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Abstract

Spallation residues produced by the interaction of 1(A GeV 238U ions with a proton target have been measured using the FRagment Separator (FRS) of GSI. The use of the reverse kinematics allows a determination of isotopic cross sections before all beta decays and most of the alpha decays. Production cross section for more than 500 isotopes have been obtained with very high accuracy. Mean value and standard deviations of the velocity distribution for every fragment have also been measured. Comparisons to a code and to a parameterization are also presented.

I. Introduction

The study of the spallation reaction with heavy nuclei got a renewed interest these last years thanks to various types of projects namely the so-called Accelerator Driven Systems
,
 (ADS), the neutron sources based on spallation reactions and the radioactive-beam facilities
. The spallation of uranium is more specifically the privileged reaction for the production of Radioactive Ion Beams in ISOL-type facilities
. The knowledge of the production yields of 238U spallation residues seems to be of very high interest on the applied level. On the fundamental side, the production of spallation residues is strongly conditioned by the fission of isotopes during the evaporation phase. The measurement of such products gives therefore hints on the neutron-over- fission width (n/f) ratio and on the viscosity of nuclear matter.

For all those reasons, several experimental studies on the production spallation products of uranium have already been performed for nearly 45 years
. However, most results deal with fission products
,
, which could be measured with quite good accuracy thanks to their high recoil velocity resulting from the fission process. As far as heavy evaporation residues are concerned, very few data are available. They have always been obtained by radio-chemical methods and are therefore most of the time cumulative and very partial
. The present study will concentrate on those evaporation residues.

II. Experiment

The main characteristic of the experiment carried out at GSI in July 1997 lies in the use of reverse kinematics at relativistic energies leading to strong forward focusing of the reaction products.

The 1·A GeV 238U beam, produced by the synchrotron SIS of GSI, interacts with a liquid hydrogen target
. The products of the spallation reaction are then separated and analyzed by the spectrometer FRS
. Figure 1 gives an overview on the experimental apparatus. A more detailed description of the device is available in other publications
,
.

It is worth noting that the FRS allows a full analysis and identification (Z, A, and velocity) of all produced fragments in two steps. The first magnetic selection mainly enables the rejection of the primary beam. The fragments are then slowed down in a thick passive energy degrader situated on the intermediate focal plane. The ions are finally subject to a second magnetic selection. Time-of-flight and horizontal position are measured by two plastic-scintillation detectors placed at the intermediate and final image planes. Two segmented ionization chamber
 located at the very end of the spectrometer give energy-loss signals. Two sets of multi-wire proportional chambers supply the horizontal position and angle at the final focal plane.
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Figure 1. schematic view of the FRS
III. Data analysis

The combination of magnetic fields and position measurements at both image planes delivers the magnetic rigidity (B) in both sections of the FRS. Combining B and time-of-flight measurements in the second stage (index 2) we deduce the ratio mass number (A) over ionic charge (q).
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The reduced velocity ((2) and the Lorenz factor (2) are determined from time-of-flight, e is the electron charge, m0, the atomic mass unit.

The energy of the ions amounts to 980·A MeV in the first stage and 700·A MeV in the second one. Consequently, most of the fragments are bare. As shown below, we will only consider ions, which are fully stripped all along the trajectory; therefore
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The nuclear charge of the produced fragments is obtained from energy-loss measurements. Two ionization chambers13 give two E signals, which are combined in order to get a better resolution. This signal is correlated to a second energy-loss measurement deduced from the difference of magnetic rigidities before and after the degrader. Figure 2 shows a typical correlation of both quoted quantities.

