poorer fit to the asymmetric than to
the symmetric collision data. Ne shall apply this
formula, to our data for comparison but have also
gone into the matter from another, but not neces-
sarily conflicting, point of view. We have sought
a scaling law that can correlate the data and have



CHARACTERISTIC AND CONTINUUM X RAYS PRODUCED. . . 429

IO 2

lO 3 =

~ ~

~ ~
4

2I

. ~ 22-

~ ~ 23

lo-4
H ~

C)

L0
CL

Ul
C
O
O
CL

/ ~

29

Y

l06

l
0-7

lO
0.5 l.O E (MeV) 2.0

I

2.5 3.0

FIG. 5. Geometry for use with Eqs. {3), (4), and (5).
The target nucleus is located at the center of the coordi-
nate system x, y, z; the projectile nucleus moves in a
straight line in the y-z plane, parallel to the z axis, and
at a distance b from it. The cylindrical coordinate p lo-
cates the electron position relative to the path of the pro-
jectile.

FIG. 4. Thick-target yields of the potassium K lines
as functions of the ion energy for various targets. Num-
bers at the right are Z2. The failure of some data to
match at 1.4 MeV, which separates data taken on dif-
ferent days, and probably some of the irregulari-
ties result from the sources of error listed in Sec. II.
The dashed curve is thick-target yield calculated from
Eq. (1) of Meyerhof e't al. and normalized to the data at
projectile energy of 3 MeV.

found the Fourier spectrum of a moving charged
particle useful.

The time varying electric field experienced by
an orbital electron that results from the passage
of a moving charged particle is a likely cause of
vacancy production, as it is for the direct inter-
action process. From a general point of view con-
sider the amplitude of frequencies in the Fourier
spectrum of the time varying field produced by a
uniformly moving particle. This field is

where p is the perpendicular distance from the
field point and the straight-line traj ectory of the
projectile of charge Ze and velocity v. The Four-
ier transform gives the spectrum of virtual pho-
tons to be

ZeI(E) = exp
2hfv A e

if we replace the circular frequency through the
Planck relationship + =Z/I, where E is the energy
of the virtual photon.

In applying this spectrum to a heavy-ion colli-
sion we assume the distance parameter p to be
proportiona, l to the expectation value of the cylin-
drical coordinate p, as shown in Fig. 5. We fur-
ther assume that the excitation occurs when the
two nuclei pass well within the K shell of the united
atom; therefore, the impact parameter b is much
less than the K-shell radius, so we take

p„o- 4*„p%„dV,

where 4'„is the wave function of an electron trying
to form a united-atom shell of principal quantum
number n. Ignorance of 4'„lies at the heart of the
problem of heavy-ion collisions, but it seems rea-
sonable to assume that Eq. (5) will be proportional
to r„,the expecta. tion value of the radius for the
united atom. If we use the expectation value from
the hydrogenic atom for n= 1 or 2 with 1=0 we
find, in fact, that the constant of proportionality
is very nearly unity and hence choose p„=r„for
all of the comparisons to be made here.

If we consider the ejection of a 2t) electron from
the united atom, thereby creating the required va-
cancy in the 2pcr orbital, by some process related
to I(E), we set E equal to the hydrogenic atom
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binding energy and P equal to the expectation value
of x for the n= 2 shell of the united atom. Equation
(3) becomes for arbitrary n

z(z, + z, le 3 e'(z, + z, j)3n'aohv 4 hv
(6)

The value of Z to use will be an effective one whose
selection is complicated by the relative motion,
but it does not appear in the argument of the ex-
ponential, which dominates Eq. (6). Screening,
which might be introduced to improve the accuracy
of the hydrogenic atom formulas, will not affect
the use of Eq. (6), as we apply it only to relative
changes in Z, .

There is independent evidence' ' that the molecu-
lar-orbital continuum radiation is stimulated and
Eq. (4) should serve as an approximation of the
stimulating field with the same interpretation in
meaning for P„asapplied to the production of
holes in the 2Po orbital. Equation (4) becomes

3n2

IO
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We shall now make comparisons of the relative
yields or cross sections of our own data and those
of others available to us using Eq. (1) from Meyer-
hof and co-workers and our own arguments, Eqs.
(6) and (7). Equation (1) predicts absolute values,
but Eqs. (6) and (7) do not. We shall compare re-
sults only with the exponential of these latter two
equations, as we do not know what value to give
Z; the errors introduced by this are small when
compared with the large variation of the data and
of the exponential.

In Fig. 6 are shown the relative Z, dependences
of K' for four energies with various targets. The
predictions of Eq. (1) are shown with dashed lines
for the highest and lowest energies, those of Eq.
(6) are shown with full curves for all energies.
Equation (6) is incapable of correlating the depen-
dence of yield with projectile energy, whereas Eq.
(1) does this quite well, as shown in Fig. 4. We
have made arbitrary normalizations in all of these
comparisons, although Eq. (1) is fairly good for
Z, =Z, = 19. The agreement of Eq. (1) for varying
projectile energy is not surprising, when one con-
siders that its origin lies in a fit to these kinds of
data.

