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Abstract

The proposed experiment is a further development of the DIRAC experiment already
running at CERN PS. The observation of long-lived (metastable) states of 7* 7~ atoms
(A2,) will be performed with the same setup. This observation opens a possibility to
measure the energy difference between ns and np states and to determine the value of
the combination 2ag + a, of S-wave n7 scattering lengths in a model-independent way.
In combination with the A, lifetime measurement providing the value |ay — a»| DIRAC
is in the position to get ay and a, separately on the basis of Ay, data only.
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1 Physics motivation

The decay probability of 7* 7~ atoms (Az,) is dominated by the annihilation process
at+n - a’+n (1)

(branching ratio ~ 99.6%) and depends on the difference between the s-wave 77 scattering lengths
with isospins zero (ap) and two (ay) [29}16, 120} 19].

2
;: 70770 =R|d0—d2| . (2)

The most accurate ratio of W00 to the square of mn scattering length difference |ay — az| was
derived in [17]: R has been obtained within 1.2% accuracy.

In order to get values of ay and a, separately from 7* 7~ atom data, one may exploit the fact that
the energy splitting between the levels ns and np, AE, = E,s— Epp, depends on another combination
of the scattering lengths: 2ay + ay [14]. In the 7N case, this dependence of the atomic level shift on
scattering lengths in the s-states has been derived in [11]. The influence of the strong and electro-
magnetic interactions on the A,; energy structure was studied in 21}, 5, 14} [16, [15]. An elaborated
analysis of the Ay, energy structure was performed in [28].

The energy shift for the levels with the principal quantum number z and orbital quantum number
I includes few contributions:

AE,; = AEST + AEVC + AES) (3)

nl’
where AEflIln includes relativistic insertions, finite-size effect, self-energy corrections due to trans-
verse photons and transverse photon exchange. The term AET}® includes the contributions from the
vacuum polarization. The last term AE;tlr takes into account strong interaction effects and is related
to the i scattering lengths as follows:

AEYS = Anag + ap). (4)
For the ground state, the coefficient A; is known within 2.1% [28]. The values of the energy shifts for

the levels with 7 = 1 and 2 are presented in Table[]

Table 1: Numerical values for the energy shift [28].
AEYT (eV) AET“(eV) AEfztlr(eV)

n=1,1=0 -0.065 -0.942 -3.80+.1
n=2,1=0 -0.012 -0.111 —0.47+0.01
n=2,1=1 -0.004 -0.004 ~-1x10"%

Hence, the theoretical value for the 2s — 2p energy splitting is given by
AE*72P = AESY + AES™ — AES™ + AE3a® — AEY = —0.59+0.01eV. (5)

By measuring the value of AE, = AE"™~"P one can determine the numerical value of AESS, as
all other terms in Eq. (3) have been calculated with a high accuracy. From (5) and Table [1]it follows
that the strong interaction effects contribute up to 80% of the full energy shift. This fact provides a
high sensitivity of a AE?S"?P measurement to the value of the term 2ag + a,. Thus, measurements of
the energy shift AE,, make it possible to obtain values for the new combination of scattering lengths
24y + ap in a model-independent way.

The most accurate theoretical predictions for the s-wave 7 scattering lengths have been achieved

by [8] (in units M ;}):

ap=0.220+2.3%, a=-0.0444+2.3%, ay—as=0.265+1.5%. (6)



The best experimental results obtained by NA48/2 from investigating the K.4 decay [24] are the
following ones:

ay = 0.2220%0.01284ta¢ + 0.0050sys; + 0.0037heo @)
d, = —0.0432+0.00864 +0.0034syst +0.0028heo

From the analysis of the decay K * o 727979 the same experiment obtained [23]

ap—a = 0.2571+0.0048; +0.0025ys +0.0014ey 8)
ap = —0.024%0.013q £ 0.009syst  0.0026x

There are also addional theorectical uncertainties of 0.0088 for ay — a, and of 0.015 for a;.
The result of DIRAC based on 21000 “atomic pairs” collected in 2000-2003 [1] is

lag — az| = 0.25337 00980 (stat) 0072 (SYS) = ... + 4.3%cor. 9)

2 Study of long-lived states as a method for energy shift
measurement

The method for measuring AE,;, was qualitatively discussed in [27]. By studying the dependence
of the A,; long-lived state (I = 1) lifetime on an applied electric field, it is possible to extract an
experimental value for AE,, [27, 25| 26].

