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FOREWORD

While accelerators were used in the past essentialy for basic research, they are now playing
an increasingly important role in technological and medical applications. Several new facilities will be
started up in the near future and others are being built or planned. These will be of a greater variety, not
only in terms of energy but aso of intensity, size and application, giving thus rise to new and interesting
shielding issues.

It is for this reason that specialists meetings on Shielding Aspects of Accelerators, Targets and
Irradiation Facilities (SATIF) are held: two already took place on 28-29 April 1994, in Arlington,
Texas-U.SA., and on 12-13 October 1995 at the Centre européen de recherche nucléaire (CERN)
in Geneva, Switzerland. A third meeting is scheduled for 12-13 May 1997 at CYRIC, University of
Tsukuba in Japan. These meetings are jointly organised by the OECD Nuclear Energy Agency,
the Shielding Working Group of the Reactor Physics Committee of Japan, and the Radiation Shielding
Information Center, U.S.A.

The objectives of the first meeting were to promote the exchange of information among scientistsin
this particular field, to identify areas where international co-operation would be fruitful, and to initiate a
programme of work in order to achieve progress in specific priority areas. Proceedings were published
in Shielding Aspects of Acceleratorsand Irradiation Facilities, in 1995.

About 50 experts from 11 countries and two international organisations attended the second
meeting, the objective of which was first to review the progress achieved since the first meeting. It was
then to monitor the status of actions relating to basic data, methods, codes and experiments required for
shielding calculations and identify new co-operation incentives in view of meeting the requirements and
improving common understanding in the field of technical and safety issues.

As a whole, condderable progress and work have been achieved since the first meeting.
These proceedings give a thorough insight of the work accomplished and draw up the state of shielding
aspects related to accelerators, targets and irradiation facilities in Member countries, as a follow-up to
the ones published after the first meeting.

The opinions expressed in these proceedings are those of the authors only and do not necessarily
represent the position of any Member country or international organisation. These proceedings are
published on the responsibility of the Secretary-General of the OECD.
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EXECUTIVE SUMMARY

1. Introduction

Two specialists meetings on Shielding Aspects of Accelerators, Targets and Irradiation Facilities
(SATIF) were held so far:

SATIF-1 at Arlington, Texas, 28-29 April 1994,
SATIF-2 a CERN, Geneva, 12-13 October 1995.

Both meetings were jointly organised by the OECD/NEA, the Shielding Working Group of
the Reactor Physics Committee of Japan and the RSIC (U.S.A.).

The objective of the first meeting was to exchange information in this field among scientists, to
identify areas that would benefit from international co-operation and to propose a programme of work
and initiatives in order to achieve progress in priority aress. The results of the meeting were published at
the beginning of 1995 and were widely distributed (“Shielding Aspects of Accderators, Targets and
Irradiation Facilities’, OECD, 1995, ISBN 92 -64-14327-0)

The objectives of the second meeting were to review the progress made since the first meeting in
the topics discussed, monitor the status of the agreed actions concerning basic data, methods, codes and
experiments required for shielding calculations, identify and initiate new concrete co-operative actions to
meet the requirements of this discipline and improve the common understanding of the different
problems that have technical and safety significance.

A consderable amount of work has been achieved since the first meeting and which is reported in
these proceedings covering the second meseting. This second meeting was held in conjunction with
another meeting, the second one on Simulating Accelerator Radiation Environments (SARE -2).
The specific objectives of the two meetings are different but in order to avoid potential overlap
they were reviewed again and it was agreed that they should continue to be held in conjunction with
each other because of their complementarity but should aim at separate objectives.

The programme of the meeting is enclosed as Appendix A and the list of about 50 participants is
given in Appendix B.
2. Second meeting (SATIF-2)

The meeting was opened by T. Nakamura from the Tohoku University, Chairman of the Shielding
Working Group of the Reactor Physics Committee of Japan.