A considerable range of measurements is availa-
ble for the relative Z, dependence with projectiles
of Zy comparable to S,. In Fig . 7 are shown all
measurements ~ ~' ' known to us at the time of
this writing. Calculations from Eq. (1) are shown
as dashed curves; normalizations were required
but they are small on the scale of the graph. Cal-

lO 6=

IO

lO
Z2

FIG. 6. Thick-target yields of potassium' lines as
functions of the target atomic number for four values of
projectile energy. Solid and open circles distinguish
nearby sets of data. The numbers at the right are pro-
jectile energies in MeV. The dashed curves are calcu-
lated from Kq. (1) and solid curves are from the expo-
nential portion of Eq. t'6), both normalized to the data at
Z2 =20.

culations from Eq. (6) are shown as full lines and
have arbitrary normalization. Note that Figs. 6
and 7 show data with projectile energies ranging
from 0.013 to 2.5 MeV/amu and projectile atomic
numbers from 17 to 82.

Our measurements of x-ray continua are shown
in Figs. 1 and 3. If these continua result from
transitions to vacancies in the molecular orbitals,
then they are certainly associated not with transi-
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In Fig. 3 is shown the exponential part of Eq. (7)
with v = 2 for various values of projectile energy.
In Fig. 8 we apply Eq. (7) to our own K'+ V data and
to representative continuum data of others"" that
were available to us. We have used only measure-
ments that have been corrected by the authors for
detector efficiency and window absorption, Four
cases of K and one of L band are shown with n = 1
used for the former and n=2 for the latter.

Meyerhof et a/. "have proposed a theory for the
spectrum of the molecular orbital continuum,
which reproduces the shape and magnitude of the
K band. It assumes the transitions are spontane-
ous, although recent experiments' ' show evidence
that induced transitions are important. We have
not applied it to our continua as it requires for the
K band the calculation of the transfer of vacancies
from the 2PO to the 1so orbital, a mechanism
whose parallel for the L band is difficult to calcu-
late.
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FIG. 7. Cross sections for K vacancy production as
function of Z2 for eight experiments, The value given is
the sum of projectile and target cross sections, which is
in effect the cross section for the light collision partner.
Solid and open circles distinguish nearby data. Projec-
tile energy and kind are indicated for each group. Verti-
cal arrows indicate Z&. The 2-MeV K points are from
the present work; the 5-MeV Cl are from Ref. 12; the
45-MeV Ni are from Ref. 13; the 150-MeV Xe are from
Ref. 14; and the remainder are from Ref. 6. The dashed
curves are from Eq. (1) with small normalization adjust-
ment; the solid curves are from the exponential portion
of Eq. (6) with arbitrary normalization.
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tions filling vacancies in the Iso"' (K band) but
with those filling the 2so, 2pw, or 2po" (L band).
They cannot result from nucleus-nucleus brems-.
strahlung because the intensities are too high and
the Z dependence is opposite the prediction. In the
case of the results shown in Fig. 3, K'+ C, the
shell on which the series terminates would be the
united-atom 2P shell, which has an energy of 0.77
keV. To see this band beyond this limit is ex-
plained by the broadening of the levels owing to the
short collision times. Indeed a distinctive cutoff
is also not observed for the K band. '
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FIG. 8. X-ray continuum yield per unit energy interval
in arbitrary units as a function of photon energy. Verti-
cal arrows indicate the united-atom limit. The top three
measurements are from Ref. 16, the fourth, which has
pulse-height-analyzer points reproduced by a curve and
a shaded region, is from Ref. 17, and the bottom, which
has a different (1-3 keV) energy scale from the other
four, is from the present work. The straight lines are
from the exponential portion of Eq. (7) with n= 2 for the
2-MeV K on V and n=1 for the others.
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The two equations derived from the Fourier
spectrum of a uniformly moving charged particle
reproduce within the accuracy of the data the rela-
tive Z, dependence of the vacancy production in
the 2Po orbital and the E dependence of what we
presume to be the molecular orbital continuum. In
the case of the continuum the relationship of
I„(E,Z, ) to the data, suggests stimulated transitions.
In the case of the 2PO vacancies we have demon-
strated the ability of I„(Z,) to correlate cross sec-
tion with the amplitude of the Fourier spectrum at
the frequency required to eject the electron, but
a mechanism by which this proceeds is not appar-
ent.

The question arises as to whether Eq. (6) also
works in regions where direct interaction theory
describes the results accurately. We find that it
not only fails but fails in a manner that can be re-
moved only by making the relation between P„and
z„afunction of Z, and e, which removes any utili-
ty the formula may have.

