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Introduction
April 1, 2002 - March 31, 2003

This document summarizes the progress in research and operations at the Texas A&M Cyclotron Institute
for the period April, 1, 2002 through March 31, 2003. Sections | through IV contain reports from
individual research projects. Operation and technical developments are given in Section V. Section VI
lists the publications with Cyclotron Institute authors and the Appendix gives additional information
including talks presented by members of the Institute during the past year. Since most of the
contributions presented here are truly reports on progress in research, results and conclusions should not
be quoted from the report without the consent of the authors.

In September, 2002, Professor J. Natowitz was appointed to the Cyclotron Institute Bright Chair in
Nuclear Science. At that time, Joe indicated that he planned to step down as Director of the Institute by
the end of December, 2002. During the past eleven years, Joe was instrumental in developing the
scientific program at the Institute. All of us are indebted to him for the outstanding job that he did.
Fortunately for us, he has returned to research with much enthusiasm. This Progress in Research is a
result of Joe’s effort.

With new leadership comes change. This volume of Progress in Research is the first one that will be
available solely from our web site (http://cyclotron.tamu.edu). The format of the report also has changed.
But the science accomplishments by Institute researchers are as impressive as in the past. Some of the
recent achievements are noted here.

(1) First experiments have been carried out with BigSol.

(2) An improved understanding of the Deep Inelastic Transfer (DIT) process and its potential usefulness
for producing neutron-rich rare beams is resulting from measurement of projectile fragmentation events
detected by FAUST and heavy residues selected in MARS, where higher than expected cross sections for
neutron-rich nuclides have been observed.

(3) Experimental and theoretical investigations of reactions of 26, 35 and 47 MeV/A %Zn projectiles with
*Ni, “Mo and **’Au provide evidence for a multi-fragmentation process in which a hot gas of nucleons
and light clusters co-exists with relatively cold intermediate mass fragments.

(4) Nearly all of the isoscalar dipole resonance strength has been located in several heavy nuclei and the
position of the compression-mode peak is in better agreement with calculations that use compressibilities
obtained from giant monopole resonance positions.

(5) The first precision measurements have been completed in our program to sharpen the test of CKM
unitarity via superallowed nuclear beta decay; these measurements utilized the recently completed
“precision on-line decay facility”, with which we can currently obtain half-lives accurate to 0.04% and
beta branching ratios to 0.2%.

(6) A new way to relate direct stellar proton-capture reactions to cross-section measurements with stable
beams has been proposed, which employs asymptotic normalization coefficients and charge symmetry; it
was used to obtain the rate for ‘Be(p,y)®B from the **C(’Li ’Li)**C reaction.


http://cyclotron.tamu.edu

(7) Measurements of cross sections for electron loss by U”®* ions, in combination with n-body classical-
trajectory Monte Carlo calculations, have been used to assess the vacuum requirements for the planned
SIS ring at GSI-Darmstadt.

(8) Maximal fluctuations and apparent critical behavior in the disassembly of A ~ 36 nuclei have been
found to occur at an excitation energy of 5.6 +- 0.5 MeV/u and a temperature of 8.3 +- 0.5 MeV.

(9) Coalescence of mini-jet partons with those from the quark-gluon plasma produced in relativistic heavy
ion collisions is found to be important in understanding the enhanced production of antiprotons and the
elliptic flow of various hadrons at intermediate transverse momenta.

Cyclotron Institute scientists remain active in a number of collaborative research efforts around the world.
Major programs include: experiments at TRIUMF laboratory to measure heavy (A > 60) superallowed 3
decays and a measurement of Michel parameters in normal p* decay; new mass measurements using the
Canadian Penning Trap (CPT) at Argonne National Laboratory; and continued work with both the
BRAHMS and STAR collaborations at RHIC. It is particularly noteworthy that Institute scientists played
key roles in the analysis of the d-Au data from the last RHIC run which verified jet quenching in Au-Au
collisions.

The K500 cyclotron continues to serve the broader community through testing of radiation effects on
electronics components. This past year a bit over 20% of the scheduled accelerator time was devoted to
single-event-upset testing. Both U.S. and foreign companies have utilized our facility this past year.

During the past year, two students have completed PhD’s at the Institute. They are Tiegang Di and
Changhui Li.

As in the previous years, the contributions of Cathy Heaslet and Y.-W. Lui have been invaluable in
putting together this report.

R.E. Tribble
September 3, 2003
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AND ASTROPHYSICS



Isoscalar giant dipole resonance for several nuclei with A> 90
Y. -W. Lui, X. Chen, H. L. Clark, B. John,” Y. Tokimoto, D. H. Youngblood

Although evidence for the isoscalar giant dipole resonance (ISGDR) in ?®Pb has been reported by
several groups [1-4], details of the ISGDR were not known until recent years [5,6]. In 2001, Clark et al.
[5] reported that the isoscalar E1 strength distribution in *°Zr, °Sn and ?®Pb consisted of two
components, containing a total of more than 100% energy-weighted sum rule (EWSR). This discovery
confirms the predictions from microscopic calculation that there are two components in E1 distribution,
however, the large difference in the energy of the ISGDR between the experiment and theory was
puzzling. The discrepancy found later [7] in the formula for the ISGDR transition density given by
Harakeh and Dieprink [8] reduced the E1 EWSR strength located in those nuclei to ~ 40%. This suggests
that there could be some missing E1 strength in the higher excitation region and a re-investigation of the
E1 strength distribution with more sensitive data to the ISGDR angular distribution is necessary.

In these measurements, the horizontal and vertical acceptance of the spectrometer was set to
minimize spurious scattering in the spectra and ray tracing was used to reconstruct the scattering angle.
The focal plane detector contains two parts: the horizontal part covered approximately 50 MeV of

excitation and measured position and angle € in

400 the scattering plane, and the wvertical part
measured the out-of-plane scattering angle ¢

"Sm 6,,5=0.4° [9]. The experimental technique has been
described thoroughly in Ref. [10]. Sample
spectra for **'Sm at ., = 0.4° and 0.9° are
shown in Fig. 1. The giant resonance peak can be
| | . | | | | seen extending up past E,=35 MeV with
o 0 20 3 Ex(Mig) o 6 708 excellent peak to continuum ratio. The spectrum
was divided into a peak and a continuum where
1000 | the shape of the continuum was described in
detail in Ref. [7]. The multipole decomposition
Bayg=0.9° analysis and the DWBA calculations were
o described in detail in Ref. [7,10].
The E1 strength distributions obtained
S for *°Zr, ***Sm and *®Pb are shown in Fig. 2.
‘ ‘ . . ‘ \ . There are two components in each distribution, a
Coo ey % broad component at Ex -~ 125MeV/A™
containing approximately 70% of the E1 EWSR
Figure 1. Inelastic alpha spectra for 1449m at Qavg =0.4%°and at gnd a narrower component at E, ~ 74|\/|eV/A1/3
ghilol.ys'ilre solid lines show the continuum chosen for the containing 11 to 28% of the EL EWSR. Two
calculated Gaussian peaks are superimposed on
each distribution. The estimated uncertainty in

Counts




each centroid is about 0.6 MeV. With the new data, the high energy component is much stronger than the
low energy component and extends to higher excitation energy. The centroids of the high energy
components are about 1 to 2 MeV higher than those given in Ref. [8].

The centroid energies for both components are compared to the calculated values of Colo et al.
[20,23] in Table I. The centroids of the upper component are about 1 MeV less than the theoretical values
in ?®Pb and ***Sm and about 2.7 MeV lower than the predicted value in ®°Zr. The calculated centroids of
the lower component locate 2-3 MeV below the experimental values in ?®Pb and *Zr and it is in good
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Figure 2. ISGDR strength distributions for zr, ***sSm and
2%8ph are shown by the histogram. Error bars represent the
uncertainty due to the fitting of the angular distributions.
The solid lines are Gaussian peaks calculated with

EJMaV)

parameters labeled near the peak.

agreement with the experimental value in ***Sm.
The experimental E1 strength distributions were
converted to ISGDR response functions and are
shown with the calculation from Colo et al. for
44Sm is shown in Fig. 3.

12000

——Colo et al.
PLB485(2000)

[FAMU 2000
6000 +

ISGDR Strength(fm®/MeV)

Ex(MeV)

Figure 3. E1 response functions obtained from two
different experiments, the dark color histogram is from
experiment without measuring vertical angle and the light
color histogram is from experiment with vertical angle
information. The solid line is the calculation from Colo et
al. [11].

The dark color data are from experiment without
vertical angle information and the light blue data are
from recent experiment with vertical angle
information.  The present results are in closer
agreement with calculated values on the two
components of the E1 distribution. However, the
splitting of the ISGDR from the present data is still
3-5 MeV less than that predicated in calculations.



Table 1. Comparison of centroids to Colo et al., [11, 12] calculations.

Lower Component Upper Component
Exp. Colo et al. Diff. Exp. Colo et al. Diff.
A (MeV) (MeV) (MeV) (MeV) (MeV) (MeV)
208pp 12.6 10.9 1.7 21.7 23.9 (22.99 -1.8(-0.8)
1i5m 135 135 0.0 24.7 26.6 (25.6%) -1.9 (-0.9)
Ozr 17.1 145 2.6 26.3 30.0 (29.09) 3.7 (-2.7)

®Ref. 12
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Giant Resonances in 46, 48Ti

Y. Tokimoto, B. John", X. Chen, H. L. Clark, Y. =W. Lui and D. H. Youngblood

The study of the isoscalar giant monopole resonance (GMR) is important because its energy

(Ecmr) is related to the compressibility of nuclear matter (K,m) [1]. In the scaling model, the nuclear

12

compressibility is described with Egur = (ms/m;)"?, where m, = YE.*<n|r]|0>]* [1]. An investigation of

the GMR in “*“Ti has been made to check the mass dependence of GMR energies in the mass region
between “°Ca [2] and **Ni [3].

The experimental technique and the detail of the method of the analysis have been described in
Refs. [4, 5]. Elastic scattering from “°Ti and “*Ti were measured at spectrometer angles from 4° to 35° and
4° to 8°, respectively. Giant resonance data in “°Ti was measured at 0° and 3.5° and that in “*Ti at 0°, 4°

and 6°. Uncertainties of the differential cross section including both statistical errors and systematic errors

are approximately 10%.

Table 1 shows the potential Table 1. Folding model parameters obtained from fits to elastic
scattering.

parameters obtained for both targets. Both
V (MeV) VT (MeV) RI (fim) AT (fm)
angular distributions of the differential i 44187 29,656 4871 0.833
cross sections for the elastics and the first ¥ 33.699 32913 4.920 0362
excited states for each target. The strength

distributions  of EO, El and E2 Table 2. Egurs and strengths obtained for the distributions shown in Fig.
components are shown in Fig. 1. Energies 1 for the excitation energy up to 40 MeV.

parameter sets successfully reproduced the

and EWSR strengths of GMR for each T, T

target were listed in Table 2.

EO Strengths in “°Ti and “°Ti are Eopm (MeV)  E0 23.06+134/-044 2275+1 030023

at 80+16/-12% and 85+15/-12% of EO ED  B0+L6-12 B5+151-12
EWSR, respectively. In general EO EWSE (%) El 1241112 Uill
strengths in both nuclei are not affected F3 S1+11 G0+11

very much by the choice of continuum,
however, E1 strength distributions are found to be very sensitive to the choice of the continuum.

Figure 2 shows the mass dependence of Egug between *°O and 2®pb. *® **Ti and **Ni GMR
energies follow ~ 80/AY® MeV trend with the heavier nuclei while the GMR in lighter nuclei falls well
below this. Theoretical calculation using parameters for the Leptodermous expansion obtained by Nayak
[6] agrees with the heavier nuclei and with “°Ca, but are substantially below the *“®Ti and *®Ni results.
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Figure 1. The solid lines show the fractions of the isoscalar
EWSR obtained in present work for the multipolarities
indicated. The error bars represent the uncertainty due to
the fitting of the angular distributions.
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Figure 2. The target mass dependence of Egvr. All experimental data
points shown in the figure came from Texas A&M University group. The
dotted line represents Egur = 80A™3, The solid line shows a theoretical
calculation with the SKM* interaction by Nayak [6].
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Determination of the direct capture contribution for **N(p,y)**O from the YO —"N + p asymptotic
normalization coefficient

X. Tang, A. Azhari, C. Fu, C. A. Gagliardi, A. M. Mukhamedzhanov, F. Pirlepesov, L. Trache,
R. E. Tribble, V. Burjan®, V. Kroha' and F. Carstoiu?
YInsitute of Nuclear Physics, Czech Academy of Sciences, Prague-Rez, Czech Republic
?Institute of Physics and Nuclear Engineering, H. Hulubei, Bucharest, Romania

The hot CNO cycle is the main energy source for novae. A rapid change of the temperature
dependent energy generation rate occurs when the CNO cycle transits from the cold to hot cycle.
BN(p,y)**O is one of the important reactions which controls this transition [1]. For T¢=0.2, the Gamow
window for this reaction is located at 148 keV with a width of 117 keV, where this reaction is dominated
by the low energy tail of the s-wave capture on the broad 1" resonance (E,=0.529 MeV, total width of
37.3x0.9 keV) [2]. Within the Gamow window the direct capture is significantly smaller than the
resonance contribution. But the interference between these two components will enhance or reduce the
tail of the resonance dramatically. We have used a peripheral transfer reaction, *N(**N,**0)"*C at 11.8
MeV/nucleon, to study the direct capture process via the asymptotic normalization coefficient (ANC)
technique.

The N radioactive beam was produced via the inverse kinematics reaction *H(**C,**N)n, using
~600 enA of 15 MeV/nucleon **C from the K500 superconducting cyclotron bombarding a 10-cm long,
LNy-cooled H, gas cell with 12.7 pum Havar windows. 3N recoils at 11.8 MeV/nucleon were collected
and separated by MARS at 0°. Two secondary reaction targets, 1.50 mg/cm?® melamine (C;HgNs) and 1.90
mg/cm? C, were used. The reaction products were detected in two Si telescopes covering 4°-19° and the
beam was counted by a scintillation detector at 0° [3]. Reaction channels were identified using the particle
identification (PID) vs. Q value spectrum.

The cross section for the elastic scattering of **N
on melamine target is shown in Fig. 1 together with the
optical model prediction. Since we cannot distinguish
BN+C elastic scattering from *N+"N, the predicted
elastic angular distribution shown is the sum of the two
elastic scattering channels in the target according to their
atomic ratio. The prediction for **N+**C elastic scattering
was checked with the *2C target.

‘ _ The angular distribution for the proton transfer
e :ﬂm (deg) reaction *N(**N,"*0)"*C, is shown in Fig. 2 together with
Figure 1. The elastic scattering angular distribution DWBA  calculation. By normalizing the smeared

for N on melamine. The experimental result is prediction to the experimental data, the value of the ANC

shown as dots with statistical uncertainties only. The 14 13 2 4
dashed curve is the summed prediction for *N elastic for “O—"N + p was found to be C;;, =29 fm™. The

scattering off C and N in the melamine target. The
solid curve is the smeared result of the prediction.

uu

daldg (mb/sr)

evaluation of the uncertainty is in progress. With the new
ANCs, the S factor for *N(p,y)'*O will be updated.
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Figure 2. Transfer reaction angular distributions
for “N(**N,**0)*3Cg.s. The dashed curve is the
DWBA prediction. The solid curve is smeared
prediction. The two dash-dotted curves show the
two separate contributions to the proton transfer
reaction (top to bottom): pi,—pPuzand pzp—Puse-
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Breakup of loosely bound nuclei at intermediate energies as indirect method in nuclear
astrophysics: °B and the Sy; astrophysical factor

F. Carstoiu®, L. Trache, C. A. Gagliardi, and R. E. Tribble
YInstitute of Physics and Nuclear Engineering Horia Hulubei, Bucharest, Romania

Recent results from the SuperK and SNO collaborations provide strong evidence for neutrino
oscillations. A precise determination of the number of neutrinos produced in the Sun is crucial now to
select between the various explanations proposed. The major source of high energy neutrinos observed by
solar neutrino detectors is ®B, produced in the ‘Be(p,y)®B reaction. But, in spite of much work in the past
and a flurry of recent results of direct and indirect determinations of the astrophysical factor S;7(0), there
is no full agreement on a value. In the previous year we proposed the use of one-nucleon breakup
reactions of loosely bound nuclei at intermediate energies as an indirect method in nuclear astrophysics
[1] via ANC method. We found Sy;= 17.4+1.5 eVb using data from the breakup of °B at energies between
28 and 285 MeV/u on targets from C to Pb and extended Glauber model calculations with one effective
interaction (JLM). Like for all indirect methods, the precision of this one is subject not only to the
experimental uncertainties, but also to the uncertainties in the calculations used. In order to check further
the reliability of this method, we extended and improved the calculations. We improved the Glauber
model. Final state interaction has been included in the Coulomb dissociation component. More
experimental data were considered, for energies from 30 to 1000 MeV/u on light through heavy targets.
The predictions of the model are in excellent agreement with independent reaction data (reaction cross
sections and parallel momentum distributions for core like fragments). We show that there exists a
favorable kinematical window (30 to 150

* JM

'8 ANC w var calc AR MeV/u) in which breakup reactions are highly
o T peripheral and dominated by the external part of
e the wave function and that in this regime it is
050 I—E—éi——i———{—i-f%——— g .
R L -1 “Fi4t DE-ENN better to extract the ANC than a spectroscopic
§ factor. For energies above 50 MeV/u Glauber
O 030

model calculations in the eikonal approximation

0.20

and the optical limit using different effective

0.10

interactions were made. They give consistent,

0.00

© 2 4 6 8 10 12 14 16 though slightly different results. These results

experiment

are summarized in Fig. 1.
Figure 1. Summary of ANC results: The calculations with 3

different effective nucleon-nucleon interactions are shown: JLM
(diamonds), standard p=1.5fm (red circles) and Ray (blue jnteraction, we obtain the same ANC from all
triangles). Data are from Blank et al., Nucl. Phys. A624 (1997), . .

Negoita et al., Phys. Rev. C 54 (1996) and Cortina-Gil et al., Eur. €XPerimental data considered, but the average

Phys. J. A 10 (2001).

We can see that for one -effective
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values depend slightly on the interaction used. The spreading of these average values gives a reasonable
account of the precision we can expect from this method. The ®B ANC extracted, lead to the astrophysical
factor S;7(0)=17.4+1.5 eV:b when using the JLM interaction, S;7(0)=19.6+1.2 eV-b for the standard finite
range interaction [2], S;7(0)=20.0+1.6 eV-b for the interaction of Ray [3] and S;,(0)=20.7+2.2 eV-b for the
Franey-Love interaction [4]. The overall average obtained is S;7(0)=18.9£2.0 eV-b. This is in very good
agreement with the latest values obtained from averaging all direct and indirect measurements [5,6] and
new energy dependence for the radiative capture.
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Elastic Scattering of °B on ?C and N

A. Azhari, V. Burjan®, F. Carstoiu®, C. A. Gagliardi, X. Tang, L. Trache, R. E. Tribble
YInsitute of Nuclear Physics, Czech Academy of Sciences, Prague-Rez, Czech Republic
?Institute of Physics and Nuclear Engineering Horia Hulubei, Bucharest, Romania

As part of an ongoing program to better determine the astrophysical factor S;7(0) [1,2], we
studied the elastic scattering reaction of °B on *N. This is needed to check the optical potential used in
the outgoing channel of the DWBA calculations for the reaction *N('Be,®B)™*C [2]. The experiment was
performed at the Cyclotron Institute where a primary beam of 27 MeV/A '°B impinged upon a cryogenic
Hydrogen gas target to produce the radioactive beam of ®B at 11.8 MeV/n. The radioactive beam was
separated using the Momentum Achromat Recoil Spectrometer (MARS) resulting in better than 95%
purity and 8000 part/sec.

A 1.9 mg/cm? Melamine target and a 3.3 mg/cm® '“C target were placed at the focal plane of
MARS, as secondary targets. Particle detection was achieved using Silicon detector telescopes; each
consisting of a 16 strip position sensitive AE Silicon detector backed by a thick Silicon detector to stop
the particles. This allowed us to measure position and A E-E information for incoming particles, allowing
for particle identification and kinematic reconstruction for each event.

A complete Monte-Carlo simulation of the experimental setup was used to obtain the
experimental solid angles used to determine the differential cross sections for the elastic scattering of °B
on Melamine and **C. Subtracting the contribution of C from the Melamine target allowed us to obtain
the differential cross section for the elastic scattering of °B on **N, shown in Fig. 1.

Double folded potentials using the JLM effective

®B Elastic Scattering on **N interaction and the procedure of ref. [3] were used to calculate

1.E+05 ¢ . . .
— Folding w/ JLM theoretical cross sections. These were smoothed with
LEs04 | " JLM Smoothed experimental resolutions and are compared, not fitted, to the

¢ Data

data in Fig. 1. The high degree of agreement between data and
prediction indicates that our method for obtaining the
theoretical distributions works well for these types of
reactions.

1E+03 +

do/dQ (mb/sr)

LE+02 ¢
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i References
1.E+00
5 9 13 17 21 25
O (deg.) [1] A. Azhari et al., Phys. Rev. Lett. 82, 1149 (1999).
Figure 1. Comparison of theoretical angular [2] A. Azharietal., Phys. Rev. C 60, 055803 (1999).
distribution (solid lines) to data (points). [3] L. Trache et al., Phys. Rev. C 61, 024612 (2000).
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Study of 8Li and the astrophysical S7(0) factor

L. Trache, A. Azhari, F. Carstoiu®, H. L. Clark, C. A. Gagliardi, Y.-W. Lui, A. M. Mukhamedzhanov,
X. D. Tang, N. Timofeyuk® and R.E. Tribble
YInstitute of Physics and Nuclear Engineering Horia Hulubei, Bucharest, Romania
Department of Physics, University of Surrey, Guildford, Surrey, England, UK

In the framework of our nuclear astrophysics program we extended our search for the
astrophysical S-factor for the reaction 'Be(p,y)’B — the main source of solar neutrinos - using indirect
methods [1,2] with a new approach. Asymptotic normalization coefficients (ANCs) for 8Li — Li + n
have been extracted from the neutron transfer reaction **C(’Li,’Li)**C at 63 MeV. The experiment was
carried out earlier using the MDM spectrometer and was described in [3]. This year we determined the
absolute normalization of the ANCs extracted, extended the DWBA analysis and were able to relate the
information about the structure of 8Li to that of ®B, and from there to S;7. Also we were able to separate
the ps2 and py2 components in the wave function of the g.s. and of the first excited state of 8Li. The ANCs
of the former were related to the ANCs in ®B — "Be + p using charge symmetry, and from there to Sy;.
We studied, through extended DWBA calculations using 11 combinations of optical model potentials in
the incoming/outgoing channels (including phenomenological Woods-Saxon and double folded
potentials), the peripheral nature of the neutron transfer reaction and the uncertainties we expect due to

calculations. We found for °Li g.s. the ANCs C3;,, =0.384£0.038 fm™ and C};,, =0.048+0.006

fm™ for the two components. It was first suggested in Ref. [4] that the ANCs in ®Li and °B could be
connected. For mirror nuclei it is usually accepted that their spectroscopic factors are very similar, a
statement supported by all microscopic calculations referring specifically to the 2Li and ®B case (see 10
references quoted in [5]). Using this equality and the relation between ANCs, spectroscopic factors and

the single particle ANCs C2 =S b2 [6], we find the ANCs for the gs. of °B:

nlj nlj ~nlj
Cry,(°B) =0.40540.041 fm™and C3,,,(°B) = 0.050+0.006 fm™. They are in very good agreement

with those extracted from the “mirror” proton transfer reaction (‘Be,®B) on *°B and N targets [1] and
using data from breakup experiments [2].

We find the astrophysical factor for the ‘Be(p,y)®B reaction to be Si7(0)=17.6+1.7 eV b. This is
the first time that the rate of a direct capture reaction of astrophysical interest has been determined
through a measurement of the ANCs in the mirror system. The method will be extended to other systems
in the future.
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Remeasurement of *N+'Be for the astrophysical S7(0) factor

G. Tabacaru, A. Azhari, J. Brinkley, V. Burjan', C. Fu, C. A. Gagliardi, X. Tang, L. Trache, R. E. Tribble
YInsitute of Nuclear Physics, Czech Academy of Sciences, Prague-Rez, Czech Republic

The first experiment where we have used the new detector assembly described in detail in
reference [1] was performed to check the asymptotic normalization coefficient (ANC) for the '‘Be+p —°B
using the transfer reaction *N(’Be,?B)**C. Two improvements were made to our earlier experiment [2]: a
better monitoring of the secondary beam intensity and extension of the angular range for the detection of
the products from elastic scattering and transfer reaction. In the earlier experiment, monitoring of the
beam intensity was done by measuring the primary beam intensities with a Faraday cup (FC) placed in the
Momentum Achromat Recoil Spectrometer’s (MARS) coffin. In experiments following [2], a drop of
isotope production rate per nA beam current was observed when the intensity of the beam was increased,
presumably due to a “tunneling” effect in the gas target. We suspected that this problem had an influence
on the results obtained in [2]. The new beam monitoring system [1] consisted of a screen to reduce the
"Be beam intensity by 88% and a scintillator coupled with a photo-multiplier. The advantage of this
system is the direct counting of the beam secondary particles at the back of MARS.

The primary beam used was 'Li at 18.6 MeV/A from the K500 cyclotron. The beam was
transported to the H, liquid nitrogen cooled primary target at the MARS target chamber. The pressure of
the H; in the cooled cell was 2.0 atm and the cooling of the cell was done with an LN, Dewar refilled
automatically by means of a valve - filling sensor system. Vertical and horizontal slits were used in order
to remove any impurities and to define the emittance of the secondary 'Be beam. Details of the 'Be beam
production can be found in reference [2]. The final energy of the radioactive 'Be beam was 12.6 MeV/A
with intensities =150 - 200 kHz.

The position and spot size of the ‘Be beam were
adjusted using a 900 mm position sensitive Si detector

2 e ,'\'\\_. which was then removed and replaced by the secondary
- s, | target 1.5 mg/cm? melamine. "Be elastic scattered events
= 10400 * were detected by the new detector assembly. One of the

1.08:02 T s aw 3‘0 most important results of this experiment is presented in

Fig. 1, the extended angular distribution for the reaction

“N('Be,’Be)"*N. We observe that we cover nearly four

Figure 1. Experimental angular distribution Maxima which will be very important for future data

(preliminary results) for the reaction “*N(’Be,’Be)**N.  analysis in order to obtain better agreement between the

theoretical calculations and experimental data since

elastic scattering provides a better check of the optical model potentials used for the calculation of the
transfer reaction cross section.

lab(deg)
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The Physics of STAR at RHIC

C. A. Gagliardi, T. W. Henry, R. E. Tribble, M. A. Vasiliev, and the STAR Collaboration

The role that our group is playing within the STAR Collaboration at RHIC has grown during the
past year. In last year’s progress report, we described the group activities within the STAR spin physics
program and in construction of the STAR Endcap Electromagnetic Calorimeter (EEMC). Our work on
STAR spin and the EEMC have continued this past year. But we have also become quite active within
the STAR high-pr physics program, and last December, one of us (CAG) was hamed co-convenor of the
STAR High-pr Physics Working Group, together with P. Jacobs of LBL. Below we give brief status
reports on our efforts.

