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Cascade calculation ofK ™-p and K™-d atoms
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X-ray yields of K™-p andK™-d atoms are calculated as a function of the target density in order to find an
optimum condition for experiments. The dependence of the yields on the energy level shift and absorption
width due to the strong interaction is systematically investigated.
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I. INTRODUCTION Il and those ofkK ~-d atoms in Sec. IV. Finally, conclusions

. . ) ) ~are given in Sec. V.
The KN interaction at low energy is an important subject

to be studied as the strong interaction with strangeness, es-

pecially concerning the\ (1405) puzzle[1]. The problem, Il. METHOD OF CASCADE CALCULATION
however, is in a confusing situation at present. Previous A. Cascade model

x-ray measurements ¢ -p atoms[2-4] are quite unsatis-
factory due to their poor statistics. Moreover, all the experi-

ments sugge“sted an “,z";\t_tractivel" interaction, whiI“e theories o 14 be Mainz's Monte Carlo simulatiofil5,16, which
predicted a “repulsive” interactiorf5—-11. Here, *atlrac-  pag ng free parameter, but this model involves too much
tive” and “repulsive” mean downward and upward shifts of ¢ompytation to investigate systematically the dependence of
the atomic 5 level, respectively. x-ray yields on many sets of strong-interaction parameters.
In order to resolve this problem from the experimentalyye employ the other one, the standard Borie-Leon model,
side, a precise measurementKf-p atom x rays is Nnow \hich was used in Ref§13,14. Though this model includes
going on at KEK[12]. A measurement ok~ -d may also be free parameters, it can reproduce the known x-ray yields
done in the future. In th& ™ -p experiment, a gas hydrogen when relevant parameters are adjusted. Since the Borie-Leon
target is used, since the x-ray yield is reduced due to Starkodel is described in detail in Refd.3,17], we present only
mixing in the case of a liquid hydrogen target used in thea list of the processes and their transition rates included in
previous experiments. In the case of a gas target, howevehe cascade calculation.
the K~ stopping efficiency is low because of the short life- In this subsectionX™ denotes a heavy negatively charged
time of K. In addition, the weak decay &~ occurs during Particle and all transition rates are given in atomic units
the atomic cascade process in the case of a dilute gas targéfle=e=%=1). _ o
Therefore, the density dependence of the x-ray yield should (1) Molecular dissociationXp); + H, — (X"p)¢ + H
be investigated in order to find an optimum condition of thet H: If the transition energAE;;=E;—E;=>4.7 eV (disso-

So far, there are two types of cascade models for the
exotic hydrogen atom. The most elaborate cascade model

target for the experiment. ciation energy of H moleculeg,
Although atomic cascade calculations of #e-p atom N
were already carried out by several authfit8—15, their FrT?Ln, = vaaﬁ, (1)

results did not agree with each other since different absorp-
tion widths were used. Therefore, a systematic study should
be organized of the dependence of the cascade process where N is the target density of hydrogen atoms
strong-interaction parameters. The purpose of this paper is fo=4.25x< 107> cm 2 at liquid hydrogeh v the velocity of
calculate the&K ™ -p andK ™ -d atom x-ray yields as a function the exotic atom, and,, thenth Bohr orbit of the exotic atom.

of target density for a guide to planning the experiment. Then our model, only theAn = minimum case is taken and
dependence of the yield on the energy shift and the absorpxl = 0 is assumed.

tion width is also systematically investigated in order to get

the strong-interaction parameters from experimental x-ray

yields. ln Ref. [13], there was no statement concerning tiieand |’

