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COLLISIONAL QUENCHING OF METASTABLE X-RAY EMITTING STATES IN A 
FAST BEAM OF He-LIKE FLUORINE* 

D. L. Matthews and Ft. J. Fortner 
Lawrence Livermore Laboratory 
Livermore CA 94550 

ABSTRACT 
High resolution x-ray spectral measurements are used to deter­

mine the relative intensity of He-like fluorine x-ray transitions, 
2 3P] -*- 1 ! S Q and 2 !Pj •+ 'SQ, produced fluorine collisions with 
Ne, Ar, and Kr gas targets at various pressures and in thin carbon 
foils and a thick carbon slab. The relative intensities are ob­
served to be strong functions of both target density and incident 
charge Z. These effects are attributed to strong collisional 
quenching of both initial states by subsequent large impact param­
eter collisions. Ths data permit extraction for the first time of 
the total quenching cross sections (OQ) for vast fluorine ions in 
both states. A strong enhancement of the relative intensity of 
the 2 3P] is observed for F' + projectiles. This strong enhance­
ment is attributed to selective excitation of metastable states in 
the beam, i.e. Is2s 3Sj, into the ls2p 3P] state. Finally, the 
data for foil and solid targets are used to obtain new information 
on the excitation states of ions moving in solids. High resolution 
measurements of the radiative electron capture (REC) peak are re­
ported and analyzed for the first time. 

Work performed under the auspices of the U. S. Energy Research 
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The study of collisional quenching of atomic states in ion-
atom collisions has received considerable attention. However, 
the extension of this type study to metastable x-ray emitting 
states in high velocity helium-like ions (i.e. Z > 2) has received 
little or no attention. Tn the following we will show that the 
cross section for collisional quenching of metastable x-ray emit­
ting states for high velocity ion-atom collisions is appreciable. 
In fact, we demonstrate that the effects of collisional quenching 
can dominate the spectral intensities of x-ray lines formed under 
single inner shell collision conditions. First, measurements of 
gas target spectra will be reported for different gas pressures 
and the collisional quenching cross section, on, will be determined 
for the ls2p 3Pi state in fluorine. Then the data for thin carbon 
foils will be used to determine OQ for the ls2p 'P\ state in fluor­
ine. New information on the "dynamic fluorescence yield" for in­
dividual x-ray transitions are obtained for ions moving in solids. 
Finally, high resolution measurements of the radiative electron 
capture (REC) x-rays of conduction electrons are also obtained and 
analyzed. 

Fig. 1 demonstrates the principal effects observed in this 
measurement. >The transitions ls2p (2 3Pi) - M s 2 (1 'So) and 
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lsZp (2 TPI) + Is 2 (1 ^Sn) from the decay of two electron fluorine 
ions excited in gas, foil and solid targets are shown. The 3P]/ 1Pi 
variation with target gas density in F 5* + Ne, flr, and Kr colli­
sions is shown in Fig. 2. In going from 10 to 200 microns, a mono-
tonic decrease in the ratio is observed. To explain this variation, 
a theoretical formulation for the intensity of a given atomic state 
in a fast moving ion beam is required. 
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Fig. 2 

The number density n(cm"3) of fast excited ions in state j at a 
given distance x from the entrance to the target satisfies the d i f ­
ferential equation 
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where v is the ion velocity, I is the beam flux (cnr 2-sec _l), on 
is the cross section for producing j, N is the target gas density, 
T is the atomic lifetime of state j and OQ is the total effective 
cross section for collisional quenching or extinction of excited 
state j. This O Q may be the resuH of several loss terms due to 
collisional excitation/de-excitation out of state j. If at x = 0, 
nj = 0, then Eq. 1 has the solution 

(Z) 
where B = [N(on + <JQ? * V v r ] . Consider for an example a 30 HeV 
fluorine beam and the ls2s 3P] state {T = 0.54 x 10" 9 s) . In a 
solid 1/& ^ 10 ft and in a gas 1/S < 1.1 cm. In both cases equi­
librium is easily obtainable, thus 

(3) 