This past year the STAR spin program has focused on analysis of the data that were taken during
the 2001-02 RHIC polarized proton run and on preparations for the ‘03 polarized proton run that is just
beginning now. The ultimate goal of the STAR spin program is a determination of the polarization of the
gluons within the proton as a function of Bjorken-x, through measurements of the longitudinal analyzing
power A, for p+p — y + jet. At the partonic level, this process is dominated by quark-gluon Compton
scattering and has a large and well understood analyzing power. During the upcoming polarized proton
run, we plan to get a first look at the gluon polarization through measurements of A, for inclusive jet and
di-jet production. Over the past year, members of our group, in conjunction primarily with M. Miller of
Yale University, have been active in the development of jet-finding algorithms for STAR. STAR now
has several different algorithms available to reconstruct charged jets from the tracks that are seen in the
TPC, each with its own characteristic strengths and biases. We have also developed tools to compare
their performance event-by-event. The codes have already been used to analyze the existing ‘01-‘02 pp
data, and they are being used now to search for jets in the d+Au data that have just been taken. At
present, we are working to integrate the neutral particle information from the STAR Barrel
Electromagnetic Calorimeter (BEMC) into the jet finders. The jet codes will play a central role in the
STAR gluon polarization studies over the next few years.

At present, the STAR high-pr program is using observations of high-pr hadron production and
correlations in Au+Au, p+p, and d+Au collisions to search for evidence of jet quenching in relativistic
heavy-ion collisions and to investigate changes in the gluon distribution of heavy nuclei relative to that in
nucleons. This past year, STAR reported evidence for strong suppression of high-pr inclusive hadron
production and large azimuthal anisotropies in the production of high-pr hadrons in Au+Au collisions at
130 GeV, for jet-like correlations of high-pr hadrons at small relative angles in Au+Au collisions at 130
and 200 GeV, and for the disappearance of back-to-back high-pr hadron pairs in Au+Au collisions at 200
GeV. All of these phenomena are consistent with the existence of large partonic energy loss in the hot,
dense medium produced at RHIC. However, they can also be explained by an alternative model that
attributes the effects to initial-state modifications of the gluon distribution in the Au nuclei due to
saturation. The RHIC d+Au run which has just completed was intended to determine whether the striking
phenomena that have been observed at high-pr in Au+Au collisions are due to initial-state effects in the
Au nuclei, final-state energy loss, or a combination of the two. STAR recorded over 30 million
minimum-bias d+Au collisions during the run, together with over 1 million events triggered on the
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presence of large (>2.5 or >4.5 GeV) energy deposition in a single BEMC tower. The minimum-bias data
are being analyzed to determine the inclusive hadron production rate and to study di-hadron correlations.
The results will be compared to the existing data from pp and Au+Au collisions.

Our group has also continued to work on the construction of the EEMC. At present, 1/3 of the
EEMC is installed within STAR for use during the upcoming polarized proton run, and all of the towers
within that third are instrumented. Construction has also continued for the rest of the detector. The
remainder of the detector hardware will be installed during the RHIC shutdown this coming summer and
fall. All of the PMTs for the detector and slightly under half of the multi-anode PMTs (MAPMTS),
together with their associated electronics, will also be installed. The remainder of the MAPMTs will need
to wait until the ‘04 RHIC shutdown due to budgetary constraints. We are responsible for the
construction of the magnetic shielding boxes that house the PMTs and MAPMTSs on the back of the west
STAR pole tip. Approximately 70% of the PMT boxes for the entire EEMC have been completed, and
the rest will be done within the next three months. This past year, we also built a prototype box to house
the MAPMTs. It was tested at IUCF and found to meet the required specifications. However,
construction of the MAPMT boxes has been delayed by changes in the front-end electronics cards that
will be housed in the boxes with the MAPMTs. The IUCF group has only now provided us with the final
modifications required to mount the electronics. Construction of the MAPMT boxes will begin shortly.

Finally, our group has carried a number of administrative responsibilities outside of the spin and
high-pr areas over the past year. These have included participation on god-parent committees for papers
from the ultra-peripheral collisions and strangeness physics working groups and chairing the god-parent
committee for a paper from the event structure physics working group. One of us is also a member of the
STAR Trigger Board for the current RHIC run and was a member of the internal STAR committee to
review the proposal for a multi-gap resistive plate chamber time-of-flight detector to provide STAR with
large-acceptance particle identification capabilities. The TOF proposal has now been approved by STAR
and forwarded to BNL management.
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TWIST: Measuring the Space-Time Structure of Muon Decay
C. A. Gagliardi, J. R. Musser, R. E. Tribble, M. A. Vasiliev, and the TWIST Collaboration

TWIST had its first physics data run in Fall, 2002. The goal was to determine the Michel
parameters p and & in normal muon decay to 10°, factors of 3-4 improvement on the best previous
measurements. This represents a significant step on our path toward ultimate determinations of the
Michel parameters p, J, and P,& to a few parts in 10*. TWIST is a systematics dominated experiment,

so most of the beam time was devoted to separate, independent measurements under a broad range of
experimental conditions. The philosophy was to identify a potential systematic effect, then take a
complete data set in which that effect was amplified many times compared to that expected in “standard”
data sets. For example, muon decay data sets were taken under a range of beam conditions (different
rates, steering, stopping locations, polarizations) and detector conditions (different high voltages, gas
densities, magnetic fields, addition of extra material). Also, multiple data sets were taken under
“standard” conditions in order to verify the long-term stability of the apparatus, a crucial consideration in
an experiment that ultimately depends on data versus Monte Carlo comparisons. Each data set is large
enough to determine p and & with a statistical precision of ~6 x 10, Therefore, comparisons between the
data taken under “standard” and modified conditions will allow us to measure directly our sensitivity to
the various systematic effects to a few parts in 10* or better. A broad range of ancillary measurements
were also taken to provide dedicated data for tuning and verification of our GEANT-based Monte Carlo
simulation of the experiment. Overall, approximately 6 x 10° muon decay events were recorded in over a
dozen different data sets.

Since the run ended in December, most of the collaboration effort has been on analysis of the data
and improvements and verification of the Monte Carlo. Our group has focused on improvements to the
pattern recognition codes that are used to identify the drift chamber cells that were hit by the decay
positron as it follows a helical trajectory through the detector, the proper introduction of multiple
scattering effects into the track fitting procedure, and developing the tools necessary to perform the data
versus data systematics comparisons. Our group, in conjunction with A. Olin of TRIUMF and B.
Jamieson of University of British Columbia, has carried the primary responsibility for the pattern
recognition code, which has been described in previous progress reports. Studies this past year of the
code performance with both Monte Carlo and real data events have demonstrated that it successfully
identifies nearly all clean decay positrons that fall within our fiducial energy and angle cuts. However, it
often fails to reconstruct the ~5% of the events that include hard scatters or additional delta-ray tracks.
Recently, we have been modifying the code to isolate and remove delta-ray tracks, while B. Jamieson has
focused on identifying events that include hard scatters. Tests this past year of the tracking code, which
fits a helix to the hits provided by the pattern recognition algorithms, demonstrated that multiple
scattering of the decay positrons by the detector foils, gas and wires distorts the orbits substantially. This
makes it essentially impossible to obtain good helical fits to the drift time measurements, and even
introduces important biases as a function of decay energy and angle into fits that treat the drift chambers
simply as coarse MWPCs. Recently, we have developed a technique, based on [1], that permits us to
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include the multiple scattering explicitly in the helical fits. It has now been implemented into the MWPC
fit. It increases the tracking efficiency within the fiducial region by 2-5%. It is being implemented into
the drift time fit at present, where it is expected to have an even larger impact. Figure 1 shows decay
energy and angle distributions from an analysis with the newly revised MWPC fitting code.
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Figure 1. The decay energy and angle distributions from a recent analysis of ~1/3 of one of the “standard” data sets
taken during Fall, 2002.
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Absolute Drell-Yan Dimuon Cross Sections in 800 GeV/c pp and pd Collisions
C. A. Gagliardi, E. A. Hawker, R. E. Tribble, M. A. Vasiliev, and the FNAL E866/NuSea Collaboration

During the past year, our efforts on FNAL E866 have focused on the determination of the
absolute Drell-Yan dimuon cross sections in 800 GeV/c pp and pd collisions for dimuon effective masses
in the range 4.2 < M < 16.85 GeV and Feynman-x in the range 0.05 < xg < 0.8. These cross sections are
sensitive to the magnitudes of the valence quark distributions in the proton beam at large Bjorken x (1)
and the light antiquark distributions in the proton and deuteron targets at small x (x;). Both of these
kinematic regions are relatively poorly constrained by existing data in recent global parton distribution
function (PDF) fits [1,2], and they both play important roles in searches for new physics at colliders. The

analysis utilized the same FNAL E866 data that was previously analyzed to determine the d/u ratio in
the proton as a function of x [3]. This represents the Ph.D. dissertation of J. Webb of New Mexico State,
who led the effort with assistance from collaborators at Argonne National Laboratory, Los Alamos
National Laboratory, and Texas A&M.
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Figure 1. Ratios of the measured Drell-Yan cross sections to NLO calculations based on the
MRST2001 PDF fit [1]. The solid curves represent the quoted uncertainties in the PDFs, and the
dashed and dot-dashed lines represent phenomenological fits to the experimental results.
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A description of the experiment and general analysis procedures may be found in Ref. [3]. That
analysis was designed to minimize the systematic uncertainty in the cross section ratio ¢ "¥/2 ¢ ™. Several
analysis details were changed in the present analysis in order to minimize the systematic uncertainties on
absolute measurements of the cross sections.

Both doubly-differential (M*d?c/dMdxg) and triply-differential (E*d’s/dp®) cross sections were
determined, and the former have been compared to next-to-leading-order calculations based on the current
generation of global PDF fits [1,2]. In general, both global PDF fits provide a good description of the
measured cross sections over the full kinematic region. However, there are small systematic differences
between the measured cross sections and the predictions that are best understood by looking at the ratio of
the measured to predicted cross sections separately as functions of x; and x,. This comparison is shown
for the MRST2001 PDF fit [1] in Fig. 1. The comparison for the CTEQ6M PDF fit [2] is similar. The
PDFs provide a good description of the experimental results as a function of x, in the range 0.03 < x, <
0.15, which was relatively unconstrained previously. In contrast, the PDFs overestimate the experimental
cross sections at large x;, indicating that the valence quark distributions in the PDFs are overestimated by
15-20% at large x. A letter describing these results has been submitted to Physical Review Letters, and a
longer article is in preparation.
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High Precision Measurement of the Superallowed 0* — 0" Beta Decay of Mg

J. C. Hardy, V. E. lacob, M. Sanchez-Vega, R. G. Neilson, A. Azhari, C. A. Gagliardi, V. E. Mayes,
X. Tang, L. Trache and R. E. Tribble

The first precision measurements in our program to sharpen the test of CKM unitarity are
complete and a manuscript has been submitted for publication [1]. We have obtained the half-life,
3.8755(12) s, and superallowed branching ratio, 0.5315(12), for the Mg beta decay. The resulting Ft-
value provides an important test and confirmation of our new structure-dependent corrections [2] used to
extract the vector coupling constant, Gy.

We produced *Mg using a 28A-MeV *Na beam from the K500 cyclotron to initiate the "H(**Na,
2n)*?Mg reaction on an LN,-cooled hydrogen gas target. The ejectiles were separated in the MARS
spectrometer, leaving a >99.6% pure Mg beam at the extraction slits in the MARS focal plane. This
beam, containing ~10* atoms/s at 23A MeV, then exited the vacuum system and passed through a stack of
aluminum degraders, finally stopping in the 75-um-thick aluminized mylar tape of a tape transport
system. Since the few impurities remaining in the beam had different ranges from Mg, most were not
collected on the tape; residual collected impurities were found to be substantially less than 0.1% of the
Mg content.

In a typical measurement, we collected Mg on the tape for 5 s, then interrupted the accelerator
beam in a few ps, and triggered the tape-transport system to move the sample in 180 ms to a shielded
counting station located 90 cm away. There, data were recorded for a predetermined counting period
while the beam remained off. This cycle was clock-controlled and repeated continuously. For the
branching-ratio measurement, each counting period was 5 s, during which the sample was positioned
between our precisely calibrated 70% HPGe y-ray detector [3] and a 1-mm-thick BC404 plastic
scintillator used to detect 3 particles. The former was located 15 cm from the sample, while the latter was
3 mm away. Time-tagged coincidence (or singles) data were stored event by event.

For the half-life measurement, the tape instead moved the collected sample to the center of a 4n
proportional gas counter, where the B particles were detected and recorded for 80 s, more than 20 half-
lives of ?Mg. A separate decay spectrum was thus recorded for each cycle, ~60 cycles constituting a
single measurement. The electronics included a deliberately introduced, dominant dead-time, which was
pre-set and monitored continuously during the measurement and later used during analysis to correct the
data cycle-by-cycle. Some 50 separate measurements were made, each with more than one million events
but with a different combination of detector high-voltage, discriminator and dominant dead-time settings.

The decay scheme of ?Mg appears in the figure. The p transition feeding the ground state must
be second-forbidden unique and, being suppressed by some ten orders of magnitude, can be neglected.
Thus, branching ratios to the excited states can be obtained from the relative intensities of y-rays observed
following the decay of Mg. Our results for the relative y-ray intensities, l,, and the deduced p-decay
branching ratios, Ig, are shown in the table. The results agree with, but are an order of magnitude more
precise, than any previous measurements [4].
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Figure 1. Decay scheme for the B decay of **Mg.

Table 1. Measured relative intensities of B-delayed v rays, and deduced branching ratios for the p decay of 2Mg.

E, l, Ex (“Na) lg
(keV) (%) (keV) (%)

74 58.36 (6) 583 41.40 (13)
583 100.00 (19) 657 53.15 (12)
1280 5.40 (7) 1937 5.45 (5)
1354 0.015 (3)

1937 0.032 (3)

The half-life data were analyzed with two different fitting procedures: (i) a maximum-likelihood
fit to the sum of all dead-time corrected decay spectra; and (ii) a global fit of individual cycle spectra,
with a common half-life but with amplitudes and dead-times correctly matched to each cycle. The second
procedure contains no approximation but both yielded concordant results. To further consolidate the
results, both fitting procedures and all tests were repeated on a parallel set of Monte-Carlo generated
spectra, mimicking the trend of the real data, but with known half-life and background. No systematic
experimental effects were observed, the results from all 50 individual measurements being statistically
consistent with one another. Our final result for the Mg half-life is 3.8755(12) s.

With these branching-ratio and half-life results, together with an updated value [1] of Qgc =
4122.1(13), we obtain a corrected Ft-value for the superallowed transition of 3071(9) s. This is in
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excellent agreement with 3072.2(8) s, the average Ft-value for the nine well-known cases studied to date.
This agreement provides important confirmation of our new structure-dependent corrections [2], which
are used in all cases. If such agreement continues to be found in our future measurements on other light
Tz = -1 superallowed emitters, the uncertainties conventionally introduced with the structure-dependent
corrections can be reduced and the CKM unitarity test sharpened appreciably.
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The Use of Monte Carlo Calculations in the Determination of a Ge Detector Efficiency Curve
between 50 and 1400 keV

J. C. Hardy, V. E. lacob, M. Sanchez-Vega, R. G. Neilson, J. Nelson and R. G. Helmer?
!|daho National Engineering and Environmental Laboratory, Idaho Falls, Idaho

For our measurement of the superallowed B decay of Mg [1], we required unprecedented
precision in the calibration of our 280 cm® Ge detector between 50 and 1400 keV. Our work over this
energy range, combining precise source measurements with an extensive set of Monte Carlo calculations,
is now complete and a manuscript has been submitted for publication [2]. We have obtained 0.15%
relative and 0.2% absolute precision over the entire energy range.

The quality of measured photon emission rates and the corresponding deduced relative
efficiencies depend on several factors. These include the reproducibility of the source positions,
determination of precise and reproducible peak areas, proper handling of coincident and random
summing, knowledge of attenuation in the source, and accurate primary decay data. The source-detector
distance was carefully measured from the source to a convenient reference point on the detector cap. Our
main calibration was taken at a source-detector distance of 15.1 cm, but we also took some measurements
at 100.1 cm. The source-detector distance was measured with a micrometer caliper, yielding a 0.2-mm
uncertainty at 15.1 cm, and 0.3 mm at 100.1 cm.

In all, we have measured thirteen individual sources of ten radionuclides — **Cr, ®Co, ®Y, 1%"Ag,
1%9¢d, 1mgp, 133Ba, 1*Cs, ¥'Cs and *°™Hf — with activities between 2 and 47 kBg. We prepared three of
these sources ourselves, **™Hf (t,, = 5.5 h) with the Texas A&M reactor, and “*Cr(21.6h) and
120msh(5.8d) with the K500 Cyclotron. Two *°Co sources were specially provided by the Physikalisch-
Technische Bundasanstalt, PTB, Braunschweig, Germany and have quoted uncertainties in their activities
of 0.06%. The remaining eight sources were purchased commercially and have activities quoted to 3%.
Only the precisely known ®°Co sources were used to determine absolute efficiencies; all the others
provided relative efficiencies that covered overlapping energy regions, which interconnected to one
another and to the absolute ®°Co points.

For each source, we determined the relative efficiencies of its y-ray lines by comparing the
measured peak areas, determined with GF2, a least-squares peak-fitting program in the RADware series,
with the corresponding known intensities. The sources of greatest importance to a precision calibration
are those exhibiting simple y-ray cascades uncomplicated by large conversion-electron components or by
any possible B side feeding. Except for the calculable effects of electron conversion, the intensities of
such cascaded y-ray transitions are unambiguously equal. Of particular value to this work were the
following sources (and cascaded y-ray energies in keV): **Cr (112.4, 308.3), '®™Ag (433.9, 614.28,
722.9), **™Sp (89.8, 197.3, 1023.1, 1171.3) and “*™Hf (215.3, 332.2).

At our source-detector distance of 15.1 cm, the detector efficiency was between 0.2 and 1.0%
over the energy region of interest. Thus, coincidence summing — the simultaneous detection of two y-rays
from the same decay event — could not be neglected. This summing results in a loss of counts from the
peak of any y-ray that is in cascade with another y-ray, and an increase in peak counts for any crossover y-
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ray. In making these corrections, we took full account of any angular correlations between the summing
y-rays and, where necessary, used the detector’s total efficiency (peak plus Compton), which we
determined as a function of y-ray energy in a separate set of measurements with sources selected for their
relatively uncomplicated spectra. The sources used (and their relevant y-ray energies in keV) were: *®Cd
(88.0), 8Cr (112.4), *'Co (123.7), ®Na (511.0 and 1274.5), **'Cs (661.7), **Mn (834.8) and *°Co (average
of 1253). The results appear in Fig. 1.

In addition to acquiring calibration spectra, we
also made a number of measurements designed to
reveal the physical dimensions and location of the
detector's Ge crystal in its housing. These
measurements included a scan of the side of the
detector with a tightly collimated '**Ba source, to
| determine the crystal length; a pair of *’Co spectra
recorded at 4- and 20-cm source-detector distances, to
locate the front surface of the crystal; and an overall x-
ray picture of the crystal in its housing, to establish its
exact orientation. This information was then used as
input to Monte Carlo calculations performed with the
electron and photon transport code CYLTRAN.

One further complication arose when we
compared the Monte Carlo calculations with

Total-to-Peak Ratio

200
Energy (keV)

Figure 1. The ratio of the total efficiency to the full-
energy-peak efficiency — the total-to-peak ratio —

500 1000

plotted as a function of y-ray energy. The open circles
with uncertainties are our measured data. The dashed
curve is a smoothed representation of the Monte Carlo
calculated results. The solid curve is a modification of
the Monte Carlo result in which the non-peak efficiency
has been increased by an energy-independent constant
to account for scattering from external objects not
included in the Monte Carlo input specifications.

measurements at energies below ~80 keV: the former
did not exactly reproduce the strengths of the measured
Ge X-ray escape peaks, presumably because we had, of
necessity, assumed that the detector has a uniform front
deadlayer. In reality, this region of the detector is
probably not uniform and, furthermore, it likely has

only partial charge collection. Therefore, it is quite
reasonable that the simple representation in the Monte Carlo calculations does not completely represent
the measured data. Accordingly we undertook another separate study, of X-ray escape from our detector,
with the following sources (and their relevant y-, or X-ray energies in keV): *®Cd (22.1, 24.9), **"Sb
(25.2, 28.6), *'Cs (32.0), ?Eu (39.9), *°™Hf (93.3) and “Cr (112.4). The results appear in Fig. 2. In
subsequent comparisons with efficiency data, we added the Monte-Carlo calculated full-energy and X-
ray-escape peaks together and used the experiment-based escape-to-full-energy function (Fig. 2) to derive
the full-energy peak area from that sum. It is this result that we refer to as the “Monte-Carlo calculated”
efficiency for peaks below 120 keV.
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Figure 2. The ratio of the summed x-ray escape-peak
areas to the full-energy peak area, plotted as a function of
incident photon energy. The open circles with
uncertainties are our measured data; the three points
marked with an X are Monte Carlo calculated. The
dashed curve is calculated with an expression due to
Hansen et al [3]; the solid curve is the same calculation
scaled upwards by 16%.

120 adjustment.

Now, with only the detector's two dead-layers
as adjustable parameters, we achieved excellent
agreement (x*/N = 0.8) between the Monte Carlo
efficiency results and our 40 measured data points
between 22 and 1836 keV. The results are shown in
Fig. 3, where they are plotted as differences between
the measured efficiencies and the Monte Carlo
calculated values, expressed in percent. Each source is
separately identified to make clear how the energy
ranges overlap one another. We also compared
calculation and experiment at a source-detector
distance of 100.1 cm with no further parameter
They differed by a mere (energy
independent) 0.8%.

Our data show that a well-determined set of
Monte Carlo calculations can be used to interpolate
with high precision between measured relative (or
absolute) Ge-detector efficiencies. In our case, with
10 sources that included one whose activity was
known to 0.06%, we have obtained an efficiency

curve with relative
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gs uncertainties of 0.15% and

absolute uncertainties of
0.2% from 50 to 1400 keV.
Although the curves only
strictly apply to a source
distance of 15.1 cm, the
distance for which we
s actually require the
calibration, it is evident
from our results at 100.1
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similar uncertainties if the
Monte Carlo calculations
were used to obtain
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TRIUMF E-823: High precision branching ratio measurement for the superallowed B decay of
"Rb: a prerequisite for exacting tests of the standard model

J. C. Hardy and V. I. lacob

The goal of the E-823 experimental program is to measure precise half-lives and branching ratios for
superallowed 0°-to-0" beta emitters in medium-mass (A > 60) nuclei produced by the new ISAC1
radioactive-beam facility at TRIUMF. This is an important adjunct to our program at the Cyclotron
Institute to probe CKM unitarity via superallowed beta decay. In addition to the TAMU participants, the
E-823 collaboration now includes members from TRIUMF, Simon Fraser University, Lawrence Berkeley
National Laboratory, Queen’s University, Argonne National Laboratory, Oak Ridge National Laboratory,
Louisiana State University, University of Surrey, McMaster University, Georgia Institute of Technology
and the University of Guelph.

During this past year, the collaboration has completed the first detailed and precise study of the
superallowed B decay of ““Rb, employing y-ray and conversion-electron spectroscopy. We have
experimentally identified a total non-superallowed feeding of 336(20) x 10 per "“Rb decay. A partial
decay scheme appears in Figure 1. From a comparison of these data with recent shell-model predictions
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Figure 1. Partial decay scheme of "Rb. Intensities of transitions are given in units of 10° per “*Rb decay.
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[1] we estimate the unobserved non-superallowed feeding to be 50-250 x 107, resulting in a deduced
ground-state (superallowed) B branch of 99.5(1)%. A paper describing this work has been published [2].

Our results show that the precise determination of a superallowed branching ratio in the presence
of non-negligible, strongly fragmented Gamow-Teller branches is not a hopeless endeavor. It appears
that the shell-model calculations of reference [1] reflect the experimental situation surprisingly well and,
with refined experimental techniques, even more precise results should be obtainable.  Such
measurements are presently in preparation. The ISAC separator will be operated in isobaric-resolution
mode, and the upgraded Canadian 8r spectrometer, equipped with Si(Li) detectors and plastic-scintillator
trigger detectors, will serve for y-ray and conversion-electron detection. This spectrometer system will
enable us to identify additional y rays from the "*Rb decay, especially those directly populating the ground
state, and determine a more precise number for the ground-state branch and its error.
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Precise efficiency calibration of an HPGe detector up to 3.5 MeV, with measurements
and Monte Carlo calculations

N. Nica, J. C. Hardy, V. E. lacob and R. G. Helmer?
!ldaho National Engineering & Environmental Laboratory, Idaho Falls, Idaho

In previous work [1], we determined the efficiency curve between 50 and 1400 keV for a coaxial,
280-cm® n-type Ge y-ray detector, based on a combination of measured relative efficiencies for nine
radionuclides, the measured absolute efficiency for the y rays from 9Co, and efficiencies calculated with
CYLTRAN, a Monte Carlo photon and electron transport code. With the measured physical dimensions
of the detector, only minor adjustments were required, well within tolerances, to obtain excellent
agreement between the measured and calculated efficiency values [1]. From these results, we estimated
the uncertainty in the final efficiency curve to be 0.15% relative and 0.2% absolute. Without changing
the detector parameters in any way, we have now extended this work to 4.8 MeV by the continued use of
both measured relative efficiencies and CYLTRAN-calculated efficiencies. This work is now complete
and has been presented at the 14" International Conference on Radionuclide Metrology and its
Applications in Dublin. A manuscript has been accepted for publication [2].

In this extension to 4.8 MeV, relative efficiencies for the full-energy (FE) peaks were measured
for the strong y rays from three additional sources: *Na, *°Co, and **Ga. We produced 15-hour *Na by
thermal neutron capture on Na,CO; at the Texas A&M reactor, the source material being deposited on,
and covered by 0.08-mm plastic foil. For 9.5-hour ®Ga, we used a ®®Zn beam from the Texas A&M
K500 Cyclotron to initiate the reaction *H(*®*Zn, n)**Ga, the recoiling ®Ga nuclei being separated from
other reaction products in the MARS recoil spectrometer, and then implanted into 0.08-mm plastic foil.
The 77-day *°Co source was purchased from Isotopes Products Laboratory. The efficiency measurements
were made, and the spectra analyzed, as described in [1]. Since the y rays from these nuclides are
generally in cascade and the source-detector distance was 15.1 cm, corrections for coincidence summing
were made: for most y rays these corrections were less than 1% and were never larger than ~2%.

The relative FE efficiencies deduced from these measurements depend on the relative y-ray
emission probabilities used for these nuclides. On the one hand, the value for the two strong *Na vy rays
is well known [3]. On the other, those for the more complex decays of *°Co and ®Ga have only recently
become reasonably well determined; we used the values from reference [4]. We considered only those y
rays with emission probabilities known to 1% or better and, among those, we only retained the ones that
were cleanly observed — uncontaminated by escape peaks, for example — with measured areas in our
spectra determined to 1% or better. This left us with a total of 26 FE peaks between 834 and 4806 keV
from the three sources.

Measured efficiencies for these peaks were compared with Monte Carlo calculations performed
with the same CYLTRAN code and identical dimensions to those used in our earlier work between 50
and 1400 keV. The results appear in Fig. 1. In this comparison, there are only three free parameters — a
single scaling factor for each nuclide. We determined these scaling factors by minimizing the weighted
differences between the measured values and the Monte Carlo efficiency values: that is, by means of a
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Figure 1. Differences between the measured efficiencies (points with uncertainties) and the corresponding Monte Carlo
calculated values (line at 0). The differences are calculated as experiment minus calculation, divided by calculation, and are
expressed as a percent. The points can be identified with individual sources as follows: **Na, solid squares; *°Co, open
diamonds; °Co, x’s; ®*Ga, open circles; and %Y, open squares.

least-squares fit. Each of these nuclides has one or more vy rays below 1400 keV where the FE efficiency
curve has already been determined precisely [1]. Therefore, the efficiencies at the higher energies
presented here are completely consistent with those at the lower energies reported in reference [1]. Note
that the figure also includes the results of two measurements from our previous work [1], those of ®°Co
and ®8Y. The former provides an absolute efficiency determination that anchors the overall efficiency
curve, while the latter yields a useful efficiency ratio that overlaps the energy region of interest in the
present work.

