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ABSTRACT
The yields of the atomic 4+3 transitions in antiprotonic 1I'N, 16"7'130,
3F, and 23Na were measured at the CERN antiproton facility, LEAR. From these,
. the widths I of the 4f levels were determined to be 136 & 19 mev {''N);
603 + 22 mev ('%0); 731 + 35 mev (*70); 795 + 23 mev ('%0); 2.79 + 0.16 ev ('°F);
K and 23.8 + 7.4 eV (*’Na).
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1. INTRODUCTION

Exotic atoms are appropriate systems for the study of the strong-
jinteraction potential between the antiproton and the nucleus at very low
energies. The influence of the strong interaction shows up as a shift e (dif-
ference between the measured energy and the calculated electromagnetic energy,
e = Eexp - Eem} of the atomic transition energies and as a broadening I of the
atomic levels, measured by the line position and the line shape, respectively.
Moreover, the absorption of the antiproton by the nucleus attenuates the atomic
X-ray transitions. The shift and the width (rlow) of the lower level can be
directly evaluated from the last observable atomic X-ray transition. The
width (rup) of the next higher level can be deduced from thé intensity balance
[1]. We have reported on our results for the (lower) 3d level (e, rlow) of anti-

16,17 ,18

protonic 0 in an earlier publication [2]. Here we report on the syste-

matic study of the widths of the (upper) 4f level (rup) for the antiprotonic

4 17,18 19
! N, 18,17, 0, F, and 23na atoms.

2. EXPERIMENT

The experimental technique has already been described in some detail
(ref. [2] and references therein). Here we will give only a short summary.

We measured the p-atomic X-rays for several nuclei whose last observable
atomic transition is the 4+3 at the M1 beam of the low-energy antiproton ring
(LEAR) at CERN. The incident p momenta were 300 MeV/c or 200 MeV/c. Sandwiched
between two scintillation counters in coincidence, a polyethylene moderator
slowed down the p's to be stopped in the target. We used a sodium fluoride
crystal for the measurement on 19I-‘ and 23Na (5 spills = 647 x 10s stopped p);
water in an aluminium frame with Be foils glued to it, for the oxygen isotopes
160 (4 spills = 296 x 10° stopped p), ''0 (11 spills = 817 x 10° stopped p) and
8 (9 spills = 568 x 1OP stopped p); and the contribution from stops in
air (target 6. Li) for iy (4 spills = 680 x 108 stopped p). The FWHM of the
range curves was of the order of 50 to 150 mg/cmz, and thus smaller than the

HE
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target thickness of 300 mg/cmz. The average p stob—rate was about 27 x 10° !

(15 % 103 s'1) for 300 MeV/c (200 MeV/c) p beam momentum. The X-rays were
registered by four to six solid-state [Ge and Ge(Li)] detectors of various
dimensions and energy ranges. The time of arrival and the energy of each event
were stored on line in two-dimensional arrays in a MC68000 microprocessor
memory. These arrays as well as the projected energy and time spectra were

transferred to a PDP 11/34 computer for further data handling and evaluation.



3. DATA EVALUATION AND RESULTS

The energy célibration, energy resolution, and relative efficiency of each
detector were determined off line with radicactive sources qnd counter -checked
with those p-atomic X-ray lines which are not disturbed by strong-interaction
effects. The detection efficiency as a function of energy was determined by
fifting a semi-empirical formula for Ge(Li) detectors (eq. (8) in ref. [3]) to
the expeiimental data (fig. 1). The shapes of the efficiency curves determined
dff beam were controlled under beam conditions and proved not to change under
beam load.

The spectra around the 4+3 region obtained with one of the detectors are

shown in fig. 2. The lines were fitted using standaxd procedures [2].

| For each‘detector the measured intensities of the p lines were corrected
for efficiency and for target absorption. Table 1 shows the error-weighted means
(all detectors) of the corrected intensities, normalized to the 5+4 intensity.

The yield Y of the last X-ray transition {in this case 4-+3) is given by

rrad

' (1)
up + Frad * rAug

Y{4-+3) = P(4f) r

where rradf Aug

interaction widths of the 4f level, respectively, and P(4f} is its population.

r , and Fup are the radiation, the Auger, and the strong-

If this level is fed only by X-ray transitions its population can be determined
from the intensities I of these X-rays:

P(4f) = z I(n+4) . (2)
nds

“Thﬂs an upper width can be derived from the measured intensities by

N Lhys I(n+4)
P o=r A _q]-r (3)
up rad I1{4-+3) Aug -

The results of eq. (3) using the measured X-ray intensities are also given in
table 1; T
statistical.

rad"and rAu were taken from refs. [4] and [5]. The errors are purely

g
_ The'éssﬁmption of eg. (2) has to be verified for the following reasons:

a) The tranéitidns n*4 have not been measured up to the series limit.

b) The meésuréd'intensities may'still contain unresolved parallel transitions of

the'type (n,41¥3} + (4, 1=2); etc. '

c).Radiatibhless Ahger tidnsitions may feed the.4f level.

