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Changes in the annihilation delay time distribution of
stopped antiprotons in helium gas, due to contaminants. - II

THE OBELIX COLLABORATION
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Summary. — A different type of analysis was performed to study the effect of
contaminants on the temporal distribution of delayed annihilations of antiprotons
stopped in helium gas, with respect to some first results published in ABLEEV et. al.
(Nuovo Cimento A, 107 (1994) 1325). A more objective criterion was established to
single out a slow part in the total delayed component, in order to deduce from this,
for each case, the mean value of the product (ys)c , l of the quenching cross-section
and the mean velocity of contaminant molecules, and the fraction of the slow
component h c , l . The fraction h c , l was found to be amazingly stable for each impurity,
independent of the concentration: around 79% of the total delayed component for all
the atomic impurities (Ar , Ne, Xe) and 64% for the molecular ones (H2 , N2 ).

PACS 25.43 – Antiproton-induced reactions.

1. – Introduction

It is now well established [1-5] that by stopping antiprotons in helium one observes
annihilation events, for which the temporal distribution is composed of:

A) A prompt component—corresponding to a fraction e of about 97% of the
stopped antiprotons—contained within a short temporal interval Dt (depending on the
density of the helium target). Here, by short temporal interval one means an interval
of time justifiable with the slowing-down time necessary for the antiproton stopping
plus an interval of time caused by a fast atomic cascade (essentially made up of
processes in which relatively slow radiative decays are negligible). For the case of
antiprotons stopped in a target of helium at 3.0 atm and 20 7C—as in the case we are
considering in this note—Dt is about 50 ns altogether.

B) A delayed component (containing the remaining h412e`3% ), visible of
course after the prompt peak mentioned, with a temporal distribution for which the
average atb is around 3 ms, i.e. events for which before the annihilation, relatively slow
radiative processes are dominant in the cascade.

Surprisingly this behaviour remains about the same for antiprotons stopped in
helium, either at the density of liquid helium, or down to densities corresponding to a
gaseous helium target at 5 mbar (RT) [2, 6]. It should be noted that below these
pressures the slowing-down time for the antiprotons is comparable with or bigger than
the radiative cascade time itself, making the above-mentioned distinction unclear.

Whether the helium antiprotonic systems, from which the delayed component
originates, are atomic, molecular cluster, neutral or charged, and in which states the
antiprotonic complex is initially formed has still not been clarified. It may in fact pass
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through different systems depending on the target density. However, as first
emphasized in [7] there have to be systems for which Stark effects induced by
neighbouring helium atom collisions are inefficient and Auger transitions are quite
reduced.

In order to gain insight into this problem we experimentally studied the temporal
distributions of delayed annihilations by stopping antiprotons in a pure helium target
(3.0 atm RT) and then looking at changes in the annihilation temporal distributions
caused by adding small quantities of different contaminants to pure helium. The
measurements were carried out with the OBELIX apparatus in August 1992 and the
raw experimental spectra were presented in [8], together with the results of the
analysis.

In [8] we analysed each spectrum—the delayed components—in terms of an
average time atbc (where c identifies the contaminant and its concentration) and the
relation (which should be valid within the limit of very small contaminant
concentrations):
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where atb4He is the value for pure helium, t0 is the zero of the temporal scale, and

l c4r c y– c s– c ,(3)

where y– c is the average relative velocity of the contaminant molecules with respect to
the antiproton-helium systems, and the contaminant molecular concentration r c is
defined as:

r c4
pc

kT
(4)

(pc is the partial pressure of the contaminant gas; k is the Boltzmann constant; T is the
absolute temperature).

Given these assumptions we defined a kind of average quenching cross-section s– c

of the delayed component, in the antiprotonic system present in the 3 atm helium gas
target, caused by collisions with the atoms of the contaminant.

We observed that the temporal distributions in experimental spectra are not
exhaustively described by the single parameter atbc . In fact, looking at the temporal
distributions of annihilation events close to the prompt peaks, one clearly observes a
region where faster components of delayed annihilations are present [6].

This fact prompts us to look for a different mathematical procedure for handling the
data, in order to get an idea of its impact, particularly on the long time components.

In this paper we wish to present the results of a different type of analysis of the
data published in [8]. In this paper, we have tried to establish a more objective criterion
to single out the slower part in the total fraction e of delayed annihilations, for each
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TABLE I.