As indicated in Fig. 1, the agreement between measured and calculated efficiencies below 3500
keV is excellent. Over this energy region, the normalized chi-squared for the 24 points from *Na, **Co
and ®®Ga (with 21 degrees of freedom) is 0.70. We suggest that the uncertainty in the deduced efficiencies
is 0.4% between 1400 and 3500 keV. Above 3500 keV there are two *Ga y rays with emission
probabilities claimed to better than 1%, both of which deviate significantly from the Monte Carlo
calculations. Whether these represent real discrepancies between experimental and theoretical efficiencies
or a systematic error in the accepted emission probabilities can only be decided by further experiments.
For now, we forego any estimation of the uncertainty in our calibration curve above 3500 keV.

For many of the y rays, our measured spectra also yielded single-escape (SE) and double-escape
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(DE) peak relative efficiencies. We compared them with Monte Carlo calculations as well and, in doing
so, we have found it most useful to express them as ratios of escape-peak areas to that of the
corresponding FE peak. These ratios are independent of the y-ray emission probabilities and of any
coincidence summing corrections. However, when the measured SE/FE and DE/FE ratios were first
compared with the Monte Carlo calculations, they were found to be consistently lower than the calculated
ratios by up to 7%. We then learned from an author of the CYLTRAN code [5] that the program takes no
account of positron annihilation-in-flight (AIF). Clearly, since the pair-produced positrons that do
annihilate in flight produce photons with energies that are significantly different from 511 keV, the SE
and DE peak areas calculated by the code need to be reduced by the known probabilities for AIF [6]. For

DE/SE

04 F

RATIO

1.0 2.0 3.|0 4.0 5.0
ENERGY (MeV)

Figure 2. Measured escape ratios (points with uncertainties) compared with
CYLTRAN Monte Carlo calculations (curves) that have been corrected for
positron annihilation in flight.
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Beta decay of ®’Ga

B. C. Hyman, V. E. lacob, A. Azhari, C. A. Gagliardi, J. C. Hardy, V. E. Mayes, R. G. Neilson,
M. Sanchez-Vega, X. Tang, L. Trache and R. E. Tribble

We have completed our study of the beta decay of ®“Ga, whose dominant branch is a
superallowed 0*-to-0" transition to the ground state of ®Zn. A manuscript has been submitted for
publication [1].

We produced *?Ga with the *H(**Zn, 3n)®?Ga reaction, using 41 and 42A MeV *Zn beams from
the K500 cyclotron on an LN,-cooled hydrogen gas target. A 1.5-mg/cm?® Al stripper foil was placed
immediately after the gas cell so that most of the outgoing *Ga ions were in the 31+ charge state.
Reaction products entered the MARS spectrometer at 0° and exited as an 80-94% pure 37A-MeV *Ga
beam in the focal plane with a typical intensity of 1000-1500 Hz. The remaining background nuclei
consisted of other N=Z, fully stripped nuclei that had the same magnetic rigidity. When required for the
lifetime measurement, the impurities in this beam were further reduced by another order of magnitude
without any loss of ®?Ga intensity: the beam was degraded and collected on the thin tape of our tape-
transport system. Since impurities have different ranges, the collected *?Ga samples were ~ 99% pure.

For the half-life measurement, approximately 3 x 10° B-decay events were recorded. Collected
activity was conveyed via tape transport to a 4n proportional gas counter. See reference [2] for a
description of the methods we use for lifetime measurements. As always, data were taken under a broad
range of experimental conditions: different combinations of counter high voltage, discriminator threshold,
fixed event-by-event deadtime, and channel dwell time. In addition, a run was taken with a much longer
decay time in order to expose longer-lived impurities. This latter run indicated that 1.1(1)% of the
observed activity arose from 3.21-s *Cu. Based on detector measurements in the MARS focal plane, we
also expected 1.46-min **Co? to be a possible impurity at the 0.1% level.

We performed five-parameter maximum-likelihood fits on the data. The five parameters
represented the yield and half-life of ®“Ga, the yields of the *®Cu and **Co® impurities, and an additional
constant background. The half-lives of the *®Cu and **Co? impurities were fixed at their accepted values.
The fitted result for the magnitude of the **Cu impurity was consistent with the yield observed during the
run specially timed to expose it. The fits also indicated that **Co? contributed a maximum of 0.05% of the
measured decays. The maximum effect that these decays could have on the measured ®’Ga lifetime was
0.04%. We find that the Ga half-life is 115.84(25) ms.

Two different procedures were used to determine the branching ratios of ®?Ga to excited states in
%2Zn. The primary goal of the first measurement was to observe any Gamow-Teller branches and either to
observe or to set an upper limit on the forbidden Fermi transition to the first 0" excited state in ®“Zn at
2.33 MeV. The ““Ga beam was stopped in a 0.66-mm thick Al target placed in air beyond the MARS
focal plane. The Al target was surrounded on four sides by 2-mm-thick plastic-scintillator beta detectors,
as shown in Fig. 1. Gamma rays were detected by 70% HPGe detectors placed behind three of the four
plastic scintillators. A 5-cm-thick graphite cone was attached to the front of each Ge detector to shield it
from decay positrons, while exposing it to a minimum of Bremsstrahlung radiation. Events were
recorded if they contained a -y coincidence. Since we maximized the yield by implanting the °Ga in the
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Figure 1. Detector configuration during the first branching-ratio
measurement, as seen by looking into the ®”Ga beam. The aluminum
stopping target was located in the center of the four-sided box formed by the
scintillators and the light guides.

Al target and making the decay
measurements  simultaneously, the
half-lives for the observed y decays
could not be determined.

Most of the ®*Ga decays go to
the ®Zn ground state. Thus, to infer
branching ratios from the observed pB-y
coincidence yields, one must know
both the strength of the ®’Ga source
and the absolute efficiency of the B
and y detectors. The %“Ga yield was
calibrated relative to the integrated
%Zn beam intensity in dedicated runs
with a Si strip detector in the MARS
focal plane. The Ge-detector

efficiencies were measured in situ with a *?Eu source that was calibrated to 5%. The PB-detector
efficiencies were calculated to 5% with a Monte Carlo simulation. They were nearly independent of

endpoint energy.

Figure 2 shows one of the y-ray spectra in the vicinity of the 0.954 MeV v ray from the decay of

the 2* first-excited state in ®2Zn. This decay was clearly visible in all three B-y coincidence spectra and

200

175 “Ga
150

Counts

corresponds to an

*Mn" apparent B-decay

branching ratio to the
0.954 MeV state of
0.120(21)%. If these
y rays were the result of
decays directly to the 2°
state, they would
represent a log ft of 6.2.
This is far too small for a
second-forbidden 3 decay,
so these y rays must be the

|
9200 950 1000 1050
E (keV)

|
1100 result of cascade y decays
following Gamow-Teller

Figure 2. Gamma-ray spectrum from one of the Ge detectors in the vicinity of the %Zn transitions to higher lying

first-excited state at 954 keV. The transitions are labeled according to the parent nucleus.

1* states in %zn. A

systematic search was performed of the measured y—ray spectra for evidence of transitions that might
populate the 2" state. None were found with y—ray energies below 2.5 MeV. There was no evidence
either for a 1.376 MeV y ray, which would indicate population of the first 0" excited state in ®?Zn at 2.33
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MeV. After accounting for statistical and systematic uncertainties, we conclude that the branching ratio
for the forbidden Fermi decay from %“Ga to ®*Zn(0+,2.33) is <0.043%, consistent with predictions [3].

A second branching-ratio measurement was performed with the tape transport system so that the
decay of 0.954-MeV v ray could be measured, albeit with lower statistics. We found its half-life to be
110(65) ms, thus confirming that it follows the p decay of the ®Ga ground state.

Our measured y-ray yields from the decay of ®?Ga would have been puzzling indeed without the
recent calculations [4] of competing Gamow-Teller decays in superallowed emitters with A > 60. There,
it is estimated that more than 100 such branches exist and, although their total strength is predicted to be
significant (~0.3%), the individual branches themselves are considerably weaker and could well be
unobservable. The calculations also predict the fraction of such branches that de-excite through the
0.954-MeV first-excited state and we can use that result, together with our measured intensity of the
0.954-MeV y ray, to set limits on the total non-superallowed decay branches from ®?Ga. We thus find the
superallowed branching ratio for ®’Ga decay to be 99.85(+5,-15)% and the corresponding corrected Ft-
value to be 3050(47) s, in good agreement with 3072.2(8) s, the average Ft-value for the nine well-known
cases studied to date. If the uncertainty on the Qgc-value could be reduced to 1.7 keV — probably within
the grasp of current technology — the uncertainty on the resulting Ft-value would become 9 s. That would
be sufficient to provide a demanding test of the structure-dependent corrections [3] used in obtaining the
82Ga Ft-value.
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T=5/2 states in °Li: Isobaric analog states of *He

G. Chubarian, V. Z. Goldberg, G. V. Rogachev, J. J. Kolata, D. Aleksandrov, A. Fomichev,
M. S. Golovkov, Yu. Ts. Oganessian, A. Rodin, B. Skorodumov, R. S. Slepnev, G. Ter-Akopian,
W. H. Trzaska, R. Wolski

The first study of isobar analog states of a neutron rich nucleus, °He, which is beyond the nuclear
stability region, was made by means of resonance scattering using ®He beam. The experiment was made
along the ideas given in [1].

The experiment was performed with radioactive beams of ®He at laboratory energies of 51 and 59
MeV having an intensity of about 1000/s, produced in the Flerov Laboratory (Dubna). The experimental
setup is shown in Fig. 1 A primary beam of 32 MeV/AMB ions was incident on a very thick beryllium
target. A magnetic spectrometer was used to separate ®He from all other reaction products. Two thin
plastic detectors in the flight path, upstream of the experimental area, provided an event-by-event
identification of the incoming particles. The scattering of ®He on p was performed in a 50 cm scattering
chamber filled with methane gas.

The excitation function for ®He+p elastic scattering is presented in Fig.2 together with the fit
based on two channel multi-level R-matrix theory. The R-matrix calculation, assuming 1/2" spin for the
first resonance, 3/2" for the second, and 5/2" for the third is shown in Fig. 2 by a dashed line. Energies and
widths of the resonances are as follows: 16.1+0.1 MeV I'<100 keV; 17.1(2) MeV I'=800 keV; 18.9(1)
MeV I'=240 keV). The convolution of this calculation with the experimental resolution function is shown
by the bold dot-dashed line.

The T=5/2 levels in °Li are directly related with the lowest levels in ®He.Therefore, two main
conclusion can be made on the basis of the results obtained: (i) predictions based on calculations for the
nuclei on the stability line are made for °He [2,3] should be reconsidered, and (ii) there is a fruitful field
of studies of analog states in neutron rich nuclei by the thick target inverse kinematics method.
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o -Structure in ?Ne by the resonance **O+*He scattering

G. Chubarian, V. Z. Goldberg, G. V. Rogachev, M. V. Rozhkov and B. B. Skorodumov, W. H. Trzaska,
K.-M. Kallman, T. Lonnroth, M. Mutterer

Knowledge of a-cluster structure is mainly based on investigations of light N=Z nuclei [1]. Many
difficulties of experimental investigations of the a-cluster structure in N=Z nuclei can be overcome using
Thick Target Inverse Kinematics (TTIK) method [2]. However, while high efficiency and reasonably
good resolution makes the method attractive (and the only possible one for nuclei far off the line of
stability), the data, which correspond to the end of the heavy ions range in the TTIK method, might be
less reliable due to the large spread of the beam in the end of its range. The aim of this work was a
detailed comparison of the available data for the states in ?Ne near the **0+a threshold, obtained by the
conventional method with these, obtained by the TTIK method [3].

Broad region excitation functions for *O+a elastic scattering were measured at the Jyvaskyla
University cyclotron, and part of the data (high energy) has been published [3].

The analysis showed that the energy and space spread of the beam must be taken into account in
the TTIK method to provide for reliable data on level parameters for levels widths of few keV.
Simultaneously, differences were found in the quality of the fit and in the parameters of the levels, which
cannot be related with differences in the experimental methods or with the details of a somewhat different
theoretical approach. These differences are the result of the restricted energy regions, which were under
analysis in the former experiments [4,5]; it appears that strong higher energy resonances influence the low
energy region. This fact can be an important issue for many studies of low energy region resonances of
astrophysical importance.
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Recent Results in the Studies of Nuclear Structure by Resonance Scattering
with Radioactive Beams

G. Chubarian, V. Z. Goldberg, W. H. Trzaska, G. V. Rogachev, J. J. Kolata, A. Andreyev, C. Angulo,
M. J. G. Borge, S. Cherubini, G. Crowley, A. Fomichev, M. Gorska, M. Gulino, M. S. Golovkov,
M. Huyse, K. -M. Kéllman, M. Lattuada, T. Lénnroth, M. Mutterer, R. Raabe, A. Rodin, S. Romano,
M. V. Rozhkov, B. B. Skorodumov, C. Spitaleri, O. Tengblad, G. Ter-Akopian, A. Tumino,

P. Van Duppen, R. Wolski

This work is related to the review talk, which was presented by V. Goldberg at the XXVI
Symposium on Nuclear Physics, January 6-9, 2003, Mexico.

A new role of resonance scattering in the studies of drip line nuclei as well as in some other
applications is based on the following.

1. The binding energies of drip line nuclei are small by definition (or even positive); it means that
lowest states can be populated in resonant elastic scattering.

2. The inverse kinematics thick target method gives the possibility to use a great variety of
available radioactive beams for resonance investigations. The method provides for very high efficiency of
measurements, so that even intensities of 1000 /s can be used, together with high resolution especially
around 180 degrees (cm).

3. The resonance interaction of proton rich species on hydrogen touches the proton rich border of
nuclear stability, while interaction of neutron rich nuclei with hydrogen provides a means to investigate
even more neutron rich nuclei through their analog states.

4. An investigation of resonance states in proton rich nuclei gives the possibility to study states,
which are below the threshold for nuclear decay due to the difference in the Coulomb interaction in the
mirror neutron rich ones.

5. The observation of scattering at 180
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Evolution of Shell Structure to Drip Lines Near 1P Shell
V. Z. Goldberg

Investigation of T=5/2 levels in °Li [1] brought evidence for a surprisingly narrow width of the
lowest %2 state. According to the single particle model the state should have the structure of one particle
in the py, sub shell. This finding (as many others, see for example [2]) makes us consider a reason for
changes of the conventional shell model structure near the neutron drip line.

High N/Z ratios result in low binding of the outermost neutrons. In °He the protons are bound by
many MeV: the last neutron is unbound. Hence the wave functions of the outermost neutrons will extend
far beyond the conventional nuclear radius. The spatial extent should correspond to a diffuse density
distribution, and to a diffuse shell model potential.

Fig. 1 illustrates drastic changes in the shell model structure induced by a diffuse potential. (The
specific example is given for A=13.) It can be seen in Fig. 1 (middle) that while a large energy gap still
exists between 1s and 1p shells, the 1psp, 1p12, 25 and ds, levels are almost degenerate in the diffuse

potential. Since the spin-orbit potential has the radial
------ ——— form of a derivative of the central potential, it will be

.E:g; AL : reduced in the strength, decreasing the gap between
:2 Ronner : Pps2 and py, levels in a diffuse potential (Fig.1c). In its
3 = | Ry turn, the enhanced density of the nearby continuum

S eog————3 LA e e states increases the role of the pairing interaction.
Hence, the structure of the ground state in ®He
s © T — = — might be a complicated mixture of pzs, P12, 2, and dsp,
?512 ol — ' o configurations, quite different from the naive picture
g;z el P N | of the closed ps, sub shell. Therefore only part of the
& 25 2 D wave function of the %- state in *He could be related
L with the nucleon decay to the ground state in ®He

resulting in the narrow width of this state.
Vel n  ciffused potental,rght(SL) potentia deceaced In spite of the very qualitative character of the
in accordance with r-dependence of the diffused potential. above considerations, it looks evident that in a diffuse

potential 2s state appeared to be so close to the p1/2
state, that a small residual interaction can change the order of the levels without severely disturbing the
single particle nature of the states. That is the situation, which is characteristic for the lowest states in *'Be
[3] and "N [4]. The s state is only 0.3 MeV below the py, state in *'Be, and the low-lying 2+ level in *°Be
can be considered as a sign to take residual interaction into account. On other hand, the results [5] showed
much larger descending of the s state in °He, and simultaneously it is known that a first excited state in

®He is lying much higher than in *°Be. All these make the results in [5] even more surprising.
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Final State Interaction or a ®H excited state?

V. Z. Goldberg, G. V. Rogachev, J. J. Kolata, L. V. Grigorenko, F. D. Becchetti, P. A. DeYoung,
J. D. Hinnefeld, L. O. Lamm, J. Lupton, T. W. O’Donnell, D. A. Roberts, and S. Shaheen

Recently, resonance-like structure observed in the *H(°He,a) reaction [1] was interpreted as an
excited state of ®H. After that, it was claimed [2], that low energy n-d scattering can be interpreted in
terms of a virtual state in the vicinity of the n-d threshold. Another interesting idea was suggested in [4],
that the existence of a previously unknown excited state of tritium would not be in contradiction with the
available experimental data if a special structure was assumed for the resonance. Specifically, it must
primarily consist of a “dineutron’ bound to a proton. The importance of the main conclusion in [1], viz.
the existence of an unknown state in a three nucleon
system, cannot be overestimated.

The aim of this work was (i) to confirm the

1000 | ' gjzz e results, with a better experimental set up, because the

L S e taon experiment [1] was not without problems, and (ii)to

8% consider, whether aspects of the reaction dynamics other

@ K G?Ems(éggres%éo than the interaction in the n-d channel can lead to
§500 Zz \ ) resonance like behavior.

© = A The main results of the present work are as

) SR NS follows: (i) the measured spectrum is in agreement with

\ R the results[1] (there is a peak in the a-particle spectrum

o — S raens AR corresponding to low energy in the n-d channel); (ii)

1‘5‘ - ‘2‘0‘ - ‘2‘5‘ - ‘3‘0‘ ‘ none of the individual pair final state interactions in the

Lab. Energy (MeV) system, except for the hypothetical state in the triton, can

Figure 1. Description of the experimental o-particle describe the experimental data; and (iii), the peak can
spectra by different processes. The inset shows the a- : :
particle spectrum after subtraction of the background _howeve_r be explalned. by three body final state
(solid line). The curve in the inset shows the effect of interactions together with the fact that total energy
three particle FSI. available for three particles (o, n, d) is rather low.

The latter explanation is of importance as a novel and unexpected effect of final state interactions

for weakly bound nuclear systems.
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Temperature Dependence of the Isospin Distillation in Nuclear Fragmentation
D. V. Shetty for The NIMROD Collaboration

Temperature dependence of the isospin distillation in asymmetric nuclear matter was studied for
12451 + %'5n reaction at 28 MeV/A. Double isotope ratios were used to determine the temperature for
fragments emitted along various laboratory angles. The bottom panels of the figure show temperatures
extracted for the three emission angles of 0y, = 4°, 9.4° and 32°. The temperature is seen to evolve from
3.9 MeV at 0y, = 4° to 5.4 MeV for 0y, = 32°. Beyond 0y, = 32°, the temperature remains fairly constant
indicating a unique thermalized source. The emission source was also characterized by performing a
moving source fit on the kinetic energy spectra of the emitted particles. The top panels show isobaric
ratios as a function of N/Z of the composite system for the two emission angles of 0,;, = 9.4° and 0y, =
32° 1t is observed that the isobaric ratios for the light clusters are comparatively higher for lower
emission angle than those obtained for higher angles. The increase in isobaric ratio with decreasing
emission angle indicates a significant enhancement of neutrons in the gas phase with decreasing
temperature.
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Figure 1. Double isotope ratio as a function of difference in binding energy at various laboratory angles (bottom panels). Isobaric
ratio as a function of N/Z of the composite system at two different emission angles (top panels).
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Midrapidity Emission in Nuclear Fragmentation
D. V. Shetty for The NIMROD Collaboration

Charged particle and their source of emission was studied in **Sn + ?*Sn reaction at 28 MeV/A
by investigating the rapidity distribution. Figure 1 shows the rapidity distribution for *He, “He and °He
isotopes for various charged particle multiplicity bins. While the rapidity distribution for all the He
isotopes are observed to evolve identically as a function of multiplicity bin, the peak position of the
distribution for the highest multiplicity bin are different for different He isotopes. The *He isotope for the
highest multiplicity is observed to be centered closer to the projectile-like source velocity than the
distributions for the “He and °He isotopes, which appear to evolve slowly towards midrapidity (dotted
line). This indicates that the heavier isotopes of He may have different emission pattern. A similar
evolution of the distribution with multiplicity bin is also observed when comparing the “He with heavier
fragments like 'Li and B (right panels). However, here it is observed that for the highest multiplicity bin
the fragments tend to localize closer to the midrapidity region with increasing fragment charge, Z. This
suggests that the midrapidity region becomes increasingly favorable for fragments with higher charge Z.
Also, a relative increase in the emission of heavy fragments with increasing centrality was observed in the
yield ratios of the fragments (Z = 3 — 7) emitted in the forward and backward angles. The heavy
fragments show a steep rise in their yields, compared to a gradual increase for the lighter fragments, as the
centrality of the collision increases. The midrapidity region seems to be not only a neutron rich source but
also a rich source of heavy fragment formation.
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Figure 1. Rapidity distribution for the *He, “He and ®He isotopes as a function of charged particle multiplicity bin in ***Sn
+ 1243 reaction (left). (Right) same as the left, but for He, Li and B fragments.
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Isospin Dependence of the <N/Z> in Nuclear Fragmentation
D. V. Shetty, for The NIMROD Collaboration

Fractionation of nuclear matter into a neutron rich gas composing of light clusters and a
symmetric liquid phase consisting of heavy fragments has been predicted for isospin asymmetric nuclear
matter [1]. This separation of excited nuclear matter into two phases affects the fragmentation process and
can be studied by looking at the neutron content of the emitted fragments and how they differ between
light and heavy fragments. If excited nuclear matter is separating into two phases, differing in isospin
content, then light fragments may condense from the neutron rich gas, and heavy fragments may
evaporate off of the more symmetric liquid. This would result in light fragments being more neutron rich
than heavier fragments. Figure 1 shows the <N/Z> ratio of various intermediate mass fragments observed
in four reactions having different neutron to proton content. The increase in <N/Z> of the fragments with

1.8 .

1.45 | O 'Sn + '"*Sn
Q @ '“Xe + '"**Sn
; O '**Sn + ""*Sn
A "*Xe + '"Sn

1.4 o

Figure 1. <N/z> as a function of fragment charge, Z, for the '2Sn, 12*Xe + '2*Sn, 1?Sn
reactions at 28 MeV/nucleon. The lines through the symbols are drawn to guide the eye.

increasing isospin of the system and an overall decrease with increasing Z is clearly evident. The
observation indicates that the excess neutrons in the composite system become available in the form of
light neutron rich clusters, leaving the heavy fragments with relatively lower neutron content.
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Isospin Dependence of the Charge Distribution in Nuclear Fragmentation
D. V. Shetty, S. J. Yennello, E. Martin, A. Keksis, and G. Souliotis

The clusterization of nucleons into fragments in the fragmentation process of highly excited nuclei at
intermediate energy is a subject of significant importance. It has been known that the yield distribution of
the light cluster is characterized by a simple power law relation of the form, P(Z) o Z. This observation
is believed to be a manifestation of phase transition in a system at equilibrium near it’s critical
temperature [1]. The distribution has been studied in the past as a function of both, the size and the
excitation energy of the system. A very preliminary attempt has been made to study the isospin
dependence of this yield distribution in **Ni + *®Ni, *®Fe + *®Ni, *®Ni + **Fe and *®Fe + *®Fe reactions at
beam energies of 30, 40 and 47 MeV/nucleon. These reactions populate system of equal size but different
excitation energy and isospin (N/Z). Figure 1 shows the rising steepness of the yield distribution with
increasing bombarding energy, indicating a rise in the light cluster production with increasing
temperature. However, the rise in the steepness also appears to depend on the isospin (N/Z) of the system.
Attempts are being made to investigate this effect further.

Fe + Fe
+1(N/Z = 1.23)

Ni + Ni Fe + Ni
108 (N/Z=1.07) +1 (N/Z =1.15)

% 30 MeV/A
[ 40 MeV/A

- A 47 MeV/A
*

Yield

o 10 15 20 5 10 15 20 5 10 15 20
z Z z

Figure 1. Charge distribution for the reactions **Ni + %®Ni, *®Fe + %8Ni, and %Fe
+ Fe at 30, 40 and 47 MeV/nucleon. The solid curves are the power law fit to
the data.
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Isotopic Scaling of Heavy Projectile Residues from Deep-Inelastic Collisions at Fermi Energies
G. A. Souliotis, D. V. Shetty, M. Veselsky, G. Chubarian, L. Trache, A. Keksis, E. Martin, S. J. Yennello

The scaling of the yields of heavy projectile residue from the reactions of 25 MeV/nucleon *Kr
projectiles with 2Sn, 2Sn and ®Ni, **Ni targets is studied [1].

Isotopically resolved yield distributions of projectile fragments in the range Z=10-36 from these
reaction pairs were measured with the MARS recoil separator in the angular range 2.7°-5.3°. For these
deep inelastic collisions, the velocities of the residues, monotonically decreasing with Z down to Z~26-
28, are employed to characterize the excitation energy. The yield ratios Ry (N,Z) for each pair of systems
are found to exhibit isoscaling, namely, an exponential dependence on the fragment atomic number Z and
neutron number N (e.g. Fig. 1). The isoscaling is found to occur in the residue Z range characterized by

(almost) constant velocities, on average, implying constant
Sopcp 4 12412, excitation energies. The corresponding isoscaling parameters
ey are o=0.43 and = —0.50 for the Kr+Sn system and o.=0.27

Z=101316 19 22 25 28 31 34 ] and f=-0.34 for the Kr+Ni system (Fig. 2). These
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Figure 1. Yield ratios Ry (N,2) = Y, (N.2)/Y; i F53° |
(N,Z) of projectile residues from the reactions 1
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respect to N for the Z's indicated, and (b) with e R T i T . O T
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whereas the lines are exponentia| fits. Flgure 2. (a) Isos_caling parameter as a function of Z for
projectile residues from the reactions

For the Kr+Sn system, for which the *Kr(25MeV/nucleon)+'*"Sn  (closed  circles)  and
Kr(25MeV/nucleon) + ****Ni (open circles). The straight

experimental angular acceptance range lieS |ines are constant value fits for each system (see text). (b)

inside the grazing angle, isoscaling was found Isocaling parameter as a function of N for ®Kr (25
MeV/nucleon) +2*M2sn  (closed circles) and %®Kr

to occur for Z<26 and N<34. The extracted (25MmeV/nucleon) +5*%8Ni (open circles). The straight lines
values of the isoscaling parameters are used to e again constant value fits for each system.
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extract the neutron and proton chemical potentials, as well as obtain an estimate of the symmetry energy
coefficient of highly excited primary fragments. For heavier fragments from Kr+Sn, the parameters vary
monotonically, a decreasing with Z and 8 increasing with N (Fig. 2). This variation is found to be related
to the evolution towards isospin equilibration and, as such, it can serve as a tracer of the N/Z equilibration
process.

