REPORT 

Prospects to measure 8B production

Vladimir Kravchuk (INFN-LNL)

This reports is based on the results of the Phone Conference (12 May), meeting with Giacomo de Angelis (14 May), meeting with Marco Mazzocco (EXOTIC, 20 May) and on the small research done by V.K. with the contributions from Marco Cinausero and Fabiana Gramegna. 
1. Introduction

In the article of Rubbia et al. the 8B nucleus is considered as a neutrino source producing relatively high-energy neutrinos: 
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The reaction proposed for the 8B production is:

 [image: image2.emf]  
with the decay time of 0.77 s. In the same article the plot of the total cross section of the indicated process is demonstrated as a function of 3He incoming energies together with the incoming energies for the reverse kinematics:

[image: image3.emf]
[image: image4.emf]
As one can see from the figure shown above the cross-section for the 8B production is in the order of 10 mb with the error bar of 25-30 %. The optimum energy for collisions suggested in the article of Rubbia et al. is ~20 MeV for Li ions on He target.

In the article of Neuffer the discussion on the choice of direct or reverse kinematics was performed and the following conclusions were obtained:
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[image: image6.emf]
Therefore, while analyzing this report we will try to discuss the possibilities to optimize our efforts in order to perform the 8B production measurements selecting the optimal kinematics mode, projectile energy, understanding the needed precision for the cross-section measurements, considering the possibility to measure the angular distribution. All these issues should finally lead to the optimal choice of the experimental set-up. 
2. Cross-section measurements and precision

We performed the literature search in order to find the original measurements of the cross-sections with the results sited in the article of Rubbia et al. The most relevant article is that of McClenahan and Segel, where the cross-sections were measured in the 3He energy range up to 4 MeV (Fig. 5) and the results were displayed together with the data obtained earlier up to the 3He energy of 25 MeV (Fig. 6).   
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The total cross-section for the 6Li(3He,n)8B reaction has a maximum around 20 mb at 5.5 MeV of the incoming 3He energy and going down up to about 8 mb in the our 3He energy of interest from 5.5 to 11 MeV. The error bar of these measurements in the energy region of interest is varying from 15 to 30%. The first important question is arising here:
What precision in the cross-section measurements is required for the project? 
3. Angular distribution
The unique article to our knowledge where the angular distributions of the 6Li(3He,n)8B were measured is the one from van der Merwe et al. The results are shown in the following page. However, the bombarding energies of 3He used in this work were in the range from 4.8 to 5.7 MeV which is not covering energy range of our interest from 5.5 to 11 MeV. Therefore, we can conclude that angular distributions for our energies of interest are practically unknown, even if we can expect a similar behaviour (forward peaked distribution) essentially driven by the direct reaction mechanisms which is leading up to the energy of interest.
[image: image10.emf]

Here the important comments and relative  questions are two:
1. Presumably there is a need to measure the angular distribution. What angular resolution is required? This information will help in the choice of the set-up and geometry.
It is to be considered that the resolution required will result    much strict in the inverse kinematics case (of course). 
2. We could perform theoretical calculations (using presumably DWBA code) for the possible comparison with the experimental results and for the extension in the whole energy range of interest. At low energy they demonstrate a good description of the angular distribution. Is this interesting?  
[image: image1.emf]  
3. Direct or reverse kinematics?
The LISE++ kinematics calculations were performed for the three different energies:
1) 8 MeV 3He (16 MeV 6Li) – intermediate case used by G. de Angelis;

2) 10 MeV 3He (20 MeV 6Li) – optimum energy according to the articles
 of Rubbia et al. and Neuffer;

3) 5.5 MeV 3He (11 MeV 6Li) – energy with the maximum reaction 
cross section from the data in literature.

For each of the energy cases described above 4 calculations were performed:

two-body direct kinematics 3He + 6Li -> 8B + 1n;

elastic scattering direct kinematics 3He + 6Li -> 3He + 6Li;

two-body reverse kinematics 6Li + 3He -> 8B + 1n;

elastic scattering reverse kinematics 6Li + 3He -> 6Li + 3He.