It was attended by 47 experts from 11 countries and 2 international organisations.
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The programme of the meeting is enclosed as Appendix A and the list of participants as Appendix

B.

3. Technical summary of presentations and discussions

Mogt technical issues identified at SATIF-1 are still relevant. They are recalled here on the left half
of the page, while specific actions are listed on the right half of the page.

3.1 Electron accelerators
a) Photons

Narrow beams present special dosimetry
problems because the detector size is larger
than the beam size (e.g., gas bremsstrahlung);
with such small beamsiit is difficult to carry out
dosimetry measurements. Gas brems-strahlung
has to be condgdered in the shidding of
synchrotron radiation facilities, and
calculations agree with measurements if proper
care is taken in the modelling.

b) Neutrons

For mid- and high-energy neutrons, the
dependence of source term on electron energy,
target properties and emission angles, and the
dependence of attenuation length on eectron
energy, shidd material and angle is not well

known.

Improved instruments are needed for measuring
neutrons in mixed fields with high photon dose
rates.

In generd, basic photoneutron data files are
needed.

3.2 Proton accelerators

Various transport computer codes produce
reasonable agreement but  experimenta
verification at al shielding depths is needed for
the intermediate energy region. Better methods
for measuring high -energy dose equivalents are

A report describing the issue has been
published as CERN/TISRP/IM 95-06 by
G. Stevenson.

It is suggested that a subgroup is formed to
prepare an update at SATIF-3. (N. Ipe - Chair,
T. Gabrid, G. Stevenson, S. Ban,
M. Pelliccioni).

P. Degtyarenko and G. Stapleton (CEBAF) will
collaborate with SLAC and provide an update
at SATIF-3.

M. Hoepfert and G. Stevenson (CERN), N. Ipe
(SLAC), S. Ban (KEK) P. Degtyarenko
(CEBAF) will co-operate in this.

Work is in progress in Japan, Fasso™ has
collected cross-sections.

needed. Simple methods for



Experiments carried out at |SIS (Japan).



dose equivalent calculations have been
developed based on dtate of the art smulation
(i.e., FLUKA, LAHET, etc.), but the resulting
atenuation lengths need to be checked for
congistency againgt the ones determined in the
1960's.

3.3 All accelerators

It was recognized that criteria such as
maximum credible accident, possible beam loss
scenarios, credit for active protection systems,
reasonable dose equivalent limits for accidents,
etc., are issues that will need increased attention
in the future.

This is difficult, but attempts have been made
below 400 MeV (P. Tabarelli).

“The Control of Prompt Radiation Hazards at
Accelerator Facilities” in draft form has been
prepared by G. Stapleton (CEBAF). There
exiss aso a CERN internal  report
(G. Stevenson, M. Hoepfert).

3.4 Spallation target stations and medium energy accelerators

a) Neutrons

Neutron cross sections can be calculated using
HETC for energies above 800 MeV by
extending the DLC-119/HILO86 multigroup
library above 400 MeV. Coupling Monte Carlo
with  one-dimensona  discrete  ordinates
calculations works well as long as the coupling
surface is far enough from the target, so
neutrons are the dominant particle.

Coupling with two-dimensona  discrete
ordinates codes should be consdered for
studying streaming problems.

b) Intermediate energy heavy ions

Measured differentia neutron and proton data
are reproduced farly well by Intranuclear
Cascade  Evaporation (INCE) codes
(100-800 MeV), but the resulting attenuation
length and the geometry under which they were
determined need to be compared with those
determined in the 1960's.

10

Work in progress for low-energy transport by
R. Lillie and J. Johnson (ORNL) S. Lee and
R. Alcouffe (LANL).

Proposal made at LANL.
Update at SATIF-3.



The QMD code is an dternative ill being
developed.

Systematic measurements, including neutron
production cross sections, are needed for a
range of ions.

Theoreticall models for neutron  yields
calculations need to be benchmarked.