In inclusive processes, A, are produced in s-states distributed over the principal quantum num-
ber n proportionally to n~3. When moving inside the target, the relativistic Ay, interacts with the
electric field of the target atoms and, with some probability, will leave the target with orbital angular
momentum [/ > 0. Calculations show that up to ~ 10% of the atoms, generated in a thin target,
reach the vacuum region in a long-lived state [3]. The main part of these atoms will be in the 2p-
state. For Ay, in p-state the decay into two 7°-mesons is forbidden by the conservation law for the
angular momentum, and the process Ay, — 7’ + v is also strongly suppressed. Therefore, the main
mechanism of the 2p-state decay is the 2p-1s radiative transition with a subsequent annihilation
from the 1s-state into two 7° with the lifetime of 7;5 = 3 x 1071° 5. Thus, the lifetime of the atom in the
2p-state is determined by the radiative transition probability equivalent to 72, = 1.17 x 10~ s [27].
For the average A; momentum in DIRAC of 4.5 GeV/c (y = 16.1) the corresponding decay length is
5.7 cm for 2p-state , 19 cm for 3p and 43 cm for 4p.

The A,; decay from ns-states is allowed with the corresponding lifetimes 7,5 = 7; sn°. Since the
lifetime in np-states is about 10° times larger than ns-state lifetime, it is possible to measure the
energy difference of these levels by exerting an electrical field on the atom: the procedure is to track
the field dependence of the decay probability, due to the mixing of ns- and np-states in the external
electrical field.

In [25] the influence of constant magnetic field on the A,; atom lifetime has been studied and
the possibility demonstrated to measure the 2s—2p energy splitting with the use of relativistic atomic
beams.

The transverse magnetic lab field By is increased to B = yBj (y is Lorentz factor) in amplitude in
the atom reference frame. The corresponding electric field has nearly the same amplitude F = B (8
is the atom velocity in the lab frame) and is perpendicular to the atom momentum. In the electric
field a small admixture of the 2s-state to the 2 p-state wave function arises. This admixture may cause
a significantly faster decay for atoms initially being in the 2 p-state. For the case of By =4 T and y = 20,
the decay rate increases more than twice.

Another possibility to measure the energy shift AE, is the resonance method [26] which allows to
achieve a higher accuracy.



Similar approach can be applied to measure energy shifts in 7* K+ atoms. The energy difference
between the 2s and 2p nK-atomic levels consists of two electromagnetic components, AE;" 2p =
—0.013 eVand AEZVS“_CZP = —0.27 eV, and a strong component, AEgtsr_zp 10's (2aé’2+a8/2) (seeref. [28]). By
inserting the 7K scattering lengths from [7] in the above equation, one gets AE;tSr_zp =(-1.1+0.1)eV
[28], yielding in total the 2s — 2p energy splitting AE>>™2P = —1.4 + 0.1 eV. The strong part AEgtsr_zp
of this splitting is - in principle - measurable [27]. The quantity 2a}'* + a3'* as described in Chiral
Perturbation Theory (ChPT) involves a combination of low energy constants, 2Lg + Lg, which provides

information on the quark condensate and the strange to non-strange quark mass ratio [9].

3 Generation of A,, in long-lived states on Beryllium

Up to now DIRAC (see Fig. |1) took data with a Nickel target of 100 pm thickness providing the
best sensitivity to the Ay, lifetime. To get the maximum yield of the long-lived states the thickness of
Ni target needs to be reduced to 5 pm, that requires an increase in the beam intensity of a factor 20
in order to obtain the same number of proton-target interactions. However this cannot be realized
for a variety of reasons: accelerator limits, radio-protection restrictions, overloading a major part of
detectors and so on. For this reason the target material need to be replaced by one having a higher
nuclear efficiency.
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Figure 1: DIRAC setup: MDC are microdrift gas chambers, SFD is a scintillating fiber detector
and IH is a scintillation ionization hodoscope. Downstream the spectrometer magnet there are
drift chambers (DC), vertical (VH) and horizontal (HH) scintillation hodoscopes, Cherenkov
detectors containing nitrogen (CH), heavy gas C4F10 and aerogel radiators, shower detectors
(PSh) and scintillation muon detectors (MU).

For a 100 pm Beryllium target the nuclear efficiency €,,,,; is 7 times larger than for 5 um Ni (see
Table[2). Therefore the proton beam intensity must be only about 3 times larger in order to get the
needed number of primary interactions.