The outline of this paper is as follows: In Sec. Il, the dependence, but the original program code written by Borie and
method of cascade calculation is summarized and is appliedeon included such a dependence. Note that thgependence has
to p-p and p-d atoms to determine the parameters in ourlittle influence on the final results, but th€ dependence affects
cascade model. The resultskf -p atoms are given in Sec. significantly the x-ray yield for high density targets.
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(2) External Auger transitionX™p); + H— (X7 p) + andp; is the root of
H* + e : If AE;=15.6 eV (ionization energy of K mol-
ecules, 2 2
U,LL |5Ens|eff_if”/2 e,4p sed
A Maxl 1) e+ 13912 3R P )

g 2 O )
nl—n’ 1= 377,“ ( ’I’) 21+1 ) ) >
7 X (1+2p sed+2p?sedh)? sec?6dd. (11)

where u is the reduced mass of the exotic atoxE = _ . . .
AE;;—15.6 e\? andR" , is the radial matrix element for The effective energy shiftoE,/c is the magnitude of com-

the transition frorm,| to’n’,l’ with I'=1%=1. plex energy shift, given by

(3) Radiative transitionX p); — (X" p); + v:

ab
1s

4 ax(l,1") OE 14 efi=|(OE SE1s)vpt (OE
F:}?_,n/y:ga/-” ( n/ll/)z ST 1 (AE”)S, (3) | lsleff ( 1s)stron ( 1s)VP ( 1s)FS 2 (12)
where« is the fine structure constant.
4) Nuclear absorption:
@ P |5Ens|eff:|5Els|eff/n3- (13
[32%=r329n®, (4)
32 1 Here, since the real part afE; is not the shift from the
Fabs n-— [abs (5) QED value but from the nonrelativistic point-Coulomb en-
3 n° ergy, it contains the shift due to vacuum polarization,
5 5 (6E1s)vp, and finite size effects,8Es)rs, besides the shift
Fabsz2187(n D" =4) s ©) due to the strong interactiond ¢) syrong. (It is assumed that
nd— 40 n’ T3d- other corrections for theslstate and the shift ofip states

are negligible).
I'52°, T35 and I'3° are taken from experimental values or  (6) Weak decay™e It is important for a dilute gas
calculated values with a relevant optical potential. Othertarget to take into account the weak decayof (except for
wise, they are treated as parameters. antiprotons.
(5 Stark mixing X" p); + H — (X"p)¢ + H: For The initial distribution ofX ™ is taken to be proportional
1>1,3 to (21 +1) atn~ yu/m,, where the orbit size corresponds to
o141 the eIectro_n $ thr radius. The shape of_the angular mo-
rsak = Fﬁtfikm 1=keyNv 7p2 (7) ~ Mentum distribution does not affect the final results, since
o 21-1 Stark mixing shuffles the population among states with the
samen but differentl, and its initial distribution is forgotten
even for about 0.1 atom gas target.

Fabs

wherekg, is a free parameter and the effective impact pa-
rameterp, is the root of the equation

U_"Lz - ifﬂlz e 208914+ 2) sed+ 2p?sed 6)d 0. B. Application to antiprotonic and pionic atoms
2n" - mpJ iz In order to check our cascade motiehd to determine the
8) value of the free parametkg, in Eqs.(7) and(9), a fitting to
For the mixing betwees andp orbits? the known x-ray yields is done. In R¢fL3], ksy was taken to
range from 1 to 5, since there were poor experimental data at
ryek =30k | =keuNvmpg?, (9)  that time. Now, there exist numerous x-ray data for phg

and p-d atoms at various target densitigks,19. Recently,
where p; (<pg) is taken asp; = Max(Ry,p1), Ry is the  the density dependences of -p and 7~ -d atom x-ray data
root of the equation were obtained20]. These data enable us to put more restric-
tions onkgy. The results for the fitting to these data are
shown in Figs. 1-4. The x-ray yields are well reproduced

M 058 14 = + exd —2R), (10
B 2R? ’ whenkg,=2.0=0.5 and the kinetic energy = 1 eV. As for