Takasaki lon Accderators for Advanced
Radiation Application (TIARA)

The quas-monoenergetic neutron  source
facility in Japan has been developed for
shidding experiments and  cross-section
measurements (20-90 MeV) and Monte Carlo
and discrete ordinates codes using HILO86
have been used to compare with measurements.

Interest was expressed in  exploring the
posshility of the internationa community
making proposals to JAERI for use of the
neutron beam line.

¢) Computer codes and data

Reports on the various maor shielding code
systems were made. It is felt that the NEADB
and RSIC can provide beneficial services to the
accelerator shielding specidists by packaging
and disseminating modern frozen versons of
the transport and auxiliary codes and data
libraries in common use. That is not the current
Stuation. It is recommended that the Centers
obtain state-of-the-art codes.

The fird sage has been developed
(H. Nakashima).
Update will be provided at SATIF-3.

Work isin progressin Japan:
3 accelerators:
- 70 MeV/nucleon,
- 100 MeV/nucleon,
- 800 MeV/nucleon.
Update at SATIF3.

OMD code can be used. R. Donahue will
provide data and T. Gabriel will carry out the
work and report at SATIF-3.

T. Nakamura should be contacted. It is open for
universities.

Codes have reached a certain maturity today.
Further progress is being made. Severa new
codes were released to the information centers
as reported in the last paper of the proceedings.
Severa other codes have been discussed at
SATIF-2 which have not yet been released yet.
These are:

FLUKA95, LAHET2.8, MARS13(95), CINDER95, GEANT3.21, DPMJET-11, STRUCT, DTUNUC,
GCALOR, SENSIBL, DTUJET, HILO86R, MUCARLO, MCPHOTO, PHOJET, QMD, DINREG,
NMTC-3STEP, HETC-3STEP, NMTC-ISOBAR, HERMES, PKN-H, HETC95, SINBAD,

PEREGRINE, QKERMA.



RSIC and the NEADB recommend that this codes are released and shared among the international

experts.

Extensive work is being carried out in code development for relativistic heavy ion physics, however

this aspect has not been covered by participants.

4. Data needsand suggestions expressed by the participants

4.1 Basic atomic and nuclear data

Shielding of modern high -intensity accelerators
in the intermediate energy range (< 5 GeV)
requires double differential cross-sections for
neutrons, pions, light and heavy ions (at least
up to A=18), for energies between 20 MeV and
5 GeV. At the present time these data are
scarce and scattered among internal reports and
journal articles.

Efforts should be made on two fronts:
firg, to compile existing data in a computer-
readable form;

and second, to carry out experiments to fill the
main gaps.

A search of avalable nuclear models which
could be used to complement experimental data
would also be useful.

Other data of interest include isotope
production data, total and elastic cross sections,
and thick target yields and angular distributions
for the particles and energies listed above.

In some cases, new experimental data are
required to resolve conflicts between different
experiments, or to confirm data which are in
apparent conflict with the most widely used
models. As an example there are inconsstencies
in the available data for pion absorption cross-
sections in the resonance region, and trends
such as pi-charge exchange versus A should be
confirmed by further experiments.

12

Some data has been collected by A. Ferrari, by
LANL and by the NEA Daa Bank
(Intermediate Energy EXFOR data base).

Experimental Facilities capable of carrying out
these experiments are located at LANL and
SATURNE in France.

A lot of work is in progress by many facilities.
E. Menapace agreed to co-ordinate efforts
within Subgroups 12+13 of WPEC.

The NEADB has collected some data in a data
base. Experts from Japan, LANL and Fasso’
have dso some data available.