The proton-target interaction will generate A, in ns states as follows:

Wis = 83%, Was =10.4%, W35 = 3.1%, Ws35 = 3.5%.

Passing through the target, a fraction of A, interacts with Be-atoms and hence will be excited
into 2p,3p,4p, ... states (see Fig.]2). The main excitation processes are 1s — np transitions.
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Table 2: Targets thickness L in micron, in radiation length (X/Xo) and nuclear efficiency
(probability for proton-nucleus interaction).

Target L um Xio x 104 €nuct X 104
Be 100 2.84 2.45
Ni 5 3.53 0.34

To obtain numerical values for the A,; long-lived state production we chose the approach in
which the evolution of the atomic state population is described in terms of probabilities [3],[4]. The
values below were averaged over the experimental Ay; lab momentum distribution and the Ay,
ground-state lifetime has been fixed to 3.0 x 1071% s

After the investigating several Be target thicknesses the optimal one has been found to be 100
pm [10]. The distribution of long-lived A, at the Be target exit over quantum number n and orbital
momentum | is presented in Table[3] The total number of long-lived Ay is 6 % of the total number of
Ay generated in Be target.

Table 3: Relative populations (%o) of A2, long-lived states at the Be target exit as a function of
principal quantum number n and orbital momentum [.

] n 2 3 4 5 6 7 8
1 417 148 48 18 7 3 1
2 0 117 49 20 9 4 1
3 0 0 45 21 10 4 2
4 0 0 0 20 10 5 2
5 0 0O 0 0 10 5 2
6 0 0O 0 0 0 4 2
7 0 0O 0 0 0 0 2

Long-lived atoms annihilate at a distance more than a few cm, while the short-lived states anni-
hilate in the target or near the target at a distance of less than 2 mm (Fig.[2). The decay lengths of A,
with y =20 in 1s,2s,3s and 4s states are 0.017 mm, 0.14 mm, 0.46 mm and 1.1 mm. About 6.3% of
the Ay, atoms break up in the target, producing n}ie atomic pairs having Q7 < 1.5 MeV/c. (Here and
below Q7 and Q; are the transverse and longitudinal component of the relative momentum Q in the
atomic pair c.m.s. correspondingly.)

The proton beam interacting with the target can produce also Coulomb (Nge) and non-Coulomb
pairs (Nfg). These pairs are detected by the setup and represent the main background.

By analyzing experimental distributions of 7* 7~ pairs in Q7 and Qr one can obtain the amount of
Coulomb and non-Coulomb pairs. The number of Coulomb pairs with small Q (Q < 3 MeV/c) allows
one to calculate the number of produced atoms N,, using precise (< 1%) formula and the expected
number of atomic pairs n}ze (see for example [2]).

Knowing the Ay, ground state lifetime, the theory of A, interaction with tarteg atoms and the
description of their propagation through the target (precision < 1%) allow to calculate the number
of Ay in long-lived states produced in Be NA(Be), the number of atomic pairs nB€ and the corre-

A

sponding distributions in Q, Q7 and Qr. The value n}ie can also be extracted from the experiment by

subtracting the Coulomb and non-Coulomb pair background.



4 Detection of A,, in long-lived states with a thin Platinum
foil

Placing a 2 um thin Pt foil downstream the Be target [10], the largest part of long-lived atoms, NN, L
will break up, providing an additional number of atomic pairs, ni (see Fig. . Table |4| presents the
atom breakup probability as a function of foil thickness and Ay; quantum numbers.

Table 4: Breakup probability of A>, in np states for different thicknesses of Platinum foils (Ax
momentum Py = 4.5GeV /¢ and Ay, ground-state lifetimet =3 x 1071%5).

Thickness (um) 2p 3p 4p 5p 6p 7p
0.1 0.0251 | 0.0520 | 0.0858 | 0.1327 | 0.2035 | 0.3219
0.2 0.0559 | 0.1175 | 0.1978 | 0.3001 | 0.4185 | 0.5392
0.5 0.1784 | 0.3595 | 0.5537 | 0.7176 | 0.8323 | 0.9043
1.0 0.4147 | 0.6895 | 0.8553 | 0.9324 | 0.9667 | 0.9828
1.5 0.6084 | 0.8526 | 0.9446 | 0.9765 | 0.9889 | 0.9944
2.0 0.7422 | 0.9244 | 0.9743 | 0.9895 | 0.9951 | 0.9975
3.0 0.8844 | 0.9739 | 0.9918 | 0.9967 | 0.9985 | 0.9992

For the Pt thickness of 2 um, the breaking probability of long-lived A, averaged over populations
is 0.94. About 95% of the atomic pairs have 0 = Qr < 1. MeV/c. If the foil were thicker, then the upper
limit of Q7 would increase that would increase the number of background Coulomb pairs and hence
the precision for a ”fx measurement decreases. So there is no reason to use the foil thicker than 2 pm.