3’ R

2In Ref. [13], Eq. (2) was written as ifAE was confused with SWe could not exactly reproduce the results in R&8] in spite of
AE;; . The original code, however, is written using the correct for-the fact that same parameters were used. We ascertained that our
mula. code and the original Borie-Leon code, which were written inde-
SEquation(7) was given incorrectly in Ref.13], but the original  pendently, gave the same results when the same parameters were
program used the correct equation. This was already pointed out hysed. Therefore, we believe that our results are correct. The dis-
Batty in Ref.[18]. agreement, however, is not so serious because the difference be-
“Equation (9) was also given incorrectly in Ref13], but the  tween our results and those in RE3] is located within the uncer-
original program used the correct equation. tainty of k.
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FIG. 1. Density dependence pfp atom x-ray yields(a) K_,,
(b) Kai, (©) Ly, (d) Ly The unit of the horizontal line ipgy,, the
hydrogen atom density at a standard temperairé K) and pres-
sure(one atom. The dotted line denotdsy, = 1.5, the solid line
ks = 2.0, and the dashed liney, = 2.5. The strong-interaction
parameters aredE ;s) syong= — 0.730 keV(repulsive, ras=1122
keV, andI'3p° = 34 meV[19]. (5E; Jyp = 42 €V and PE; Jrs =
—3 eV are also taken into account fofE; (|« [18]. The experi-
mental data taken before 1988ircles are listed in Ref[18] and
new datg 20] (diamond$ are added.
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FIG. 2. Density dependence ptd atom x-ray yields(a) L,,,
(b) Ly . The strong-interaction parameters ar€E(s)syong =
—2.14 keV,T3%° = 1.26 keV,T3° = 0.4 meV, and'3y> = 5 ueV
[18]. (6E1s)vp = 67 eV and PE)rs = —48 eV are also taken into
account for| 54| [18]. Other details are same as in Fig. 1. The
calculation well reproduces the new dé&thamond$ at low densi-
ties.

the p-p atom andp-d atom, these results are consistent with
other calculations reviewed by Batf$8] using the standard
Borie-Leon model.

Of course, the use of the adjustable paramkjgrand T
is phenomenological. From a more realistic viewpoint, x-ray
data should be reproduced by not uskqg and including the
distribution of kinetic energy. Mainz’s model has no param-
eter concerning the Stark-mixing process; however, it does
not consider the acceleration of exotic hydrogen atfhés.
The measurement of the™ -p atom kinetic energy distribu-
tion showed a high energy component ranging from 1 eV to
70 eV besides a distribution around 1 g21]. For this rea-
son, the authors of Ref20] extended the Borie-Leon ap-
proach by including the kinetic energy distribution; however,
ksy~ 1.5 was still needed in order to fit the measured-p
atom x-ray yields. Although a refinement of the cascade
model would be necessary in the future, the standard Borie-
Leon model can reproduce x-ray yields of -p and 7~ d
atoms withkgy=2.0£0.5 andT = 1 eV. If T is somewhat
varied, almost the same results can be obtained by changing
ke« to some degree. From these results, we also use
Ksy=2.0 andT = 1 eV for theK™-p andK™-d atoms and
the uncertainty ok, is considered to be-0.5.

Ill. RESULTS OF KAONIC HYDROGEN

In the case oK™ -p atoms, three experiments for liquid
targets were reportef2—4]. The experimental results and
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FIG. 3. Density dependence of -p atom x-ray yields.(a) FIG. 4. Density dependence of-d atom x-ray yields.(a)
K, (b) Ky . The strong-interaction parameters afE()grong= <o+ (P) Kai. The strongb-slnteractlon parameters aBE () siong =
7.1 eV(attractive, I = 0.8 eV. (5E; Jvp = 3.2 €V are also taken —2:5 eV (repulsive, I'i° = 1.0 eV. (6Ei)yp = 3.7 eV and
into account for| 6E 4. Experimental data are taken from Ref. (9Eis)rs = —0.5 eV are also taken into account fo¥E e
[25]. Experimental data are taken from REZ6].

