Measurement of Subthreshold K^+-Production in pA Collisions with ANKE ∗

U. Bechstedt, G. Borchert, W. Borgs, M. Büscher, W. Erven, D. Gotta, M. Hartmann, H. Junghans, F. Klehr, H.R. Koch, P. Kulessa, R. Maier, M. Nekipelov, H. Ohm, D. Prasuhn, R. Schleichert, H. Schneider, O.W.B. Schult, H. Seyfarth, K. Sistemich, H.J. Stein, H. Ströher Forschungszentrum Jülich, 52425 Jülich, Germany S. Barsov, V. Koptev, S. Mikirtychiants Petersburg Nuclear Physics Institute,188350 Gatchina, Russia M. Debowski, H. Müller, B. Rimarzig, Chr. Schneider Forschungszentrum Rossendorf, 01314 Dresden, Germany R. Eßer^† Universität zu Köln, 50923 Köln, Germany F. Rathmann Universität Erlangen-Nürnberg, 91058 Erlangen, Germany A. Mussgiller Fachhochschule München, 80335 München, Germany B. Kamys, Z. Rudy Jagellonian University, 30059 Cracow, Poland K. Pysz, Institute of Nuclear Physics, Radzikowskiego 152, 31342 Cracow, Poland I. Zychor The Andrzej Soltan Institute for Nuclear Studies, 05400 Swierk, Poland A. Kacharava, V.I. Komarov, A. Kulikov, V. Kurbatov, G. Macharashvili, S. Merzliakov, A. Petrus Joint Institute for Nuclear Research, 141980 Dubna, Russia P. Fedorets Institute of Theoretical and Experimental Physics, 117259 Moscow, Russia M. Nioradze Tbilisi State University, 380086 Tbilisi, Georgia

for the ANKE collaboration^‡ (1)

The magnetic spectrometer ANKE has been put into operation in spring 1998 at the cooler synchrotron COSY-Jülich. ANKE allows to momentum analyze ejectiles emitted from an internal target at forward angles ϑ ≈ 0^∘ with high angular acceptance ΔΩ ≈ 50 msr. A primary goal of the physics program with ANKE is the investigation of K^+-production in proton-nucleus collisions at energies around and far below the free nucleonnucleon threshold at T = 1.58 GeV. The measurements have been performed with C, Cu and Au targets at various energies in the range T = 1.0 . . . 2.3 GeV. The major experimental challenge is that the kaon-to-background ratio is as low as ∼ 10^{−6} at the lowest energy. Data on the target-mass dependence of the production cross sections for kaon momenta p_K+ = 150 . . . 510 MeV/c at beam energies of T = 1.0 and 2.3 GeV are presented.

PACS numbers: 25.10.+s; 13.75.-n

1. The ANKE spectrometer

In ANKE [2, 3, 4] forward-emitted products from proton-induced reactions are separated from the circulating beam of COSY [5] and their emission angles and momenta are determined. Three dipole magnets guide the beam out of its nominal path in a straight section of the race-track shaped accelerator ring towards the target and back into the standard orbit. The central magnet D2, see Fig.1, has a gap of 20 cm height, thus providing a large solid angle for measurements at low cross sections. The detection system for the K^+-identification is sketched in Fig.1. It provides a horizontal (vertical) angular acceptance of ϑ ∼ −12^∘ . . . + 12^∘ (|φ| < 3.5 . . . 5.5^∘).

The detectors consist of: i) 23 Start counters close to the Al vacuum window at the side of D2. ii) 15 telescopes [3, 6] which are placed at the D2 focal surface to detect positively charged ejectiles in the momentum range from 110 to 525 MeV/c (at B = 1.3 T in D2). Each of the range telescopes (see Fig. 1) is composed of Stop, Δ E, Veto scintillation counters and two degraders made of copper. Telescopes #9–15 contain also lucite Cherenkov counters. iii) 2 multi-wire proportional chambers (MWPC1 and MWPC2) which are used to reconstruct ejectile trajectories. Each of them has three anode planes with vertically and ± 30^∘ inclined tungsten wires.