Atoms Ay; in p states in the region between the Be and Pt can deexcite radiatively into s states
with subsequent annihilation (Fig. [3).

The lifetimes of np states and their lab decay lengths A for A,; average Lorentz factor y = 16
are presented in Table [5| The distance between the Be target and the Pt foil has been chosen to be

100 mm to exclude interactions of the primary beam halo with the Pt foil.

Table 5: Lifetimes T from np states and their lab decay lengths A in fory = 16.

state | 7-10's | A [cm]
op | 117 |57

3p 394 |19

4p 9.05 44

5p | 175 | 845
6p | 299 | 144
p 46.8 226
8p 69.3 335

5 Measurement of A,, production rate in p-Be interactions
in 2010 and 2011

During 7.5 days in August 2010 a small data sample was collected with 100 um Beryllium target
at the intensity 2.6 - 10'! proton per spill. This intensity was chosen to provide the same number of
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Figure 2: Method to observe long-lived A, by means of a breakup foil (Pt).
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Figure 3: Part of atoms created in the Be target and then broken up in the Pt foil versus the
distance between the target and foil (L) for all metastable states with n > 1,1 > 0 (Zall), for
sum of np states (p) and for some individual p states. The foil thickness is 2 um.



primary interactions in the target as in the usual working condition for DIRAC during 2010, with the
100 um Ni target and a 9.5-10'° proton per spill intensity. The total spill number was 53 - 103 and the
proton flux through the target was 1.4-10'6. The measured multiplicity with Be in all detectors differs
from the ordinary one by 2-3%. The single detector counts increased in different proportions for the
specific detectors: lonization Hodoscope — 8%; Vertical Hodoscope positive arm — 3%, negative arm
— 17%; Cherenkov counter for positrons — 25%, for electrons — 30%; Cherenkov counter for pions
— 7% for both arms. The number of the first level triggers increased by 5%.

These data were analyzed in order to find the number of generated atoms using the standard
analysis procedure for the DIRAC experiment [2]. There is a possibility to increase the efficiency of
event reconstruction by a factor 1.2-1.5. Fig.[4] presents the distribution of experimental data (points
with error bars) over the absolute value of Q;, for the events with Q7 < 1 MeV/c. The dashed line
represents the fit of the experimental data with the sum of simulated “Coulomb" and “non Coulomb"
pair distribution (see section@ in the range |Qz| > 1 MeV/c that eliminates the contribution of atomic
pairs. The only free parameter in the fit is the fraction of “Coulomb pairs” with respect to “non-
Coulomb” pairs, resulting in 0.18. Using the known ratio of cross sections between A,; and “Coulomb
pairs” [27] and the experimentally measured number of Coulomb pairs, the number of generated
atoms for the observed spill number of 53 - 103 has been estimated:

Ny=736+75 (10)

The same measurement was repeated in the beginning of the run in 2011 with proton beam intensity
3-10!! p/spill, number of spills 24271 and total proton flux through the target 6.2-10'%. The distribu-
tion of prompt 7 7~ pairs is presented in Fig. |5} From the analysis of this distribution, the number of
generated A,; has been estimated to be:

Ny =368+32 (11)

which coincides after normalisation to the same proton flux with the result obtained in 2010. In 2011
the total spill numbers was 7.5-10°. In accordance with 2010 and 2011 measurements for the expected
number of spills of 10° in 2012 the total number of generated Ay, will be on the level 14000-15000.
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Figure 4: Distribution over |Qr| of 1™ n~ pairs collected in 2010 with Beryllium target with the
cut Qr <1 MeVic. Experimental data (points with error bars) have been fitted by a sum of the
simulated distribution of “Coulomb” and “non-Coulomb” pairs (dashed line).
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Figure 5: Distribution over |Qr| of n* ™ pairs collected in 2011 with Beryllium target with the
cut Qr <1 MeV/c. Experimental data (points with error bars) have been fitted by a sum of the
simulated distribution of “Coulomb” and “non-Coulomb” pairs (dashed line).