theoretical predictions of the energy shift and width are listednc€ the absorptiogbgate through the Stark-mizestate de-
in Table |. Here, the sign of the energy shift is defined as thé€nds on not onlf’3e*but also on|SE e It roughly de-

positive value is attractive. By the formula of Desgral, ~ Ppends o5eY| 5E, | as seen from Eq11). The uncertainty
[22] the scattering length is related to the energy shift and shown in Fig. 5 is nearly same as that corresponding to the
width as range ovekgy=1.5—-2.5, as shown in Fig. 7 below.
The decrease of x-ray yields for lower density, which was
) 3 ) rg‘gs not observed in the case pfp atoms, comes from the weak
2ptara=(AEs)songt i — - (14 decay ofk ~ on an atomic orbit due to the long cascade time.

A similar situation is expected in the case of pionic atoms as

The vacuum polarizationdE,J)yp is about 25 e\[13]. As  shown in Figs. 3 and 4. The weak decay was not included in
shown in Table I, the sign of the energy shift is oppositeRef. [15], where the x-ray yields monotonically increase as
between the theories and the experiments. However, thide target density decreases. The weak decay rate is indepen-
Stark mixing depends on the magnitude of the effective endent of strong interactions but has a slight dependence on the
ergy shift| SE,4| ¢ Without regard to its sign. Thus, the sign initial distribution. .
is not important for the cascade process. Although radiative Figure 6 shows the dependence of the x-ray yields on the
transition rates would be changed from QED values, we as2P absorption widthI'3)® when I'32° and (E1¢) syong are
sume that the use of accurate transition rates brings no sidixed. As shown in the figureff.ggsis an important factor for
nificant improvement, considering the uncertainty in thethe prediction of the absolute yield. There is a tendency for
treatment of other processes, and for simplicity we use northe K, yield to become maximum at about one atdfwy, to
relativistic and point-Coulomb matrix elements. be almost constant between one atom and liqu@Cp;,)
Figure 5 shows the dependence of x-ray yields on the 1andK, to become maximum at high density near liquid. If
energy shift E;s)syong @nd the absorption width3®with  we consider the old experimental x-ray yie[@-4] as upper
fixing Fg,k;s. We show only results for the parameter sets oflimits, F2,25> 1 meV is needed by comparing the calculated
Tanaka and SuzuKil1] and of Conboyet al. [10] in Table K, andKy yields with the experimental ones, while the cal-
I, which suffer the weakest and strongest Stark effects, reculatedK,, yields are larger than the experimental ones even
spectively. The other cases in Table | lie between these twthe case thaﬁ‘ggs= 5 meV. The direct measurement]bffis
cases. The decrease of x-ray yields for higher density is duenpossible since it is much smaller than the detector resolu-
to the highns absorption resulting from the strong Stark tion. Alternatively, thelL lines are available for determining
mixing. Note that the IargeFi‘gsdoes not always reduce the FSES. The ratio ofK /L, for a gas target makes it possible to

x-ray yields at high density compared to the smal]‘égs, determine the @ width by the relatior[18]
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TABLE |. Theoretical predictions of the energy shift and widthkof-p atoms and experimental data
obtained by the previous x-ray measurements. The energy shift, defined as positive, is attractive.

Scattering lengtta (fm) (SE15) strong (EV) s ev) Refs.
Theories
Kim -0.76 +i0.72 -313 594 [5]
Chaoet al. -0.87+i0.70 -358 577 [6]
Martin and Ross -0.96- i0.67 -371 552 [7]
Martin -0.66+ 10.64 -272 528 [8]
Dalitz et al. -0.73+10.63 -301 519 [9]
Conboyet al. -0.09+ i0.84 -37 692 [10]
Tanaka and Suzuki -1.132i0.70 -457 577 [11]
Experiments
Daviset al. +0.11+0.14 + 10.00" 528 +45+58 0r3% [2]
Izycki et al. +0.65+-0.19+ i10.68+0.31 +268+78 561+ 256 [3]
Bird et al. +0.47£0.14 + i0.31°0%] +194+58 82+230 [4]
K, yield e in the case of a liquid. However, the fact that the population
L vield — T 42 (150  for the highn region seems s_,lmllar to tho:_se qf a liquid
aly 2p—1s” " 2p means that the Stark effect still dominates in higistates

even for a gas target.