Target Pressure (mbar) Contaminant Partial pressure (mbar)

4He 3039 H2 2.5
2.5/3
2.5/9

Xe 5.0
5.0/3
5.0/9

Ar 5.0
5.0/3
5.0/9

Ne 5.0
5.0/3

N2 2.5

Pure 4He 3039 — —

(N.B. 5 mbar corresponds to about 1650 ppm, and 5/9 mbar corresponds to about 180 ppm).

contaminant and its concentration values. As a supplementary result we also obtained
some interesting information about the faster part (later on we name it the residual
part) of delayed annihilations.

In order to do this, for each case we deduce the relative fraction h c , l , to look for
possible regularities, and we also directly infer the values of the product (ys)c , l (from
now on the subscript l indicates the slower part of delayed annihilations).

In table I the different conditions of data acquisition considered in this analysis are
reported.

Before describing the different steps followed in this analysis, we briefly restate
that the nuclear capture time of the antiprotons was measured by detecting the
annihilation charged products by means of plastic scintillation telescopes surrounding
the target (two or more charged particles were requested by the trigger). The
cylindrical target was put in a region were an axial magnetic field (5000 G) was present
in order to focalize the antiproton beam toward the central region of the target [9]. The
zero time was given by the entrance plastic scintillator monitor. The initial antiproton
momentum was 200 MeV/c.

Prompt as well as delayed annihilations were recorded in a temporal interval 40 ms
wide, with a temporal resolution of 19.53 ns per channel.

2. – The method

For each temporal distribution the analysis proceeds through several steps.

A) Data were fitted after 20 ms (we assume that this region is entirely of
accidental origin) with an exponential, in order to find the slope and the fraction of the
accidental events. In the analysis presented in [8], the slope was fixed for all the runs to
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Fig. 1. – Typical distributions of atbc (ti ) values vs. (ti ). For each distribution we chose, for atbc , l ,
the maximum value assumed by atbc (ti ).

the value obtained in just one dedicated run extremely rich in accidental events.
In the present detailed analysis, the inverse slopes of accidental events of each

temporal spectrum were all found to be at least 100 ms.

The data to be analysed were therefore obtained, for each run, after subtraction of
the estimated accidental events from the experimental spectra.

B) We defined an average time atbc (ti ) in the temporal interval (ti ; 20 ms )
(remember that the zero time value corresponds to the temporal position of the peak of
prompt annihilations) as a function of the time (ti ):

atbc (ti )4
!
ti

20

(tk2 ti ) nc (tk )

!
ti

20

nc (tk )
4
!
ti

20

(tk2 ti ) nc (tk )

Nc (ti )
,(5)

where Nc (ti ) represents the total number of events from ti onwards, nc (tk ) is the
number of events falling in the k-th bin (corresponding to the time tk ) of each spectrum
after subtraction of accidental events, and all times are with respect to the time
position t040 of the prompt annihilation peak.
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TABLE II.

Target atb0 ns atbl ( ns ) atbres ( ns ) h tot % h l /h tot h res /h tot

Pure 4He 3.0 atm 28986 133 30386 127 15496 2300 3.086 0.02 0.956 0.02 0.056 0.02

Contam. Partial
press.
(mbar)

atbc , 0 ( ns ) atbc , l ( ns ) atbc , res ( ns ) h c , tot % h c , l / hc , tot h c , res /h c , tot