Concerning electron accelerators, thereisa lack Work being carried out at SLAC.
of knowledge about forward brems-strahlung

yields from thick targets at energies higher than

100 MeV.

The existing compilations of photonuclear cross A. Fasso™ has collected some data.
sections (Dietrich and Berman) are useful but
insufficient: They cover only a limited number
of nucle and some of the most common ones
(eg., iron) are missing. In addition, only the
giant resonance energy range is considered, and
only photoneutron production is reported. There
is a need for total photonuclear cross-sections,
photo-neutron yidds from thin and thick
targets, photoneutron angular distributions for
all most common elements at all energies.

In the highest energy range (E > 200 MeV),
photopion yields and angular distributions are
necessary. More generdly, there is a lack of
available data for double differential cross
sections of pion emission in nuclear interactions
by any kind of projectile (proton, neutron, pion,
photon) at energies larger than 300 MeV.

Other data needs concern albedo of neutrons
with energies higher than 20 MeV (useful for
streaming calculations),

Isotope production data (possibly for thin
targets), and (n, gamma) cross sections above
20 MeV.

The lack of (n, gamma) data for barium

isotopes below 20 MeV was also mentioned.
Work in progress a ENEA Bologna
(G. Maino, G.C. Panini).
Updates will be provided at SATIF-3.

4.2 Shielding experiments

Forward and latera attenuation should be better accuracy than
measured up to at least 5 or 6 m of concrete for
proton and ion accelerators with energies lower
than 5 GeV. There is a particular need for data
in the 100-800 MeV/m energy range. The
dependence on energy of attenuation length and
apparent source term should be established with

13



at present. It was stressed that the results
should be expressed also in terms of fluence or
other basic physical quantity in order to allow
are-evauation of the data in case new dose
converson  coefficients  should  apply.
At dectron accelerators, forward and lateral
attenuation curves should be measured in order
to check the semi-empirical formulae in genera

use. This information is needed for both thin
and thick targets, and should include thin

shielding layers.

4.3 Other experimental information

There is a need for better measurements of
many activation detector excitation functions,
in particular 11 -C production by neutrons and
pions in the energy range above 100 MeV.

Determining the response function above
20 MeV of other detectors (instruments based
on moderation, scintillators) with  mono-
chromatic neutron beams would aso be useful.
A measurement of target heating with targets of
low atomic number was suggested in order to
resolve existing conflicting calculated data.

Work being caried out a CYRIC
(T. Nakamura).

LINUS at INFN Milan and Frascati.
Similar REMmeter by S. Ban.

4.4 Improvementsin modelling and computer codes

Light and heavy ions are not treated by existing
Monte Carlo transport codes, or are with an
accuracy not yet comparable with that of
reactions induced by protons and neutrons.
Models are needed to implement satisfactory
event generators.

The intranuclear cascade model for hadron
interactions in the intermediate energy range
has been used successfully for over 20 years.
However some deficiencies are weal known,
in particular, the backward particle emission
and the emisson a very smal angles is not
satisfactory. Improvements based on modern
physical concepts which have already shown
promisng results in some recent code
developments can help solving most known
problems.

Work in progress.

14



Also fragmentation models are necessary to
improve residud nucle predictions.

A specia issue was raised about the quality
control of computer programs. It was suggested
that a theoretica analyss be made about
models and experimental data, aming at
identifying common features and differences
among various codes, so that the cause of
discrepancies in the results could be traced.

5. Recommendations and agreed actions

This section compares the recommendations made at SATIF-1 and describes the achievements
reported at SATIF-2. (In parenthesis the names of the persons or organisations involved in specific

work are given).
Action

1. Collect and make available anthropo morphic
phantom geometries including materia
compositions as used in Monte Carlo
radiation transport codes (RSIC, NEADB,
PTB, GSF);

2. Collect and make available existing data on:

- Thin target measurements (p, n, pi, HI)
(A. Ferrari, L. Waters, E. Sartori);

- Thick target measurements
(T. Nakamura);

- Deep penetration measurements
(T. Nakamura);

15

Achievements/Further Action

Work in  progress as reported in
“ Anthropomorphic  Computational Models’
(Sartori, NEA). Put on World Wide Web
before the next meeting (L. Waters, LANL).
Differences in models will be stated.