Finally, we show the expected x-ray spectrum at various
target densities. In Fig. 9, the peak distribution is assumed to
be of Lorentzian form without including the detector resolu-
tion. As is shown in the figure& - ; lines form a superposed
peak around 8 keV. In order to make a direct measurement of

Figure 7 shows uncertainties coming from the not-well-
determined parametér, . The hatched areas correspond to
the range of the Stark parameteg=1.5—2.5. It should be
noted that for a liquid targeK; andK, are stronger than
K, due to the large Stark mixing rate even when the theo

retical errors are taken into account. Refereftlereported (9E19)syong and Figsy theK , line (~6.5 keV) must be well

an anomalously larg& z/K, ratio together with a small . ,
K,/K, ratio. The old experimental data should be reexam_separated from thé; lines. It would be also possible to

ined by considering the largé, andK ., yields. extract the shift and width from the superposed lines

In Fig. 8, we demonstrate a stream of the cascade—dow\ﬁv'th the help of the cascade calculation, though its accuracy

process. The populations at very higtstates distribute with would be lower than those from the direct measurement of
nearly statistical(2l +1) weight. This is due to the large theK, yield. The ratiok /K5 becomes larger as the target

Stark-mixing rate, not because the initial distribution is take density becomes lower. Thus, the liquid target is not suitable

to be statistical. In the case of a liquid target, the absorptior:f1Or a precise determination of the shift and width, in spite of

. . . a large stopping power df .
occurs froms orbits, mainly 3—6s. On the other hand, in .
the case of a gas target theorbit absorption increases, be- At a seven-atom gas target, which corresponds to the ex

cause the Stark effect in the lomwregion is weaker than that pgnment at KEK[12], theK, peqk vyould b? barely recog-
nized when the detector resolution is considered. Of course,

the smalled")°makes thek,, yield larger. However 35> 1

100 g E meV is suggested from the old experiments, as discussed in
- K —p K line ] Fig. 6. The ratioK /K- 5 as well as the ratid /L 5 gives
- . information about the widtﬂ“ggs. To guarantee a clear ob-

10 Kan servation ofK,, a lower density target is favorable even

though it sacrifices the stopping efficiency Kf'. A gas
target of about one atom would be the most appropriate case,
since the absolutk , yield becomes maximum at this den-
Sity.

T 1 IIIIII|
Ll ||||||I

X—-ray yield per stopped K~ (%)

~
11 lIIIII|

01 bl A vl il Ll IV. RESULTS OF KAONIC DEUTERIUM

i07% 1071 100 10t 102 103
target density (o) Since there exist no x-ray data f& -d atoms, the en-
ergy shift and the absorption width are obtained by solving a
FIG. 5. Density dependence #f -p atom x-ray yields with ~ Klein-Gordon equation with a relevant optical potential. The
varying (8E;¢) srong@andI's5°. The solid lines and the dashed lines equation is
are the cases which suffer the strong&nboyet al. [10]) and
the weakes{Tanaka and Suzukill]) Stark effects among the pa-
rameters given in Table |, respectively. The other cases in Table | lie ( 1+ w
between these lines. The widf>’is taken to be 1 meV. The free Ma
parameteky, is fixed to 2.0. (16

V2t (w_VCoul)z_ ,Uvz X= Zwvstrong)(a
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FIG. 6. Density dependence &f -p atom x-ray yields with
varying ngs @ K,, (b Kg, (c)K,, (d) L,. The shift and width
are taken to b@sE g = 300 eV andl“"i‘gS = 550 eV, which are
nearly averages of the theoretical values. The free pararkgtés
fixed to 2.0. Experimental data are taken from REPs:4].