For the K^+-identification the following information from the detection system is utilized — see [3, 4] for a more detailed description of the data analysis:

i) The ejectile momenta are within ∼ 10% defined by the 10 cm wide telescopes at the focal surface of D2. They were kept constant for all beam

∗ Presented at MESON 2000, Cracow, Poland, May 19–23, 2000 † Now working at: BICRON Vertriebs GmbH, 42929 Wermelskirchen, Germany ‡ For a complete collaboration list see [1]

Fig. 1. Top view of the ANKE spectrometer and telescope #14 in the K^+-detection system.

energies by fixing the D2-field strength and the relative target-D2-detector geometry. ii) For a given momentum pions, kaons and protons have different ranges. The thicknesses of the scintillators and of the degraders were chosen such that protons from the target are stopped before they reach the ΔE counters. Kaons are stopped in the second degraders or in the far end of the ΔE counters whereas pions and scattered protons with the same velocity as kaons traverse all counters of the telescopes if they do not undergo a nuclear reaction. The degraders installed in front of the ΔE counters are tapered to compensate for the momentum spread across each telescope. iii) Fast hardware coincidences between the Start and Stop counters allow to select particles with the same momentum but different emission angles and to set narrow gates on the TOF spectra for kaons. iv) The decay of kaons with a mean lifetime of 12.4 ns is a strong criterion for the selection of K^+ candidates. Only events have been accepted with signals in the Veto counters delayed by more than 1.3 ns with respect to prompt particles detected in the same telescope. A combination of criteria i) – iv) together with an off-line analysis of the MWPC information and of energy losses in all scintillation counters permits to identify kaons even at T = 1.0 GeV. The measurements with the different targets were carried out under identical settings of the spectrometer dipole D2 and the detection system. Thus, the detection efficiencies for kaons (and pions) produced in the different targets are equal.

2. Target-mass dependence of the K^+-production cross sections

In order to extract absolute double differential cross sections from the number of identified kaons, one has to correct for kaon decay-in-flight between target and telescopes, the angular-momentum acceptances, the detection efficiencies in the scintillators, MWPC inefficiencies and dead-time effects. These analyses are in progress now. However, already at the current stage of the analysis one can extract the cross section ratios for the different targets (and thus the mass dependence of the K^+-production cross section) using the formula:

σ^{K+}_A σ^{K+}_C

(p_K+ ) = [ n^{K+}_A n^{K+}_C ] tel.(i) · L_C L_A . (1)

Here the index “A” stands for the copper and gold targets, respectively, while “C” refers to carbon. n^{K+} is the number of identified kaons in each telescope i normalized to the proton-beam flux. Monitoring of the proton beam interacting with the target was done with an accuracy of 2% using telescopes #2–5 in 4-fold coincidence and thus selecting ejectiles from the target which pass by the spectrometer dipole D2 (see Fig. 1). L stands for the integrated luminosity during data taking for the particular target. The luminosity ratio can be deduced from the ratio of pion rates, measured under identical experimental conditions for each target during calibration runs using an on-line trigger optimized for π^+ detection:

L_C L_A = [ n^{π+}_C n^{π+}_A ] tel.#15 · [ σ^{π+}_A σ^{π+}_C ] p=500 MeV/c

. (2)

In Eq.(2) n^{π+} is the number of pions detected by telescope #15 with momenta of 490. . . 525 MeV/c, normalized to the proton-beam flux (see above). For a momentum of 500 MeV/c the ratio of the pion-production cross sections σ^{π+} can be extracted from experimental data [7, 8, 9] taken in the energy range T = 0.73 . . . 4.2 GeV at emission angles of 0^∘, 2.5^∘ and 15^∘. Figure 2 shows the cross-section ratios for Cu/C and Pb/C calculated from those data.

From Fig. 2 one can deduce the π^+-production ratios for Cu/C and Au/C at T = 1.0 GeV and 2.3 GeV: for Cu/C values of 1.81 ± 0.05 at T = 1.0 GeV and 1.88 ± 0.18 at T = 2.3 GeV are obtained. For Pb/C the cross section ratios from Fig. 2 are 2.34±0.07 at T = 1.0 GeV and 2.80±0.29 at T = 2.3 GeV. These values agree within 10% with ratios scaling as A^{1/3} (= 2.58). Thus, assuming an A^{1/3} dependence, it is possible to calculate from the ratios Pb/C those for Au/C. We use for the ratio Au/C values of

Fig. 2. Ratios of the π^+-production cross sections for Cu/C and Pb/C at p_π = 500 MeV/c as a function of the projectile energy T . The data were taken from [7] (triangles, T = 0.73 GeV, ϑ_π = 15^∘), [8] (squares, T = 1.0 GeV, ϑ_π = 0^∘) and [9] (circles, T = 1.05 . . . 4.2 GeV, ϑ_π = 2.5^∘). The lines are linear fits to the data points. The arrows indicate the energies measured at ANKE; the uncertainties of the ratios at these energies are indicated.

2.29 ± 0.07 at T = 1.0 GeV and 2.73 ± 0.27 at T = 2.3 GeV. Note that the analysis of our π^+-data shows that the cross section ratios (within 2%) are independent of the π^+-emission angle within the ANKE angular acceptance |ϑ_π| < 12^∘.