Some data has been collected (A. Ferrari)
Provide data to E. Sartori (NEADB) for open
distribution by SATIF-3.

(A. Fasso', A. Ferrari).

Neutron targets work is in
(K. Hayashi).

Send data to T. Nakamura who will send it
later to NEA (G. Stevenson, A. Ferrari).
They will be included in the SINBAD.

progress

Collection started (T. Nakamura);

KEK reported on this;

Datawill be available at SATIF-3;
- Experiments at ISIS in progress.
L. Waters and G. Stevenson will send data to
T. Nakamura which will be sent later to
E. Sartori for incluson into the Shielding
Experiment Data Base SINBAD; (RSIC,
NEADB)



- Photonuclear data
(A. Fasso', W.R. Nelson, R.W. Roussin,
Y. Kikuchi);

For E < 140 MeV data is provided by Japanese
Nuclear Data Center (JAERI) File will be
released in 1996.

Available data should be summarised at
SATIF-3 by information centres.

Thefollowing has been added to the wishlist at SATIF-2:
New experiments should be carried out to get giant resonance photonuclear cross section in the

GDRrange, as existing data is scarce.

3. Contact ICRP and ICRU about dosimetry
issues (R. Thomas);

4. Agree on definitions of attenuation length
and source term parameters (aH, HO)
(H. Dinter, G. Stevenson, T. Nakamura);

5. Edtablish regular exchanges of relevant
publications among participants;

6. Set up an electronic network listserver for
exchange of communications.
(W. R. Nelson, R. Donahue);

A report on this is needed for SATIF-3.
(N. Ipe, R. Thomas).

A subgroup should be formed to discuss this:
(H. Hirayama, Chair, A. Ferrari, L. Waters,
T. Gabridl, K.Tesch, N. Mokhov,
G. Stevenson).
Attenuation length in iron + concrete was
caculated using the HILO86 library and
PIC-N codes. Neutron buildup factors were
studied by Y. Sakamoto and K. Shin;
Calculations for protons (100-400 MeV)
from 0-180 degrees done by P. Tabarelli.

Participants from Japan have sent out
publications. Other groups are encouraged to
do so too.

Done by R. Donahue at SLAC. Circulate list of
subscribers with their e-mail addresses.

Other actions were agreed upon that requirelarger effortsand coor dination:

7. Courses on intermediate energy transport
codes to ensure correct understanding of
their models and their correct use;

8. Experiments-measurements:
a) at LANL, U.SA.
- pi+ and pi - projectiles
double differential pion cross-sections in

the exit channel double differentia
protor/neutron cross sections in the exit

channd;



Tutoria on FLUKA at ANS, April’ 96.
EG3 Course in Montpellier, June' 96.
For tutorial on LAHET contact L. Waters.

For scheduling sgn up on RSIC or
NEADB.

A thesisis being prepared on this.
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- protor/neutron projectiles  double
differential proton cross sections in the
exit channdl high resolution

measurements in the forward direction
double differential pion production;

b) at TIARA and other facilitiesin Japan:
- excitation functions of activation
detectors (G-11, Bi);

- monoenergetic cdlibration of active

instruments,

c¢) follonrup meeting in 18 months
to monitor progress on the different actions,
to discuss and exchange ideas in code
development and validation, decide further
actions to speed-up progress.

Proposa has been submitted. C(n.2n) data
measured a LANL needs to be anaysed.
An update should be provided at SATIF-3.

Carried out by T. Nakamura Work in
progress. An update will be provided at SATIF-
3

Carried out by S Ban for REMmeter.
Collaboration L. Waters, S. Ban, G. Stevenson,
M. Pelliccioni. Update will be provided by S.
Ban at SATIF-3

2nd meeting held at CERN in conjunction with
SARE-2. SATIF-3 and SARE-3 scheduled for
May 1997 in Japan. Further meetings possibly
in conjunction with ANS Topical, Nashville' 98.