The present heavy-residue data demonstrate the occurrence of isotopic scaling from the
intermediate mass fragment region to the heavy-residue region. Interestingly, such high-resolution mass
spectrometric data may provide important information on the role of isospin and isospin equilibration in
peripheral and mid-peripheral collisions, complementary to that accessible from large acceptance
multidetector devices. Continuation of the present studies employing the newly commissioned
Superconducting Solenoid Line (BigSol) is currently underway.
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Enhanced Production of Neutron-Rich Rare Isotopes in Peripheral Collisions at Fermi Energies
G. A. Souliotis, M. Veselsky, G. Chubarian, L. Trache, A. Keksis, E. Martin, D. V. Shetty, S. J. Yennello

The cross sections and velocity distributions of projectile-like fragments from the reactions of 25
MeV/nucleon ®Kr + #*Sn,"2Sn have been measured using the MARS recoil separator at Texas A&M,
with special emphasis on the neutron rich isotopes [1]. This work is an extension of our previous work on
the reaction 25 MeV/nucleon %Kr + %Ni reported elsewhere [2]. Proton-removal and neutron pick-up
isotopes have been observed with large cross sections. A model of deep-inelastic transfer (DIT) [3] for the
primary interaction stage and the statistical evaporation code GEMINI [4] for the deexcitation stage have
been used to describe the properties of the product distributions. The results have also been compared

with the EPAX [5] parametrization of
(25 MeV/nucleon) Kr + '#1%Sn high-energy fragmentation yields.

A large enhancement in the
production of neutron-rich projectile
residues is observed in the reaction of the
%Kr beam with the neutron rich '?*Sn
target relative to the predictions of the
EPAX parametrization of high-energy
fragmentation, as well as relative to the
reaction with the less neutron-rich *?Sn
target (Fig. 1). The data demonstrate the
significant effect of the target neutron-to-
proton ratio (N/Z) in peripheral collisions
at Fermi energies.

The hybrid DIT/GEMINI model
appears to account for part of the
observed large cross sections. The DIT
simulation indicates that the production
of neutron-rich nuclides in these reactions
is associated with peripheral nucleon
exchange in which the neutron skin of the
4 neutron-rich **Sn target nucleus may
i play an important role. Similar

conclusions have been drawn from recent
calculations for the 25 MeV/nucleon *°Kr

1000

100 £

10F

0.01F £

0.001 |

().0(][)1-"'"""""""—"" L

=1
3
®
S
[*)
&

100 ¢

,_.
o

—

=]
o
=

0.001

Cross Section (mb)

0.0001 £

1e-05 L

100 ¢

0k

0.1 &
/!
0.01%

0.001

0.0001 £

19,()5-..............I.".
65 70 75 80 60 65
Mass Number A
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reactions between massive neutron-rich

nuclei offer a novel and attractive
synthetic avenue to access extremely neutron-rich rare isotopes towards the neutron-drip line.
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Applications are investigated for the Texas A&M Cyclotron Institute upgrade and, in the far future, for
the Rare Isotope Accelerator Facility (RIA).
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Energy Dependence of the Isotopic Composition in Nuclear Fragmentation

D. V. Shetty, S. J. Yennello, E. Martin, A. Keksis, and G. Souliotis

Theoretical studies based on isospin dependent interaction and nuclear equation of state predict
drastic changes in the nature of liquid gas phase transition for isospin asymmetric nuclear matter [1].

Isotopic composition of the fragments emitted

1.6 . ' in ®*Ni + *Ni, *Fe + **Ni, **Ni + *°Fe and **Fe

":"X;p: g“ti"s + %Fe reactions were studied at beam energies

.z./\c *M=4 of 30, 40 and 47 MeV/nucleon. The relative

Sl et 5 I free neutron and proton density in the vapor

f} phase was extracted from the measured

i | isotope and isotone yield ratios as a function

of N/Z of the composite system. It is observed

that the neutron content of the vapor phase is

" sensitive to, both, the isospin (N/Z) of the

A initial colliding nuclei and the excitation

'ic: energy. The asymmetry of the nucleons in the

\& 08 loaz=3 gase phase increases with the isospin, (N/Z),

Y% gg;:g of the composite nuclei and decreases with

luctana Ritlsg increasing beam energy. The present

0.6 : . . observations indicate a  temperature

1.65 1.1 3-1% 1.2 1,25 dependence of the isotopic composition
(N/Z)es

consistent with those predicted by the isospin

Figure 1. Relative free neutron (top) and proton density (bottom) asa dependent calculation.

function of N/Z of the composite system for various beam energies.
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Progress in Research of Isospin Equilibration
E. Martin for the NIMROD Collaboration

Many studies of isospin dependence of nuclear phenomena related to fragmentation from heavy-
ion collisions have been conducted in recent times. NIMROD was used to examine the reactions of 35
and 45 MeV/nucleon ** **Fe and *® ®Ni on ** *®Fe and *® ®Ni in order to study isospin equilibration. The
beams were produced by the K500 Superconducting Cyclotron at the Cyclotron Institute of Texas A&M
University using NIMROD, or the Neutron lon Multidetector for Reaction Oriented Dynamics.

Figure 1 shows isotopic ratios for 35 and 45 MeV/nucleon **Fe, ®Ni + *®Fe, *®Ni plotted as
function of the (N/Z) content of the compound system. The error bars shown are statistical errors and the
lines are meant to guide the eye. When two systems having differing entrance channel (N/Z) content but
the same compound system (N/Z) content show isobaric or isotopic ratios with similar values, the systems
are said to have reached isospin equilibrium [1]. Within the error bars, the data in Figure 1 show that
isospin equilibrium had been reached prior to fragment emission. An error-weighted linear fit was put to
the isobaric data in Figure 1.

Isotopic ratio dependence on (N/Z) system In future data
MCP>=10 at 0,,,=10 deg analysis, the systems
Eproj= 35AMeV Epro= 45AMeV

shown here will increase
in statistics and more

pren P
” i ; systems and angles will
. W . % be added as the
= 43 calibrations  continue.
L2 2 - The N/Z tracer method,
i::"ﬁ-—ﬂj 1:?.# as cited in ref. [2], will
e s be used to gauge the
e = amount  of  isospin
w ;;:wﬁ equilibration that had
s as — occurred in the system
. r o prior  to  fragment
m!.-m TZZZW emission, but at a more
- e rize intermediate energy than
in ref. [2].
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Isospin Dependence of Quasiprojectile Fragmentation
using Mass 40 Isobars on ***'?%Sn Using FAUST

A. L. Keksis, M. Veselsky, G. A. Souliotis, E. Martin, D. Shetty, and S. J. Yennello

The isospin asymmetry term in the nuclear equation of state, EOS, can be studied using isobaric
nuclei. The EOS is important for understanding astrophysical processes, such as neutron star cooling and
the r-process [1, 2]. Increasing the isospin asymmetry produces new phenomena such as proton and
neutron halos, and changes nuclear properties such as the nuclear density [3, 4].

This research was performed at Texas A&M University’s Cyclotron Institute using FAUST [5,
6], the Forward Array Using Silicon Technology (FAUST) shown in Figure 1. The calibration and gating

Figure 1: The FAUST forward array.

procedures were previously described [7]. During this period
the decoding and analysis procedures have been under
development. There are two paths that are being pursued. One
focuses on adapting the new lab standard, CycApps, which was
developed for NIMROD data, to handle FAUST data. The
other focuses on another NIMROD analysis program, which
was used successfully by Veselsky to analyze FAUST data.

As of this writing systematic measurements with stable
beams of “Ca, “°Ar and “Ca at 32 and 45 MeV/u are
underway. Then using the Superconducting Solenoid Rare
Isotope Beam Line [8] rare ion beams such as “°Sc (t,, 0.1823

sec.), “Cl (ty, 1.35 min.) and possibly *°S (t,, 8.8 sec.) will be produced and identified with TOF
techniques. Rare ion beams allow for greater isospin asymmetric nuclei to be studied, which is one area
that is of great interest since a plethora of beams will be available when RIA, the Rare lIsotope
Accelerator, comes online early next decade.
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Evidence of Critical Behavior in the Disassembly of Nuclei with A ~ 36

Y. G. Ma, R. Wada, K. Hagel, J. Wang, T. Keutgen,* Z. Majka, M. Murray, L. Qin, P. Smith, J. B. Natowitz,
R. Alfarro,® J. Cibor,> M. Cinausero,” Y. El Masri,* D. Fabris,” E. Fioretto,* A. Keksis, M. Lunardon,’
A. Makeev, E. Martin, Martinez-Davalos,® A. Menchaca-Rocha,® G. Nebbia,” G. Prete,* V. Rizzi,> A. Ruangma,
D. V. Shetty, G. Souliotis, P. Staszel,” M. Veselsky, G. Viesti,” E. M. Winchester, S. J. Yennello
'yCL, Louvain-la-Neuve, Belgium, 2Jagellonian University, Krakow, Poland, ®UNAM, Mexico City, Mexico,

*INFN Laboratori Nazionali di Legnaro, Legnaro, Italy, >INFN Dipartimento di Fisica, Padova, Italy

Most efforts to determine the critical point for the expected liquid gas-phase transition in finite
nucleonic matter have focused on examinations of the temperature and excitation energy region where
maximal fluctuations in the disassembly of highly excited nuclei are observed. Data from the EOS and
ISiS collaborations have been employed to construct a co-existence curve for nucleonic matter [1]. Those
analyses have proceeded under the assumption that the point of apparent critical behavior was the true
critical point of the system. However, some recent theoretical treatments suggest that apparent critical
behavior may be encountered well away from the actual critical point [2] that excited lighter nuclei
provide the most favorable venue for investigation of the critical point in finite nuclei. In this work we
report results of an extensive investigation of nuclear disassembly in nuclei of A ~ 36, excited to
excitation energies as high as 9 MeV/nucleon.

Using the TAMU NIMROD detector and beams from the TAMU K500 super-conducting
cyclotron, we have probed the properties of excited projectile-like fragments produced in the reactions of
“Ar + 2Al, “®Ti and *®Ni at 47 MeV/nucleon. Earlier work on the reaction mechanisms of near symmetric
collisions of nuclei in the 20<A<64 mass region at energies near the Fermi energy have demonstrated the
essential binary nature of the collisions, even at relatively small impact parameters [3]. As a result, these
collisions prove to be very useful in preparing highly excited light nuclei with kinematic properties which
greatly simplify the detection and identification of the products of their subsequent de-excitation.

A wide variety of observables indicate that maximal fluctuations in the disassembly of hot nuclei
with A~36 occur at an excitation energy of 5.6 + 0.5 MeV and temperature of 8.3 + 0.5 MeV.

Associated with this point of maximal fluctuations are a number of quantitative indicators of
apparent critical behavior. First, the charge distribution shows a minimum power-law parameter ~2.2
which is consistent with the critical behavior predicted by Fisher’s Droplet Model. Second, a number of
indicators show the largest fluctuation, for instance, a Campi scatter plot shows that equal branches for
the liquid and gas phases, the charge distribution of the largest fragment (Zn.x) and the total kinetic energy

show the maximum fluctuations, the behavior of the A-scaling of Zy.x [4] shows a change from A=1/2 to

11-12



(2]

1 10 1 10
order

Figure 2. The Zipf-plot in three E*/A window (left:
2.0-2.8, middle: 5.6-6.5, right: 7.5-8.5).

A=1 scaling around the critical point (see Fig.1). Third, the
fragment topological structure also indicates critical
behavior, for instance, the Zipf law, which describes the
mean sizes of the rank-ordered fragments as a function of the
rank, is satisfied in the critical point [5] (see Fig.2), the
charge correlation between the heaviest fragment and the
second heaviest fragment also display behavior change
around the critical point. Moreover, analysis of bimodality
and critical exponent are consistent with the phase change at
that point. The associated caloric curve does not appear to
show a plateau such as that seen for heavier systems (see
Fig.3). This may indicate that, in contrast to quasi-plateauing
of caloric curves in heavier nuclei, the observed behavior in
these very light nuclei may well be associated with a phase
change in an equilibrated system at, or extremely close to,

the critical point.

20 IlI 'I'ISMIM lCz:Iscla(IIQ- -::o:'relct;(ll | REfe rences
158 ® T, QSM corrected ]
= ? T [1] R. Botet et al., Phys. Rev. Lett. 86, 3514 (2001).
é 10k i ] [2] J. B. Natowitz et al., ArXiv nucl-ex / 0206010.
= /{; . : [3] J. Peter et al., Nucl. Phys. A593, 95 (1995).
5r 1 [4] R. Botet et al., Phys. Rev. Lett. 86, 3514.
R S [5] Y. G.. Ma, Phys. Rev. Lett. 83, 3617 (1999).
0 5 10 15
E'JA (MeViu)

Figure 3. The caloric curves. The filled squares
present the initial temperature deduced from
the correction from cascade assumption (liquid
phase), the filled circles how the initial
temperature with the quantum statistical model
correction (gas phase), and the open squares
depict the thermal kinetic temperature.
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Multifragmentation and Cold Fragment Emission

R. Wada, T. Keutgen, K. Hagel, M. Murray, Y. G. Ma, L. Qin, J. S. Wang, P. Smith, J. B. Natowitz,
A. Makeev, A. Ono* and the NIMROD Collaboration
Tohoku University, Sendali, Japan

A detailed study of the multifragmentation mechanism has been performed using the calculated
central collision events of ®Zn + *Ni, Mo, **’Au, at 26A, 35A and 47A MeV. The events are generated
by Antisymmetrized Molecular Dynamics Model (AMD-V) with a Gogny type interaction of the stiff
equation of state (EOS). This parameter set describes best the recent NIMROD results. In these calculated
events multifragment production is observed in all cases and two features are commonly observed. One is
that preequilibrium light particle emissions occur from the overlap zone of the projectile and the target.
Another feature observed is that fragments are emitted rather cold. In Fig. 1 the excitation energy and
emission time of fragments are plotted for **’Au at 47A MeV. It is clearly seen that the excitation energies

Ex (A MeV)
T

300+

o
E 2000
g 1001
=
ol , ‘ (b)
0 20 40 60 Time (fmic)
Mass
Figure 1. Excitation energy and emission time of Figure 2. Ratio of the excitation energies of the largest
fragments as a function of fragment mass from fragment (Fma) and the second largest fragment (F;) for
#7n+%Au at 47A MeV. The values are evaluated when *zn+*"Au. Results for F, with all fragments (Z > 2) are
the fragments are identified at the first time. shown by circles and those for F, with A > 30 are shown by

dots.

of light fragments are much lower than that of the maximum mass fragment. These fragments are not
necessarily emitted at early stages as seen in (b). In order to elucidate the equilibration time of the system,
the ratio of the excitation energies of the largest fragment (Fnax) and the second largest fragment (F,) is
plotted in Fig. 2. When fragments with A < 30 are excluded from F,, the ratio stays constant from the
earliest time when F, is first identified. This indicates that the system reaches a thermal equilibrium
before this time. These calculated results indicate that, after the emission of preequilibrium particles,
smaller fragments are formed relatively cold and the system reaches a thermal equilibrium. In this
environment these small fragments behave like nucleons and share the excitation energy of the system
mainly as kinetic energy and little as internal energy. When the system undergoes multifragmentation,
rather cold fragments are emitted.
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Neutron Ball Efficiency Calculation for NIMROD

M. Murray, R. Wada, T. Keutgen, K. Hagel, Y. G. Ma, J. B. Natowitz, J. Cibor, L. Qin, C. Hamilton,
A. Makeev, A. Ono* and the NIMROD Collaboration
Tohoku University, Sendali, Japan

The neutron ball efficiency in NIMROD has been evaluated using the GCalor code coupled to the
GEANT-3 simulation package. The geometry and material of the Neutron Ball and the charged particle
array have been taken into account in detail in the program. Calculations were made for neutrons emitted
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Figure 1. Calculated neutron ball efficiency without
the charged particle array (a) and with the charged
particle array (b). Neutron efficiency at a given
neutron energy is shown by dots. The contribution
for the first detected neutrons is shown by triangles
and that for the second and higher order detected is
shown by squares. The solid line in the left figure
shows results from the DENIS code. The open
circles neutrons in the right figure indicates the
detection efficiency of the neutrons when a proton
of an initial energy given on x-axis is emitted at the
target.
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Figure 2. Neutron Ball multiplicities for ®zn +
®Ni, Mo and *'Au at 47A MeV. Observed
experimental results are shown by circles. Solid
lines are the calculated results. The calculations are
made using AMD-V with the standard Gogny
interaction (soft EOS) and filtered through the
calculated Neutron Ball efficiencies.

isotropically from the target with energies from 2 to 100
MeV in 2 MeV steps. Each neutron was followed until
either it escaped from the neutron ball or became
thermalized (E <0.03 eV). If it is thermalized inside the
liquid scintillator, we assumed the neutron was captured by
the Gadolinium. The program was run in two modes, i.e.,
with the charged particle array and without the array to
specify different contributions to the efficiency. In Fig.1 the
calculated results are shown both without and with the
charged particle array. For comparison the results
calculated from the program DENIS are also shown by a
solid line for the case without the charged particle array [1].
Since DENIS does not include neutron generation by
materials inside, a significant discrepancy appears above 20
MeV.

The above calculated results have been applied to
actual reactions of 64Zn + 58Ni, 92Mo and 197Au at 47A
MeV. In Fig.2 the experimental neutron multiplicities are
compared to the results of AMD-V calculations, filtered
through the above calculated efficiencies. For lighter
targets, reasonable agreements are obtained whereas for
197Au the calculation overpredicts by about 3 neutrons.

References:

[1] R. P. Schmitt et al., Nucl. Instrum. Methods Phys. Res.
A 354, 487 (1995).
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Reaction Dynamics and Equation of State in Fermi Energy Heavy lon Reactions

R. Wada, T. Keutgen, K. Hagel, M. Murray, Y. G. Ma, L. Qin, J. S. Wang, P. Smith, J. B. Natowitz,
A. Makeev, A. Ono*and the NIMROD Collaboration
Tohoku University, Sendali, Japan

Three reaction systems, *Zn + *®Ni, “Mo, *’Au, at 26A, 35A and 47A MeV have been studied
using a 4n detector array NIMROD. The analysis has now been completed. The observed results have
been compared with Antisymmetrized Molecular Dynamics model (AMD-V) calculations [1] employing
Gogny type effective interactions corresponding to soft (K=228 MeV) and stiff (K=360 MeV) equations
of state (EOS). Effects of different in-medium NN cross sections, an empirical formulation [2] (NNemp)
and those from Li-Machleidt [3](NN_y), were also examined. Direct observables, such as multiplicity
distributions, charge distributions, energy spectra and velocity spectra, have been compared in detail with

those of the calculations.

General trends of the experimental results are well reproduced by all calculations. In Fig.1 typical
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3
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Figure 1. Multiplicity distributions of
selected charged particles. Symbols show
experimental data. Thin, dashed and thick
lines correspond to the calculated results
for soft EOS +NNemp, stiff EOS +NNemp
and stiff EOS+NNemp, respectively.
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Figure 2. Gallilean invariant velocity
distributions for fragments with Z=7 and 8.
Experimental results are shown on the left
column, the calculated results for soft EOS
+NNemp, stiff EOS +NNLM are shown in
the middle and right column. Dashed lines
indicate the detection limit.

experimental multiplicity distribution of charged particles are
compared with the AMD-V calculated results with different
parameter sets. Energy spectra and charge distributions are also
reproduced reasonably by all calculations and no significant
preference for the parameters is observed from these comparisons.

However, the velocity distribution of alpha particles and
heavier fragments shows a distinct difference for the soft EOS and
the stiff EOS. In Fig.2 Gallilean invariant velocity distributions for
Z=7 and 8 are compared with the calculated results for the soft
EOS and the stiff EOS at 47A MeV. For *®Ni the experimental
distribution clearly favors the stiff EOS. A similar result is
obtained for the velocity distribution of alpha particles.

None of the observables studied in the present work is
sensitive enough to choose between the different formulations of
the in-medium NN cross section, employed here.

References

[1] A. Ono et al., Phys. Rev. C 53, 2958, (1996); Phys. Rev. C 59,
853 (1999).

[2] A.Ono et al., Phys. Rev. C 48, 2946 (1993).

[3] G. Q. Lietal., Phys. Rev. C 48, 1702 (1993); Phys. Rev. C 49,
566 (1994).

11-16



Nuclear Expansion and Cooling in Heavy lon Reactions at Intermediate Energy

J. S. Wang, R. Wada, K. Hagel, Y. Ma, T. Keutgen, L. Qin, M. Murray, A. Makeev, P. Smith,
J. B. Natowitz, J. Cibor, C. Hamilton, E. Martin, S. Liddick, D. Rowland, A. Ruangma, M. Veselsky,
E. Winchester, G. Souliotis, S. J. Yennello, A. Samant!, M. Cinausero!, D. Fabris®, E. Fioretto®,
M. Lunardon®, G. Nebbia®, G. Prete!, G. Viesti!, Z. Majka?, P. Staszel®; S. Kowalski®, W. Zipper?,
M. E. Brandan®, A. Martinez-Rocha®, A. Menchaca-Rocha® and Y. El Masri®
'INFN-Legnaro, Padova, Italy, 2Jagiellonian University, Krakov, Poland, ®Silesian University, Katowice,
Poland, “IFUNAM, Mexico, *UCL, Louvain-la-Neuve, Belgium

Studies of dynamic processes in heavy ion nuclear reactions at intermediate energy have been
extensively performed. The phenomenon of expansion and cooling has been observed [1,2] but the
detailed process is still an open question. With the recently developed method of coalescence model
analysis, employing the relationship between surface velocity and emission time from AMD calculations,
it becomes possible to study the evolution of nuclear expansion and cooling during the process of heavy
ion reactions in more detail.

Our studies were done for four reactions with entrance channel mass around 150, 47A MeV *Zn
+ %Mo, 35A MeV *Zn + %Mo, 40A MeV “Ar + ?Sn and 55A MeV #Al + *#*Sn, performed using the
4pi detector(NIMROD) at TAMU. About 10% of the most central collision events were selected except
for 47AMeV *Zn + *Mo for which mid-central collision events were selected in order to match the
excitation energy for 35AMeV *Zn + *2Mo. The excitation energies for all four reactions are matched by
constraining to same mean neutron ball and charged particle multiplicity.

It has been pointed out that the surface velocity can be related to the particle emission time in
QMD calculations [3,4]. The linear relation between the surface velocity at 60~120 degrees in the NN
frame and the emission time is shown in Fig. 1. These were obtained for all four systems from AMD

Emn simulations  that well reproduce the
£ 180 o ZnMod? multiplicity and energy spectra of light
=, B ZnMo3s .

5 160 & ASnA0 charged particles [5].

E 10 After applying three source fits to
E"m energy spectra from 3.6° to 170° in the
= 100 laboratory frame, we extract the energy
80 spectra of the NN source (coulomb energies
ﬁ and the TLF component are subtracted using

N Monte Carlo methods in an event-by-event
-2- . -4- ; .ﬁ. : .E. . .m ! analysis. Then the double isotope ratio
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Figure 1. Average emission time of proton as a function of surface 70~80 degrees in the NN frame are derived
velocity at 60~120 degrees in the NN frame (from AMD simulations). ~ (Fig. 2).
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Figure 2. Double isotope temperature Ty vs surface Normalized to the point with velocity about 4.25cm/ns
velocity at 70~80 degrees in NN frame (from experimental 5t that point the normal density is assumed.

). In Fig. 3, the fluctuation of temperature seen
in the early stage (large surface velocity) appears to reflect non-equilibration of the source. The double
isotope ratio temperature may not be applicable in that case. The temperature changes smoothly with
surface velocity from 5.5 to 0 cm/nc. This means that chemical and thermal equilibration may be reached
at about 55 cm/ns of surface velocity. The
equilibration time is about 100fm/c.
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degrees in the NN frame. [6] A. Mekjian, Phys. Rev. Lett. 12, 640 (1977).

Vel (cm/ns)

11-18



Study of the Sensitivity of Coalescence Analyses to Impact Parameter Selection

J. S. Wang, R. Wada, K. Hagel, Y. Ma, T. Keutgen, L. Qin, M. Murray, A. Makeev, P. Smith,
J. B. Natowitz, J. Cibor, C. Hamilton, E. Martin, S. Liddick, D. Rowland, A. Ruangma, M. Veselsky,
E. Winchester, G. Souliotis, S. J. Yennello, A. Samant,! M. Cinausero,! D.Fabris,* E. Fioretto,’
M. Lunardon®, G. Nebbia®, G. Prete!, G. Viesti!, Z. Majka?, P. Staszel®; S. Kowalski®, W. Zipper?,
M. E. Brandan,* A. Martinez-Rocha,* A. Menchaca-Rocha,* and Y. El Masri’
'INFN-Legnaro, Padova, Italy, 2Jagiellonian University, Krakov, Poland, ®Silesian University, Katowice,
Poland, “IFUNAM, Mexico, *UCL, Louvain-la-Neuve, Belgium

Our previous coalescence analyses show that at 6,,~60°, the radius of emission sources

decrease with increasing impact parameter [1]. Here, we show that the radius from the coalescence
analysis is well correlated with the impact parameter.

The total events observed in four different reactions, 47A MeV ®Zn + Mo, 35A MeV ®Zn +
%Mo, 40A MeV “Ar + '2Sn and 55A MeV #Al + '#*Sn, were divided into four bins using the total
particle multiplicity (including neutron and charged particles). Three-source fits were done for light
charged particles of all four bins. After subtraction of the TLF components by Monte Carlo methods, we
obtained the charged particle energy spectra in the NN frame.
The Albergo temperatures are presented in Fig. 1 for these four reactions. The similar behavior of
temperature evolution with surface velocity for different bins indicates that the thermal and chemical
properties of the participant zones are very similar from the most peripheral to the most central collisions.
The radii of the participant zones were extracted from coalescence analyses as in ref [2]. These radii are
compared with the radii from Glauber model simulations as shown in Fig. 2.
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Figure 1. Albergo temperature as a function of surface Figure 2. Comparison of radii from coalescence

analyses for experimental data (solid circles) and Monte

velocity at 70~80 degree in NN frame for 4 bins of 4
Carlo simulations in Glauber model (open circles).

reactions.

In the Glauber model simulations, the events are divided into four bins from large to small impact
parameter (binl to bin4). The cross section of each bin was matched to experimental bin selections. For
each bin, the radius of the participant zone is evaluated from the average number of participants with the
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simple radii formula, r =r, - A3 where ry is 1.2fm. The agreement of these radii is a strong indication of
coalescence method analyses.
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BRAHMS p+p Analysis
K. Hagel, M. Murray, R. Wada, J. Natowitz and the BRAHMS Collaboration

The analysis at the Cyclotron Institute of the BRAHMS p + p data taken at the end of RHIC run-
Il is currently focusing on extracting antihadron to hadron ratios. Some preliminary results are now
beginning to appear.

The motivation for performing the p + p experiment at RHIC is to provide baseline points for the
A + A analysis from the other RHIC experiments. This will aid the understanding of the A + A data as to
whether those reactions are simply a superposition of many nucleon-nucleon collisions and/or what role
collective effects might play.