The results of the calculations (only kinematics – no cross section included) 

are shown below:  
1)
[image: image11.emf]
[image: image12.emf]
[image: image13.emf]
[image: image14.emf]
2)
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3)
[image: image19.emf]
[image: image20.emf]
[image: image21.emf]
[image: image22.emf]

The 8B-neutron coincident experiment definitely favours the reverse kinematics as in the case of the direct kinematics the recoil velocity of the 8B is too small. The important advantage of the direct kinematics raised in the article of Neuffer (see page 3 of this report) in my opinion should be considered on the later stage of the proposal. The close kinematics characteristics (see the distribution of the elastically scattered particles) in the reverse case could be an affordable problem for our measurements if, and only if we consider coincident measurements, but for the future stage (technical production of the beam) it has to be considered with a certain attention. 
However, we can still consider the direct option evaluating to perform one test experiment using the CN accelerator facility at Legnaro (see the next page). 

One question here is which is the projectile energy to be chosen. The “optimum” energy of 20 MeV 6Li (10 MeV 3He in the direct kinematics) can be considered, but is it really the better choice?
What projectile energy shell we use in our measurements?  How close this energy has to be to the needed energy used for the final goal?
4. Experimental set-ups
a) Internal options – LNL-TANDEM/CN, Legnaro, Italy
i) LNL 7MV Van de Graaf CN Accelerator

Possible set-up: some detectors from the RIPEN array for the neutron detection (direct kinematics, non-coincident measurement, 6Li target is available.)

For the moment one of the two options (for the second see Jyvaskyla) considered for the direct kinematics case. LNL 7 MV Van de Graaf  CN Accelerator can supply the beams:
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After the discussion with the CN machine people we were told that the 3He beam double-stripped can arrive at the maximum energy of 11 MeV.  The RIPEN neutron detection array characteristics will be presented later on in this report. The photograph of the CN beam line with the current set-up is shown below: 
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ii) LNL TANDEM-XTU -  RIPEN Set-up in the 3rd experimental hall
Possible set-up: PHOSWICH detectors array (which can stand high counting rates) + RIPEN array for the neutron detection (reverse kinematics).


The detailed presentation of the RIPEN neutron detection array will be performed during the EUROnu Week. Here we just show some slides with the main characteristics. Important message: the RIPEN array has to be equipped with the electronics and acquisition modules (~50 KEuro).
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iii) LNL TANDEM-XTU EXOTIC Set-up
Possible set-up: EXOTIC + some detectors of the RIPEN array for the neutron detection (reverse kinematics).
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This set-up is producing the secondary beam of 8B to be used as a projectile beam on solid targets. Unfortunately we found that in the current conditions there is no physical space for the neutron detection array to be installed. Therefore, this option we should exclude. However, here there are also good news (see chapter 6. Targets).
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b) External options
i) LNS-Tandem, Catania, Italy

Possible set-up: MAGNEX spectrometer + EDEN array for the neutron detection (reverse kinematics) 
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The MAGNEX components are: 

· The target chamber, equipped with multiple entrance ports which are double-valved to allow rotation of the spectrometer without breaking vacuum in the chamber; 
· The entrance position-sensitive start detector (PSD), providing the Start signal for the TOF and measuring the particle angles.    

· The quadrupole magnet, vertically focusing the particles. Aperture radius 20 cm, effective length 58 cm. Maximum field strength 5 T m-1. Four Hall probes are mounted in the quadrupole at R = 19.15 cm. 

· The dipole or bending magnet, deflecting trajectories of all particles with a given charge and momentum to the same point in the focal plane. Mean bend angle 55° with corresponding radius 1.60 m. Horizontal focusing is achieved by a -18° inclination of the entrance and exit pole faces. Maximum field is about 1.15 T. Two NMR probes are inserted in the dipole gap, measuring field ranges from 0.16 to 0.62 T (probe 002) and from 0.53 T to the maximum (probe 003). 
· The surface coils, giving a maximum quadrupolar correction index  of 0.03 (at 1.15 T) and a similar value for the sextupolar correction index . These coils are located between the dipole pole faces and the inner high vacuum chamber. 

· The focal plane detector (FPD), which identifies the particles. It measures ion position, direction (angle), energy-loss, charge and mass. 