Xe 5.0
5.0/3
5.0/9

2346 4
5516 18

11146 43

2716 4
6586 20

12996 43

1476 37
3346 102
6566 251

2.856 0.02
2.996 0.02
3.046 0.02

0.816 0.02
0.806 0.02
0.836 0.02

0.196 0.02
0.206 0.02
0.176 0.02

Ar 5.0
5.0/3
5.0/9

18296 109
21576 122
24186 127

23786 97
27816 104
29626 110

10806 297
12626 346
13946 471

2.656 0.02
2.906 0.02
2.936 0.02

0.756 0.02
0.766 0.02
0.806 0.02

0.256 0.02
0.246 0.02
0.206 0.02

Ne 5.0
5.0/3

13586 62
22086 125

17366 61
24906 120

9016 201
13026 773

3.036 0.02
3.096 0.02

0.706 0.02
0.866 0.02

0.306 0.02
0.146 0.02

H2 2.5
2.5/3
2.5/9

1636 9
4256 15
9236 30

2116 9
5856 17

12206 31

1156 25
2906 49
6086 105

2.936 0.03
3.006 0.02
3.026 0.02

0.656 0.02
0.636 0.02
0.686 0.02

0.356 0.02
0.376 0.02
0.326 0.02

N2 2.5 14186 85 22126 65 9226 157 2.876 0.02 0.606 0.02 0.406 0.02

For each contaminant and its concentration, the calculated value of atbc (ti ) is found
to be constant within 5% over a relatively wide range of values of (ti ): we then chose as
the average time of the slow delayed component, the maximum value of atbc (ti ) in that
temporal range, corresponding to t *i , and we shall call it atbc , l (figs. 1a)-d)).

C) We defined the fraction h c , l for the slow delayed component, as

h c , l4
N(ti )1M(ti , atbc , l )

Ntot

,(6)

where M(ti , atbc , l ) is obtained by extrapolating it from ti back to t040 (the position of
the prompt annihilation peak), by means of an exponential of slope atbc , l normalized to
N(ti ).

Ntot is obviously the total number of all antiproton annihilations experimentally
observed.

D) The delayed annihilations which contribute to the part of temporal spectra
between t0 and t *i (the time from which, for each spectrum, the values of atbc , l reported
in table II are deduced) are called residuals. We calculate the values of

h c , res

h c , tot

4 u h c , tot2h c , l

h c , tot

v(7)
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and

atbc , res4
a c , res atbc , 0 atbc , l

atbc , l2a c , l atbc , 0

(8)

as

a c , res4
h c , res

h c , tot

and a c , l4
h c , l

h c , tot

4 (12a c , res ) .

It should be noted that, in this case, the proximity of prompt peak contributes
significantly, together with the lower statistical contents, to the growth of errors
associated with the values obtained using (7) and (8).

Owing to our limited temporal resolution (19.53 ns per channel), we could not
explore the zone close to the prompt peak in the range of a few tens of ns. Therefore we
made the arbitrary statement that for each spectrum atbc , 04 atb (ti41439 ns )
represents the mean time of the complete distribution of delayed events, and h c , tot4
[N(t1 )1M(t1 , atbc , 0 ) ] /Ntot represents the corresponding total fraction of delayed
events. This choice implies, in our case, a systematic underestimation of the total
fraction of delayed events, ranging from about 1.1% for pure 4He to about 2.3%, for 4He
plus 2.5 mbar of H2 .

In the following we report our data without taking into account this systematic
underestimation.

3. – Summary of results

In table II the values of the average times atbl , atbres , atbc , l and atbc , res , together with
the relative fractions h l /h tot , h res /h tot , h c , l /h c , tot and h c , res Oh c , tot , are reported, with
the values of atb0 , h tot , atbc , 0 and h c , tot . The errors reported for h res /h tot and h c , res /h c , tot

values are obtained by propagating the errors from eq. (7).
In figs. 2 and 3, for each contaminant, the inverse values of the average times, 1 /atbl ,

1 /atbc , l and 1 /atbres and 1 /atbc , res , are plotted as a function of the partial pressure pc ,
showing, for each contaminant, amazingly good linear behaviour.

Moreover the remarkably large differences (see table II) between the numerical
values of h l /h tot , h res Oh tot and h c , l /h c , tot and h c , res Oh c , tot , suggest that we should look
only at the values of 1 /atbc , l and 1 /atbc , res corresponding to the non-zero concentrations
of contaminants.

The results of linear fits for the values of 1 /atbc , l and 1 /atbc , res , for the non-zero
concentration of Xe, Ar, Ne and H2 , are also shown in figs. 2 and 3.

Extrapolating these fits to the point of zero concentration we found, for the slow
delayed components, values significantly higher than for pure 4He for Xe and H2 ,
whereas Ar and Ne, the less effective contaminants in reducing atbc , l and atbc , res give
values similar to that of pure 4He.

In the case of residue components, for Xe and H2 we found values higher than the
central value of pure 4He but within the errors, whereas Ar and Ne give values
substantially in agreement with the central value of pure 4He.

Because of these results and especially for the very probable dependence of the
formation mechanism of metastable structure on the average velocity y– c , we decided
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Fig. 2. – Values of 1 /atbc , l vs. the partial pressure pc of contaminant gas.

