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infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
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ABSTRACT
The intensity distribution of K x-ray lines excited in ion-atom
collisions is formulated for very asymmetric collisions. At high
x-ray energies, the distribution falls off as the x-ray energy
to the minus eleventh power while aroﬁnd the line center, it is
approximately Lorentzian. For nearly symmetric collisions, our

formula describes MO x-rays and no purely separated atom Lorentzian

is present.
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In Macek and Briggs'(1974) dynamical theory of molecular orbital MO)

X rays, the intensity of continuum x rays observed far from the separated

~atom (SA) lines, is shown to come from contributions from the natural Lorentzian

o

line shape of the SA x rays'and a part which is due to MO x rays. The problem
with this theory is that in many cases, the natural Lorentzian gives a yield
as large or larger than the yield of contihuuﬁ X rays experimehtally observed
far from the line center. In this commnication, we show that for symmetric
collisions (where:the atomic number of the projectile equals that of the

target) the y1e1d of continuum x rays comes from a part Wthh is due to one-

_collision MO x rays and a part which is due to two- colllslon MO x rays. No

SA Lorentzlan contribution is present. Even in very asymmetric systems where
no MO x rays are present, the distribution, though near Lorentzian at the
line center, falls to zero much more rapidly at high photon energies.

Following Macek and Briggs (1974) and Weisskopf (1935), we find the

line shape by Fourier analysis:

0 u)x (DKL(t )dt'

DC(’wx) - \/_Z_ﬂ_.f_wA(t)D(R(t)) e dt 1)

where D(R(t)) is the dipole velocity matrix element,ﬁmKL(t) = wﬁL*—Aw(t) is

the time dependent ehergy difference between the 2Zp and 1s (or 2pn‘and_1so)

‘states. In this paper we restrict ourselves to K and L transitions, but

exténsion to other transitions 1is straightforward. The amplitude A(t) is
for having excited a K electron into a higher bound or continuum state and
the resulting frequency dependent dipole, abbreviated as Dc(w),_is a function

ofﬂthe higher state quantum numbers and energy, of impact parameter b, and
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ion energy El-. The cross section in atomic units for x-ray emission is

therefore the integral over impact parameter- and sum over higher states:

do (E,,E 4o’ | |
EE‘X(X D= 3_0‘ uy Sf zmbdd D (w3’ @

—
[y

wherev-oc=.1/137 and S stands for the sum over higher states. It is easy to

show that a Lorent:'zia,n line shape is obtained when wKL(t) and D(t) are time

o JO t<0
A(t) = _ ] .
. e>‘t/2 t>0-

independent and:

where A is thé_total transition probability. To treat the more generai cése’.,
we replace A(t) by a(t)exp(-At/2) where a(t) expresses the amplitude for
‘having excited a K electron through some collision process, and exp(-it/2Z)
expresses the decay of the vacancy by radiation and emission of Auger elec-

trons. In a two state, weak coupling approximation, a(t) is written:
. _

ot i e ), (0t |
aa(t) ' =/ VKS(t) e 1- “K  003 dt (3)

whére’ 'VKS(t') couples the 1s state vto a continuuxﬁ or SOII.le.Othe.rv staie denoted

3. To evaluate (1) we consider t=0 to be the time at the vdistance' of closest
approach in the _fbirs't collision. Prior to .t‘= 0','nQ other collisions have

occurred (the ion has jusf entered ‘the‘ target), but for t> 0, we recognize

that further collisi_énsvhaving non-zero A(t)' from the first éollisioh can® . .
occur. We integrate from -» to T and from T to = where T is some time after | .

the first collisionvwhe‘n V(T) and Aw(T) can be considered negligibly small.

Partially integrating, we obtain:

. | R S - 1A (w0 -ul - du(t)+ir/2)dt!
V21 Dy(w) = [i(wx-%)-x/Z] x fw (aD + Da - idwaD) e ' . dt

e ' i (w, -0l -Aw(t') +ir/2)dt!
+ a(oo)j (D- iAwD) e ° e ' dt] (4)
G\ '
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where_ a, a, D, D= dD/vdt, and Aw are all functions of time. Unlike Macek and
Briggs' analogous'formula (Eq. 9, 1974) no pure Lorentzian contribution such.
as D(O)[i(wx-ng) - A/Z]'l is apparent here. In the literature on MO X-rays
(Bbyerhof et al, 1974), one-collision?(where vacancies are ''created" and then
radiate in the same collision) and. two-collision mechaniéms (where vacancies

are brought into thevcollision having been formed in some prior encounter) for

the formation of MO x rays have been theorized. The first term here gives

- one-collision MO x rays; the second effectively gives Macek and Briggs'

expressioﬁ for two-collision M) x rays multiplied by the amplitude for having
created a vacancy.

The SA x ray line is in the aD term'in this expression. To see this;
let Aw and D be zero which should be the case in systems where the projectile
atomic number (Z )} is much less than the target atomlc munber (ZZ) In such a
system, only the SA line should appear. Equation (4) reduces to:

e T (et - wdt-A2t
VD @) = Dlilac-ui) WA Ve 0 E T T e (9

Over the range of integration -T to +T [since V(t< -T) is zero],.kt/Z can be

"neglected. Now consider what happeas when W approaches Wy - We obtain:

' | Lo 0 -y T 1wy -wg)t o Co
V2r D_(ug) = Dlil, - wyp) - 3/2] J_TVK3 e dt )
where the‘integral is simply a.(w) The square of D (w ) summed over hlgher
states glves a Lorentzian times the probability of creatlng a vacancy.