The mechanism proposed by Meyerhof and co-
workers' ' may be compatible with Eq. (6) and the
failure of Eq. (l) to reproduce the Z, dependence
of our data cannot be taken as a contradiction of
the mechanism they propose, as their theory is at
the stage of a plausibility argument derived from
symmetric collisions and does scale most of the
data presented in Fig. 7 fairly well. Nevertheless,
the ability of Eq. (6) to give the Z dependence of
data having such a wide range of energy and atomic
number together with its failure to give the depen-
dence where Coulomb excitation works, leads us
to propose another heretofore unconsidered me-
chanism.

If holes in the 2po orbital are produced through
an induced transition, then the proportionality of
the cross section with I„(Z,) would make sense, and

a radiationless transition by an electron more
tightly bound than the 2P(T seems to be a possibility
worth considering. Figure 9 has a plot of the en-
ergies of the 2po and 1so molecular orbitals as
functions of the internuclear distance for K+Sc
made by estimated scaling of Ar+Ar calculations. "
The abscissa plots distance and time, related
through the ion velocity, the ordinate plots energy
and electron oscillation frequency. The calcula-
tions assume the transformation to be adiabatic,
which requires that

(8)

where v is the electron oscillation period, E, and

Ez are the initial and final energies, and & II/&f is
the rate of change of potential energy. The sudden
approximation requires the reverse inequality.
For this experiment conditions for the application

0
0 r (pm)

r/v
(lo "sec)

2 per
—

I-5-
E/h

(keV)

5 Closest approach
Is

FIG. 9. Energy levels of the diatomic system K+ Sc.
In the lower right is the correlation diagram for the in-
ner shells. The united-atom structure is at the left; the
separated-atom structures are at the right with Sc de-
noted with dashed and K with solid lines. The remainder
of the figure shows the energies of the 1so. and 2pa mo-
lecular orbitals as functions of the internuclear separa-
tion, which has been converted to units of time through
the ion velocity.

of both the slow and fast approximations are about
equally badly satisfied.

We are unable to calculate the behavior of the
electrons trying to follow the 1so orbital under
these conditions, but it seems reasonable that they
may undergo quantum jumps in trying to form the
1s shell of the united atom. The binding energy of
the 2PO is small compared with the total change re-
quired of the 1sa electrons, so radiationless quan-
tum jumps could release sufficient energy to eject
a 2P|T electron. Estimates of the spontaneous
transition lifetimes for static conditions are long
compared with the collision times, implying that
induced transitions should be important ~ Looking
at the matter from another point of view, one might
expect the results to be similar to what would

happen if the nuclear charge of either atom were
changed abruptly to Z, +Z, . In P decay, increases
of atomic number from Z to Z+1 cause holes to be
created in all shells. " The penetration of the light
nucleus into the K shell of the heavy can also be
viewed as in increase —and a large one —of the nu-

clear charge, thereby giving rise to large shake-
off effects.

Our measurements also include target I and M
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x rays produced by the near overlap of those shells
with the K shell of potassium, as seen in Fig. 2.
The mechanism proposed should function there as
well, but the matter will not be as clear cut as it
is for K-shell emission, because there is consid-
erable evidence that electron promotion occurs."
Equation (6) predicts a stronger Z dependence than
is observed. This deviation could be attributed to
the contribution of electron promotion or to the
breakdown of Eq. (6) when applied to the n = 3 and
4 shells of the united atom. We have also been un-
successful in fitting the continua in these two re-
gions and suspect Eq. (7) breaks down for the M
and N bands.

V. CONCLUSIONS

We report measurements of the yields of char-
acteristic x-ray lines and continua produced by a
potassium beam of a few MeV incident on a vari-
ety of targets. The conditions of the experiment
are such that direct Coulomb interaction is not ex-
pected to apply and electron promotion is unable
to fit. These observations together with the re-
sults of experiments reported elsewhere receive
quantitative fit of the Z, dependence of the line data
and the E dependence of the continuum data, both
without the use of an adjustable parameter, if the
transitions are assumed to take place in proportion
to the amplitude of the Fourier spectrum (at the
frequency of the transition) characterizing the
passage of the projectile nucleus. This suggests

that the Coulomb interaction controls both the pro-
duction of the K-shell vacancies and the shape of
the x-ray continuum. We propose a mechanism for
vacancy production that uses this spectrum through
stimulated Auger transitions, thereby extracting
energy from the electrons trying to form the 1sa.
orbital to eject a 2PO electron rather than extract-
ing the energy from the field of virtual photons.

The deficiencies of Eqs. (6) and (7) are evident,
for they do not constitute a theory of the processes
they describe and are only one step removed from
empirical formulas. Nevertheless, their origin
lies in such simple ideas and their accuracy as
scaling laws is sufficiently high that they may offer
a clue to the explanation of these two puzzling
phenomena.
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