To this end we have performed a similar analysis to that reported in [1]. We compare ratios
extracted from p + p collisions at 200 GeV and compare those extracted from Au + Au at 200 GeV.
Figure 1 shows the pt dependence of ratios extracted for a number of different rapidities. We note that the
ratios of pions, kaons and protons from mid-rapidity to rapidity 1 exhibit fairly constant ratios within

. error bars. For the
y=0 y=1.0 y =20 y =29 largest rapidity, y
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Figure 1. pt dependence of ratios for selected rapidity bins from the back part of the make it difficult to
forward spectrometer. The open symbols at y=2 represent results from the Forward decide whether a

spectrometer data.
strong pt

dependence is observed at that point. The compilation of the forward and backward spectrometer data
show that this pt dependence might be starting to appear at this value of rapidity.
Figure 2 shows the behavior of the ratios as a function of rapidity when integrated between 1 and
1.5, the only region in pt where we have overlapping pt coverage.
There is a fairly constant ratio for each of the particles from mid
b, = 1.0-15 GeVic] rapidity to y=1 and then it begins to drop off. This is very similar
] to the dependence observed in the Au + Au data[1]. However, no
pt dependence of the ratios was observed. This dependence will
be studied in the coming months. The new p + p data in RHIC
I ] run-111 will certainly aid in the understanding of these interesting
o s 1 data.
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Figure 2. Ratios as a function of y. [1] I. G. Bearden et al., Phys. Rev. Lett. 90, 102301 (2003).
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BRAHMS Results

K. Hagel, M. Murray, R. Wada, J. Natowitz and the BRAHMS Collaboration

The BRAHMS experiment at RHIC made substantial progress in the data analysis of the RHIC
run-11 Au + Au which ended at the end of January, 2002. Data on the Pseudorapidity Distributions of
Charged Particles from Au + Au Collisions at the Maximum RHIC Energy [1] and Rapidity Dependence
of Charged Antihadron to Hadron Ratios in Au + Au Collisions at 200 GeV [2] have been published. In
the meantime substantial progress in the data analysis continues to move forward.

The focus of the data analysis has been the effort to extract spectra and yields. A net-proton
dN/dy preliminary result for 10% central collisions is shown in Fig. 1. The solid data points show the
results extracted and the open open points show reflections of the data about y=0. In the data we observe
a flat dN/dy distribution from mid-rapidity to about y=2 followed by a fairly sharp rise.

Figure 1. Net proton dN/dy. The solid points show the
data extracted and the open symbols show reflections
about y=0. Also shown are results of model calculations.
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Shown also in Fig. 1 are the predictions of
various models. The Hijing model in the default mode
underpredicts the data at all rapidities. If baryon-
junctions are added to the model, substantial agreement
is achieved at mid-rapidity. At higher rapidity, however,
the model begins to deviate from the data reaching only
the edge of the error bars.

The AMPT model [3] appears to predict the data
very well. This model extends a parton cascade model
(ZPC) to include the quark-gluon-to—hadronic-matter
transition as well as final-state hadronic interactions
based on a relativistic transport (ART) model. It shows
approximately the same behavior as Hijing/B at y<3, but
then increases much faster. The error bars on the data do
not yet allow for a definite conclusion to be drawn, but
the agreement is intriguing.

Fig. 2 shows another example of analysis where
high p; suppression was studied. The figure shows the p;
dependence of the ratios of the yield of central to
peripheral collisions for different rapidities. No
substantial dependence on rapidity is observed. Results
of many other analyzes from BRAHMS data will be
forthcoming in the very near future.

[1] I. G. Bearden et al., Phys. Rev. Lett. 88, 202301 (2002).
[2] I. G. Bearden et al., Phys. Rev. Lett. 90, 102301 (2003).
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Superallowed Fermi Beta Decay: the accuracy of the phase-space integral
. S. Towner! and J. C. Hardy
lQueen's University, Kingston, Ontario, Canada, and Cyclotron Institute, Texas A&M University, College
Station, TX

The ft-value for a superallowed nuclear beta-decay transition between analogue 0+, T=1 states is
_ 27°1'c®In2/(m,c?)° 1)
2GiV 2
where f is the statistical rate function, t the partial half-life, G¢ the weak-interaction coupling constant
(determined from the muon-decay lifetime), and V4 the up-down quark-mixing matrix element of the
Cabibbo-Kobayashi-Maskawa (CKM) matrix. Observe that the ft-value is a constant. (Eq. (1) is modified
at the few percent level by radiative and isospin-symmetry breaking corrections. Since these corrections
are not relevant to the substance of this report, we will not display them explicitly.) The study of
superallowed transitions is aimed firstly at showing that the ft-values for a series of different nuclei, all of
the same isospin T = 1, are indeed constant ( a verification of the conserved vector current hypothesis),
and secondly at determining the value of the CKM matrix element, V4 (a test of the unitarity of the CKM
matrix) .The goal of the current experimental program is to measure the lifetimes, branching ratios and Q-
values with sufficient precision that Eq. (1) can be tested at the 0.1% accuracy. This report addresses the
question of whether the statistical rate function, f, is free of uncertainties at the 0.1% level of accuracy.
The statistical rate function is an integral over the phase space

f:LW° PW (W, ~W )2 F (Z,W)S(Z,W)dW, @)

given by ft

where W is the electron total energy in electron rest-mass units, W, the maximum value of W, p the
electron momentum, Z the charge number of the daughter nucleus, F(Z, W) the Fermi function, and S(Z,
W) the shape-correction factor. If the shape-correction factor is put to unity, the integral becomes the
customarily defined one for beta decay, which we will denote as fy,. The exact evaluation of f differs
from fy, by 0.2% at A = 10 to 5.7% at A = 74. Thus to maintain a 0.1% accuracy for f up to A = 74
requires the shape-correction factor to be determined with a 2% accuracy. To obtain this accuracy
requires consideration of the following issues:

The electron wave functions can no longer be simply those of the lowest partial wave (j =
1/2) generated by a point nuclear charge and evaluated at the nuclear surface, but must be
the exact functions for some chosen nuclear charge density distribution;

The atomic electrons cannot be ignored, but must be accommodated approximately in a
screening correction;

The lepton wavefunctions exhibit some mild r? dependence over the nuclear volume,

leading to what are called second-forbidden corrections. Further, a more accurate
treatment of the weak interaction leads to relativistic and induced-current corrections. All
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these effects impact on the nuclear matrix elements and inject some mild nuclear-
structure dependence into the evaluation of f.

In the past year, we have been writing a new computer code to evaluate f based on the formalism
given in the book of Behrens and Biihring [1]. The key ingredient for the computation of exact electron
wave functions is the charge-density distribution of the daughter nucleus. Where possible these
distributions are determined from experimental data on elastic electron scattering. A compilation of
charge-density distributions is given by De Vries et al. [2]. We have assessed these data and selected

. . . 1/2 .
what we believe is the 'best' value of the rms radius, <r2> , and its probable error. In cases where data
are not available on the isotope of interest, we have examined the nearest isotope available and applied a

. . 1/2 . ) . .
modest isotope shift to the value of <r2> . In all cases the uncertainty in f due to the uncertainty in

<r2>ll2 is less than or comparable to 0.01 %. Clearly, the uncertainty in the charge-density distribution is

not a factor in the determination of f to 0.1% accuracy.

Another impact on the evaluation of exact electron wavefunctions is the effect of the screening
from the other atomic electrons. Rose [3] gives a simple analytic prescription for how the Fermi
function is modified by the screening. The correction to f is of order 0.2%. In this correction there is one
parameter that quantifies the strength of the effective potential due to the atomic electrons. In past work
this parameter has been kept fixed at N = 1.45 for all nuclei. Behrens and Buhring [1], however, give a
table of N showing it varying smoothly from 1.42 at Z = 8 to 1.56 at Z = 29. The correction to f due to
changing the screening parameter from a fixed average value to these more recent values ranges from
0.01% to 0.03%, again much less than our accuracy criterion of 0.1%.

Finally, we consider a true nuclear-structure impact by including relativistic and induced-
current matrix elements (principally the weak magnetism term). For this a detailed shell-model
calculation is required for the appropriate matrix elements. Thus, we are currently working on linking
this f-value code with a shell-model code so that spectroscopic amplitudes produced in the latter could
be used in the former. For the heavier nuclei, say A = 74, we believe the impact on f will be at the 0.05%
t0 0.1% level, but much less than this in lighter-mass cases. This issue is still under investigation.

In conclusion, we believe our computed f-values will be free of uncertainties at the required
0.1% level.
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The evaluation of V4, experiment and theory

. S. Towner" and J. C. Hardy
1Queen's University, Kingston, Ontario, Canada and Texas A&M University, College Station, TX

The Cabibbo-Kobayashi-Maskawa matrix relates the quark eigenstates of the weak
interaction with the quark-mass eigenstates. The matrix is unitarity, so the squares of the elements
in the first row should sum to one:

VE +V2+V3E =1. 1)

In examining this test, we will adopt the Particle Data Group (PDG02) [1]
recommendations for Vs and V., We note that for V,s PDG02 recommends only the value
determined from K¢z decay, [\/us| =0.2196+0.0023,arguing that the value obtained from hyperon

decays suffers from theoretical uncertainties due to first-order SU(3) symmetry-breaking effects
in the axial-vector couplings. It now appears, though, from preliminary results [2] that the
experimental result for the e3 branch of the K+ decay may also be in doubt. As to V, its value is
small, |V,,|=0.0036+0.0010, and, consequently, it has a negligible impact on the unitarity test,
Eqg. ().

The value of the V4 matrix element of the CKM matrix can be derived from nuclear
superallowed beta decays, neutron decay, and pion beta decay. We comment on each in turn.

Nuclei have the singular advantage that transitions with specific characteristics can be
selected and then isolated for study. One example is the superallowed 0+ — O+ beta transitions,
which depend uniquely on the vector part of the weak interaction. Furthermore, in the allowed
approximation, the nuclear matrix element for these transitions is given by the expectation value
of the isospin ladder operator, which is independent of any details of nuclear structure and is
given simply as an SU(2) Clebsch-Gordan coefficient. Thus, the experimentally determined ft-
values are expected to be very nearly the same for all 0+ — 0+ transitions between states of a
particular isospin, regardless of the nuclei involved. Naturally, there are corrections to this simple
picture coming from electromagnetic effects, but these corrections are small--of order 1%--and
calculable.

The value of V4 is obtained [3] from the average ft-values for a series of superallowed
nuclear decays yielding

Muq| = 0.9740+0.0005, [Nuclear] 2)

and the unitarity sum, Eq. (1), becomes
D V& =0.9968+0.0014, [Nuclear] (3)
i

which fails to meet unity by 2.2 standard deviations. In connection with this result, we note the
following two points:
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(a) The error bar associated with |Vud| in Eg. (2) is not predominantly experimental in

origin. In fact, if experiment were the sole contributor, the uncertainty would be only
+0.0001.

(b) The unitarity result in Eq. (3) depends on the values of nuclear- structure dependent
corrections. We have examined [4] the required theoretical corrections and find no evident
defects in the calculated radiative and isospin symmetry-breaking corrections that could remove
the problem. So, if any progress is to be made in firmly establishing (or eliminating) the
discrepancy with unitarity, additional experiments are required.

Free neutron decay has an advantage over nuclear decays since there are no nuclear-
structure dependent corrections to be calculated. However, it has the disadvantage that it is not
purely vector-like but has a mix of vector and axial-vector contributions. Thus, in addition to a
lifetime measurement, a correlation experiment is also required to separate the vector and axial-
vector pieces. The current best value of V4 from neutron decay is

M| =0.9745:+0.0016, [Neutron] (4)

and the unitarity sum is
D Vi =0.9978+0.0033, [Neutron] (5)
i

a value that agrees with unitarity and with the nuclear result, Eg. (3). We note the following two
points:

() For neutron decay, the error bar associated with [\/ud| in Eq. (4) is some three times
larger than the error bar obtained from nuclear decays, Eq. (2); however, in contrast with the
latter case, it is predominantly experimental in origin.

(b) Currently, the theoretical uncertainty on the inner radiative correction dominates the
nuclear result for |V,4|. As experimental results for the neutron improve, the uncertainty in the
inner radiative correction will eventually dominate the neutron result too.

Like neutron decay, pion beta decay has an advantage over nuclear decays in that there
are no nuclear structure-dependent corrections to be made. It also has the same advantage as the
nuclear decays in being a purely vector transition, in its case, 0~ — 0~ so no separation of vector
and axial-vector components is required. Its major disadvantage, however, is that pion beta decay,
v - ;zoe*ve , Is a very weak branch, of the order of 108, The value of V.4 from pion decay is

M| =0.9670+0.0161, [Pion] (6)
and the unitarity sum
DV =0.9833+0.0311, [Pion] (7)
i

satisfying the unitarity condition but with comparatively large uncertainty. The error on |Vud| is

entirely due to the uncertainty in the pion branching ratio.
Clearly, there is strong motivation to pursue experiments, not only on the neutron and
nuclear front but also in revisiting the K¢z decay, since, if firmly established, a discrepancy with
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unitarity would indicate the need for important new physics. A review by us on this topic was
published [3] earlier this year.
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Asymptotic wavefunction for three charged particles in the continuum
A. M. Mukhamedzhanov, F. Pirlepesov, A. Kadyrov

We present preliminary results for an extended version of the wave function derived in [1,2] that
satisfies the Shroedinger equation up to terms of order O(L/ o) in the region where the pair & = (£, 7)

remains close, while the third particle & moves to infinity (p, — ). Consider a system of three
particles with mass m_, and charge €,, a=1,2,3, in the continuum. The Schroedinger equation
describing this system is

(E-T, -T, —V)‘Pkf:?qa (F,,p,)=0 (1)
An improved wave function contains all the terms of orders of O(1), O(l/ p,), O(L/ p2) and satisfies
the Shroedinger equation in ©Q_ up to terms of order O(1/ p). The derived wave function is the
asymptotic term (up to order of O(1/ pj)) of the exact three-body wave function in €, which should
match smoothly with the leading asymptotics of the exact three body wave function in the region €2, .

We seek the solution of equation (1) in Q_ up to terms of order O(L/ p>) in the following form:

‘I’:‘“;(*) (F, B, ) =€ &5 SED (ic JED (ic, ) o (F, .5, ), @

ijd,2

where FV(ic,)+F®(i¢c,) =N F(-in,,Lic), F(-in,,Lic) is the confluent hypergeometric function

and ¢, =k r — K. -r. When substituting Eq. (2) into (1) we assume that each term of the sum in Eq. (2)

satisfies this equation. Then we derive four independent equations. For the first term in (2) we arrive at
the equation

Fyo (ic, )F™ (ic, )[231“% T A, +iula12a V. +iMlaqa v, +
1 2V, InFY (i, )oV, N 2V, INFY (ic, )V, V, + )
« vep o vep
ulavf" InF," (ic, )V, InF™ (ic, )+|v|1avﬁn InF," (ic, )V, InF® (ig, )] ™ =0
Keeping all the terms up to order O(1/ p?) we look for a solution in the form
(7,507 woy T BB oy (5, @)
Here (pél(lg) (f,,p, ) is the solution found in [1,2]. Eq. (4) is our main result. Both unknown functions

can be found after substitution (4) into (3).
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Asymptotic normalization coefficients from the 14N (3He,d)1°0™ reaction and

astrophysical factor for 14N 4 p—>150* +y

A. M. Mukhamedzhanov, P. Bém, B. A. Brown, V. Burjan, C. A. Gagliardi, V. Kroha, J. Novék,
F. M. Nunes, S. Piskot, F. Pirlepesov, E. Sime¢kova, R. E. Tribble and J. Vincour

The “N(p,y) 0 reaction is one of the most important reactions in the CNO cycle. As the
slowest reaction in the cycle, it defines the rate of energy production and, hence, the lifetime of stars that
are governed by hydrogen burning via CNO processing. There are controversial reports in the literature
about S-factor for the N + p—*0 + y capture at stellar energies (see [1] and the references therein). The
latest measurements of the capture cross section at energies E > 0.187 MeV showed that at low energies
the capture is dominated by a combination of direct and resonant capture and interference from the tails of
the subthreshold and first resonances [1]. Taking into account that the absolute normalization for the
direct capture s factor to the subthreshold state can be determined by its asymptotic normalization
coefficient (ANC), we measured this ANC and, simultaneously, the ANCs for the ground and five other
excited states in O to determine more accurately the S factors for transitions to the subthreshold and
other states. In order to determine the ANCs for “N + p — 0, the N (®He,d) ®O proton transfer reaction

has been measured at an incident energy of 26.3 MeV. Angular distributions for proton transfer to the
ground and five excited states were obtained. ANCs were then extracted from comparison with both
DWBA and CCBA calculations. Our measured ANCs are in a very good agreement with those reported in
[2]. Using the measured ANCs, we fit the astrophysical S factors for transitions to the ground and excited
states and the total S factor using the R -matrix method. In our analysis, we accurately account for
interference effects by splitting the resonance amplitudes into the internal and channel terms. We find that
for captures to all the states except for the ground state, the S(0) factors are almost entirely determined

by the corresponding ANCs. Here we report the final results of our analysis. The astrophysical factor for
the capture to the ground state, 1/2°, 0.00MeV, iS S(0) = 0.15 +0.07keVb, which is significantly lower

than the value S(0) =1.55+0.34kevb found in [1]. The calculated s(0) astrophysical factor for the
capture to the third excited state, 3/2°, 6.18 MeV, IS S(0) = 0.13 +0.02keVb. The capture to the fourth
excited state, 3/2*, 6.79Mev, dominates all others and the calculated astrophysical factor is
$(0) = 1.4 +0.20 keVb. According to [1] the captures to other states contribute about 3% to the total S (0)

factor and have been neglected here. The total calculated astrophysical factor at zero energy is
S(0) =1.70 +£0.22 kevh . Correspondingly our calculated production rate of O is significantly lower than
was previously calculated [1].

References

[1] U. Schroeder et al., Nucl. Phys. A467, 240 (1987).
[2] P. F. Bertone et al., Phys. Rev. C 66, 055804 (2002).

-7



Asymptotic form of the electron-hydrogen scattered wave

A. S. Kadyrov, A. M. Mukhamedzhanov and A. T. Stelbovics

Despite the success of different modern practical approaches in providing accurate cross sections,
formal theory of breakup with charged particles remains incomplete. The formal theory given over thirty
years ago [1] is still considered state of the art. Within the framework of this theory there is no, and
cannot be, an exact algorithm, e.g., similar to the one below the breakup threshold, for solution of the
Schroedinger and differential Faddeev equations with correct boundary conditions above the breakup
threshold. Though an asymptotic form of the scattered wave for electron-impact ionization of hydrogen
for the case when all interparticle distances are large was obtained by Peterkop [1] four decades ago, it
has not been successfully implemented in the aforementioned approaches. One reason is that direct
numerical solution of the Schroedinger equation for the full hydrogen-ionization problem requires partial-
wave analysis of the asymptotic wave function which doesn’t exist because the Peterkop's asymptotic
wave function is invalid when the two electrons are close to each other. Another problem of the
Peterkop’s approach is amplitude-phase ambiguity which comes from the Hamilton-Jacobi equation used
by him. This amplitude-phase ambiguity has caused problems in the formal theory of breakup at a very
fundamental level. Finally, full knowledge of the asymptotic behavior of the scattered wave forms the
basis for the Kohn variational approach to breakup processes [2]. In this work a relationship between the
total wave function describing ionization in the electron-hydrogen system and the one representing
scattering of three particles of the system in the continuum is established. On the basis of this relationship,
forms of the scattered wave for ionization valid in all asymptotic domains relevant to ionization are
obtained and the amplitude-phase ambiguity of the Peterkop wave function is resolved. This removed the
above-mentioned problems in practical calculations and made the correct extraction of observables
possible. In this work the scattered waves for electron-impact ionization of hydrogen valid in all
asymptotic domains are derived. The wave functions are obtained directly from a formal solution of the
Schroedinger equation. When all interparticle distances become large, the new wave functions reduce to
the well known Peterkop asymptotics obtained from solution of the semiclassical Hamilton-Jacobi
equation. We identified the failure of the Peterkop’s asymptotics when two electrons are at the same
distance from the proton as the result of using of the Coulomb three-body plane (Redmond asymptotics).
The replacement of this three-body plane-wave by a Coulomb three-particle wave function valid in all the
asymptotic regions [3] allows one to obtain a new scattered wave which is valid in the entire domain
including the domain where all particles are wide apart. Simultaneously, for the first time, we resolve the
amplitude-phase ambiguity problem which was an artifact of the hypersperical approach to the ionization
process.
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The YF(p,y) Ne direct capture cross section

J. C. Blackmon, D. W. Bardayan, C. R. Brune, A. E. Champagne, R. Crespo, T. Davinson,
J. C. Fernandes, C. A. Gagliardi, U. Greife, C. J. Gross, P. A. Hausladen, C. lliadis, C. C. Jewett,
R. L. Kozub, T. A. Lewis, F. Liang, B. H. Moazen, A. M. Mukhamedzhanov, C. D. Nesarja,
F. M. Nunes, P. D. Parker, D. C. Radford, L. Sahin, J. P. Scott, D. Shapira, M. S. Smith, J. S. Smith,
L. Trache, R. E. Tribble, P. J. Woods, C.-H. Yu

The ''F isotope is copiously produced in novae when hydrogen-rich gas accretes onto a white
dwarf and burns explosively with the dwarf’s abundant **0. The decay of ’F produced in novae helps
power the expansion and is possibly the dominant source in the Galaxy of the fragile “’F isotope.
However, the "F(p,»)**Ne reaction bypasses 'O production and instead leads to ®F, a primary target of
gamma-astronomy. The ratio of the 'F(p, ) **Ne reaction rate to the *'F s decay rate is important for
understanding of nucleosynthesis in novae, especially the production of *®0 and ®F. The F(p, ) **Ne

cross section is dominated at the energies of interest in novae by direct capture to bound excited states in
BNe (o= nb) [1]. This contribution is unmeasured, and the rate estimation is based on properties of states

in the mirror nucleus [2]. The dominant transition is to the subthreshold 4,3.376 MeV state. The overall
normalization of the S factor for the direct radiative capture to this state is entirely determined by its

asymptotic normalization coefficient (ANC). The aim of this work is to determine the *'F(p, ») **Ne

direct capture S factor using the ANCs determined from the proton-transfer reaction **Ne(*'F,**Ne) **C .

A 170-MeV beam of isototpically-pure *'F from the Holifield Radioactive lon Beam Facility bombarded
a 1-mg/cm melamine target. Charged particles were detected by position-sensitive silicon-strip detectors

covering 6, =2 —9". The Z of the charged particles was identified by their energy loss in a 65— um -
thick AE detector. The energy resolution was not sufficient to distinguish transfer to individual states of
interest in **Ne by detecting only charged particles, so gamma rays emitted by the recoiling **Ne were
detected in coincidence by CLARION, an array of 11 clover germanium detectors. Prominent transitions
in **Ne are identified. Strongest transition is to the subthreshold state 4+, 3.376 MeV. Detailed analysis of

the data is currently in progress. The optical model parameters were determined by fitting the
“Ne(YF,"F)*Ne elastic scattering cross sections in the entry channel that were also measured over

0,,=8 —40°. By extracting ANCs from differential cross sections for each state, we can accurately

determine the “'F(p,y) "*Ne reaction rates at nova temperatures.
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Coulomb breakup of ®B in the framework of three-body theory

E. O. Alt, B. F. Irgaziev, and A. M. Mukhamedzhanov

Knowledge of the astrophysical S-factor for the capture reaction’Be+ p— ®B+y is important
for many problems in nuclear astrophysics, in particular for the estimation of the solar neutrino flux. But
information on it at the required low energies is very hard to obtain via observation of the direct capture.
It has, therefore, been suggested to extract this quantity from the indirect reaction, namely the breakup of
®B in the Coulomb field of a heavy target. Indeed, for this purpose four °B Coulomb breakup
experiments have been performed recently using the **Pb(°B, 'Be p)*®Pb reaction. However, the
value of the astrophysical factor extracted from these reactions is affected by several uncertainties. One of
the most interesting effects contributing to this uncertainty is the so-called post-decay acceleration (PDA)
of the fragments in the Coulomb field of the target. This can be understood as follows: the target nucleus
does not only act as a source of the photons to induce the breakup of B, but after the breakup it will
continue to influence the motion of the ejectiles depending on their charge-over-mass ratio. Conventional
approaches eliminate all PDA effects. In our work, for the first time, we treat the PDA effects for the
Coulomb breakup reactions in a genuine three-body approach. The Coulomb breakup amplitude for
a+A->Db+c+Aisgivenby M =P |VE+VE-U|pd™)).

Here, V¢ is the Coulomb potential acting between particle j=b,c and the target A and U is
the Coulomb optical potential responsible for scattering of a and A. Moreover, ¢, is the (bc) bound
state wave function, ‘P(f‘) the exact final state wave function describing the three mutually interacting

charged particles b, cand A in the continuum, ®* the a + A Coulomb scattering wave function in the
initial channel. For small scattering angles the leading contribution to the breakup amplitude comes from
large impact parameters allowing us to approximate ‘P({) by its correct three-body asymptotic terms in

the region where two fragments b and C are close to each other and far away from A [1]. In Table 1 we
present the ratio of the single differential cross sections (SDCS) for the *2pp(®B, "Be p)®Pb Coulomb

Table 1. The ratio of the SDCS calculated with and without final-state three-body Coulomb effects.  breakup calculated
Eig. , MeV] 020 040 060 0.80 1.00 with  and  without
final-state three-body
effects for  two
incidents energies.

From our
calculations we conclude that in order to minimize post-decay Coulomb acceleration effects, experiments
should be performed at as small as possible scattering angles, not to low relative energies of the fragments
and high incident energies [1].