Fig. 3. – Values of 1 /atbc , res vs. the partial pressure pc of contaminant gas.

not to restrict our results to any particular hypothesis about the type and formation
mechanism of the metastable structure itself.

To fit the values of 1 /atbc , l and 1 /atbc , res with their associated errors, we therefore
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TABLE III.

Contam. Partial
press
(mbar)

r c g contam. at .

1017 cm3 h u h c , l

h c , tot

v
av

(ys)c , l

(10218 cm3 /s )
u h c , res

h c , tot

v
av

(ys)c , res

(10218 cm3 /s )

Xe 5.0
5.0/3
5.0/9

12.07452
4.024839
1.341613

0.816 0.02 2.7246 0.060 0.196 0.02 4.976 1.63

Ar 5.0
5.0/3
5.0/9

12.07452
4.024839
1.341613

0.776 0.02 0.0776 0.020 0.236 0.02 0.196 0.31

Ne 5.0

5.0/3

12.07452

4.024839
0.786 0.02 0.2176 0.034 0.226 0.02 0.436 0.65

H2 2.5
2.5/3
2.5/9

24.14904
8.049679
2.683226

0.656 0.02 1.7536 0.068 0.356 0.02 3.286 0.16

considered the linear relations

1

atbc , l

4bc , l1r c (ys)c , l(9)

and

1

atbc , res

4bc , res1r c (ys)c , res ,(10)

where bc , l and bc , res dimensions are [t]21 , and r c dimensions are [contaminant
atoms/cm3 ].

We then obtained the values of (ys)c , l and (ys)c , res reported in table III.
To significantly reduce the rather high errors on atbc , res—and consequently on

(ys)c , res—reported in table III, it is necessary to reduce the errors on atbc , 0 and atbc , l,
and this can be obtained only with much greater statistical content of temporal
spectra.

4. – Conclusions

Our data and results concern p– impinging on a 4He target at 3.0 atm (RT), in which
we introduce very small quantities of atomic (Ar, Ne, Xe) and molecular (H2 , N2 )
contaminants.

From the behaviour of our results we can deduce that contaminants do not interfere
with the primary stage of the formation mechanism of metastable structures. The
absolute value of the total fraction of delayed events h c , tot is in fact amazingly constant
and close to 3.08% the value for pure 4He, for each contaminant and concentration.

On the contrary, looking at the values of h c , l /h c , tot and h c , res /h c , tot , we can confirm
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that contaminants contribute to define the relative populations of the two different
metastable groups: the long living and the shorter living (residuals). In particular,
molecular contaminants ( H2 , N2 ) populate the shorter-living group more than
monoatomic contaminants (Ar, Ne,Xr). If we look now at the values of the fraction h c , l

for each selected long-living component, we see, except for Ne, an amazing stability
independent of the impurity and its concentration (see h c , l /h c , tot in table II and
(h c , l /h c , tot ) in table III): for the monoatomic impurities (Ar, Xe), h c , l is about the same
for all of them, around 79% of the total delayed component; for the molecular
impurities (H2 , N2 ), h c , l is about 64% of the total delayed component, but in any case it
is significantly lower than 95%, the value of pure 4He.

This suggests to us that contaminants do not mix long-living and shorter-living
groups, but only contribute to their initial formation.

For the long-living components we also see that the linear behaviour of the
disappearance rate 1/atbc , l as a function of the impurity concentrations (fig. 2) is clearly
shown for a wide range of impurity concentrations, at least for Xe and H2 . Moreover
the behaviours for Ne and Ar are clearly shown, indicating that Ne is a more effective
quenching element than Ar. We also observed similar behaviour for the residuals
(fig. 3), and the values so obtained for (ys)c , l and (ys)c , res are reported in table III.

Looking now at the unsuccessful correspondence between the extrapolation at zero
concentration of fits for 1 /atbc , l values, for Xe and H2 we can suppose a saturation effect
fulfilled before the linear behaviour evidenced out by our experimental values, that is
for very small values of contaminant concentrations (lower than 180 ppm of contami-
nant molecules).

Remembering the low rate of the p– beam (between 10 and 20 kHz), we see that each
p– impinging on the target falls to a prompt or delayed annihilation almost before the
following p– enters the target.

With this statement, our results indicate, in the explored range of contaminant
pressure, a direct dependence of the quenching effect on the absolute number of
contaminant molecules.
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