In a c,as the number of photons emitted is 
L o QIN anINL 

R j = fQ 1 + Ncr'VT d x = 1 + NO'VT ^ 

For prompt transitions such as from the 1s2p 1 f\ state 
{T = 1.8 x 10"' 3 s) NCT'VT « 1 for meaningful o' and gas densities 
of interest. Eq. 4 then becomes simply RjpPj) = CTQINL. For the 
2 3pj state NO'VT is not necessarily small compared to 1. Under 
these circumstances we can get an expression for the relative 
2 3Pi to 2 lPj x-ray yields which is given by 

R 0 
R' = T1- Wvf" t 5 ) 

where Rn is the ratio of x-ray production cross sections for the 
3Pj to M>-j states. The expression for R' represents a simple 
formula for predicting the reduction in ^ / > P \ relative intensi­
ties with increasing gas density, and can be f i t to experiment 
thus determining Rn and o'. In the analysis Ro was determined by 
extrapolating the data to near zero gas pressure while a 1 was 
determined by the best fits to the data shown in Fig. 2. The 
fitted R' values are shown in Fig. 2 by the solid line. Over a 
pressure change of a factor of 20 we get good agreement with ex­
periment. The values we obtain for a' = CQ + oq are much too 
large in comparison with measured inner shell vacancy production 
cross sections thus o' = OQ. The values obtained for oq and RQ 
are shown in Table 1. 



TABLE 1 

Target RQ(± 0.10) °oO0~ 1 6 c n , Z ) a<-* 1 0 ~ 1 6 ^ 

Ne (Z = 10) 0.71 0.7 ± 0.2 0.9 
Ar (Z = 18) 0.86 1.5 ± 0.4 2.4 
Kr (Z = 36) 0.87 2.0 ± 0.6 3.5 

Another interesting aspect of these data is the dependence of 
the relative intensity of the 3Pi and 'P-| x-ray lines on the in­
cident charge state of the fluorine projectile as can be seen in 
Fig. 2b. For all charge states except 7 the relative yields are 
constant. For charge state 7 +, the 3P] line is enhanced by almost 
a factor of two. For 7? projectiles, a predominant mode for pro­
duction of the 3Pi and 'P] lines is electron excitation since the 
number of electrons in initial and final states is the same. In 
this type of collision the long range coulomb interaction is ex­
pected to populate selectively into excited states not requiring 
a spin change (i.e. spin flip). At first this seems to be contra­
dicted by our data which indicates that the 3P] state is selective­
ly populated from a ground state ls2 ls£j. However, we attribute 
the selective enhancement of the 3Pi state to be due to excitation 
of the metastable ls2s 3Si states and not the ls2 ISQ state. The 
presence of metastable ls2s 3?i states in the incident F 7 + beam 
is a result of their long mean free path vr = 2.3 x 10 5 cm as com­
pared to 1.4 x 10 3 cm path length from post stripper foil to tar­
get gas cell. 

The quenching cross section for the ls2p ^ j state can be ob­
tained from the thin foil data. Before starting this discussion, 
however, some general conclusions obtained from the total x-ray 
yield from these targets should be discussed. The x-ray spectra 
were measured for several foil thicknesses ranging from 5 to 200 
ug/cm2. Except for small differences in going from 5 to 10 jig/cm2 
in the hydrogen-like lines the x-ray yields and relative intensi­
ties were constant--independent of foil thickness. From these 
results we can conclude that nearly all the x-ray emission ob­
served when viewing beam-foil interactions comes from outside the 
foil. This general conclusion appears true for all the normal 
x-ray lines. The REC peak (see below) was observed for only the 
thickest foils indicating that it is a strong function of foil 
thickness. It appears that these x-rays come from transitions 
taking place predominantly in the foil consistent with the KEC 
mechanism. 
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Comparisons of the relative intensity of individual x-ray 
lines in foil and solid targets is instructive. Consider for ex­
ample the normal 2p -* Is transitions for the helium- and lithium-
like lines. These are compared for gas, foil, and thick targets 
in Fig. 1. In this figure we can have 4 different x-ray transi­
tions in order of increasing energies, the 4 P transitions which 
includes transitions from the Is2s2p and ls2p2 configurations and 
J components of 1/2, 3/2, and 5/2 (these states have lifetimes 
ranging from 1 to 12 ns), the next line comes predominantly from 
the *P states again from the 1s2s2p and ls2p 2 configurations 
(these states have lifetimes of approximately 1 0 ~ 1 3 s), the third 
line is the 3Pj state from the ls2p configuration (0.54 ns life­
time), and the last line is the 'Pj state from the ls2p initial 
configuration (1.8 x 10~' 3 s lifetime). In the gas target spectra 
we see that the two lines in the same series are about equally 
populated. In the foil produced spectra the relative intensities 
are quite different. The longer lived components in the spectra 
appear considerably reduced. For solid spectra the longer lived 
components are reduced even further in fact within the limits of 
our detection system they are completely gone. 