Ratio (E, = 46.5 MeV/A) 1.10 0.92 0.96 0.99 1.00
Ratio (E, =83MeV/A) 1.01 0.99 0.99 1.00 1.00
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Coulomb breakup problem and asymptotic behaviour of the three-body scattered wave
A. S. Kadyrov, A. M. Mukhamedzhanov, A. T. Stelbovics, I. Bray, and F. Pirlepesov

With the progress in high-performance computing, the direct numerical integration of the
Schroedinger equation has emerged as a powerful method to study scattering processes with three charged
particles. Such a method, in principle, requires the knowledge of the asymptotic behavior of the scattered
wave function in all asymptotic regions of the configuration space. The most studied system is that of
electron-hydrogen scattering. Lack of knowledge of the complete asymptotic behavior of the scattered
wave function has lead to different approaches, aimed at "avoiding" the true three-body asymptotic state,
including exterior complex scaling [1] and other approaches. These approaches provide an accurate three-
body scattered wave function in an "internal™ region in coordinate space and the ionization amplitude is
extracted by matching to ionization boundary conditions in the asymptotic region. However, the
extraction process relies on approximate ionization boundary conditions. This yields an ionization
amplitude with divergent phase as a function of matching radius although its magnitude converges.
Despite the success of these approaches in providing accurate cross sections, formal theory of breakup
with charged particles remains incomplete. Within the conventional theory there is no algorithm toward
solution of the Schroedinger equation with correct boundary conditions above the breakup threshold. An
asymptotic form of the scattered wave for electron-impact ionization of hydrogen obtained by Peterkop [2]
is invalid when the two electrons are close to each other. For full-scale numerical calculations a
representation of the wave function describing ionization in this region as well is necessary. We propose a
new representation for the breakup amplitude

f(Ka, Q) =P, [H o—H JO&1 ),
Here ‘Pﬁ’)q is the exact final-state 3-body scattering wave function, CDI(ZZC,)&(:) is the three-body scattered
wave function, k..q, are the Jacobian momenta describing the relative momentum of two particles and
the relative momentum of the their c.m. and the third particle . This new representation can easily be
transformed into an integral over an infinitely large surface, so that the result depends solely on the
asymptotic behavior of the wave functions ‘I’f(’)q and def”é*) . The asymptotic form for ‘Pi’)q in all

a

domains relevant for breakup has been obtained in [3]. Recently we derived an analytical expression for
the asymptotic form of d>§5°)a(*) valid in all the asymptotic domains. We demonstrate that new

Ka .0,

representation for the breakup/ionization amplitude is exact, free of divergence and suitable for numerical
calculations.
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Coulomb breakup of light nuclei in the field of a heavy ion at relativistic energies
B. F. Irgaziev, Sh. Kalandarov, and A. M. Mukhamedzhanov

A simple method for calculating the amplitude and the cross section for the Coulomb breakup of
light nuclei into two fragments in the field of a heavy target at relativistic energies is proposed. The
method is based on the time-dependent perturbation theory. The double differential cross section of
a+A— A+b+c of the breakup of a light nucleus a into fragments b and ¢ in the Coulomb field of a

heavy ion A at the relativistic energies for E1 in our approach is given by

2
dc  1|87Z2,2.¢0| do 0 \2 wh) 1 b | e Koo
Eao e o | a2l rhe) {Kf[}Ké[H“; ¢
be a w be w Y w ( 7[)

a

Here, ZAe2 is the charge of the ion, Z e is the effective charge, @ is the excitation energy of the

projectile, k. and g4, are the relative momentum and reduced mass of the fragments b and ¢ in the
final state, Vv is the speed of the projectile &, do, /dQ, is the Rutherford a + A elastic cross section, K,
is the Bessel function of the order i, ¥ is the Lorentz factor. The second term is the contribution of a

longitudinal component of the Coulomb field which goes to zero at the ultrarelativistic limit. Our cross
section has correct relativistic and nonrelativistic limits. The contribution of the longitudinal component,
as expected, tends to zero in the ultrarelativistic limit. The concrete realization of the suggested method is
carried out for **Pb(°B, Be p)**Pb Coulomb

200 T T T T T T T T T
breakup at two different collision energies, 46.5

(v) 1 and 254 MeV/A. We have not yet included the
i magnetic dipole transition what causes the
disagreement with the experimental data at
relative Kinetic energy of the
4 fragments E,. ~0.6MeV . Electric quadrupole and

150

100

magnetic dipole transitions can be easily taken
into account in our formalism and it will be done
in future. We are planning also to take into
account correctly the final-state three-body
interaction where the relative motion of two
fragments can be described in the nonrelativistic
approach while the relative motion of the c.m. of
Figure 1. the fragments and the target needs the relativistic
consideration.

edo/dE;, mb/MeV

(o))
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Asymptotic normalization coefficients from the “’Ne(*He,d)?*Na reaction

P. Bém, V. Burjan, C. A. Gagliardi, V. Kroha, A. M. Mukhamedzhanov, J. Novék, S. Piskot, E.
Simeckova, R. E. Tribble and J. Vincour

Besides the p-p chain and the CNO cycle, the Ne-Na cycle may play an important role in
hydrogen burning in stars with masses larger than the mass of the sun. The *’Ne(p, 7)**Na reaction is

the first one among the reactions of the Ne-Na cycle. The final nucleus **Na has a sub-threshold bound
state with the binding energy of 7.1+0.6keV. This state gives the most significant contribution to the

stellar production of **Na . So far direct measurements of the S factor for *’Ne(p, 7) **Na were done at
proton energies >300 keV [1]. As a part of the collaboration between the Cyclotron Institute and the
Nuclear Physics Institute of the Czech Academy of Sciences the method of the asymptotic normalization
coefficients (ANC) is applied to determine the astrophysical factor for the *°Ne(p, »)**Na reaction. In

this approach the ANCs extracted from the “’Ne(*He,d)*'Na reaction are used to determine the overall
normalization of the direct capture processes °’Ne(p, 7)**Na leading to the ground and excited states of

?’Na and capture through the subthreshold resonance at E,=—(7.1+0.6) keV. The measured ANC

for the subthreshold state also determines the proton partial width and the channel (external) part of the
radiative width of the subthreshold resonance. The experiment was carried out using a momentum

analyzed 25.8 MeV *He beam from the U-120M isochronous cyclotron of the Nuclear Physics Institute
of the Czech Academy of Sciences incident on a neon gas target. The target gas chamber contained high

purity Ne. Input and output gas cell windows were made from 3.05 pum thick havar foils. A control

system also enabled continuous feed of “Ne gas into the gas chamber in case of leakage during long
term measurements. Reaction products were registered by a pair of AE-E telescopes consisting of 250-um
100 — and 3-mm thick Si(Li) surface barrier detectors. Both detectors
| 2.5528%?:@??;?) were equipped with a pair of collimating slits of dimension 2 x
3 mm?. One telescope was fixed at an angle of 19° as a monitor
and the second one was adjusted at different laboratory angles
in the range between 6.5° and 70°. All measured data, including
the charge from the Faraday cup, were collected in an on-line
computer for later analysis. By comparison of the experimental
: and DWBA angular distributions we determined the ANCs for
o R o the ground and three excited states in *Na. In Fig. 1 we present
Vem(deg) the experimental and DWBA angular distributions for the
subthreshold bound state in *Na.

""" EXP. DATA

=\ —— DWUCK5 calculation

do/dQ(mb/sr)

Figure 1. The experimental and calculated
angular  distributions  for the reaction
“Ne(*He,d)*Na(L/2',2.425 MeV). The References

points are experimen;al data. The solid line is
the DWBA cross section. [1] Rolfs C. et al., Nucl. Phys. A241, 460 (1975).
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Charm production from photon-proton reactions in a hadronic model

W. Liu, S. H. Lee!, and C. M. Ko
Yyonsei University, Seoul, Korea

Reliable estimates of the production and scattering cross sections of open and/or hidden
charmed hadrons in hadronic matter are important for understanding many phenomena in relativistic
heavy ion collisions and hadron-nucleus reactions. In a recent work [1], we have generalized the
effective hadronic Lagrangian, which has been previously used to study charmed meson scattering
by hadrons [2] and charmed meson production from meson-nucleon scattering [3], to include the
photon and to study charmed hadron production from photon-proton reactions near threshold. With
cutoff parameters in the form factors adjusted to fit measured total cross section at center-of-mass
energy of 6 GeV, we find that the relative contribution of two-body (DA, DA) to three-body (D

DN, D'DN) final states is consistent with that seen in experimental data. As expected, two-body
final states dominate near threshold while three-body final states become important at high energies.

Our results at high energies are much smaller than those measured experimentally or given by the
LO perturbative QCD as more complicated final states are not included in the hadronic approach.
The present study thus provides an independent test and confirmation of the usefulness of hadronic
models for studying the production and scattering cross sections of charmed hadrons at low energies.

o'k o data
f o pQCD
;| —— meson-exchange

.........

12 I 16 ‘ 20
s"? (GeV)

Figure 1. Cross sections for charm production from photon-proton
reactions in the hadronic model (solid curve) and the pQCD approach
(dashed curve). Experimental data are shown by open circles.
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Charmonium mass in nuclear matter

S. H. Lee*and C. M. Ko
Yyonsei University, Seoul, Korea

Understanding hadron mass changes in nuclear medium and/or at finite temperature can provide
valuable information about the QCD vacuum [1]. Using either QCD sum rules [2] or the quark-meson
coupling model [3], it has been found that the mass of D meson, which is made of a charm quark and a
light quark, is reduced significantly in nuclear medium as a result of decrease of light quark condensate.
For J/, which consists of a charm and anticharm quark pair, both the QCD sum rules analysis and the
leading-order (LO) perturbative QCD calculation show that its mass is reduced slightly in nuclear matter
mainly due to the reduction of the gluon condensate. In our recent work [4], we have evaluated the mass
shift of W (3686) and ¥ (3770) due to changes in the gluon and quark condensates in nuclear medium.
While the effect of gluon condensate can be determined using the LO QCD formula, that due to change in
quark condensates is difficult to calculate using the quark and gluon degrees of freedom as they appear as
higher twist effects in the operator product expansion. We have therefore studied the effect of changing
guark condensate on the charmonium states at finite density by using a hadronic model to calculate their
mass shifts due to change of D meson mass in nuclear medium. We find that masses of charmonium
states are modified by the following amount at normal nuclear matter density:

Am ] /¥ = '8 +3 MeV,
Amj/\},ss% = '100 = 30 MeV,

where the first number represents mass shift from the LO QCD while the second number is from the D
meson loop. Our results thus show that masses of excited charmonium states are reduced significantly
in nuclear matter, largely due to the non-trivial decrease of in-medium gluon condensate. The mass
shifts of both W (3686) and ¥ (3770) in nuclear medium are large enough to be observed in experiments
involving antiproton-nucleus annihilation as proposed in future accelerator facility at the German Heavy
lon Accelerator Center (GSI).
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Deuteron-gold collisions at RHIC

Z.W. Lin*and C. M. Ko

'Ohio State University, Columbus, OH

Using a multi-phase transport (AMPT) model that includes both initial partonic and final
hadronic interactions [1], we have studied the pseudo-rapidity distribution of charged particles and
its centrality dependence in deuteron-gold collisions at 200 AGeV [2]. Due to asymmetry of the
collisions, the centrality dependence of charged particle multiplicity per participant is very different
at different pseudo-rapidities as shown in Fig. 1. It increases with centrality at backward pseudo-
rapidity region. i.e., the fragmentation region of gold nuclei, but decreases with centrality at forward
region. Using several methods for centrality selection, we have found that, while using the impact
parameter or the number of participant Ny, to determine the centrality gives a similar centrality
dependence for dNgy/dn/Nar at various pseudo-rapidities, using Ne, for the centrality selection leads
to very different results. We further find that although the charged particle multiplicity distribution

in central deuteron-gold collisions is not sensitive to

aa

— 0% nuclear shadowing effect, it is affected significantly
o 10-20%
rr__;;’x” ‘_\-;‘ — a0 | by the values of the parameters used in the string
20 /7 ; \~¥ 60-80% i ] .
o : ~\ 80-100% | fragmentation  function. Comparisons of these

predictions with experimental data will thus help us to

learn whether the string fragmentation is modified in

deuteron-gold collisions as in central heavy ion

collisions. This will in turn provide useful information

Figure 1. Pseudo-rapidity distributions of charged 0N the impact parameter dependence of the string
particles in d+Au collisions at 200 AGeV with

centralities determined from Ny fragmentation function in heavy ion collisions.

References

[1] B. Zhang, C. M. Ko, B. A. Liand Z. W. Lin, Phys. Rev. C 61, 067901 (2000); Z. W. Lin, S. Pal,
C. M. Ko, B. A. Li, and B. Zhang, ibid. 64, 011902 (2001); Nucl. Phys. A698, 375 (2002).
[2] Z. W. Lin and C. M. Ko, nucl-th/0301025.

11-16



Isospin effects on two-nucleon correlation functions in heavy ion collisions
at intermediate energies

L. W. Chen?, V. Greco, C. M. Ko, and B. A. Li®
lShanghai Jiao Tung University, Shanghai, China, Arkansas State University, Jonesboro, AR

Using an isospin-dependent transport model (IBUU), we have studied the effects of nuclear
symmetry energy Esm(p) on two-nucleon correlation functions in heavy-ion collisions induced by
neutron-rich nuclei at intermediate energies [1]. With Esym(p)=Esym(po)(p/po)’, Where Egym(po)~ 30
MeV is the symmetry energy at normal nuclear matter density po, we find that strengths of the
correlation functions for nucleon pairs with high total momentum are stronger for a stiffer Eqm(p),
corresponding to a larger value of vy, as shown in Fig.1. This is due to the fact that a stiff density
dependence of nuclear symmetry energy leads to earlier and nearly simultaneous emissions of high
momentum neutrons and protons. The two-nucleon correlation functions are, on the other hand,
insensitive to the incompressibility of symmetric nuclear matter and in-medium N-N cross sections.
Although the symmetry energy effect becomes weaker with increasing impact parameter, incident
energy, and masses of colliding systems, studies of two-nucleon correlation functions in heavy ion
collisions provides a possible tool for extracting useful information about the density dependence of
nuclear symmetry energy, which is essential for understanding the structures of radioactive nuclei
and many important issues in astrophysics [2].
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Figure 1. Two-nucleon correlation functions gated on
the total momentum P of nucleon pairs using the soft
(filled squares) or stiff (filled triangles) symmetry energy.
Left panels are for P<300 MeV/c while right panels are
for P>500 MeV/c.
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Kaon interferometry at RHIC

Z.W. Lin*and C. M. Ko
Ohio State University, Columbus, OH

Using a multiphase transport model (AMPT) that includes both initial partonic and final
hadronic interactions [1], we have studied the interferometry of two identical kaons at RHIC [2]. Very
different correlation functions are obtained for the cases with and without melting of initial strings. Unlike
the case for pions [3], the two-kaon correlation function in the scenario of string melting is not very
sensitive to the parton scattering cross section as shown in Fig. 1, where the two-kaon correlation function
is shown as a function of various projections of the total momentum of kaon pairs. We also find that the
kaon source radii extracted directly from the emission function are close to the fitted radius parameters
extracted from a Gaussian fit to the three-dimensional correlation function. However, the ratio Rou/Rsige
extracted from a Gaussian fit to the correlation function is close to one, and is much smaller than that
obtained from the emission function. Our results further show that the kaon emission source has a large
positive correlation between the freezeout time and the freezeout position along the out-direction, similar
to the pion emission source.

2 ok
0 50 100 150 0 50 100 150 O 50 100 150 O 50 100 150 200
Q (MeV/c)

Figure 1. Correlation function for K, with 200<p,<400 MeV/c and -1<y<1 for different values of parton
scattering cross section in central Au+Au collisions at 130 AGeV.
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Light clusters production as a probe to the nuclear symmetry energy

L. W. Chen*, C. M. Ko, and B. A. L
1Shanghai Jiao Tung University, Shanghai, China, 2Arkansas State University, Jonesboro, AR

Although the nuclear symmetry energy Esym(p) at normal nuclear matter density p, is known to

be around 30 MeV from the empirical liquid-drop mass formula, its values at other densities are

poorly known. Using the coalescence model based on nucleon distribution functions from an

isospin-dependent transport model, we have studied the effect of nuclear symmetry energy on the
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Figure 1. Time evolution of average
multiplicities of (a) deuterons, (b) tritons, and (c)
3He from central collisions of **Ca+*®Ca at E=80
MeV/nucleon by using the soft (solid curves) or
stiff (dashed curves) symmetry energy with a stiff

EOS of K;=380 MeV and free N-N cross sections.

Results using soft symmetry energy and free N-N
cross sections but Ky=201 MeV are shown by
dotted curves, while those from soft symmetry
energy and K,=380 MeV but in-medium N-N
Cross sections are given by dash-dotted curves.
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production of light clusters such as deuteron, triton,
and 3He in heavy-ion collisions induced by neutron-
rich nuclei at intermediate energies [1]. Assuming
Esym(p)=Esym(po)(p/po)’, we find that both the yield and
energy spectrum of light clusters are sensitive to the
value of y, with more light clusters produced for y=2,
corresponding to a stiff symmetry energy as shown in
Fig. 1. On the other hand, effects due to the stiffness
of the isoscalar part of nuclear equation of state and the
medium dependence of nucleon-nucleon cross sections
are unimportant. We have also studied the correlation
functions of light clusters, and they are affected by the
density dependence of nuclear symmetry energy as
well, with the stiff symmetry energy giving a stronger
anticorrelation of light clusters.
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Partonic coalescence at RHIC

V. Greco, C. M. Ko, and P. Lévai!
'KFKI Research Institute for Particle and Nuclear Physics, Budapest, Hungary

Using a covariant coalescence model, we have studied hadron production in relativistic heavy ion
collisions from both soft partons in the quark-gluon plasma and hard partons in minijets [1]. Including
transverse flow of soft partons and independent fragmentation of minijet partons, the model is able to
describe available experimental data on pion, kaon, and antiproton transverse momentum spectra. As
shown in Fig. 1, the resulting antiproton to pion ratio increases at low transverse momenta and reaches a
value of about one at intermediate transverse momenta, as observed in experimental data at RHIC. At high
transverse momenta, this ratio decreases and approaches that given by the perturbative QCD. Elliptic
flows of phi mesons and baryons such as protons, lambdas, cascades, and omegas have also been
evaluated from partons with elliptic flows extracted from fitting measured pion and kaon elliptic flows.
The predicted proton and lambda elliptic flows are consistent with available experimental data as shown

in Fig. 2 for protons.
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Figure 1. Antiproton to pion ratio with (solid curve) and Figure 2. Elliptc flows of partons (dotted curve), protons
without (dashed curve) coalescence of minijet and quark- (solid curve), and pions (dashed curve). Experimental data
gluon plasma partons. Filled squares are experimental from STAR are shown by filled circles for protons and
data from PHENIX. squares for pions.
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= production at AGS

S. Pal"and C. M. Ko

Using a relativistic hadronic transport (ART) model [1], we have investigated the enhancement of
doubly strange baryon (=) production as a signature for quark-gluon plasma formation in high density
nuclear matter formed in heavy ion collisions at AGS energies [2]. We find that the strangeness-exchange
reactions between antikaons and hyperons lead to substantial production of E in Au+Au collisions at 6
AGeV. Within a phase transition scenario in which the = production cross section is taken to be ten times
its value in free space when the energy density exceeds a critical value, the calculated = yield exhibits a
nonlinear centrality dependence. For peripheral collisions, the relatively small volume occupied by the
QGP phase leads to only a slightly enhanced production of Z's that are destroyed in the subsequent
hadronic scattering phase. In contrast, the pronounced Z yield in central collisions is essentially driven by

the QGP phase as it undergoes a smaller reduction by hadronic scattering. On the other hand, the A

| o 'c hyperons from the QGP phase suffer stronger rescattering, and

o ] 2 L their final yield is essentially the value obtained without a

E o g . ] phase transition. The enhanced = formation in the QGP
w o E ;?Eg‘_ scenario, in conjunction with the smaller growth of A for
o ;E G ] central collisions results in a large Z/A ratio. Similar behavior
' éE.,ﬁ; {A‘g ejv)émim.' g is predicted for the excitation function where the = yield shows

a sudden rise at a beam energy Epeam~ 4 AGeV, indicating the
Figure 1. Excitation function from the ART

model for the = yield and Z/A ratio (inset) in  onset of the phase transition. This suggests that a measurement
central (b=0-3 fm) Au+Au collisions. The solid

circles give results without any transition. The  of the = excitation function and its centrality dependence at
squares and diamonds show results for a

transition above critical energy densities of 1 AGS energies may provide valuable insight into the formation
and 2 GeV/fm?, respectively.
of the quark-gluon plasma at high baryon densities.

*Present address: Michigan State University, East Lansing, Ml
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Excitation of nuclear isoscalar giant dipole resonance by inelastic scattering of
240 and 400 MeV a particles

O. G. Pachivalov, S. Shlomo, B. K. Agrawal

The main experimental tool for studying Isoscalar Giant Dipole Resonance (ISGDR) is inelastic a-
particle scattering. This type of reactions is selective to excitation of the isoscalar modes in which the
interference of the other excitations can be either eliminated or greatly reduced. Until now in the
experiments with the 240 MeV a particles there existed a problem in the identification the high-energy
component of the ISGDR. New data on the 400 MeV a-particles allows analysis of the high laying
component of the ISGDR in nuclei with much greater precision.

In the current work the analysis of the dependence of the maximal inelastic differential cross-
section of the ISGDR with the energy of the inelastic scattering of a particle is presented. For the analysis
we use the experimental data for the scattering of a-particle of energy 240 and 400 MeV.

For o-particles of energy 240 MeV we used the Folding Model Distorted Wave Born
Approximation (FM-DWBA) for the evaluation of the optical potential from the ground state density and a
density dependent nucleon-a interaction (Van). The parameters of Van are determined by fitting the
experimentally measured angular distributions for the case of elastic scattering cross section. Angular
distributions of inelastic scattered a-particles for ISGDR excitation of the target nucleus are obtained by
using the FM-DWBA with the collective model transition density [1]. Experimental data for elastic
scattering of a-particles of energy 400 MeV is not currently available. Therefore for the analysis of this case
we use a ground state density of the nucleus in form of Woods-Saxon distribution with the parameters ap =

0.5 fm, and half density radius Ry, = 6.82 fm. The corresponding (Van) parameters are taken from Ref. [2].

Using the methods described above we are able to predict the maximal cross-section for the ISGDR
for a particle of both energies.
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Direct emission of particles from the isoscalar giant monopole resonance
B. Dobrescu and S. Shlomo

Highly complex many-body systems are often described in macroscopic terms. For example, the
time evolution of the nuclear surface and the corresponding geometrical shape provides a very useful
parameter to help organize experimental data and numerous evolutionary models, based on this approach,
have been developed. However, guessing the correct degrees of freedom without a full understanding of
the dynamics can sometimes be misleading. Furthermore, it is most often not possible to connect these
macroscopic classical parameters, describing excitation and rearrangement in nuclei, with the more
fundamental properties of the nuclear force. Such difficulties can only be overcome within a fully
microscopic theory. The time-dependent Hartree-Fock (TDHF) theory is the only fully microscopic
description of nuclear dynamics, which has proven applicable in a meaningful fashion to phenomena
ranging from the small amplitude domain, where it provides a useful description of collective states, to
the large amplitude dynamics of heavy-ion collisions.

Decay properties play an essential role in the study of giant resonances since they are intimately
connected with their microscopic structure. Having an excitation energy above the particle emission
threshold, giant resonances generally decay by particle emission and consequently the particle decay rates
provide an important source of information on the particle-hole (p-h) structure of these collective
excitations.

Our main focus in this report is the understanding of lifetimes of giant resonances within the
TDHF approach rather than a realistic comparison with experiment. Therefore we restrict ourselves to the
isoscalar monopole mode (ISGMR) in spherical nuclei and carry this study with the same simplified
Skyrme interaction of ref. [1]. Our TDHF numerical codes have been developed anew and put to the test
of the well-known conservation laws preserved by the TDHF formalism ([2], [3]). The time evolution of
the root-mean square (rms) radius and the distribution of monopole strength in oxygen-16 presented in
ref. [1] have been numerically tested with these codes and a very good agreement has been found.

At the initial time a monopole constraint is imposed on the system and the ground state is
approximated by a Slater determinant obtained by minimizing the expectation value of the constrained
Hamiltonian. Having set the initial condition, the constraint is switched off and the system is evolved in
time within TDHF formalism, governed by its original (unconstrained) Hamiltonian.

As an example we report the results obtained for calcium-40. The Lagrange parameter (i.e. the
“strength”) of the monopole constraint has been chosen to be A = 1.134 MeV/fm?, which corresponds to
an excitation energy of 23.976 MeV, in agreement with the empirical relation 82/A"® MeV that gives the
energy centroid for ISGMR. When integrating the TDHF equations we assume the single-particle wave
functions (s.p.w.f.) to be zero beyond the edge of a spherical box. The radial mesh size was chosen Ar =
0.1 fm and the time step At = 0.3x10? sec. The total time interval over which the system was evolved is
T =5.175x10% sec. In order to avoid spurious variations in the s.p.w.f. over the time T, due to reflections
by the edge of the box, we chose the radius of this sphere to be very large, R = 90 fm. The flux of
particles as a function of time, through a sphere of radius p = 20 fm, increases smoothly, reaching its
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maximum of 2.3 particles/10% sec at t = 3.9x 10% sec and then decreases. This behavior is that
characteristic of a wave packet that clears the chosen spherical enclosure of radius p over the time T. The
time average of the particle flux was found to be 0.872 particles/10*sec, corresponding to a life-time of
1.147x10" sec.
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Comparison of the continuum and discretized HF-RPA calculations
for the isoscalar giant resonances

B. K. Agrawal and S. Shlomo

Recently, precise measurement of the centroid energy for the isoscalar giant resonances (ISGR)
has triggered the need for highly accurate microscopic calculations of the response functions for the
ISGR. The most accurate response functions for the ISGR are obtained using the Hartree-Fock (HF)
based continuum random phase approximation (CRPA). For numerical tractability, one often discretizes
the continuum using a box of finite size. To mimic the continuum appropriately, one must use a very large
box for the discretization. Furthermore, the RPA calculations should be performed using sufficiently large

max

cut-off for the particle-hole excitation energy (Eph ) and a reasonable value for the smearing width

(I"/ 2). We have investigated the influence of the nature of discretization on the response functions and
the centroid energies of the ISGR with multipolarities L = 0, 1, and 2. To illustrate this, we present here
the discretized (D) and continuum HF-RPA results obtained using a two-body interaction given by

1, L+t
V12 = 5(r1 - rz)[to + Etap (172)] )

with & =1/3, t,=-1800 MeV fm®, and t, =12871 MeV fm*. For these values of the interaction
parameters, the nuclear matter equation of state E(p)/A, has a minimum at E/A=-15.99

MeV, p, =0.157 fm~ with K =226 MeV, where E/A, p and K, are the binding energy per

nucleon, matter saturation density, and incompressibility coefficient for symmetric nuclear matter,
respectively. In Fig. 1, we show the response functions for the isoscalar giant dipole resonance (ISGDR)
obtained by using the box size of 12 and 72 fm, together with the corresponding results obtained in HF-
CRPA. We see that the DRPA results obtained for the large box coincide with the results obtained within
the CRPA. The transition strength gets fragmented if the discretization is carried out using a small box.
To avoid a misleading interpretation of the fragmentation and obtain agreement with the CRPA results,
one needs to use a large enough value of the smearing parameter consistent with the size of the box.
Therefore, one can satisfactorily reproduce the CRPA results, provided the DRPA calculations are carried

out using a box of very large size (i.e., dense discretization) and the E;’hax is set to be sufficiently high.

We see from Table 1 that as Eg‘hax increases, the centroid energies for L= 0, 1 and 2 resonances,

converge to their corresponding exact values obtained using HF-CRPA. However, this convergence is

max

slower for the E . For the low values of E ;" we observe that the centroid energy of the ISGR with L=0

is overestimated by about 0.5 MeV, which can significantly affect the value determined for the nuclear
incompressibility coefficient.
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Table 1. Dependence of the spurious state energy (E«)
and the centroid energies E, (L = 0,1, and 2), in MeV, on
the value of EI™ (in MeV) used in HF-DRPA
calculations together with the corresponding HF-CRPA
results (last row). The HF calculation is performed using a
box of 72 fm for the ®Zr nucleus.

E g;]ax Ess EO El E2
50 4.7 23.92 35.34 16.11
75 3.3 23.51 35.76 1551

100 2.9 23.25 35.66 15.14
200 15 23.09 35.55 14.82
400 1.0 23.02 35.51 14.73
600 0.9 23.02 35.51 14.72

0.7 23.01 35.46 14.70




Nuclear matter incompressibility coefficient in relativistic and
nonrelativistic microscopic models

B. K. Agrawal, S. Shlomo, and V. Kim Au

The nuclear matter incompressibility coefficient K., plays an important role in understanding a
wide variety of phenomena ranging from giant resonances in finite nuclei to heavy-ion collisions and
supernova explosion. Most recent microscopic calculations carried out using the nonrelativistic and the
relativistic mean field based random phase approximation (RPA) yield the values for K,y in the range of
210 — 220 and 250 — 270 MeV, respectively. It has been claimed [1,2] that these pronounce differences
(~20%) in the value of K, are due to the model dependence. On the other hand, it has been pointed out in
Ref. [3] that the differences in the values of K, obtained in the relativistic and the nonrelativistic models
can be attributed, at least in part, to the differences in the density dependence of the symmetry energy in
these models. However, in Ref. [3], the analysis was restricted to the single nucleus “°Pb.