6 Simulation of all 7"~ pair distributions at experimental
conditions

For the simulation of 77 7~ pairs (atomic pairs, Coulomb and non-Coulomb pairs) the DIPGEN
generator [30] was used with modifications describing interaction of the long-lived atoms with the
additional Platinum foil. For the long-lived atoms the following processes were considered: their
production in the Beryllium target, their decay in the region before the Platinum foil and breakup in
the foil producing atomic pairs.

In Table|6] the relative populations of Ay, long-lived states at the foil entry are given. In Table
the numbers of atomic pairs produced in the 2 um Pt foil from states with specific n and / numbers
are given. All numbers are normalized to the sum over each table and given in %eo.

Table 6: Relative populations (in %o) of Az; long-lived states at the foil entry.

ln 2 3 4 5 6 7 8
1 114 150 69 30 12 6 2
2 0 176 8 37 17 7 3
3 0 0 84 41 19 9 3
4 0 0O 0 40 19 9 4
5 0 0O 0 0 19 9 4
6 0 0O 0 0 0 9 4
7 0 0O 0 0O 0 0 4




Table 7: The relative numbers (in %o) of atomic pairs produced in the 2 um Pt foil from states
(n,1).

ni 2 3 4 5 6 7 8

56 82 53 29 17 9 4
95 73 46 28 15 7
78 54 35 21 10

N O O s W N |~

0

0 O

0 0 0 59 37 24 13
0 0 0 0 43 27 14
0O 0 0 0 0 28 15
0O 0o o0 0 O 0 15

Then the pairs generated by the DIPGEN were transferred into GEANT-DIRAC (setup simulator)
and ARTANE (reconstruction tool) programs. The distributions of reconstructed values of Q; and Qr
for ‘non-Coulomb”, “Coulomb pairs” and “atomic pairs” from metastable atoms are shown in Figs. [f]
and[7l

In the case of a 100 mm target-foil distance the total breakup probability of metastable atoms in
the 2 pm Pt foil is 0.94.
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Figure 6: Distributions of reconstructed values of Qr for non-Coulomb, Coulomb pairs and
pairs from metastable atom.
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7 Simulation of long-lived A,, observation

To evaluate the necessary running time for the observation of long-lived A, the “experimental
data” has been simulated as a sum of the following sets of data : “atomic pairs” from long-lived
atoms produced in the Platinum foil, “atomic pairs”, “Coulomb pairs”, “non-Coulomb pairs” and
accidentals from the Beryllium target . The total amount of data and the relative contribution of
the different components are obtained from the analysis of the experimental data collected in 2010
with the Beryllium target (see section[5). Fig. [8| presents the distribution of simulated data over the Y
(vertical) projection of the relative momentum Q . The cuts on |Qx| <1 MeV/c and |Qz| <1 MeV/c
have been applied. The simulation shows that in each projection such criterion selects more than 90%
of “atomic pairs” from long-lived atoms. Hatched area is the sum of all pairs produced in Beryllium
target and light area corresponds to “atomic pairs” from long-lived atoms (broken in the Platinum
foil). The signal-to-background ratio is small. It can be improved by installing an additional magnet
which generates the horizontal magnetic field in the gap between Be target and Pt foil. A magnet with
the bending power of 0.01 Tm would shift the Qy value by 6 MeV/c only for the pairs produced in the
Be target, leaving unchanged the Qy distribution of the pairs produced in the Pt foil. A permanent
magnet made of Ne,Fey4B with such characteristics was used in the 2011 run.
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Figure 8: Simulated distribution of n* ™ pairs over Qy with criteria: |Qx| < 1 MeVJc, |Qr| <
1 MeV/c. “Atomic pairs” from long-lived atoms (light area) above the background produced in
Beryllium target (hatched area): in left side without the magnet and in right side with magnet
used in 2011.