Inside a solid the probability that a state will decay giving 
an x-ray is reduced. Consider, for example, the helium-like states, 
3Pj and 'P-j which have essentially unit atomic fluorescence yield. 
Inside the foil the probability that a state will emit an x-ray 
is given by 

1/T R + No qv v ° ' 

where TR is the intrinsic radiative lifetime. For the 3Pi state 
in helium-like fluorine, NOQ,V % 1 0 1 5 s" 1, thus the probability 
that this state emits an x-ray in the solid, i.e. dynamic fluores­
cence yield, is % 1(H>. C Q for the 'P^ helium-like state can be. 
estimated from the relative intensities of the 3Pj and 'Pj lines 
in the foil produced spectra. 00 has been measured to be approxi­
mately the same for both the 3Pi and 'P-| lines in gas target mea­
surements. Since essentially all the x-rays are emitted outside 
the foil and both lines have unit fluorescence yields the relative 
intensities are obtained from Eq. 2 as 

Y(3P,) NoQl\) * «aQ(\) + VM\) 

Using estimates of on of 1<H8 cm2 and OQ(3P-|) of 1(H 6 cm2 

and a measured V( 3Pn/ vf p l ) of M). 1 we obtain an estimated 
.jr.,-Pi) of 8 x l O - 1 8 cm2. Thus, the probability that this state 



will x-ray decay in the solid is ̂ 7%. These observations are con­
sistent with the solid target data in Fig. 1. In the solid target 
spectra the ̂ P] state is not observed and the small yield cf x-
rays obtained from the solid graphite target (the yield of charac­
teristic x-rays from ions impinging on a thick target slab was 
only 20% of that observed for a 5 yq/at? foil) is then due to the 
small probability for x-ray decay in the solid. 
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Fig. 3 
In Fig. 3 the REC peaks for various energy fluorine ions in­

cident on a solid and 15 MeV ions incident on a 100 ug/cm^ foil 
are shown. The existence of the large REC peak indicates that 



there are substantial amounts of zero electron and one electron 
ground state (Is) atoms moving in the solid. For these types 
of atoms REC is the predominant mechanism for filling of the K 
vacancies since there are no outer shell electrons present. The 
centroid energy of the REC peak moves as the incident energy 
changes. The value of the centroid energy is still slightly low­
er than one would expect, consistent with other observations and 
probably due to the electronic screening of the ion due to the 
presence of electrons in the solid. For the solid the REC 
peak is skewed to lowpr energies. This is due to REC in ions 
which have lost considerable energy iti the solid. The measured 
half width for the REC peak in the 100 wg/cm2 foil is 260 eV. 
The contribution to the width of this line due to energy loss in 
the foil is negligible (<20 eV). The_width of the REC peak 
assuming a Fermi distribution is 4 /T^Tf where TR is the kinetic 
energy of the captured electron relative to incident ion and Tf 
is the width of the conduction band. Our measured width was in­
consistent with the assumption of a single REC peak and a reason­
able Fermi energy, Tf. The REC line was then ana'yzed by assum­
ing it was composed of two components of equal width involving 
capture into both the Is" and Is' cores. The energy separation 
was assumed to be the theoretical value of 120 eV. Assuming 
Gaussian line shapes this resulted in a REC width of 180 ± 20 
eV implying a value of Tf of 4.7 ± 1.1 eV. 