EDEN Neutron Detection Array
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The author of this report has a personal experience with the EDEN neutron detection array. The EDEN array should be coupled soon to the MAGNEX spectrometer.

ii) 15 MV Pelletron Inter-University Accelerator Centre, New Dehli, India
Possible set-up: HYRA Recoil Mass Analyzer + NAND array for the neutron detection (reverse kinematics).
Available beams from the 15 MV Pelletron:
	1H     75nA
	6Li    12nA
	7Li      60nA
	9Be    6nA *
	10B   40nA

	11B   45nA
	12C   64nA
	13C     49nA
	14N    38nA
	16O   180nA

	18O   20nA
	19F    85nA
	24Mg    5nA
	27Al    19nA
	28Si     55nA

	29Si   24nA
	30Si    17nA
	31P      30nA
	32S      78nA
	34S       19nA

	35Cl    40nA
	37Cl    25nA
	40Ca      2nA
	45Sc      8nA *
	46Ti        3nA

	48Ti     50nA
	50Ti      1nA
	51V       13nA
	56Fe    18nA
	57Fe     0.6nA

	58Ni     55nA
	63Cu    25nA
	64Zn        5nA
	74Ge      6nA
	107Ag   40nA

	109Ag   11nA
	120Sn   25nA
	127I       18nA
	159Tb    0.4nA *
	181Ta     2nA *

	197Au   15nA
	208Pb     1nA *
	
	
	


Hybrid Recoil Mass Analyzer
A unique combination of recoil mass spectrometer and gas-filled separator
    Recoil mass spectrometers (RMS) have been used in a broad category of nuclear reaction and structure studies since early eighties. These instruments are especially capable of separating and identifying recoiling reaction products of interest in the very forward angle from the intense background of primary beam and other stronger reaction channels within a reasonably short time (~ µs). The first generation recoil mass spectrometers [1-5] were optimized for identification of light and medium heavy recoiling particles formed by collision of light projectiles on heavy targets. With the availability of augmented accelerator facilities and demand for investigation in new fields, the need for improvement of recoil separators was felt. The new generation separators are capable of identifying recoiling particles from inverse kinematic reactions leading to complete A and Z identification and larger detection efficiency. Substantial improvement in the detection system also followed [6].

    Recoil mass spectrometers, though they offer excellent beam rejection (~1 × 1012, typically) and high mass resolution (A/[image: image36.png]


A [image: image37.png]


300, typically), lack in transport efficiency of the recoils mainly due to charge state fractionation of reaction products. This results in a lower limit (few µb) for identifying a particular reaction channel. On the other hand, gas-filled separators [7-11] due to inherent charge state and velocity focusing [12,13], offer very high transport efficiency, an order of magnitude enhancement w.r.t. their counterparts operating in vacuum. These instruments seem to be very effective for identifying heavy reaction products with very low formation probability ([image: image38.png]


 1 µb). However, the mass resolution is poor (A/[image: image39.png]
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50) in gas-filled separators and one has to rely upon efficient detection techniques (e.g. spatial and temporal correlations between recoils and their decay products) for unambiguous identification of the reaction products. Nuclear Science Centre (NSC), in its endeavour to further the investigations in the field of nuclear reaction dynamics and structure, is in the process of commissioning a state of the art recoil mass separator in Beam Hall II, funded by the Department of Science and Technology (DST), Govt. of India. The design details of the proposed recoil separator, Hybrid Recoil Mass Analyzer (HYRA), which is planned to be a unique combination of recoil mass spectrometer (RMS) and gas-filled separator (GFS), are presented below. The planned physics programme is discussed subsequently.