A new sample of simulated data with the additional permanent magnet has been fitted with the
sum of the distributions of atomic pairs from long-lived atoms, “Coulomb pairs” and “non-Coulomb
pairs”. The atomic pairs produced in the Be target with Qy about 6 MeV/c are absent in the fit region.
The fitting procedure is the standard one used in DIRAC [2]. The free parameters in the fit are the
amounts of each of the former distributions relative to the total number of events. The fit results for
the distribution over Qp, (with cut Q7 <1 MeV/c¢) are presented in Fig. The number of atomic pairs
is found to be:

nl, =281+48
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Q, for Q<1 MeV/c and Q,< 1MeV/c
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Figure 9: Simulated distribution of n*n~ pairs over Qy with criteria: |Qx| <1 MeVic, |Qr| <
1 MeV/c produced in Beryllium target. The events without magnet (solid line) are distributed
around 0 and events with the new magnet are shifted by 15 MeV/c (dashed line).

Analysis of the experimental data accounting widths of the atomic pairs distribution over different
components of the relative momentum Q allows to find the variable F which provides the distribution
of atomic pairs with the best signal-to-background ratio:

2 2 2
F:\/(QX)+(QY)+(QL) 2
0.50 0.32 0.56

Here 0.50, 0.32 and 0.56, in units of MeV/ ¢, are RMSs of the atomic pairs distribution over correspond-
ing components of the relative momentum Q.

Fig. 11| presents results of analysis for distribution of 77~ pairs over F. It provides a greater
number of found atomic pairs due to the weaker cut on Qr < 2 MeV/c and a better signal-to-error
ratio:

nl, =327+37 (13)
na

=8.8 (14)
On,
It is worth noting that the simulated number n IlL‘ is 310.

In order to justify an observation of long-lived A, it is needed to achieve a ratio between the
signal and error larger than 5. The current simulation provides the ratio of 8.8. This means that the
confidence level to observe long-lived A, will be close to 100%.

A new permanent magnet with the bending power of 0.023 Tm will be used in 2012 (see section|9).
The simulated distribution of 7+ 7~ pairs over Qy for this magnet is showen in Fig. @ The expected
background level will be smaller by a factor 1.5 and the signal-to-error ratio will be at the level large
than 9.

In the approach without the additional magnet, the accuracy of signal separation would be worse.
In equal conditions the simulated number of reconstructed atomic pairs is n,l4 =334 £ 89. To achieve
the value of 5 in the signal-to-error ratio, required for the observation, the needed statistic should
be increased by 1.8 that could be accomplished with a higher efficiency of the event reconstruction
and/or alonger run time.
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Figure 10: Simulated distribution of n*n~ pairs over Qr, with criterion Qp < 1 MeVic.

“Experimental data” (points with error bars) are fitted by the sum of “atomic pairs” from

long-lived states (dashed line), “Coulomb pairs” (by dotted-dashed line), “non-Coulomb pairs”

(dotted line). The background sum is shown by the solid line.
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Figure 11: Simulated distribution of n*n~ pairs over F, with criterion Qp < 2 MeVic.
“Experimental data” (points with error bars) are fitted by the sum of “‘atomic pairs” from long-
lived states (dashed line), “Coulomb pairs” (dotted-dashed line), “non-Coulomb pairs” (dotted
line). The background sum is shown by the solid line.
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8 Permanent magnet degradation during 2011.

In the beginning of data taking in 2011 the experimental distribution of prompt 7% 7~ pairs on Qx
and Qy were reconstructed and compared with similar simulated distributions, calculated account-
ing the field map of the magnet placed between the Be target and the Pt foil. In Fig. (12| the 7* 7~
pair distribution over Qx for different interval of Qy is presented. All distributions have a maximum
at Qx = 0 because the vertical component of magnetic field is small. Fig.|13[shows the experimental
distribution of 7* 7~ pairs over Qy and the same simulated spectrum using magnetic field map. The
difference between the experimental and simulated peak position is caused by the difference between
the calculated and real bending power of the magnet because of magnetic field degradation during a
setup tuning before beginning of data taking.
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Figure 12: Experimental distributions for n*n~ pairs over Qx with different criteria for Qy.
For all Qy intervals the Coulomb peak in Qx are placed at zero as the vertical component of
magnetic field is negligible.

