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Introduction

Radioactive isotopes often manifest unique phenomena that would be unexpected with stable nuclei, such as the halo structure [1] or the disappearance of magic numbers [START_REF] Sorlin | Nuclear magic numbers: New 613 features far from stability[END_REF]. Radioactive isotope (RI) beam facilities, which provide radioactive isotopes in the form of beams, have been a driving force to investigate the structure and reactions of unstable nuclei. New generations of RI beam facilities are presently under construction [START_REF] Gales | GANIL-SPIRAL2: a new era[END_REF][START_REF] Durante | All the fun of the FAIR: fundamental physics at 626 the facility for antiproton and ion research[END_REF][START_REF] Balantekin | Nuclear theory and science of the facility for rare 633 isotope beams[END_REF][START_REF] Yang | High intensity heavy ion accelerator facility (hiaf) 641 in china[END_REF][START_REF] Reiter | Nuclear structure studies with re-accelerated 646 beams at rex-and hie-isolde[END_REF] or in operation [START_REF] Sakurai | Ri beam factory project at riken[END_REF] across the world.

In this paper, we report on our development of a liquid hydrogen target for proton induced reactions of RI beams. In scattering experiments, protons are often used as a probe. Proton induced reactions have relatively simple reaction mechanisms and better known optical potentials than other heavier targets. The reaction formalisms such as the DWBA or DWIA are known to be applicable and various reaction codes (DWUCK4/5 [START_REF]DWUCK4 and DWUCK5 codes[END_REF], TWOFNR [10], FRESCO [START_REF] Thompson | Coupled reaction channels calculations in nu-663 clear physics[END_REF] With these considerations, we developed a thin liquid hydrogen target of about 1-mm thickness while keeping the aperture size as large as possible. We realized an aperture of 20 mm in diameter and a measured thickness of 1.5 mm at the center with deformed window foils.

Description of the system

In this development, we used the cryogenic target system CRYPTA [START_REF] Ryuto | Liq-689 uid hydrogen and helium targets for radioisotope beams at 690 riken[END_REF]. CRYPTA is a target system that has routinely been operated at the Radioactive Isotope Beam Factory (RIBF) of RIKEN to provide proton and deuteron targets to various experiments of in-beam γray spectroscopy or invariant mass spectroscopy using RI beams [START_REF] Yanagisawa | The first excited state of 30 Ne 860 studied by proton inelastic scattering in reversed kinemat-861 ics[END_REF][32][START_REF] Takeuchi | Low-lying states in 32 Mg studied by proton inelastic scattering[END_REF][START_REF] Kondo | Low-lying intruder state of the unbound nucleus 13 Be[END_REF][START_REF] Satou | 14 Be(p,n) 14 B reaction at 69 MeV in inverse kinematics[END_REF]. The advantage of CRYPTA is that the target cell has a modular construction and is detachable from the cooling rod. The shape and dimensions can be optimized depending on the requirements. In the previous experiments, target cells with a thickness of 10 mm or larger were adopted. We developed a cell 152 optimized for the present purpose. circulates in a closed system consisting of the refrigera- tutes a major source of uncertainties in deducing reac-277 tion cross sections. To limit the inhomogeneity, many 278 efforts have been made for the existing hydrogen targets 279 as summarized in Ref. [START_REF] Obertelli | Hydrogen targets for exotic-nuclei studies developed over the past 10 years[END_REF]. For liquid hydrogen targets, 280 one way is to use a foil with high elastic modulus to 281 mitigate the bulge under the outward pressure of liquid 282 albeit it adds impurities to the target (see also Fig. 28 283 of Ref. [START_REF] Obertelli | Hydrogen targets for exotic-nuclei studies developed over the past 10 years[END_REF]). In the present case, a foil of HAVAR The charged particle telescope MUST2 [START_REF] Pollacco | Wit-816 twer, Must2: A new generation array for direct reaction 817 studies[END_REF] was used 477 to detect recoiling deuterons. An array of six telescopes 478 was placed downstream of the liquid hydrogen target.
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 21 Figure 1: The opening area and areal density of cryogenic hydrogen targets. The available thinnest areal density of each target system is shown. The liquid and solid hydrogen targets are indicated by the circles and triangles with reference numbers, respectively. The liquid hydrogen target of this work is highlighted by the red star.
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 22 Figure 2: (a) Schematic drawing of the CRYPTA system. (b) Only the parts connected to the first cooling stage of the refrigerator are displayed. (c) The other parts connected to the second cooling stage.
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 31 Overview of the cryogenic target system154 A schematic view of CRYPTA is shown in Fig. 2.
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 433 Figure 4: Schematic drawings of the assembled target cell seen from (a) downstream and (b) upstream. (c) An expanded view of the body and windows. (d) A cross sectional side view of the target cell. All dimensions are given in mm.

Figure 5 :

 5 Figure 5: Surfaces of the target window foils scanned by a laser sensor. The cell was filled with hydrogen gas at 0.8 atm and put under vacuum.