Figure 3 shows the deduced K^+ cross-section ratios at T = 2.3 GeV using Eqs.(1),(2) and the π^+-ratios given above. The error bars include only the statistical uncertainties of the kaon data. From the normalization by the pion ratios, an additional overall uncertainty of ∼ 10% has to be added. It can be seen from Fig. 3 that for Cu/C the ratio decreases slowly with increasing kaon momenta. For Au/C there is a pronounced maximum at p ∼ 250 MeV/c. First theoretical analyses indicate that this behaviour can be due to rescattering of the produced kaons in the nuclear environment [10]. These processes tend to slow down the produced kaons and lead to emission angles out of the ANKE angular acceptance.

The momentum-integrated cross-section ratios for the highest energy measured at ANKE has been deduced from the data in Fig. 3 for Cu/C: ⟨ σ^{K+}_{Cu} σ^{K+}_C ⟩ p=150...510 MeV/c

= 3.6 ± 0.4 (T = 2.3 GeV) , (3)

and for the ratio Au/C: ⟨ σ^{K+}_{Au} σ^{K+}_C ⟩ p=150...510 MeV/c

= 6.6 ± 0.7 (T = 2.3 GeV) . (4)

Fig. 3. Ratios of the K^+-production cross sections for Cu/C and Au/C as a function of the kaon momenta. Due to large background in telescope #1 the cross-section ratios are only shown for telescopes #2–15. The horizontal error bars indicate the momentum range covered by each telescope.

Note that these ratios are in rather good agreement with an A^{2/3} dependence of the total cross sections, which is expected if the kaons are produced by first-chance proton-nucleon collisions (see e.g. [11, 12, 13, 14]). In this case one would expect total cross-section ratios of ∼ 3.0 for Cu/C and ∼ 6.5 for Au/C. Thus, our values are in good agreement with expectations from a simple geometrical model for kaon production.

A similar analysis at the lowest beam energy yields for the momentumintegrated ratio of the K^+-production cross sections for Cu/C: ⟨ σ^{K+}_{Cu} σ^{K+}_C ⟩ p=150...510 MeV/c

= 5.6 ± 0.5 (T = 1.0 GeV) , (5)

and for the ratio Au/C: ⟨ σ^{K+}_{Au} σ^{K+}_C ⟩ p=150...510 MeV/c

= 9.2 ± 1.2 (T = 1.0 GeV) . (6)

It has been shown [11, 12, 13, 14] that at low beam energies the K^+- production proceeds dominantly via two-step mechanisms where in a first proton-nucleon collision an intermediate pion is produced. After a subsequent collision of this pion with a second nucleon the K^+-meson is emitted together with a hyperon. For such mechanisms one expects a scaling of the total K^+-production cross section roughly like σ ∝ A [11]. It is interesting to note that for Cu/C the predicted values (5.3 from [11] and 5.7 from [12]) are in good agreement with our data. However, for Au/C one would expect total ratios of ∼ 16 [11] (or ∼ 14 from [12]) which are much larger than our value of 9.2 ± 1.2 (within the ANKE acceptance). Currently, theoretical analyses are in progress in order to understand the apparently smaller number of produced kaons for the heavy gold target.

Summarizing, differential data on K^+-meson production in proton-nucleus collisions have been obtained above and far below the free nucleon-nucleon threshold for various target nuclei. The mass dependences of the cross sections under forward angles indicate the importance of K^+-rescattering effects. Further analyses, like the extraction of absolute cross sections, are in progress.

This work has been supported by: BMBF, DFG, State of North-Rhine Westfalia; Russian Academy of Sciences, Russian Ministry of Sciences; Polish Committee for Scientific Research (grant 2 P03B 101 19); European Community.

REFERENCES

[1] See http://ikpd15.ikp.kfa-juelich.de:8085/doc/Anke.html . [2] S. Barsov et al., submitted to NIM A.

[3] S. Barsov et al., Proc. XVth Particles and Nuclei Int. Conf., June 1–16, Uppsala, Sweden; Nucl.Phys. A663 (2000) 1107.

[4] S. Barsov et al., Proc. 8th Int. Conf. on Hadron Spectroscopy, Aug. 24–28, Beijing, China; Nucl.Phys. A675 (2000) 230.

[5] R.A. Maier, Nucl.Phys.News 7 No.4, (1997). [6] M. Büscher et al., Z.Phys. A355 (1996) 93. [7] D.R.F. Cochran et al., Phys.Rev. D6 (1972) 3085. [8] V.V. Abaev et al., J.Phys. G14 (1988) 903. [9] J. Papp et al., Phys.Rev.Lett. 34 (1975) 601. [10] W. Cassing, private communication. [11] V. Koptev et al., JETP 67 (1988) 2177. [12] W. Cassing et al., Phys.Lett. B238 (1990) 25. [13] A. Sibirtsev et al., Z.Phys. A347 (1994) 191. [14] E.Ya. Paryev, Eur.Phys.J. A5 (1999) 307.