Far from the line center, however, this term does not predlct a Lorent—

-zian line shape. To see this for the case where Zy<<Z, and no M0 x rays are
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present, we can use the Semi-Classical Appfoximation (SCA) (Bang and Hansteen,
1959; Choi and Merzbacher, 1969) to evaluate (5). Again 13, .Aw; and Xt/Z are
neglected. Here we spécialize state 3 to include only L=0 states in the
contimuum. It is known that excitation to bound states is generally negligible
when Z1 << Z2 (Merzbachér and Lewis, 1955). The probability of exciting L= 1_
and 2 stétes becomes important at high vy Vg where Vll is. the projectile
velocity and Vg is the K electron velocity, but since we will be calculating
the x ray cross section per K vacancy (calculatéd making the same approx_i-
mation), errors here wiil tend to cancel out. | The cross section per K

vacancy is defined as

| _ ) | —
do 4/,-3a3wX|D|2 [2m f0 2mbdb /S, de]lv&)(wxwL- e)| " | (_7)
d - —. 0 o0 0 . .
Be (w - ) #2274 [ 2mbdb S de[M (wy - ?)'2 |

Q=

where € is the continuum energy, o is the fine structure constant, and

M) = /‘VKE(t) ei‘*’tglt - with VKe(t)'. = 1 fd3r¢ |7 - R(t)l “’15
T ®
T can be taken to be infinity _beéause V(t<T) and V(t > T) is zero if only single
collisions are considered. We restrict ours'elvesk to low energy collisiohs : .
where (v, /VK)2 << 1 The integrals can be evaluated obtaining Huus' approxi-
mation (Bang and Hansteen, 1959) |

oo o ZZaZ Vo\h ) '
/ 2'rrbdb|Mp(m)|2 = 21 %wfi ~ 2 m 1 K( 1) 1 (9)
0 ZRy @ 5 z2 \%/ w :

S

where W(w) = hw/ (ZgRy), Z s is the screened target charge, and ay is the tzirg_et



K shell radius.  This 1is integrated over £ to obtain:

1 do | Ax/ZN we \9 -.
B )" (‘*’x*‘”L> Y

where.kx is the radiative tfansition(probability. Very close to the line
center, we again have a Lorentzian multiplied by the probability (or cross

éection) for making K vacancies. Far from the line center, at high x-ray

. energies, the intensity drops off as w.''. Note that in general (iO) could

X
also be written as:
._Ax/Zn : O(EI’U=Ex4iUL)

do o
_— = - - (1D
dE Swe )2+ A2 =U.) ,

X .(wx wKL) + i o(El,U UK) v _

Q=

so scaling iaw-cuxves (e.g., Mérzbaéher and Lewis,.1955) can be used to predict
the entire spectral intensity.

In Fig; 1 we plot this intensity for 33 MeV O+ Zr and compare with
thé"éxperimental intensity (Anholt and Saylor) and a natural Lorentzian line
shape. There, the SCA theory nearly holds; it predicts a K vacanéy Cross
section of 160 barns compared to 130:t30 measured. It ié-not known whether
the continuum iﬁtensity observed in this experiment7is due to MO x rays (b

and Aw are not quite negligible), bremsstrahlung, or some other effect.

-Clearly our théory of the A line lies much lower thaﬁ experiment.

As w approaches zero (10) predicts that the yield for 0 + Zr would
approach the ratio of the Zr K to L binding energy raised to the ninth power.

This 1argé factor, 9°, is an artifact of the neglect of (v_/v )2 terms in (9).
177K

When (11) is used, we obtain only about 10° times the Lorentzian intensity at

wx==0, and the total area of this curve agrees with the area under a pure

Lorentzian (unity) to within 3 parts per thousand. For low Xx-ray energies
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we have plotted'the Eq. (11) results in Fig. 1 and not the results based on
(10). | |

In near Symmetric ion-atom collisions, Aw and D are nof negligible,
and this distribution does not describe the x-ray yield. In those systems
we cannot distinguish between the distribution coming:from the SA x-rays and
the one-collision MO x-ray yield. The coﬁtinuous (though ‘often oscillatory)
| buildup and decay of the amplitude governs the x-ray line shape, and in - |
these iow energy systems this slow buildup cannot be deécribed by a step
function. | | |

In conclusion, it has been shown that while a nearly Lorentzian line
shape is obtained around the center of x-ray lines coming from collisionally
excited K vacancies, the distribution falls off much more rapidly than a
Lorentzian in the high energy wings of the line. The Lorentzianlline shape
comes from the purely artificial assumption that vacancies can be instantan-

eously created at time t=0. When both the creation and the decay of the

vacancy is considered, the resulting photon distribution can be very different.
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FIGURE CAPTION

Fig. 1  Photons/keV/Zr K vacancy for 33 MeV 0 + Zr collisions. Dashed v
curve gives experimentally observed continuum yield. Dash-dot
gives natural Lorentzian line shape; sblid gives shape calculated
in present work. We have ignored the KB lines here, and the Ka

line has been shifted to an average energy.
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