We have analyzed in detail the aforesaid claim. For a meaningful comparison, we have generated
parameter sets for Skyrme interaction by a least square fitting procedure using exactly the same
experimental data for the bulk properties of nuclei considered in Ref. [4] for determining the NL3
parameterization of an effective Lagrangian used in the relativistic mean field (RMF) models. We deal
with the centre of mass correction to the total binding energy, finite size effects of the protons and
Coulomb energy in the way similar to that employed in determining the NL3 parameter set in Ref. [4].
Further, we also demanded in our fitting procedure that the values of K.y, symmetry energy coefficient
(J) and the charge radius of the “®Pb nucleus should be very close to 271.76 MeV, 37.4 MeV and 5.50
fm, respectively, as obtained with the NL3 interaction. The parameter sets thus obtained are used to
calculate the centroid energy for the isoscalar giant resonance (ISGMR) for several nuclei. In Table 1 we

Table 1. ISGMR centroid energy E, = m;/m, (in MeV, where m, and m; give the results for the ISGMR

correspond to the non-energy and energy weighted sums) obtained by centroid energy obtained using our
integrating over the energy range w;-w, MeV with the strength function

smeared by using I'/2 =1 MeV. new parameter sets SK272 and
Nucleus  oy-a, Exp NL3  SK272 SK255 SGlI SK255 and compare them with the
%05, 0-60 18.7 20.0 189 183 RMF based RPA results of Ref. [1]
1026 17.89+0.2 193 184 179 for the NL3 interaction. For the
116 parameter set SK272 (K., = 272
Sn 0-60 17.1 18.0 175  16.6
MeV and J = 37.4 MeV), the
1026  16.07%0.12 17.4 169  16.3 ]
calculated values of E, are higher by
14sSm 0-60 16.1 17.1 16.4  15.6
about 5% compared to the
- + . .
1026 1539:0.28 165 159 152 corresponding NL3 results. This
208py 0-60 142 147 142 139

implies that the difference in the
10-26  14.17+0.28 142 138 136 value of K, obtained in the
relativistic and the nonrelativistic
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microscopic models could be at most 10%. In view of this, we generate another parameter set SK255
having K., = 255 MeV with J = 37.4 MeV. As expected, the parameter set SK255, yields for the ISGMR
centroid energies values which are quite close to the NL3 results. Moreover, for the SK255 parameter set,
we find a good agreement with experimental data for E, for all the nuclei considered, provided, the
corresponding excitation energy ranges used in determining E, are the same as those used in obtaining the
experimental data. We have thus shown that the difference in the values of K, obtained in the relativistic
and nonrelativistic models is rather small (less than 10%) and it mainly arises due to the difference in the
value of the symmetry energy coefficient associated with these models.
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Non-Markovian effects on the bubble dynamics in hot asymmetric nuclear matter

V .M. Kolomietz', A. I. Sanzhur' and S. Shlomo
nstitute for Nuclear Research, Kiev 03680, Ukraine

We study the conditions for the generation and the dynamical evolution of embryonic overcritical
vapor bubbles in an overheated asymmetric nuclear matter. Using the temperature dependent Thomas-
Fermi approximation [1] and the Skyrme-type forces as the effective nucleon- nucleon interaction, we
have solved the equilibrium equations and evaluated the dependence of the critical radius R™ of the
embryonic bubble on the overheating temperature & T. We have established that the critical radius R”
increases with the asymmetry parameter Xiiq of the liquid phase. This is mainly due to the increase of the
boiling temperature T, with the decrease of the asymmetry parameter Xiig.

The generation of the embryonic bubble of arbitrary radius R is subsidized by the variation of the
free energy A® (R). The maximum of A® (R) is located at R= R". The bubble radius R" is the critical
point for the metastable phase with respect to the boiling process. To start up the boiling (cavitation), i.e.,
to start the infinite growth in the size of the bubbles, the system must pass through the barrier of A® (R)
to reach the region of R’.

We have studied the problem of the dynamical evolution of the overcritical bubble with the radius
R of the barrier at R> R". Starting from the collisional kinetic equation for the nuclear Fermi liquid, we
have derived the non-Markovian equation of motion for the bubble radius R(t) without restrictions on the
amplitude of & R(t)=R(t)- R’.

We have shown that the development of instability of the bubble near the barrier point R= R" is

strongly influenced by the memory effects, if the relaxation time 7 is

e e Aot ; large enough. In this case, an expansion of the bubble is accompanied

| > : by characteristic shape oscillations of the bubble radius (see Fig. 1)
_ ___-'?'-'*-"“ ! which depend on the structure of the memory kernel and on the
it ! relaxation time 7. Oscillations of the radius appear due to an elastic
o 5 force induced by the memory integral. This elastic force acts against
/ the adiabatic force and significantly hinders the growth of the bubble
| radius. The characteristic oscillations of ¢ R(t) disappear in the short

S s m relaxation time limit 7 — 0.

t (fm/c)

AR/ R

Figure 1. Time variation of the bubble References

shape parameter R near the barrier point

R=R* for various values of the relaxation

time 7. The dashed and solid curves [1] V. M. Kolomietz, A. I. Sanzhur, S. Shlomo and S. A. Firin, Phys.

correspond to the values of 7=310%s
and 7 =4.5 102 s, respectively. Rev. C 64, 024315 (2001).
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Nuclear dissipativity effects on the nuclear friction

V. M. Kolomietz', S. V. Lukyanov' and S. Shlomo
nstitute for Nuclear Research, Kiev 03680, Ukraine

Starting from the collisional kinetic equation with a random force and using the p-moments
technique, we have derived the equations of motion of viscous fluid dynamic for the local values of
particle density, velocity field and pressure tensor. The important features of these equations of motion
are due to the non-Markovian form of the pressure tensor caused by the relaxation on the distorted Fermi
surface. In contrast to the commonly used t -approximation, we take into account the higher orders of the
variation of the collision integral with respect to the variation of the phase-space distribution function.
Using the Abrikosov-Khalatnikov transformation we have then obtained the collision integral in the form
of the extended t -approximation.

Assuming the displacement field in a separable form, we have introduced the macroscopic
collective variable B(t) and reduced the problem to a macroscopic equation of motion for B(t). The final
macroscopic equation of motion includes both the memory effects and the nonlinear dissipativity terms.
We have separated the description of the collective motion into two parts. The first (slow) one is related
to the driving force and it is associated with a slow motion. The second (fast) one is due to the fast
fluctuations of the random force. Using the correlation properties of the random force, we have performed
the averaging of the macroscopic equation of motion over the fast fluctuations, reducing the nonlinear
dissipativity terms to the form which is linear with respect to the slow collective motion.

Finally, assuming the periodic driving force ~exp (iwt), we have derived the macroscopic

strength function S(w). We show that the
nonlinear dissipativity effect leads to an additional

spreading Ay and a resonance shift Aw, in the
i | strength function S(w). The contribution Ay
Shaal i | appears due to the thermodynamical fluctuations
x s of the collective variable B. In contrast to the
s - ’H : Fermi-liquid friction parameter y,~T 2 (for high
0.1 f B = temperatures), the spreading width Ay is a linear
- bi sl i function of the temperature T. This fact provides a

0 2 4 6 g 10

= ; non-monotonic behavior of the ratio Ay/y,, see
T(MeV)

Fig. 1. As seen from Fig. 1, the nonlinear
Figure 1. Temperature dependence of the ratio A y/y, for the dissipativity effects are enhanced at moderate

nucleus with A=224 for the giant quadrupole resonance (GQR). - ~ 910
The solid curve was obtained from the strength function S(@); temperatures T~ 2 MeV and do not exceed ~20%.

the dashed line was obtained using the phenomenological
parametrization of E; =60A Y3 Mev.
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Projectile lonization in Collisions of U?®* with Gases

R. E. Olson’, R. L. Watson, V. Horvat, K. E. Zaharakis, and T. Stohlker?
YUniversity of Missouri — Rolla, >Atomphysik, GSI-Darmstadt

The n-CTMC method has been used to calculate the stripping cross sections for collisions of U%*
with several gases. The method numerically solves the classical Hamiltonian for an n-body collision [1].
The initial electronic state of the projectile ion and target atom are based on the experimental binding
energies of the electrons and their radial expectation values. Both the electron-electron and electron-
nucleus interactions are included between centers. In these calculations 36 electrons were used in the
description of the U?* ion, which consisted of the 4s?4p°4d'%4f“5s°5p? outer shell electrons. On the
nitrogen target all 7 electrons were included, while for Ar we found only the L- and M-shells were active
for a total of 16 electrons. Thus, at the maximum, 54 bodies were carried in the n-CTMC calculations,
resulting in the solution of the time evolution of 324 first order differential equations for each trajectory.

As a benchmark, a comparison between calculated and experimental electron loss cross sections
[1] for Xe™* + N, collisions are displayed in Fig. 1. There is reasonable agreement in magnitude and
energy dependence with the largest discrepancy being approximately 25% at the lowest energy of 2
Mev/amu. Both experiment and theory show an overall energy dependence of approximately E° with
the slope increasing slightly above 10 MeV/amu in the calculated values. The E®> dependence is
contrary to the predictions of one-electron theories [3,4]. Such behavior appears to be associated with the
fact that the ions studied are only partially stripped, so that there is always an electron shell whose cross
section for ionization is near its maximum value. Presented on the same graph are the calculated stripping
cross sections for U®* on H,, N,, and Ar. The U%" + N, cross sections are almost identical to those for
Xe'™" + N,. Note that the U®* cross sections also have an energy dependence of approximately E°°.
This becomes important in the prediction of ion beam lifetimes in an accelerator structure. Experimental
measurements of the stripping cross sections for U*®* in N, and Ar are currently in progress.

The calculated U?** cross sections were used to predict ion loss due to charge changing in the
GSI-Darmstadt SIS beam line. Very recently, measurements were made of the ion beam lifetime in the
present SIS ring for energies from 10 to 150 MeV/amu [2]. The composition and the concentration of
residual gas in the ring was determined at a background pressure of 7.7x10™* mbar. The results deviated
significantly from lifetimes deduced from stripping cross sections determined by one-electron Born
calculations [3,4]. At the highest energies, the difference was on the order of a factor of three (Fig. 2).

The n-CTMC cross sections given in Fig. 1 were used to estimate the U?®* beam lifetime for the
parameters given in the SIS measurements. The results are in reasonable accord with the data in both
shape and magnitude (Fig. 2). The E™° dependence on the stripping cross sections of Fig. 1 yield an
almost constant lifetime for all energies. The error bars on the calculations reflect the uncertainty in the
H, target calculations whose contribution to the lifetime is calculated to be approximately 30% at the
energies where the H; cross sections could be made. There is a slight increase in the calculated lifetime at
the highest energy due to the relativistic correction to the collision velocity.
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Projectile and Target Electron Loss in Fast lon-Atom Collisions

R. D. DuBois*, A. C. F. Santos’, R. Olson', V. Horvat, R. L. Watson, A. N. Perumal, and Y. Peng
lUniversity of Missouri-Rolla, Rolla, MO, USA

As an extension of the work described previously [1], cross sections for projectile electron loss
and target ionization were measured for 2.3 MeV/amu and 4.8 MeV/amu Ne* * ** jons interacting with Ar
and Xe gas targets. The idea behind this method is to extend the measurements for “low” charge state
heavy projectiles to higher energies by reversing the roles of the projectile and the target, i.e., by studying
fast light ion impact ionization of heavy neutral targets. Thus, in the reverse collision, electron loss from
neutral Ar and Xe “projectiles” occurs when they impact Ne “target” ions. Cross sections for the
collisions involving a neutral projectile and a neutral target can be extrapolated based on the measured
projectile charge dependence.

This work consisted of two parts. First, absolute cross sections for electron loss from Ne
ions were measured. Then, ionization of the target (Ar or Xe) was detected in coincidence with the
outgoing neon ions. In this part of the experiment, information about pure target ionization is obtained
from coincidences with a projectile that has not changed its charge state, while information about
simultaneous ionization of both collision partners is obtained from coincidences with projectiles which
have lost 1,2,3, etc. electrons. Combining the measured yields with the absolute target density, the length
of the target gas from which target ions are extracted, the extracted ion transmission and detection
efficiencies, and the detection efficiencies for the projectile ions allows us to determine absolute cross
sections.

Recoil ions produced in the gas cell were accelerated into a 15 cm long flight tube of a time-of-
flight (TOF) spectrometer by an electric field directed perpendicular to the projectile ion beam. Two
acceleration stages were used in order to provide space focusing. Upon reaching the end of the flight tube,
the recoil ions were accelerated into a microchannel plate detector, 40 mm in diameter. Typically, the
pressure inside the gas cell ranged between 2 and 4 mTorr and was maintained at a constant value by
means of an automatic valve and a capacitance manometer. This pressure range was sufficiently low to
effectively suppress double-collision events.

Signals from the recoil ion detector were used to start a time-to-amplitude converter (TAC), while

delayed timing signals from the projectile ion detector were used to stop it. The TOF signals generated by
the TAC were then digitized by a CAMAC analog-to-digital converter, along with the position signals
derived from those generated by the projectile ion detector using a dual sum/inverter and position
sensitive detector analyzer. The data were recorded event-by- event using a personal computer running
customized data acquisition software.
Results for 4.8 MeV/amu Ne?** - Ar collisions (shown in Fig. 1 below) indicate that collisions in which the
projectile loses electrons are more efficient at removing large numbers of target electrons than collisions
in which the projectile remains un-stripped (pure target ionization). Moreover, target and projectile
ionization cross sections are found to be roughly identical. However, it should be noted that the target
ionization cross section values presented here are preliminary, as the detection and transmission
efficiencies are still under investigation. Based on the measurements with Ne?*, Ne®*, and Ne*, it was

2, 3, 4+
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for ionization of the 48.8 MeV/u Ne®* projectile ions (stars) and Ar target
atoms (solid circles). Also shown are the contributions to the latter from pure
ionization (hollow circles) and ionization in coincidence with projectile
electron loss (triangles).

found that with increasing projectile charge, target ionization cross sections increase while projectile
electron loss cross sections decrease.
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Electron Loss by 6 MeV/amu Xe'®* in Ne and SFg
Y. Peng, R. L. Watson, V. Horvat, and A. N. Perumal

In an effort to investigate the possible influence of molecular structure on fast ion collisions, electron
loss cross sections were measured for 6 MeV/amu Xe'* ions in thin (gas) targets of Ne and SFs. The choice
of SF¢ as the molecular target was dictated by the fact that its average atomic number (10) is the same as the
atomic number of Ne. The results are shown in Fig. 1 where cross sections (per atom) for the loss of one to
eight electrons (n=1 to 8) are compared. It is apparent that the cross sections for the loss of one through five
electrons are nearly identical for the two targets, while differences between the cross sections for electron loss
in the two gases begin to appear at n = 5 and steadily increase with n. Nevertheless, the effect is surprisingly
weak.

A possible explanation for the insensitivity of the electron loss cross sections to the molecular nature
of the target is that the average impact parameters for electron loss might be much smaller than the molecular
bond lengths. If this were the case, then a molecular target would act simply as a collection of independent
atoms. In order to test this idea, a semiempirical representation of the impact parameter dependence of
electron loss based on the independent electron approximation [1] was used to estimate the most probable
impact parameters b,. The differential cross section for electron loss may be expressed as

do, =2xP, (b)db
where the P, is the probability of removing n out of a total of N electrons, given by
N!
P()=———p®)"[1-pb)]"™".
 (0) =y i PO = (D)
The probability for single electron loss was represented by a Gaussian;
p(b) = pge ">

The probability (po) and width (8) parameters were previously determined by fitting the calculated cross
sections to measured cross sections for electron loss in the noble gas targets He through Xe [2]. The most
probable impact parameters obtained by finding the maxima in the distribution functions 2zbP,(b) are listed in
Table 1 for F, Ne, and S atoms.

A comparison of the bond lengths, atomic radii, and most probable impact parameters for one-
electron loss collisions of Xe'® ions with SFs molecules is shown in Fig. 2. (Only four of the six fluorine
atoms are shown). The solid circles represent the average radii of the outermost shells of the target atoms, the
dotted circles represent the most probable impact parameters, and the dashed circles represent the outer shell
radius of the Xe'®" ion when it is centered on the dotted circles. Since the sum of the most probable impact
parameters for one-electron loss collisions with S and F atoms (0.60 A) is much less than the S-F bond length
(1.56 A), it is unlikely that the projectile will undergo an electron loss collision with more than one atom in
the molecule. Therefore, the original hypothesis appears to be correct.
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Figure 2. Diagram comparing the S-F bond length in SFg to the calculated most probable impact parameters
(dotted circles) for one-electron loss collisions of 6 MeV/u Xe'®* ions with S and F atoms.
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Table 1. Calculated most probable impact parameters (A) for electron loss from 6 MeV/amu Xe'®* ions in collisions with

fluorine, neon, and sulfur atoms.

Number of electrons Most probable impact parameter
Lost Fluorine Neon Sulfur
1 0.259 0.271 0.337
2 0.206 0.218 0.271
3 0.168 0.181 0.228
4 0.137 0.147 0.193
5 0.109 0.118 0.159
6 0.081 0.090 0.128
7 0.059 0.066 0.090
8 0.044 0.047 0.056
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Evaluation of Stripping Foils for the RIA Driver

E. Kanter?, J. Nolan*, D. H. Youngblood, Y. -W. Lui, H. L. Clark, Y. Tokimoto, X. Chen, and R. L.

Watson

!Argonne National Laboratory

One of the continuing problems in the design of the RIA driver linac has been the reliability of
predicting charge state distributions given by various computer codes which are currently available. For any
heavy ion accelerator, one faces a tradeoff in selection of strippers between maximizing the mean charge,
minimizing the width of the outgoing charge state distribution (to maximize efficiency), and minimizing
transverse (angular) and lateral (energy) beam spreads. In the case of RIA, this means being able to calculate
these quantities for 10- and 85-MeV/amu uranium ions. Because there is a paucity of experimental data
available in the energy regimes of current interest, we have had to rely on computer codes which simulate the
passage of fast ions through matter (e.g., ETACHA [1], SRIM [2], and GLOBAL). These codes, however, all
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Figure 1. Emergent charge state distribution measured for 10.5-
MeV/amu U*"* jons impinging on a 600 pg/cm? carbon foil. Also shown
are predictions of the computer code ETACHA [1].
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employ numerous approximations in estimating
various physical quantities (such as electron
capture and loss cross sections, interaction
potentials, etc.) and in the cases of interest,
produce different results. Thus, it is crucial to
test the predictions of such calculations with
experimental data. Toward that end, the MDM
spectrograph was used to measure the charge
state distributions of 10.5-MeV/amu U** ions
emerging from thin carbon and beryllium
stripper foils of various thicknesses. The charge
state distribution obtained with a 600 pg/cm?
carbon foil is shown in Fig. 1. The lateral
straggling was found to be significantly larger
than predicted by SRIM and an interesting
decrease in the apparent stopping power was
observed with the thinnest foils.  Further
analysis of the data is in progress and there is
hope of extracting angular information as well.
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Energy Dependence of the Average Equilibrium Charge of Uranium lons
R. L. Watson, V. Horvat, Y. Peng, and A. N. Perumal

In addition to our work on cross sections for electron capture and loss by U?** (mentioned in a
preceding report) we have measured the charge distributions of 3.5 and 6.5 MeV/amu U***, exiting carbon
foils, as a function of the foil thickness. This data has been used to determine the average equilibrium charges
for uranium ions at these two energies. The results of the present measurements are presented in Table 1,
along with the experimental average equilibrium charges obtained by others. In Fig. 1, the experimental
average equilibrium charges are compared with the predictions of various semiempirical formulas over the
energy range of 1.4 to 16.3 MeV/amu. The solid curve in Fig. 1 has been fit to the experimental data and is
given by

68.01 E
4.438+E"°

where E is in MeV/amu. The above equation reproduces the experimental éeq to within 1.4 charge units over

Q,.,=23.90+

the whole energy range from 1.5 to 200 MeV/amu, whereas the semiempirical formulas deviate from the
experimental values by as much as 5.8 charge units over the restricted range of comparison.

Table 1. Experimental average equilibrium charges for uranium ions in carbon.

Energy (MeV/amu) Qeq References
14 40.9 B. Erb, GSI Rep. p-7-78 (unpublished); K. Shimaet al., At. Data &
Nucl. Data Tables 34, 357 (1986).
35 52.5 Present work.
5.9 63.1 B, Franzke (unpublished); K. Shima et al., At. Data & Nucl. Data
Tables 34, 357 (1986).
6.5 64.0 Present work.
10.5 72.6 Progress in Research, Cyclotron Institute, Texas A&M University
(2002-2003), p. IV-8.
16.3 77.9 A. Leon et al., At. Data & Nucl. Data Tables 69, 217 (1998).
200.0 89.9 H. Gould et al., Nucl. Instrum. Methods Phys. Res. B 10, 32 (1985).
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Figure 1. Average equilibrium charge of uranium ions in carbon as a function of energy.
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Spectra of Ho La x rays emitted in collisions with 6 MeV/amu Heavy lons
A. N. Perumal, V. Horvat, R. L. Watson, and Y. Peng

It is well known that fast heavy ions provide an efficient means for creating multiple inner-shell
vacancies in small impact parameter atomic collisions. In general, the presence of multiple vacancies
results in a complex and mostly unresolvable multiplet structure which appears above the diagram (single
vacancy) lines in the x-ray spectrum. Over the past thirty years, numerous spectroscopic investigations of
Ka x-ray satellites and hypersatellites have led to a detailed understanding of the L spectator vacancy
states produced in K-shell ionizing collisions. However, comparatively little work has been devoted to the
spectroscopy of L x-ray satellites arising from M spectator vacancies [1-3]. This is primarily due to the
fact that the multiplet structure associated with L plus M vacancy states is much more complicated than
that for K plus L vacancy states. In addition, the average energy separations between the diagram lines
and the L x-ray satellites are smaller than those for the corresponding K x-ray satellites. For example, the
Ka, transition energy in Co is 6930 eV and its energy separation from the KL' satellite is 30 eV, whereas
the Lo, transition energy in Ho is 6722 eV and its energy separation from the LM* satellite is 21 eV.

In the present work, the La x-ray satellite structure of holmium has been examined using 6
MeV/amu C, Ne, Ar and Kr ions. Spectra for a metallic Ho target were obtained by means of a curved
crystal (Johansson) spectrometer employing second order diffraction from a LiF crystal. The
spectrometer energy resolution for the Ho Lay line excited by 10 keV electron bombardment was
determined to be 9.0 eV (FWHM). Spectra of Ho La x rays obtained with the three heavy ion projectiles
are compared in Fig. 1. The spectra contain the single vacancy (diagram) Lo, and Loy lines at 6679 eV
and 6722 eV, respectively, and extensive satellite structure arising from Lo X-rays emitted in the presence
of spectator M vacancies. The diagram lines originate from single Ls vacancies produced both in ion-
atom collisions and secondary ionization processes involving x rays and electrons. The diagram lines
arising from ion-atom collisions are broadened and slightly shifted up in energy relative to those from
secondary ionization. As the projectile atomic number increases, relative intensity of the ion-atom
collision contribution decreases and the relative intensity of the secondary ionization contribution
increases. In the spectrum obtained with Ar ions, for example, almost all of the Lay, intensity is
attributable to secondary ionization.

A simplified preliminary analysis has been performed on the spectra shown in Fig. 1. In this
analysis, the manifold of multiplet transitions for a specified number n of M vacancies was represented by
two Voigt functions - one representing the LsM" — M4M" multiplet transitions (Lo, satellites) and one
representing the LsM" — MsM" multiplet transitions (Lo; satellites). In the least-squares fitting process,
the energy separation of the two peaks in each set was fixed at the diagram La,-La, separation value, but
the average energy of each set was allowed to vary. In addition, the intensity ratio of the two peaks in
each set was assumed to be the same as that for the diagram lines and the total intensity contribution of
each peak set to the spectrum was constrained to follow a binomial distribution, as predicted by the
independent electron approximation. The results are shown by the thin solid curves in Fig. 1. Each
contributing LM" manifold is shown by a dashed curve and the secondary ionization diagram lines are
shown by thick solid curves. It is evident from the fits shown in Fig. 1 that the highest contributing value
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of n (the number of spectator M vacancies) is four for C ions, six for Ne ions, and nine for Ar ions. In the
case of the Ar spectrum, additional components attributed to L hypersatellites (double L vacancy initial
states) have been included in the fits. The fitted values of the energy centroids for the Lo, satellite peaks
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Figure 1. Spectra of Ho Lo x rays emitted under bombardment by 6 MeV/amu C, Ne, and
Ar ions.
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are in good agreement (within 3 eV on average) with the Dirac-Fock average of configurations energies
(see preceding report) if additional energy shifts of 7 eV (C spectrum), 13 eV (Ne spectrum), and 21 eV
(Ar spectrum) are assumed to be present due to N-shell vacancies.

The energy calibrations were performed by measuring the Ko x-ray spectra of Co, Ni, and Cu.
These calibration spectra, which also contained the Ka satellites, provided an opportunity to compare the
average probability of L vacancy production in K-shell ionizing collisions, P, with the average
probability of M vacancy production in L-shell ionizing collisions, Py, for atoms having similar x-ray
transition energies. The average spectator vacancy probabilities were determined by dividing the average
numbers of satellite vacancies (calculated from the satellite relative intensities) by the corresponding shell
occupation numbers (i.e., eight for the L shell and 18 for the M shell). This comparison is shown in Fig.
2. It appears that the M spectator vacancy probability is systematically lower than the L spectator vacancy
probability.
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Figure 2. Comparison of the average probabilities of producing spectator L- and M-
shell spectator vacancies in K- and L-shell ionizing collisions, respectively, for Co,
Ni, Cu and Ho.
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L X-ray satellite energies of Holmium

A. N. Perumal, V. Horvat, J. M. Blackadar, and R. L. Watson

The interpretation of ion induced L x-ray spectra of heavy elements is a challenging problem
because of complications arising from the presence of numerous satellites associated with spectator
vacancies in the M and higher shells. In order to understand the satellite structure, it is important to know
the transition energy for each contributing configuration. Energies for multiple vacancy configurations are
not generally available although the single vacancy energies are well known [1]. Calculating the transition
energies for all the possible vacancy configurations is an extensive process and therefore, a simplified
representation is desireable. In this report, we present (a) average of configurations energies of Holmium
Loy, Lap, LBy, and LB, transitions for initial state configurations having 0 to 17 M vacancies (0 to 18 in
the case of Lf3,), and (b) L-S multiplet transition energies for the case of one spectator vacancy.

In the average of configurations calculations, the following restrictions and simplifications have
been adopted,;

e At least one electron must be initially present in the M or N shell and one vacancy in the L

shell in order to observe the transitions Loy, Loy, LBs, and Lf,.

e The transition energy obtained for a given number of initial state M vacancies is an average
of the transition energies between all the possible initial and final electron configurations
having that number of M spectator vacancies statistically weighted for the subshell
populations. For example, in the case of one spectator M vacancy, the Lo, transition energy is
averaged over five initial and final state electron configurations.

e To reduce the number of calculations, a simple interpolation procedure is adopted which
requires calculating average transition energies for configurations having 0, 1, 16 and 17
spectator M-shell vacancies (or 0, 1, 17 and 18 spectator vacancies in the case of Lf3;). The
transition energies for other numbers of spectator M vacancies may then be determined
through interpolation using a polynomial fitting function.

e The N-and higher shells are considered in two ways. When the number of spectator M-shell
vacancies is 0 or 1, then the N and higher shells are assumed to be full and when the number
of spectator vacancies is 16 or 17 (17 or 18 in the case of Lj3,), the N and higher shells are
considered to be empty. However, the P-shell is always assumed to be empty.

The Multi-configuration Dirac-Fock (MCDF) atomic structure program [2] has been used to
calculate the satellite energies for different vacancy configurations. The x-ray transition energy of an ion
is calculated by taking the difference in the average of configurations total energies of the initial and final
vacancy configurations. Figure 1 shows the calculated average Lay and Lay transition energies of Ho. The
open circles are the calculated energies and the filled circles are determined through interpolation. The
Loy, Loy, LBy and LB, average transition energies are listed in the Table 1. The first column indicates the
number of M-shell spectator vacancies (ny) and the energies are given in units of eV.
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Figure 1. Calculated Loy and Lo, x-ray average transition
energies for Ho as a function of the number of spectator M-shell

vacancies.

Table 1. The average x-ray satellite energies (eV) of Ho Lay,
Lay, LB; and LB, for 0 to 17 M-shell spectator vacancies (0 to 18
in the case of Lp,), calculated using the Dirac-Fock program
along with an interpolation procedure.