To monitor the magnetic field degradation during the 2011 run not only z*7z~ pairs were used,
but also e*e™ pairs, which allow to estimate the strength of the magnetic field with a better accuracy.
Fig.[14| presents the e*e™ pair distributions over Qx for 4 data sets collected in June-August 2011 run
and demonstrates their stability. The same distributions over Qy are presented in Fig. The peak
at Qy = 0 is assigned to the e e~ pairs generated after the magnet, the second (non-zero Qy) peak
is associated mainly with Dalitz pairs from the Be target. Therefore, the second peak position allows
to estimate the magnetic field strength degradation during the 2011 run. Using Qy distribution of
e*e” pairs the dependence of magnetic field strength (MFS) on time during run 2011 was extracted
as presented in Fig[l6] At the beginning of run the MFS decrease was strong but later the magnet
degradation rate was much less. The total decrease in the magnet bending power during 2011 was
about 2 times. That leads to a significant increase of the background and thus the long-lived Ay, can
not be observed with required accuracy.
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Shift Coulomb peak over Q,, for MC and experimental data
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Figure 13: The Coulomb peak of n*n~ pairs over Qy for: a) MC simulation; b) experimental
data collected in the period from 25/06/2011 to 01/07/2011. The difference in the peak position
illustrates the difference between the calculated and real bending power of the magnet.

The most reasonable cause of the magnet degradation can be an irradiation of the magnet poles
by secondary particles. In dedicated literatures the irradiation by neutrons is named most often as
the reason of decrease in magnetization of permanent magnet. The products of neutron-nucleus
interactions generate a local matter heat above the Curie temperature, changing the domain orienta-
tion and decreasing the magnetic field strength [34]. The greatest influence on the MFS is caused by
the neutrons with energy of 1 MeV and higher (Fig[I7). The influence of low energy reactor neutrons
on magnetization is smaller than above (Fig[I8). The estimation of fluxes of high energy neutrons
and other particles through the magnet poles are shown in Table [8} this total particle flux in 2011
was equal 2.5-10'° cm™2. From this table we can conclude that the exited Be nuclei which are
produced by the primary proton beam interaction with Be target are the main source of neutrons:
the total flux of neutrons with energy of 1 MeV and higher through the magnet poles in the run 2011
is 3.2-10'2/cm™2. The energy interval of neutrons from exited Be nuclei is qualitatively similar to
the one of spallation sources. The influence of neutron flux of spallation sources on magnetic field
strength is shown in Fig We conclude that the neutron flux at the level of 3-102cm™2 can reduce
the pole magnetization.

Few times during data taking the magnet had been unsupervised irradiated when a control over
the beam extraction was lost because of different accident. In this case the protons can interact with
the magnet directly or with other massive parts of target station and generate the intensive flux of
neutrons and other particles through the poles. The difference in Qy distributions of e*e™ pairs
collected just before and after the accident confirm the decrease of MFS in such cases.
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Table 8: Maximal estimation of &, p, n, y flux due to nuclear interaction of 24 GeV protons
with Be target.

Fluxs of high energy particles

nt&m 10* spill lcm™
p 0.23-10% spill 'cm ™2
n 0.23-10% spill 'cm ™2
Y 10* spill !em ™2
Total per run 2.5-10' cm™?

Neutron evaporation from the Be target
Total per run 3.2-10"” cm™

Distribution of €' over Q,

£ : i | Entries : 173388 35000 - P ENHES P 190012 -
30000 oo fre s - Mear-ooeo oo <0 1944E-04 - F 5| Mean . -0.1598E-04
1 ‘| RMS 0267702 | 30000 = S RMS i 0.2699E-02-
"""""""" 25000 ;
"""""""" 20000 [
"""""""""""""""""""""""""""""""""""""""""""""""""""""" 18000 [
10000 oo e —
: 5000 | T e
O E 1 1 1 1 1 ‘ 1 1 1 1 1 O E 1 i 1 1 1 1 ‘ 1 1 1 1 ‘ 1
-0.01 -0.005 0 0.005 0.01 -0.01 -0.005 0 0.005 0.01
Dataset 1. Q, [GeV/c] Dataset 2. Q, [GeV/c]
z g 40000
30000 S 35000
25000 : ‘ : 30000
20000 oo N 1 Y R — R —— 25000
15000 b 20000
E 15000
10000 ~
E 10000 £
e 1 e S 5000
0 E 1 1 1 1 ‘ 1 1 1 1
-0.01 -0.005 0 0.005 0.01 . . 0 0.005 0.01
Dataset 3. Q, [GeV/c] Dataset 4. Q, [GeV/c]