with

2‘Uvstrong 477( 1+ )ap(l’) (17

wherea is the effective scattering lengtp(r) is the deu-
teron density distributionu is the reduced mass &€~ -d
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FIG. 7. Density dependence & -p atom x-ray yields with
varying the free parametér, = 1.5-2.5. The shift and width are
taken to bel SE4|er = 300 eV,I'52° = 550 eV andl3%° = 1 meV.

atoms,M is the nucleon massyl, is the target mass, and
o is the Klein-Gordon energy. We choose two sets of the
parameterization of: One isa=0.34+i0.84 fm, which is
extracted from the fitting to the heavieZ £ 3) kaonic atom
data by Batty [23]. This parametrization gives
(5E15)Smmg ~550 eV (repulsive, I'fe= 981 eV, and
l"a‘pS 25 meV. The other im=—0.175+i0.663 fm, which

is obtained from Martin'K-matrix scattering length8] in-
cluding the Fermi average and the binding effect. This gives
(SE19)srong= —456 €V, I'52%= 652 eV, andl'3)= 17 meV.
(0E1s)vp + (SE1g)rsis 24 evV.

Figure 10 shows the density dependence of x-ray yields
for the two parametrizations and Fig. 11 shows the uncer-
tainty corresponding tég,=1.5—2.5 for the case of Batty’s
parametrization. The density dependence is similar to the
K™-p atom case, except that the x-ray yield is smaller than
that of K™-p atoms due to the larger absorption width.
Again, the inversion oK z/K , andK /K, ratios appears at a
liquid target even when theoretical errors are considered.

The significance oK™ -d atom measurements is not lim-
ited to the point that th& ™ -neutron interaction and/or iso-
spin dependence of tHé ™ -N interaction can be extracted.
The K™ -d atom is concerned with the puzzles ér -*He
atoms: First, it is known that the measured shift and width
for K~ -*He are larger by one order than those obtained by
optical model calculationgl4]. Therefore, it should be made
clear whether the same situation wKi -*He occurs in the
case ofK™-d.

The two-body absorption rate &~ in a nucleus brings
another problem. Theoretical two-body absorption rates in
light nuclei disagreed with the experimental dri#]. The
measurement oK~ -d atoms is worth being done from the
point of view thatK™-d is the most fundamental system
concerning the two-body absorption I§f in a nucleus. For
this problem, an estimation of theorbit absorption fraction
of K™-d atom is needed. However, it is pointed out that the
standard Borie-Leon model considerably overestimates the
p-orbit absorption fraction even when the x-ray yield is re-
produced 18]. On the other hand, Mainz's Monte Carlo ap-
proach succeeded in reproducing both of php atom x-ray
data and itg-orbit absorption fractiof16]. Further investi-
gation is required to clarify what is incorrect in the Borie-
Leon approach.
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FIG. 9. The expected x-ray spectfa) liquid target,(b) seven-
atom gas targetKEK experiment[12]), (c) one-atom gas target,
and (d) 0.1-atom gas target. The used parameters| 8B/ =
300 eV,I'{2°= 550 eV,I’32°= 1 meV, andksy = 2. The peak shapes
are taken to be of Lorentzian form and the detector resolution is not
considered. In(b), the cases fokg, = 1.5 (dashed ling and for
ks = 2.5 (dotted ling are also drawnkg, changes the absolute
yields with keeping its spectral shape.