Three different diagonals are to be seen. The central and most intense one refers to ions, which are bare in both sections of the separator. We only consider such ions in the analysis. The two other diagonals refer to other charge states. A weak background is produced by nuclear reactions in the energy degrader. Each spot of the central diagonal corresponds to one nuclear charge. The gate drawn on figure 2 matches with bismuth isotopes. This clearly demonstrates the high quality of the nuclear-charge separation and the complete rejection of non-bare isotopes.
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Figure 2. Charge resolution

The mass spectrum is obtained from equations (1) and (2) using the previously described nuclear- charge selection. We disentangle the various masses on a 2-dimensional plot, correlating the mass and the position at the intermediate focal plane. This way we avoid the broadening of the resolution due to aberrations. The obtained mass resolution (A/AFWHM=300) is excellent and is mainly limited by the time-of-flight resolution (135 ps FWHM). Figure 3 shows a typical mass spectrum for bismuth isotopes. It is to be seen that most fragments are not fully transmitted in one setting. Therefore about 80 tunings of the spectrometer were carried out and combined for covering the whole range of produced isotopes.
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Figure 3. Mass resolution
The number of analyzed isotopes amounts to 500, covering almost all produced isotopes ranging from 50 to 0.01 mbarn. Only few nuclides with magnetic rigidities very close to that of the projectile could not be measured.

The data are corrected for losses due to charge states not considered in the analysis, only bare nuclei having been processed. That correction was estimated from atomic-physics codes
 validated by numerous measurements, and ranges from 35% for uranium isotopes to less than 10% for thulium. We also take into account losses due to nuclear interactions in the various layers of matter in the intermediate image plane. That correction is estimated by a parameterization of nucleus-nucleus interaction cross-sections
 and amounts to about 40%.

III. Results

Figure 4 shows preliminary isotopic cross sections for all elements ranging from uranium (Z=92) to thulium (Z=69). The error bars are still relatively high (40%). The reason is that all corrections have not been carefully performed yet. The final uncertainty should be in the order of 15%. 
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Figure 4. Isotopic distributions of all elements from uranium to thulium
Cross sections are obtained by normalizing the number of measured ions to the thickness of the target, which was precisely scanned during a previous experiment11, and to the intensity of the beam monitored by the secondary-electron detector positioned upstream the target. Contributions of the target windows are also extracted from measurements with a fake empty target. That contribution is rather low for most fragments.

The shape of the isotopic distributions evolves from a very asymmetric one close to the projectile to a bell-shaped one about ten charges far from it. All distributions are very smooth except for neutron number equal to 128 where a slight dip can be seen and for very light fragments where the corrections need to be improved. The N=128 isotones suffer a very fast alpha decay onto the 126-neutron shell. The typical period is in the order of 200 ns whereas the time of flight of the ions is about 150 ns (eigentime). Since also isomeric states are populated with unknown probability, it is rather difficult to correct for that effect. When the decay period is even faster as it is the case for 215Fr, there is a non-negligible chance that the decay occurs within the target, and the ion is “seen” as a daughter nucleus. Consequently, isotopes at the 126-neutron shell are in some cases over-produced (211At or 210Po for instance).

The same collaboration measured the production of gold spallation residues in 1996. The effect of the fission process along the evaporation process is nicely seen by comparing the production of isotopes of the projectile (uranium and gold). Figure 5 shows the production cross section as a function of the number of neutrons lost in both cases. The production of neutron-deficient isotopes is so strongly influenced by fission that only 10 isotopes of the projectile could be analyzed in the uranium case, while 21 isotopes of gold were measured during the previous experiment.
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Figure 5. Comparison of the production of projectile isotopes in gold and uranium experiments

IV. Comparison to code and parameterization

Several parameterizations are available for estimating the production cross sections due to nuclear fragmentation. The EPAX formula
 is one of the more common one. Unfortunately, most of them suppose that the limiting-fragmentation regime is reached, and they are therefore not energy dependent. Such parameterizations are not applicable for spallation reactions below 3 GeV in direct kinematics (or 3·A GeV in reverse kinematics). Silberberg, Tsao and Barghouty
 proposed another formula dedicated to spallation reactions at lower energy, which considers the energy dependence.