Points (a) and (c) lead to an underestimate of P{(4f) from eq. (2), whereas point
(b) leads to an overestimate. In order to resolve these problems, we have to

compare the measured intensity values with cascade calculations. For this we
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use a code based on a cascade program written by Hiifner [5], and described in
more detail in ref. [6]. The intensities of the X-ray transitions are calculated
by starting the atomic cascade at n = 40 and assuminq a modified initial stat-

= (21 + 1)e™!, the P, . normalized such

1 40,1
= 1. For the gas N we took into account that there are only 5 L

istical population of the form P

that [1 P4D,l

electrons for a refilliing of the electron K shell once a XK electron has been
kicked out.

In addition to what was described in ref. [6], the p absorption was
included in the code. The experimental strong- 1nteract10n widths Fl ow of the

lower level (see ref. [2]) and the initial values rup = rup for the upper levels

are given as input parameters (Fup is a fit parameter). The strong interaction
widths for the higher levels in the cascade are scaled from these values. This

scaling is based on the overlap of the particle (p) Coulomb wave function with

the nucleus, represented by a uniform distribution of radius R = ruA1/3, r, =

are computed

1.2 fm. The absorption widths of circular orbits Fn' 1'=n"-1

according to

i . (21 + 31 1+ 123 [223]2‘1"1’(1. f 02 o)
n',1'=n'-1 n,l=q-1 (21° + 31 (' + 1).‘Lrl +3 aa

[where aﬁ -fﬁzl(m -e“ }], starting with Fl 11 Fﬂp. Since such a geometrical
scaling is only a crude approximation, the factor (1' + 1) in eq. (4) was
arbitrarily chosen so as to reproduce the measured intensities better. It
corresponds to an effective softer decrease of the absorption widths with 1.

The scaling for the absorption widths with increasing n and fixed 1 was
given by West {7]. We use a refined version, based again on the overlap scaling

described above:

r =T

(n' +n-1)! n_
n',1 - "ol n - DT i —myd [ ' (5)

2144
n']

where Fn | are the widths of the circular orbits calculated from eq. (4).
13
Using this cascade model we first varied o for a fixed F pi then, keeping
a fixed at the value thus found, we varied F up’ For the best flt we derived the

quantity Fup defined by

P(4f) ] 1 :
r o =r [ X e = 1| = P ] (6)
up rad 1(5»4) cas I xp(4+3) | Aug

The essential difference compared to eq. (3) is that now the population of the
4f level is calculated on the basis of the cascade model adjusted to reproduce the

experimental intensities. The results for Fup are given in table 1. The errors

3



given there are the square roots of the quadratic sums of the changes in Fup
from a of the best fit to a«' = « + 0.01, of the error arising from a similar
treatment for Fﬂp [Fié = F:p + 10 meV (100 meV for 23Na)], and of our experi-
mental error. The first one is of the order of 10-15 meV (135 meV for 23Na),

the second of the order of 1 meV (7 meV for 23

Na). Thus the leading contribution
of the derxived errors for rup is due to statistics.

The values for PSP and ' agree quite well, indicating that the assump-

up
tion of eq. (2) was justified within the accuracy of the experiment.

4. DISCUSSION

Figure 3 shows the strong-interaction widths rup for the p-atomic 4f level
as a function of the atomic weight for the various p atoms together with the
results from our earlier measurement [8].

Our new values for 1‘N, 1‘50, and 130 agree very well with the earlier ones,
the errors being considerably smaller. The 4f width increases by 27% + 2% from
%9 to 180, which is close to the isotope effect observed in the 3d level [2].

The data exhibit a clear A dependence, which is essentially described by the
21+3 (ZA1/3)9].

The isotopes of oxygen clearly show different widths, but also here the effect

overlap of the p-Coulomb wave function with the nucleus [l - (ZR)

can be described by the differences in the overlaps. This is demonstrated in
fig. 4, where F/(ZA‘”)9 is plotted versus A. The data points seem to be com-
patible with a constant: FI(ZA1/3)9 = (1.054 + 0.019) x 10712 [eV]. Hence, the
effect in the upper level seems to be rather well handled by a perturbation calcu-
lation and justifies a posteriori the scaling applied in the cascade calcu-
lations egs. {(4) and (5). The influence of the factor (1' + 1)2 in eq. 4 on the
determined values for the upper level widths rup [eq. (6)] is of the order of
1%.to 1%.

The width of the 4f level was calculated by several authors in refs. [9] to
[12] on the basis of various potential models. Their values are also given in
table 1 and fig. 3. Their results reproduce the general trend of our data

rather well.
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Fiqure gaptions

Fig. 1 : Efficiency curve for one of the X-ray detectors (planar Ge detector with

the dimensions 200 e x 7 mm) .
Fig. 2 : X-ray spectra of the light antiprotonic atoms for the 4+3 region.

Fig. 3 : Strong-interaction widths of the p-atomic 4f level versus the atomic
weight of the antiprotonic atoms. A : ref. [8]. & : ref. [9].
x : ref. [10]. [ : ref. [11]. + : ref. [12]. @ : this experiment.

Fig. 4 : Strong-interaction widths of the p-atomic 4f level, scaled accoxding to
the overlap of the p with the nucleus.
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