V. CONCLUSIONS

The cascade calculation d€ -p and K™ -d atoms is

FIG. 8. The stream of cascad_e-down processe)siiguid target, (b) made by using the Borie-Leon model. The parameter con-
one-atom gas target. The upper figure shows the arrival fraction on each

(n, 1) level (see the Appendjx The lower figure shows the absorption cernlng th_e Stark IT]IXI.ng procegsﬂtk’ _IS adJ,USted by flttlng
fraction from eachif, I) level. The scale of the axis for the arrival fraction ~ @ntiprotonic and pionic atom data including re_centl_y _pub-
is 100 times as large as that for the absorption fraction since the arrivdished ones. The density dependence of x-ray yields is inves-
fraction becomes a very large number due to the Stark mixing. tigated with varying the strong-interaction parameters.
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S one order than that &~ -p atoms due to a larger absorption

g ! '_ .| E width. Nevertheless, the x-ray measurement is worth being

v F X K'-d K line ] done since it gives information about the isospin dependence

3 100 - 3 of the K™N interaction, the relation with the puzzle for

;t r 7 K ~-“He atoms, and the two-body absorption mechanism of

?10—1 [ _ the K™ in the nucleus.
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In the cascade calculation with Stark mixing, the transi-
tion among the sama but different| states causes a diffi-
The results oK™ -p atoms are summarized as follows.  culty compared with usual cascade calculations. One method
(1) The dependence of x-ray vyields oﬂi‘gs and s that the reshuffling of the population of the angular mo-
(6E1s)stongCan be seen only for a high density target, whilementum states is repeated at eachintil the population be-
Fggsgreatly affects the absolute x-ray yield kiflines at all  comes below a sufficiently small value, for example; 10
densitiesI’3>>1 meV is suggested by comparing with the This procedure is used in Re{s6,18,.
previous x-ray data. We employ another method using a matrix introduced in
(2) The K, yield becomes maximum at about one atomRef. [13]. Let us defineN,, and N,,, whereN,, is the
gas, though its absolute values are not determined becausessérting population of then(!) level before Stark mixing and
the ambiguity offggs. Below one atom, a considerable frac- N, is the arrival fraction of ,!) level resulting from Stark
tion of K~ decays on atomic orbits by a weak interactionmixing. Then, the relation
during the cascade-down process. This feature is independent
of strong-interaction parameters.

(3) It is expected that the x-ray spectrum shows only two _ Fsﬂkl D FStf"ﬁkl |
distinct peaksK, (~ 6.5 keV) and the superposition of Nn,IZNn,I+Nn,l+1%li+Nn,|71%|iv
K=z (~ 8 keV). The ratioK /K- ; becomes larger as the nl+1 nl-1 A1
target density becomes lower. It is found that the most favor- (A1)
able case for the clear observationkgf would be about one
atom gas target, though the stopping efficiency is low. The
ratio K, /K-, and/or K /L, give the information about | A d
Fggs. * A e F;ojalz ’EI’ (an,&n’,l’+Fn}lﬁn’,l’_'—rflﬂn’,l’)

n’'<n,
In the case oK™ -d atom, the x-ray yield is smaller by abs v stark Stark
Wi
+Fn,| + e +Fn,lﬂn,l+ 1+ 1—‘n,lﬂn,l— 1 (AZ)
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-~ F _ . 3 holds for each 1f,l) level. Now, then-dimensional vectors
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FIG. 11. Density dependence Bf -d atom x-ray yields with AN, =N, (A4)
varying the free parametdq, = 1.5-2.5. The strong-interaction
parameters are Batty’s ones. whereA is the followingnXxn matrix:
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FSta}er 0
n — N,
Fﬁtaorll n1 1 Fﬁtaer; n,1 0 0
Fﬁtalri n,2
O Wl_ 1 e O O
A= : (AS)
Fﬁtgrl( 1— nn-2
O O 0 e 1 - le—
n,n—
F?tgrl( 2— nn-1
nn— 2
and the solution is given by
N,=A"IN,. (AB)
The deexciting, absorbing, and weak-decaying fractions at eath level are
A l-.mol + FAU + l-.rad
~ J—n’ 1" J=n’I" l—n’,1’
o = R (a7)
abls
fabs Nn | Ftota ' (A8)
weak
\r/]\{?ak_ Nn | Ftota (A9)

This procedure is repeated fromnp,,, to n=1.
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