Hybrid Recoil Mass Analyzer (HYRA)
Layout and Ion Optics
    The complete layout of HYRA is shown in Fig. 1. The first part, from target location (T) to the first focal point (F1) will consist of Q1-Q2-MD1-Q3-MD2-Q4-Q5. Here Q stands for magnetic quadrupole, MD stands for magnetic dipole and the numbers denote their location starting from the target. This part will be operated in two modes, viz. vacuum and gas-filled. In the vacuum mode of operation, this section will act as momentum achromat. In the other mode of operation, the entire magnetic field region will be filled with dilute helium gas and the separator will act as a gas-filled separator for heavy reaction products. The second part of the separator, after the momentum achromat position (F1) will be used only in the vacuum mode of operation. This part will nearly resemble a conventional recoil mass spectrometer with the layout of Q6-Q7-ED-MD3-Q8-Q9, where ED stands for electrostatic deflector. The option of MD2 bending the reaction products in two mutually perpendicular directions for two different modes of operation (in order to leave the gas-filled mode focal plane detector system undisturbed) and rotation of the whole separator about the vertical line passing through the target, which was reported earlier [14], have been dispensed with, in order to achieve higher magnetic rigidities within reasonable cost. All ion optical calculations have been performed using the code GIOS [15].
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Fig. 1.   Complete Layout of HYRA Beam Line. Scale along the beam (i.e. z) axis is exact. Other dimensions (e.g. size of the equipment etc.) are approximate, but realistic.
About NAND
A large array of neutron detectors, named National Array of Neutron Detectors (NAND) is being developed as a nuclear physics experimental facility to use with the beam delivered by the booster LINAC at IUAC. The facility has modular structure and is planned to have about 100 organic liquid scintillators of 5" diameter and 5" thickness. At present, NAND consists of about thirty detectors which allow the measurement of energy and angular distribution of neutrons produced in the nucleus-nucleus collision. The detectors are pooled from different research laboratories in the country. Each detector consists of NE213 organic liquid scintillator cell coupled to Photonics (XP4512B) photomultiplier tube. The detectors are accommodated in a cylindrical structure of 4 m diameter which allows them to have a flight path of 2 m from the target position. Target is placed in a thin walled spherical scattering chamber of 60 cm diameter. Target chamber also has provision to put charged particle detectors like large area position sensitive multiwire proportional counters (MWPC) and silicon detectors to detect neutron emitting sources (heavy ions and fission fragments) and other associated light charged particles in coincidence with neutrons.



National Array of Neutron Detectors in Beam Hall II of IUAC.

iii) Joint Institute for Nuclear Research, Dubna, Russia

Possible set-up: AKULINA mass separator + DEMON array for the neutron detection (reverse kinematics)
The AKULINA mass separator is also equipped with a liquid tritium target. Here we have to understand of it can be adapted to 3He.

47 DEMON neutron detection modules are available:
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iv) Jyvaskyla K130 Accelerator Laboratory, Finland

Possible set-up: to be studied (direct kinematics)


Just for the additional information, we show here one slide containing the 8B production at Jyvaskyla. The logistics has to be studied.
[image: image47.emf]
5. Targets
The people of the LNL-EXOTIC set-up are using 3He gas targets. The composition of the target is the following: the 2.2 micron entrance HAVAR (heat treatable Cobalt base alloy that provides very high strength, Co-42%, Cr-19.5%, Ni-12.7%) window with the diameter of 16 mm, 5 cm of the gas cell, exit window with the same characteristics of the entrance one. If we decide to use 5 cm (obviously using a cooling procedure), we can just borrow one of the existing targets from the EXOTIC set-up. In case we want to use less then 5 cm, we can realize a new target with a guidance of the EXOTIC set-up users. The 3He gas targets are provided by Padova and the its cost is estimated to be ≤ 5 KEuro.  
Schematic drawing of the gas target(s) used at EXOTIC set-up:

[image: image48.emf]
6. Conclusion

Obviously all the issues reported here are the subject of the discussion and no definitive conclusions can be drawn for the moment. Personally I see more feasible the internal option ii) by using the RIPEN set-up at the LNL 3rd experimental hall with the detection set-up consisting of a trigger detection system for the 8B identification, measured in coincidence with the neutrons detected by the RIPEN array: here the elastic scattered 6Li disturbance has to be still evaluated properly. The choice in this case  would be of reverse kinematics, where a ~20 MeV pulsed 6Li beam can be provided by the LNL TANDEM accelerator and a 3He gas target (already existing or realized in a decent time) can be used. The timescale has to be considered in this case, as the RIPEN array should be equipped with electronics for 24 detection modules. If the timescale for the RIPEN development is considered to be long, the internal option i) and external option i)(Catania) can be better evaluated. All these consideration will be part of the job I will start as soon as I will get the contract. 
Appendix

For the curiosity we provide here information on the neutrino energy spectrum deduced from the measurement in the article of Winter et al.
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