Further, the following recommendations wereretained from the SATIF-1:

All the data mentioned do not need to be available for all nuclei but should span the whole range of
atomic masses in order to allow complete benchmarking of nuclear reaction models

All details of the shielding layout should be reported especialy concerning density and composition
of the materials. The adopted definition of attenuation length should aways be stated clearly.

Evaluated data versus nuclear models

This issue was debated at length and transport code developers, who essentialy would be the
clients of an evaluated data library encompassing the full energy range, came to the following

conclusions;

Rather coarse evaluated data sets would demand about 4 megabytes of computer storage per
nuclide and in view of the many nuclides involved in realistic cases such a library would make

large demands on computer resources.

Evaluated data libraries are updated rather infrequently and therefore improved modelling and

data will reach the user only very late

18



New experimental data can be used for improving the nuclear model performance included in
the code and thus the improved data are immediately available for the transport calculation. All
codes contain now pre-equilibrium models.

The upper energy limit for data evaluations in the intermediate energy range is ill debated.
Some say that they feel comfortable only with libraries up to 100 MeV. HILO-86 goes up to
400 MeV not without problems. All agree that beyond 350 MeV evauated data libraries are not
useful.

Recommendations to NEA/NSC Working Party on International Evaluation Co-operation —
WPEC — Subgroup 13 on Intermediate Energy Data

Being amajor concern of the SATIF experts group that of shielding, particular emphasis is placed
on shielding experiments and modelling codes for radiation/particle transport and their benchmarking.

As the transport codes generate cross-sections through nuclear models in the higher energy part of
the particle spectrum, a specific need exists to verify the cross-section generation modules of such
systems against basic data as measured from “thin target” experiments.

A score of such measurements have been carried out over the years and many have been compiled
into the EXFOR data base. Several, newer experiments have been compiled recently and the experts
group has expressed their high interest in this activity and recommends that it is continued.

The specialists encourage Subgroup 13 to continue their work in improving data and to ensure
that experimental data for thin and thick targets continue to be included into the international EXFOR
data base.

Benchmark session at the SATIF-3 meeting

A specific session on the benchmark experiment analysis should be organised in which results
relative to several sdlected shielding experiments calculated with various computer codes and cross
section data sets should be compared. The objective is to identify problems and clarify limitations in
computer codes, cross section data and experimental data by analysing the same experiments at
different organisations.

Future meetings, their scope and objectives, recommendation to NEANSC

The objectives of both SARE and SATIF were reviewed and are described in the following:

SARE:

- Presentation of developments, new work and experience in smulating radiation
environments,
- Exchange of information.
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SATIF:

- ldentification of needs and carrying out experiments to improve the knowledge of thin and
thick target neutron yields, neutron penetration, streaming, skyshine etc.;

- Proposds, discussion and execution of shielding experiments in support of improved shield
modélling;

- Exchange of information on the present status of computer codes and nuclear data files in
use;

- Sdlection of shielding benchmark experiments and international collaboration of benchmark
caculations;

- High energy dosimetry aspects including anthropomorphic computing models;

- Draw conclusions about work carried out and report to NEA NSC.

It is recommended that the specialists meetings of SATIF be transformed into regular meetings
under the responsibility of a specific Task Force on Shielding Aspects of Accelerators, Targets and
Irradiation Facilities .

Organisers and participants have proposed that future meetings be held about every 18 months and
each time in a different geographical area with the am of arranging through this rotation larger
participation of hosting country’s scientists in connection with visits to National Accelerator Facilities.
This approach has proven so far to be effective and to allow improved international contacts.

One of the recommendations issued at the last meeting is to hold the next meeting in Japan in 1997,
after having held the first two in USA and Europe respectively.