Some Monte-Carlo codes also exist which try to reproduce the physical process by coupling an intra-nuclear cascade code (INC) to an evaporation model. The INC code ISABEL
 coupled to the modern evaporation code ABLA
 developed at GSI, called ISABLA, is able to nicely reproduce the production of evaporation residues in the spallation of gold.

Figure 6 shows the comparison of the data and the predictions of Silberberg, Tsao and Barghouty as well as the ISABLA code for 4 different nuclear charges, uranium, francium (Z=87), lead (Z=82), and iridium (Z=77). The parameterization gives a reasonable description of the data close to the projectile, for the lighter charges the distribution is too sharp, and the exponential decrease on the neutron-rich side does not fit the data. It is worth noting that the good agreement observed between data and parameterization for isotopes of uranium is not representative for the general behavior since the calculation exhibits the same slope for isotopes of the projectile in case of spallation of gold for instance. We saw in the previous section that the production of isotopes of the projectile in the gold and in the uranium cases are strongly different. Moreover, far from projectile (lead and iridium) the distributions proposed by the parameterization are getting shifted, certainly due to the lack of data in that mass-loss region. 
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Figure 6. Isotopic distributions for uranium, francium, lead and iridium ; squares (resp. dots and triangles)  represent the data (resp. ISABLA and parameterization)
ISABLA gives an overall better agreement than the parameterization. The height and the shape of the distribution are better reproduced except for the lightest shown charge where the simulated distribution is also shifted and for the lightest uranium isotopes, which are overestimated by ISABLA. The reason for that might be the absence of the treatment of light charged particles besides protons and alphas in the evaporation code ABLA. 

V. Velocity distributions

After complete identification, we deduce the longitudinal velocity of the fragments from the measurement of the magnetic rigidity in the first part of the separator. Previous publications11,12 detail the procedure and have already shown that we access the mean recoil velocity due to the nuclear reaction and the standard deviation of the Gaussian-like velocity distribution for every isotopes.

Figure 7 shows the standard deviation of the velocity distribution as a function of the mass loss for the uranium experiment in comparison with the gold experiment and the prediction of the Goldhaber model
 and the Morrissey systematic
. The Goldhaber model is applied with a Fermi momentum equal to 265 MeV/c.
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Figure 7.  Comparison of the standard deviations obtained experimentally and predicted by model and systematic (see text for explanation) 
The results obtained from the gold and uranium experiments are rather close one to the other for low and high mass losses and follow nicely the semi-empirical systematic of Morrissey for mass losses less than 20 units and then slowly reach values predicted by Goldhaber.

We specifically treated cold processes, namely the three first proton-removal channels (full dots in figure 7) which are only populated by purely abrasive peripheral reactions. In such collisions, only protons are kicked out of the uranium ion; the remnant is left with very low excitation energy, and therefore no evaporation is allowed. In such specific cases we show that the Goldhaber model succeeds nicely in estimating the broadening of the velocity distribution. Such phenomenon has already been observed in other experiments
,
. When the excitation energy is low, the broadening due to evaporation is much less for a given mass loss. When the excitation energy is high, the mean kinetic energy of the evaporated particles gets higher and the broadening gets closer to what is predicted by Goldhaber.

VI. Conclusion

The evaporation residues produced in spallation reactions of 238U by protons have been measured in reverse kinematics at a beam energy of 1(A GeV. More than 500 isotopes have been fully identified (nuclear charge, atomic mass and recoil velocity) before every type of radioactive decay in far most cases. Neither code nor parameterization are nowadays able to reproduce the data with high accuracy as it could be done for previous experiment with less fissile isotopes (gold and lead).

Standard deviations of the velocity distributions have also been analyzed showing a good agreement with the Morrissey systematic and an apparently less good agreement with the Goldhaber model. When purely abrasive processes are selected (1, 2 and 3 proton-removal channels), the Goldhaber model succeeds in reproducing the data.

The authors are indebted to K. H. Behr, A. Brünle and K. Burkhard for technical support during the experiment
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