  284with high elastic modulus was used. While the thick-285 ness of 6.47 µm ensures that the number of impurities 286 (5.56 × 10 19 / cm 2 ) is much lower with respect to the hy-287 drogen target of 1 mm in thickness (4.18 × 10 21 /cm 2 ), 288 it efficiently limits the flat surface to bulge. To evaluate 289 the uniformity of the target surfaces, we measured the 290 size of displacement at each point of the surface by us-291 ing the laser displacement sensor LK-500 of Keyence. 292 The device is a laser-based technology to measure the 293 distance from an object with an accuracy of 0.1 mm. In 294 the measurement, the target cell was put in a vacuum 295 chamber with a diameter of 15 cm. The chamber has 296 a glass view port at 11.5 cm from the target cell win-297 dow. A beam of laser light from the LK-500 device was 298 directed toward the target cell through this view port. 299 We scanned the surface of each window foil by step-300 ping the LK-500 device in the vertical direction. For 301 simplicity, the target cell was filled with hydrogen gas 302 at 0.8 atm and at room temperature. The results of the 303 front and back surfaces are shown together in Fig. 5. 304 The pair of foils is separated by the designed distance 305 of 0.5 mm at the periphery of the aperture. It was found 306 that the foils gradually swelled outwards from the edge 307 to the center. The maximum size of displacement was 308 0.5 mm at the center of the aperture. The total thickness 309 of liquid hydrogen is 1.5 mm, larger by 1 mm with re-310 spect to the periphery of the aperture, where the size of 311 0.5 mm is defined by the distance of the opposing target 312 windows. The volume inside the opening is estimated 313 to 100π mm 3 by approximating the shapes of the foils 314 with a quadratic function. This volume translates into an 315 average thickness of 1.0 mm given the opening area of 316 100π mm 2 assuming a uniform beam profile. The corre-317 sponding areal density of liquid hydrogen is 7.0 mg/cm 2 318 at the nominal operating temperature (16 K) and pres-319 sure (0.8 atm).
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 34 Heat radiation shield 321The heat radiation shield (Fig.6) served to protect the 322 target cell and the adjacent materials inside from ther-323 mal radiation of the vacuum chamber. It was a tube of 324 the A6061 aluminum alloy with a diameter of 90 mm 325 and with a thickness of 3 mm. The upstream side of the 326 shield had an opening of 26 mm in diameter. The size 327 of this opening was chosen to balance the transmission 328 of beam particles toward the target and the efficiency of 329 radiation shielding. The larger size of 26 mm than the 330 target aperture (20 mm in diameter) was adopted since 331 it is difficult to align the target and the heat radiation 332 with precision. When the target system is cooled down, 333 the parts connected to the first cooling stage (target) 334 and to the second cooling stage (heat radiation shield) 335 shrink by different lengths, which depend on the tem-336 peratures and materials. We thus adopted a conserva-337 tive margin of 6 mm in diameter to ensure the transmis-338 sion. The downstream side had a rectangular opening 339 with cross sectional area of 80×100 mm 2 to let parti-340 cles scattered at large angles escape. To limit thermal 341 radiation through these openings, they were covered by 342 2-µm-thick aluminized Mylar foils. These foils were at-343 tached to the radiation shield by the APIEZON N cryo-344 genic high vacuum grease. We also tested a 7-µm-thick 345 aluminum foil. The liquefaction was successful in both 346 cases. Therefore we adopted 2-µm-thick aluminized 347 Mylar foils for smaller energy losses of the incoming 348 beam particles and outgoing scattered particles.
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 4678 Figure 6: Photographs of the heat radiation shield taken from (a) the upstream side and (b) the downstream side. Photograph (c) was also taken from the downstream side, but the rectangular cut to the radiation shield is covered by an aluminized Mylar foil.

Figure 9 :

 9 Figure 9: Temperatures of (a) thermometer A and (b) thermometer C during the liquefaction operation in the M2C chamber (red). For comparison, the same data of the test chamber (black) is added.
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 10 Figure10: Beam profile at the target cell position obtained from the CATS detectors. The events with a scattered particle hitting one of the MUST2 telescopes were selected to increase the sensitivity to protons inside the cell. More particles are scattered by the edge of the alminium window, thus two rings are seen at 10 mm from the center of the target. The target cell is (a) fully filled, (b) partially filled, and (c) empty.
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 11565 Figure 11:Scatter plot of total kinetic energies against emission angles of deuteron particles from the 12 C(p, d)11 C reaction at 54.4 MeV/u. The kinematics curve for the ground state of11 C is shown by the red curve.
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  We developed a new liquid hydrogen target with a 570 thin thickness (1.5 mm at the center) and a wide open-571 ing (20 mm in diameter) to perform missing mass ex-572 periments with RI beams. A target cell and a heat shield
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 12 Figure 12: Excitation energy spectrum of 11 C from the 12 C(p, d) 11 C reaction with a 54.4 MeV/u 12 C beam. The known ground and excited states of 11 C are indicated by the arrows. The level scheme of 11 C up to 7 MeV [39] is shown in the Fig. (b).
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Figure 13 :

 13 Figure13: Differential cross sections leading to the ground 3/2 - state (full circles) and 1/2 -state at 2.0 MeV (open circles) from the12 C(p, d)11 C reaction with a 54.4 MeV/u 12 C beam. The solid (ground state) and dotted (1/2 -state) lines denote the results measured at an incident energy of 57 MeV[START_REF] Ishizaki | An experimental survey of nuclear reactions induced by 57 mev protons part ii (p, d) reactions[END_REF] while the dashed line (ground state) denotes the the result of 61 MeV[START_REF] Comfort | Scattering and reaction dynamics for the 12 C+p system[END_REF].
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