The suggestions for the next meetings are as follows:

SARE-3 at KEK, Tsukubafrom 7-9 May 1997;
SATIF-3 a CYRIC, Tohoku University from 12-13 May 1997.

The organisng committee would be set up by the the Shielding Working Group of the Reactor
Physics Committee of Japan.

A preI|m| nary membership for the scientific committee has been proposed from:
Europe: F. Clapier (CNRS), A. Ferrari (INFN),
Japan: T. Nakamura (U -Tohoku), H. Hirayama (KEK),
U.SAA.: A. Fasso (SLAC), T. Gabriel (ORNL), N. Mokhov (Fermilab), R. Roussin (RSIC),
L. Waters (LANL),
International organisations: G. Stevenson (CERN), E. Sartori (NEA)

! The NEA Nuclear Science Committee has approved the setting-up of such a Task Force at its 7th meeting

held on 29-30 May 1996.
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Abstract

Different fields and disciplines in Science and Technology are imposing more stringent and accurate
measurements of the proton and neutron total and differential cross-sections in the intermediate-energy
range, from afew dozens of MeV up to afew GeV.

Such measurements could be performed in facilities disposing of proton or light ion beams

(namely facilities to produce Radioactive Nuclear Beams) or of neutron beams (spallation source
facilities). In order to assess the availahility of these facilities and the feasihility of experiments leading

to the measurements previoudy mentioned, a survey and compilation study was performed in the
framework of the Intermediate Energy Nuclear Data (IEND) project of the Nuclear Science Committee
(NSC) of the OECD Nuclear Energy Agency (NEA). The results of this study are compiled in this

paper. Five tables summarise the main parameters (the accelerator systems, the characteristics of the
primary and secondary beams, of the targets, etc.) of existing facilities as well as of facilities currently

being designed, commissioned, under construction, or still being approved.
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Introduction

Data and measurements of total and differential cross-sections concerning proton and neutron
reactions in the Intermediate Energy Range, from severa tens of MeV up to a few GeV, acquire
an increasing interest in applications like Nuclear Waste Transmutation, Nuclear Medicine and Nuclear
Astrophysics, among others.

Facilities providing proton (or light ion) beams accelerated to these energies and hitting a target
(like the ones designed for the production of Radioactive Nuclear Beams), or neutron beams (available
from Spallation Sources) could play an important role for performing the measurements of the proton
and neutron reactions in such energy range. The availahility of proton and neutron beams facilities to
perform such experiments and measurements becomes a key item when assessing the existing nuclear
data and measurements, as well as the prospects and needs for additional data and measurements in the
future.

In this report, the inventory of the exiging or planned accelerator facilities in the major
Nuclear and Particle Physics Laboratories around the world is presented. The exigting particle beamsin
the energy range from severa tens of MeV up to a few (2-3) GeV are listed. Such facilities can be
grouped in three main categories, according to the intended usage of the particle beams:

- Radioactive Nuclear Beams,
- Spallation Sour ces,
- Particle Factories.

Over the past few years a host of scientific questions has been raised which can only be addressed
with the use of Radioactive Nuclear Beams (RNB). Even more important, several crucial technological
advances occurred in the preceding years, that opened the way to the generation of intense RNBs. Also,
an increasing number of projects have been proposed, which involve the use of high intensity proton (or
ion) accelerators in Spallation Sources or in Radioactive Nuclear Beam facilities.

Mogt of these projects were born and designed near existing facilities and magjor laboratories. The
accelerator infrastructures in some cases already exists and needs to be upgraded to accommodate the
raise in energy and intengity of the beams, while some othersimply the construction of new accelerators
to achieve the high intensity desired.

Radioactive nuclear beams (RNB)

Over the lagt years there has been growing interest in nuclear physics experiments with unstable
nuclear beams®. Indeed, a number of guestions has been raised in fields and disciplines like nuclesr,
astrophysical, atomic and material sciences and applications, which could be addressed in facilities with
experimental programs involving the manipulation of Radioactive Nuclear Beams.