Nas Lo Loo LB LB

0 6719.525 6679.879 7525.57 7904.145
1 6740.660 6699.988 7546.96 7955.890
2 6765.425 6723.702 7572.17 8019.083
3 6793.432 6750.635 7600.80 8092.493
4 6824.295 6780.400 7632.44 8174.894
5 6857.624 6812.611 7666.68 8265.054
6 6893.032 6846.881 7703.12 8361.745
7 6930.132 6882.824 7741.35 8463.737
8 6968.535 6920.055 7780.97 8569.802
9 7007.855 6958.185 7821.58 8678.711
10 | 7047.703 6996.829 7862.75 8789.234
11 | 7087.703 7035.601 7904.10 8900.141
12 | 7127433 7074.114 7945.22 9010.205
13 | 7166.540 7111981 7985.69 9118.195
14 | 7204.625 7148.817 8025.11 9222.883
15 | 7241299 7184.234 8063.09 9323.039
16 | 7276.176 7217.847 8099.21 9417.434
17 | 7308.867 7249.269 8133.06 9504.839
18 | - - - 9584.025

Along with this simplified method of calculating average transition energies, an attempt has also
been made to calculate all the possible transition energies for a single spectator M vacancy. Using the
Dirac-Fock program, the multiplet energies for all possible values of total angular momentum (J) have
been calculated. Then, using the L-S coupling scheme and Hund’s rule, the corresponding L-S term
symbols and energies were identified. Once the term symbols were known for the initial and final states,
the energies of allowed transitions were determined by applying dipole selection rules. The energies of

113 allowed transitions for a single spectator M-vacancy are listed in table 2.
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Table 2. Calculated L-S multiplet transition energies (eV) for a Ho atom having a single spectator M-shell vacancy.

Transition Energy  Transition Energy  Transition Energy  Transition Energy
253t > 3s'3p™ 25'3d* > 3d” F, »°D; 5968.406 °D; —»°F, 6751.224
s, »>%P, 7525357 °D;—°P, 8043.283 °F,>°D, 5969.043 °D, >°%F, 6759.899
'S, > P, 7542.677 °D,—>°P, 8050.701 °p, »°D;, 5977.349 °p, »°D, 6889.493
%5, »>°%P, 7667.826 °*D;—°F; 8053.042 3p,—°D, 5977.772 °pP, »°3D, 6898.433
s, »°%, 7707.002 °D,—°P, 8053.100 °F,—°D, 5980.045 °p,—°D, 6901.032
25'3p™ > 3p? D, > °F, 8062.859 °p, »°D, 6005.108 3P, »°D, 6907.508
'p,>'s, 7515.145 °D, >°F, 8081.107 °p,»°D, 6736.069 °P,>°D, 6910.107
P, 5>'D, 7700.792 °D, »°P, 8081250 ‘F;—'D, 6775175 'D,—>'P, 7364.966
2s'3d* > 3p*3d* 3D, > 3%, 8083.649 3P, 3D, 6780.152 3s, 3%, 7412.750
D, »'P, 7514466 °D,—°F, 8086.318 °pP,—»°D; 6818913 D, >'F, 7418.855
D; > %P, 7519.294 °D, >°F, 8090.924 'p,—»'D, 6821.066 °S, %P, 7552.683
°D, »3P, 7529.109 °D, »°P, 8106.101 2p'3st > 3s'3d™ 53, 3%,  7553.207
D, » %P, 7559.660 °D, >°F, 8121473 °p,°D, 6708310 ‘P, »>'D, 7561.525
D, > 'F, 7568.355 2p '35t > 357 P, %D, 6714439 s, 'p, 7568.010
D, > %P, 7669.568 P, »'S, 6806.479 °P,—°D, 6736.069 2p™'3d™ > 3d?
°D, > °F;  7681.096 2p*3p™ > 3s'3pt %, »°D, 6742198 °D, %P, 6716.002
D, »°F, 7690913 °D, »°P, 5790.387 °P,—°D, 6747.071 °D, >°%P, 6718.401
D, > %P, 7699.599 °D, »>°P, 5932856 'P,—'D, 7551673 °D, %P, 6737.564
D, » %P, 7700117 °D, %P, 5954219 °P,—°D, 7555.828 °D, %P, 6739.963
D; > %F, 7702855 °D;-—°%P, 5971.951 2p"3p* > 3d™3p*  °D, 3P, 6740.853
D, > %F, 7712672 °D,—»°P, 5972032 °D, %P, 6554975 °D,—°%P, 6746.772
D; > %F, 7715355 °D, »°P, 5993.395 °D, %P, 6554.894 °D, >°F, 6749.722
D, »°F, 7743221 'D,>'P, 6643.034 °D,-°%P, 6576.338 °D, >°%F, 6756.225
25'3p™ > 3p™3d™? 53, »°P, 6648.162 °D, >°%P, 6694.908 °D,—°F, 6756.531
%P, >°D, 8042.877 35, %, 6790.631 °D, >°%P, 6695432 °D, >°%, 6777.787
Po—°D; 8248205 3, %P, 6829.807 °D;—>°F; 6716.696 °D;—°F, 6784.596
%, >°D, 8054416 !S,»'p, 6846.078 °D,—>°%P, 6716.795 °D,—°F, 6789.807
°p, »°D, 8059.148 2p'3d* > 3s'3d*  °D, %, 6737536 'F;—'D, 7522.098
P,—>°D, 8063.491 °F, »°D, 5929.645 °D, >°%F, 6738.140 'F,>'G, 7522.535
%, »°D, 8068.223 °3F, %D, 5957.404 °3D;—3F, 6738455 P, 'S, 7544.236
p,>'D, 8069214 °F, 3D, 5961.212 °3p,—°D, 6750.054 P, >'D, 7567.989
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Target and Projectile K-vacancy Production by Fast Heavy lons in the Molecular Orbital Regime

V. Horvat, Z. Smit!, R. L. Watson, A. N. Perumal, and Y. Peng
Department of Physics, University of Ljubljana, Jadranska, and J. Stefan Institute, Jamova Ljubljana,
Slovenia

An increase in the K x-ray production cross section as the atomic number of the projectile (Z,)
approaches the atomic number of the target atom (Z,) is a characteristic of the molecular-orbital (MO)
mechanism. In this process, K vacancy production in the target atom and in the projectile ion is due to
interactive level crossings that occur as the two collision partners dynamically combine to form a quasi-
molecule. This mechanism is expected to be predominant when the projectile speed is significantly
smaller than the orbital speed of the K electrons.

Cross sections for target atom and projectile ion K vacancy production have been measured using

Mo, Ag, and Sn targets bombarded by 10 MeV/amu beams of H, Ne, Ar, Cr, Kr, Mo, Ag, Sn, Xe, Nd, Ho,
Ta, Au, and Bi. The targets were self-supporting solid metallic foils, having thickness of ~2 mg/cm?,
positioned at 45° relative to the beam. A plastic scintillator mounted on a photomultiplier tube was
positioned directly behind the target and used to count the outgoing beam particles. Emitted x rays were
measured with a Si(Li) detector, positioned at 90° relative to the beam, viewing the beam-impact surface
of the target at 45°. The signals from the detector were fed into a pulse-height analyzer. Finer details of
the experiment are essentially identical to those described in a previous publication [1].
Contributions from the MO mechanism were calculated using the diffusion model of Mittleman and
Wilets [2] and the hidden crossing model of Janev [3]. Other processes may also contribute to target K-
vacancy production. These include direct ionization of the target electron in a binary collision with the
projectile (DI) and non-radiative capture of the target electron to a projectile bound state (NREC). For
targets with large atomic numbers, significant contributions from the radiative electron capture
mechanism (REC) can be expected. DI also contributes to projectile K-vacancy production.

The contributions from DI and NREC are typically calculated using the ECPSSR theory [4].
However, this theory is expected to be valid only when 0.03 < Z; / Z, < 0.3, which means that it does not
apply in the near-symmetric region. Indeed, the K-vacancy production cross sections for a Cu target
bombarded by 10 MeV/amu projectiles with Z; > Z, (measured previously [5]), were found to be
significantly smaller than the ECPSSR cross sections for DI alone. A theory of DI that would be valid for
near-symmetric collisions involving heavy projectiles is not presently available.

The tentative contributions to target K-vacancy production from NREC were also calculated
using the ECPSSR theory, taking into account the availability of projectile states for capture while the
projectile is inside the target. It also found that these contributions alone overestimate the measured cross
sections for the copper target, both in the near-symmetric collision region and also for heavier projectiles.
The same was found for contributions from REC [6] involving Sm and Ta targets [7]. Therefore, the
measured cross sections were compared with those calculated using the MO approach, assuming that all
other contributing processes could be represented by a second-order polynomial in Z;. The coefficients of
this polynomial were determined in a least-squares fit to the difference between the measured and
calculated cross sections.
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K-vacancy production cross sections for Mo, Ag, and Sn targets are shown in Fig. 1 as a function
of projectile atomic number. Good overall representations of the data are achieved. The shapes of the
regions of enhanced cross sections are well reproduced by the MO contributions calculated using the
hidden crossing model [3] in conjunction with vacancy sharing fractions obtained experimentally using
the collected data. This mechanism contributes about 75% of the measured cross section at the peak of the
enhancement. The agreement with the experimental data is almost as good when the diffusion model [2]
is used to calculate the contributions from the MO effects under the same conditions. A comprehensive
theory of K-vacancy production in near-symmetric regions is needed to describe the individual
contributing mechanisms on a quantitative basis.
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Figure 1. Cross sections for K-vacancy production in Mo, Ag, and Sn targets as a function of projectile atomic number.
Solid circles represent the measured data. Calculations based on the theory of Janev [3], using measured vacancy sharing
fractions, are represented by the dash-dotted line, a polynomial fit to the residuals is represented by the dashed line, and the
total cross section is represented by the thick solid line. The vertical dotted lines denote the center of the symmetric region.
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K500 Operations and Development
D. P. May, G. J. Kim, H. L. Clark, F. P. Abegglen, G. J. Derrig, and W. H. Peeler
Introduction

During the 2002-2003 reporting period a total of 60 different beams were used for experiments.
These included 26 newly developed beams. There were a total of 213 beam tunings not counting multiple
tunes of beams during the same day for the SEE program. The beams for experiments included some new
species and the highest E/Q beam to date. The SEE program will be treated in a separate contribution.

lon Sources

The 14.5 GHz ECR2 ion source has not been used for experiments yet, due mainly to high
vacuum in the plasma chamber caused by what are assumed to be water leaks. Even so, the source has
produced 139 epA of 0™ and 400 epA of °0° without any gas input, presumably from the oxygen in
water. Meanwhile, more lead shielding has significantly cut down on the x-ray flux into areas surrounding
the source, and some progress has been made in remoting the controls for both sources.

A new hexapole bar is being assembled from new NdFeB material to replace the damaged one in
ECR1. When ECR2 can be operated for experiments, the switch will be made to ECRL1 in an effort to
return it to its original performance. Also coil-winding for the two new Glaser lenses has begun. Each will
replace the first focussing solenoid in each injection line and should improve the injection efficiency.

Cyclotron Beams

Of the new beams developed, several are of note. Cadmium and molybdenum beams as well as
two new uranium beams were developed at low energies for the atomic physics program and a
praseodymium beam was developed for the SEE program. All of these elements were introduced into
ECR1 via sputtering. Also a beam of 47 AMeV *He" was developed. At an E/Q of 141, this is the beam
requiring the highest dee-voltage to date and thus the one closest to the focussing limit. Before this beam
could be developed, the rf had to be conditioned for two days.

Operations

For the period April 1, 2002 through March 31, 2001, the operational time is summarized in
Table I, while Table Il lists how the scheduled time was divided. The time spent in unscheduled
maintenance was unusually low while the time scheduled for outside users, all for the SEE program, went
up dramatically from last year. The idle time reported arose from the failure of some of the time devoted
to SEE to be used.



Table 1. 2002-2003 Operational Time.

Table 2. Scheduled Beam Time.

Time Hrs. %Time
Beam on target 4542.00 60.1
Tuning, optics, set-up 1034.25 13.7
Beam development 1271.75 16.8
Scheduled maint. 560.00 7.4
Unscheduled maint. 35.25 0.5
Idle time 113.75 15
Cool down 0.00 0.0
Total 7557.00 | 100.0

Time Hrs. %Time
Nuclear physics 1654.75 23.6
Nuclear chemistry 773.75 111
Atomic physics 752.50 10.7
Outside collaboration 0.0 0.0
Outside users 2559.50 36.5
Beam development 1271.75 18.1
Total 7012.25 | 100.0




Radiation Effects Facility

H. L. Clark, V. Horvat, B. Hyman and D. Utley

The activity of the Radiation Effects Facility (REF) increased substantially over the previous
reporting year. In this reporting period, the facility was used for 1851 hours, which is a ~40% increase
over the 1327 hours used in the 2001-2002 reporting period. Users of the facility (and hours used) over
the past year were: Boeing Satellite Systems (469), NASA JPL (206.5), NASA GSFC (204.5), Mitsubishi
(164), Maxwell Technology (112.75), Prairie View A&M University (91), Aerospace Corp. (61.5), Xilinx
(55), Innovative Concepts (49.75), Aeroflex UTMC (44.75), NAVSEA (44.5), Boeing-Seattle (41.25),
United Space Alliance (40), BAE Systems (35.75), Harris (31), International Rectifier (30.5), ICS
Radiation (25.75), Raytheon (23), Full Circle Research (21), SEAKR (19.75), Intersil (16), Air Force
(15.5), Naval Research Laboratory (15.25), Honeywell (12), Johns Hopkins (10.5), General Dynamics (8)
and Makel Engineering (2). From the list above, Mitsubishi, Boeing-Seattle, United Space Alliance,
Johns Hopkins and Makel were all new customers of the facility.

Table | compares the facility usage by commercial and government customers. The ratio from this
reporting year (67% to 33%) is close to the trend seen in previous years. Despite the lagging economy,
the number of commercial hours actually increased substantially. Many commercial agencies are now
testing for devices to be used in defense systems rather than in commercial telecommunication equipment.
It is expected that the facility will remain as active in the future.

Table 11 lists the beams used this year and the number of times each was requested. In total, 360

beams were run this year, which is almost 200%
higher than the previous year. Three new beams

Table 2. Beams used and the number of times requested for this
reporting year and previous years. 360 beams were run this year.

were developed--15A MeV ®Cu, ®Ag and P?';/t;)cele AMEV 005001 20015002  2009-3003
YIpr These beams “bridged” the LET gaps o 7 N/A N/A 2
Au 10.5 4 N/A N/A
between Ar-Kr, Kr-Xe and Xe-Ho. 7A MeV ‘He 125 1 1 0
“Ar was developed for ion implantation ZEX‘? 15 111 %ﬁ 4112
experiments for Full Circle Research. 8cy N/A N/A 5
¥Kr 6 26 55
%ag N/A N/A 6
2% 5 18 43
ipy N/A N/A 2
%Ho 3 11 17
Table 1. Radiation Effects Facility usage by commercial 18173 4 5 4
and government customers for this and previous reporting YAy “ 12 9 23
years. H-D 25 1 0 N/A
Reporting Total ~ Commercial ~ Government izNe “ 27 13 19
Year Hours Hours (%) Hours (%) 34'2: g% 38 gé
2002-2003 1851 1242 (67%) 609 (33%) 129y “ o5 18 o4
2001-2002 1327 757 (57%) 570 (43%) H-D 40 1 8 10
2000-2001 1500 941 (63%) 559 (37%) iENe “ 5 3 5
1999-2000 548 418 (76%) 131 (24%) oY ) 12 8 10
1998-1999 389 171 (44%) 218 (56%) Kr 13 9 6
1997-1998 434 210 (48%) 224 (52%) HLH 5 i N(/)A N(/)A
1996-1997 560 276 (49%) 284 (51%) AL 5 1 0
1995-1996 141 58 (41%) 83 (59%) Total 192 207 360
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Cyclotron Data Acquisition
K. Hagel and R. Burch

Experimental data can be acquired at the Cyclotron Institute without the use of a VMS system for
the first time since 1980. This marks a milestone in our data acquisition capabilities since the aging
Vaxes were placing experiments in jeopardy by playing the critical role of loading frontend software.

The use of the Vaxes began to diminish several years ago as reported in [1] by using cheap linux
boxes as the “backend” computer to monitor the progress of the experiment. But loading the data
acquisition software in VMEG68040s still required the use of the VAX.

To eliminate even this necessity we utilize PCI-VME bridges installed on dual processor linux
machines. The driver associated with the PCI-VME bridge allows VME memory mapping in much the
same way as on the older VME Motorola 68040 processors. This has allowed us to rewrite our frontend
software to take advantage of cheap computers, a free operating system (Linux) and free analysis software
from CERN (ROOT) [2].

The frontend program is implemented as follows: It is built on ROOT[2] using the gui classes
available for easy experiment control. A thread is generated which polls the VME trigger box to
determine if an event trigger is present. If the event trigger is present, the event is read out using the users
experiment specific event readout code. Each event is inserted into a buffer and once the buffer is full the
main thread is notified and the buffer is taken, written to file and passed to analysis clients.

In order to facilitate writing the user event reading routines, a base class was constructed from
which user classes inherit. The routines required to be written are simply the ones for initialization, run
begin, run end and scaler readout. The scaler readout can be set according to the requirements of the
experiment.

Further facilitation of writing is achieved by construction of CAMAC module class objects which
encapsulate the BCNAFs required for the different operations of the modules. In this way the user has a
consistent interface to the read and clear commands (among others) instead of constantly having to look
up the BCNAF codes in the user manuals.

The program and hardware have been tested in several small blocks of time and a number of bugs
were identified and corrected. It is in use in the first major experiment using FAUST and appears to be
functioning well.

In the coming year we plan to return to an examination of the backend software. In particular we
wish to examine the feasibility of implementing the go4 [3] backend software from GSI.
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Commissioning of the Superconducting Solenoid Rare Isotope Beamline

G. A. Souliotis, G. J. Derig, G. J. Kim, F. P. Abegglen, G. Chubarian, K. Hagel, R. Wada, J. Natowitz,
G. Prete,' G. Viesti,! A. Keksis, D. V. Shetty, M. Veselsky? and S. J. Yennello
YINEN Legnaro, Padova, Italy, ?|nstitute of Physics, Slovak Academy of Sciences, Bratislava, Slovakia

Initial tests of the Big Sol line

The description and installation of the Superconducting Solenoid Line and its characteristics have
been reported previously [1]. The first part of the line (up to the intermediate focus, Fig. 1) was completed
in Fall 2002 and first tests were performed in November 2002. The cooling procedures of the Big Sol
magnet are also described in this report.

A schematic

A — o dlagre?m of the
experimental setup
; used in the tests is

given in Fig. 2. The
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Figure 1. Schematic diagram of the Superconducting Solenoid Rare Isotope Beamline. circular aperture,
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were allowed to enter
Bewnfrom - 2 the solenoid and were
T vawe Intermediate Image Bragg Curve - H
Target Diagnostics/Detector Box Tonization Detector focused 4 m after it
Chamber U. Mich. 7- Tesla (intermediate  focus).
Superconducting . .
Solenoid Bragg At this location, groups
Maenet Il cune | 1 of fragments were
“BigSol” Ak X /‘ .
\ magnetically selected
MWPC i g1 : ircul

FC (2-3 deg.) LI?Ieutrun . Momentum PPAC2 s sqi XY, T Telescope USlng a Circular
PPACI (Start Ty s:fdow Aperture (Stop T) Telescope aperture A si mple

1% % XY . ’

22 ? (In/Out) R . R

holes identification scheme

was implemented in
these tests involving
time-of flight and AE-E measurements. An example of a two-dimensional AE-E spectrum of fragments
from a “’Ar (40 MeV/nucleon) beam on a *Ni (6 mg/cm?) target is shown in Fig. 3. The Big Sol line was
set at Bp=1.80 Tm (Igigsa=96A). For the fully stripped ““Ar (40 MeV/nucleon) beam the corresponding

Figure 2. Schematic diagram of the experimental setup of the first part of the Big Sol Line.
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value is 2.04 Tm (lgigsa=110A). A circular aperture of 6 mm was used at the intermediate focus
(corresponding to a Bp window of roughly 2%). The separation of individual masses at various charge
states is obvious in this figure.

During this phase of tests, the operation of a Bragg Curve gas ionization detector system [2] (Fig.
2) was also successfully conducted with “’Ar (40 MeV/nucleon) and **’Au (15 MeV/nucleon) beams.

Operation of the Big Sol Cryogenic System

For the initial cool down and operation, the cryogenic system was run in a trickle fill mode with

LHe being constantly fed in to the magnet to maintain level and, most importantly, pressure in the
magnet. The pressure was needed to maintain flow through the vapor-cooled electrical leads. When the
magnet was run in this mode, the overall heat leak from the 186-ft.-long transfer line and the magnet was
an estimated 23 L/Hr. and

hDE2E1 19-Nov-2002 13:34:41 |n excess Of the approx 20
[nDE2E1 | RDE2E o6 L/Hr.  excess capacity
Meanx = 1753 .
2400 Meany — 1691 available from our CCI 200
RMS x = 213.1 ) )
2200 BMSy = 357.1 watt helium refrigerator.

Under these conditions the

magnet could only be

energized for about 12 hr.

before it would be

necessary to shut off the

1200 . - | | LHe supply and catch up
1000 1500 2000 2500 3000 on the LHe reserve.

In January 2003,
the warm Helium gas
return  plumbing  was
reconfigured to include a back pressure regulator which maintains approx. 3.5 psig in the magnet. This
valve solved two major problems; one was to maintain pressure in the magnet and as a result maintain
flow through the vapor-cooled leads and, secondly, by maintaining a pressure head on the magnet, the
boil-off rate of the LHe was reduced. As a result of these changes, we are now able to run in a batch fill
mode with a cycle time of approx. 12 hr. where we do not need to maintain the transfer line constantly
cold. In early March 2003, the system was operated continuously for several days and the boil-off rate of
the magnet between batch fills was approx. 5 L/Hr.

2000

1800

1600

1400

Figure 3. AE-E spectrum of fragments from a “°Ar (40MeV/nucleon beam on a ®Ni target
[see text]).

Completion of the line and further plans

The second part of the line, namely the part from the intermediate focus to the final focus (Fig. 1)
has been completed. A stand-alone mode of operation of the whole line (without operation of Big Sol) has
already been tested and successfully employed, allowing the use of the line as a transfer line of primary
beams.
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Tests of the whole Big Sol line are planned for summer of 2003. As we have already shown (Fig
3), a first selection of fragment groups at the intermediate focus is provided by the use of an appropriate
aperture. The second part of the line will provide a second selection stage and adequate flight path (~7m)
to perform time-of-flight tagging of fragments. We plan to test the use of degraders at the intermediate
image to enhance the selection ability of the line. In addition, we plan to use a multistage ionization
chamber at this location, simultaneously functioning as degrader and as Z identifier. Simultaneous AE and
TOF tagging of the produced rare isotope beam mixtures will enable reaction studies at the end of the
line, where a number of reacting systems may be studied simultaneously. As a stand-alone device, the
solenoid line will be used for rare isotope search and reaction dynamics studies. In addition to the various
in-flight possibilities, the use the solenoid line as a separator to produce, separate, deccellerate (with
degraders) and focus rare isotopes before a gas-cell to develop an lon-Guide-based RIB concept at
TAMU (see also [3]) will be investigated.
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New detector assembly for experiments with secondary RIBs
G. Tabacaru, L. Trache, C. Fu, R. Olsen and R. E. Tribble

We redesigned the detection system used for nuclear astrophysics experiments with secondary
rare isotope beams produced with MARS. The aims were to:

o detect elastic scattering and transfer reaction products with higher efficiency over a larger angular
range;

e increase the geometrical precision and the reproducibility of the geometry used in various
experiments;

e use more compact electronics;

e achieve better cooling of the silicon detectors;

o produce more flexibility and provide the addition of multihit capability;

e have a better monitoring of the beam intensity.

The new detector assembly designed and built at our institute has a rectangular geometry: four
5x5 c¢cm? Position Sensitive Silicon Detectors (PSSD) backed by four thick (typically 500 um) silicon
detectors are placed on an aluminum plate as shown in the figure. Two telescopes (no. 1 and no. 2) are
positioned in a geometry quasi identical with the past one. They have a laboratory angular coverage of 4°
to 19°. The detectors no. 3 and no. 4 have an angular coverage of 16° to 30°. The aluminum plate is seated
on a XYZ optical table that provides an easy and precise (10 um precision) fine positioning of the whole
assembly. The optical table moves on two rails providing an easy coarse positioning of the detectors for
position calibration with beam. In order to minimize the inverse current in the all silicon detectors, the
whole assembly is cooled by two electric thermo-coolers of 80 W maximum power. The cold plate was
glued on the aluminum plate and the hot one is water cooled. The number of incoming beam particles is
monitored by a plastic scintillator located at the back of the detector chamber.

The 4x16 signals from the strips are collected by two compact 32 channel preamplifiers (RIS
corp.) located in air as close as possible to the detector chamber feedthroughs. A relatively high noise
level required careful shielding of the cabling and preamplifier boxes. Four CAEN 16 channel
spectroscopy amplifiers are used for the shaping and these are fed into the ADCs of the acquisition
system.

The new detection set-up can be very easily adapted for a multitude of experiments and it is an
important tool for the investigation of the interesting nuclear astrophysics process.
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New Cryogenic Target Gas Cell for MARS Line
J. F. Brinkley, A. Azhari, B. Olsen, X. Tang, L. Trache and R. E. Tribble

Last year we designed a new cryogenic target gas cell, to
go with the Target Chamber we installed last summer on the
MARS Line. Several problems with previous designs were
addressed: maintenance, window replacement, vacuum
integrity, and changes in gas density due to increased beam
current. We also had to interrupt experiments regularly in order
to refill the dewar with LN2.

The current Cryogenic Gas Cell design is a single rigid

piece approximately 32” tall with only the windows and the gas Fagnment
delivery system detachable. This layout makes it somewhat F’-‘
difficult to repair or modify any part of the assembly without ‘
risking damage to the sensitive lower components. Maintenance
is also hampered by radioactive activation of the lower _
components, which is high enough to require special E 1 Magnetic
precautions. The new design, which is only 16” tall, addresses Exciter
these issues by making the Gas Cell Body (the part that contains
most of the radiation) detachable from the rest of the assembly as well as moving the gas delivery system
to the lid of the chamber. This has the advantage of making maintenance operations much less
cumbersome as well as simplifying future cryogenic target designs and modifications.
When replacing the windows on the gas cell one could easily damage gas lines causing vacuum problems,
also it was difficult to maintain alignment of the cell. We addressed these problems by going to a three-
point rigid alignment system that prevents misalignment and stress due to torque on the gas cell body
during window changes.

There have been problems in the past with leaks developing around the feed through where the
gas is injected into the gas cell. It was determined that this is due to damaging silver solder junctions
during routine maintenance as well as stress during cryogenic cycling. We have addressed this issue by
replacing the silver solder junctions with more reliable “VVCR” type connections.

We have seen a noticeable drop in isotope production rate per nA of incoming beam as the
current was increased. It was determined that this effect was due to a density gradient in the cylinder
caused by “heating-up” the stagnant gas along the beam trajectory as intensity was increased. The new
design addresses this issue by increasing the contact area with the LN2, in order to increase conductive
cooling, as well as the addition of a “stirrer” inside the gas cell that will dramatically increase convective
cooling. An external non-cryogenic exciter magnetically drives the stirrer.

In the new design we also eliminated the need for refilling the dewar every 4-6 hours by adapting
a commercially available auto fill system. We now have the capability of running an entire experiment
without opening the cave.

Gas Fill

Dewar
— " Line

Target
~ Gas Cell
Bocdy

Windows
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