Figure 14: e*e™ pair distributions over Qx for 4 time intervals: data set 1 — from 25/06/2011
to 01/07/2011; data set 2 — from 22/07/2011 to 31/07/2011; data set 3 — from 04/08/2011 to
09/08/2011; data set 4 — from 24/08/2011 to 28/08/201 1.
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Distribution of e'e over Q,
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Figure 15: e*e™ pair distributions over Qy. for 4 time intervals: data set 1 — from 25/06/2011
to 01/07/2011; data set 2 — from 22/07/2011 to 31/07/2011; data set 3 — from 04/08/2011 to
09/08/2011; data set 4 — from 24/08/2011 to 28/08/2011. Changing in position of the peak at
non-zero Qy illustrates the permanent magnet degradation.
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dates.
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9 Magnet for data taking in 2012

The degradation of the permanent magnet, made of Ne,Fe14B, during 2011 requires its replace-
ment for reaching the desirable accuracy in observation of long-lived A,;. An alternative with the
electromagnet has been considered and excluded mainly because of the large weight of 64 kg
and resulting problems with its installation inside the existing target station.

A new permanent magnet with poles made of SmCo will be produced for the 2012 run. The
main reason is the strong resistivity of SmCo to the neutron irradiation. The Curie temperature of
this material is about 700°C and more than two times higher than the one of Ne,Fe4B. One can see
(Fig that a magnetization reduction of 2 occurs at neutron flux of 5-10'4+5-10'6 for Nd magnet and
at 5-10'° for Sm magnet. The strong radiation resistivity of Sm magnets is confirmed by the reactor
neutron measurements (Fig[I8) and by measurements using neutrons produced by 86 MeV proton
beam (Fig[19). The sketches of the magnet are shown in Fig[20] The dependence of magnetic field
strength on Z (along the secondary beam axis) is shown in Fig[21] The magnetic field in its center is
equal to 0.3 T (0.13 T for the previous magnet), the value of Bx - L = 0.023 Tm (0.01 Tm for the previous
one). The Qy distribution of Coulomb pairs for this magnet is shown in Fig[9]

The more that twice higher bending power of the new magnet will provide a low enough back-
ground even in a case of its significant degradation. A new design of the magnet installation device
allows to replace the magnet quickly in a case of its crucial degradation due to an unsupervised
irradiation at accidents with the primary beam control system. Thus the DIRAC setup with the new
magnet will allow to justify the existence of the long-lived states of Ay;.
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Figure 17: Summary on the magnetization loss in % versus the neutron fluxes per cm? for Nd-
Fe-B and Sm-Co magnets [32]. The Nd-Fe-B magnets (red lines) have been irradiated by 65
MeV neutrons. The Sm-Co magnets (blue and green lines) have been irradiated by spallation
sources with a high energy tail but a peak at low energy (1~ 15 MeV).
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neutron produced by a high-intensity proton beam of 86 MeV [33].
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Figure 20: The sketches of the new magnet (front view in left and side view in right).
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Figure 21: Calculated values of different components of magnetic field strength of the new

magnet.
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10 Measurement of multiple scattering for different
materials

In the last DIRAC result @]) [1] the statistical and systematic errors in the value of |ay — ay| are of
the order of 3%. With the additional data collected in 2008-2010 the statistical error is expected to be
reduced to 2%. So some extra steps should be taken for reducing the systematic error also.

The current value of the systematic error by 80% is determined by the accuracy of multiple scatter-
ing estimation in the Ni target. The angle of multiple scattering in the Ni target was measured during
two months in 2003 in parallel with the ordinary data taking [12]. The accuracy of this measurement
is 1% and mainly determined by the amount of collected data. So repetition of this measurement with
a higher statistics is required.

Moreover, now the data acquisition system allows to collect events at 5 times higher rate com-
pared to 2003. So influence of statistics on the accuracy of the scattering angle measurement can be
decreased significantly. The measurement procedure allows to install few scatterers in parallel. It will
permit to estimate systematic error in the angle measurement with scatterer of the same material and
to perform measurement with different materials. It is planed to install as the scatterer the Ni target
of 100 um used in 2003-2010 to measure the scattering angle of the specific object. In addition few
pieces of Nickel, Beryllium and Platinum foils will be installed.

During 6 months in 2011, in parallel with the ordinary data taking, the data for measuring the
multiple scattering angles in 9 scatterers were collected. In 2012 this measurements will be continued.

11 Conclusion

The 2010 and 2011 data analysis shows that the long-lived states of 7* 7~ atoms can be observed
with the existing DIRAC setup at the level larger than 90 during 6 months run in 2012 with the total
spill number of 10° and the correspondent total proton flux through the target of 3-10'". The new
permanent magnet with poles made of SmCo will keep the background at the low level.
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