! Exhaustive descriptions of the physics case(s) to perform experiments at RNB facilities can be found at
references[1] to [3].

22



The two methods for producing high-intensity and high-quality unstable Radioactive Nuclear
Beams (RNB) involve the interplay of different issues like particle acceleration, nuclear reactions,
targets, ion sources, A (atomic mass) and Z (charge) separation and post -acceleration.

The first method, called Projectile Fragmentation (PF) is based on the fragmentation of high
energy heavy ion projectiles on a heavy target while the second method, called On-Line |sotope
Separation (1SOL) condsts on the fragmentation, spallation or fisson of heavy targets by energetic
light-ion beams (p, Be, Deuterium, etc.), followed by the post-acceleration of the radioactive species
produced. The two methods are the kinematics inverse of each other.

The PF method has been successfully implemented and used in severa existing facilities, whereas
the ISOL approach is ill in a development phase in some of the operating facilities or in the design
phase in the mgjority of the proposed facilities. In the sequence, a description of both methods is
performed.

The Projectile Fragmentation (PF) method

The Projectile Fragmentation process? is obtained in a reaction consisting on a heavy ion projectile
(beam energies typicaly in the range from a few dozens of MeV up to a few GeV), colliding
peripheraly with a target nucleus. As a result, the projectile fragments are left with much of the initial
momentum and are scattered at forward angles in the laboratory system . These fragments are
characterised by awide distribution in A (atomic mass) and Z(electric charge) and need to be purified in
magnetic spectrometers before being used for physics experiments. Due to their overlapping charge-to-
mass ratios, a purely electromagnetic separation is often inadequate and a Z-dependent ion-optical
element in the form of a degrader hasto be added to the system. In the past, many RNBs produced using
the PF method have been used at the full projectile energy. For other experiments however, lower
energies are needed and the RNBs have to be decelerated by passage through an absorber or, after
injection into a storage ring, by an RF (radiofrequency) system.

The On-Line | sotope Separator (1SOL) method

In the ISOL method, a “ high energy” beam of light ions (typicaly protons) impinges on a thick
target and creates radioactive species through target fragmentation, spallation and fission reactions.
These species are produced with low kinetic energies and go through a diffusion process inside
the target. To facilitate the removal of the activity from the target and the transport to an ion source, all
parts with which the radioactive elements come into contact are kept at elevated temperatures (typically
2500° C). Chemica and physica methods are used with an inherent delay, to separate the various
species and transfer them in gaseous form into an ion source where they are transformed into singly or
multiply charged ions which are then accelerated to energies of a few tens of keV and mass-analysed by
an isotope separator.. The function of this separator is to provide beams for post-acceleration that are
free of unwanted isotopes, isobars, ionic charges and molecular ions. Post-acceleration of the beams can
be achieved either by LINACs, cyclotrons, synchrotrons and different

2 The cross-section for PF represents a significant fraction of the total reaction cross-section for heavy ion

beam energies in the range from 50 MeV/A up to several GeV/A.
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storage rings operating individually, or by combination of these components. A typical On-Line Isotope
Separator facility therefore consists essentialy of:

A primary beam accelerator,
A target,

An ion source,

An isotope/isobar separator,
A post-acceleration system.

Almost al available bombarding particles have been tested or used for the production of
radioactive beams, They range from light particles like p, d, *He, “C in the interval 30-1000 MeV/A,
over thermal neutrons to heavy ions. The production rate (R) is governed by the expression:

R=sFt

where s is the cross-section [cm?], F is the beam intensity [particles/s] and t is the target “thickness’
[atoms/cm?]. High available intensities and the long range in matter strongly favours light particles
where thick targets can be used. The yield (Y) of radioactive ions is obtained from the production rate,
taking into account the efficiencies for the different processes intervening at each of the different steps
(diffusion in the target, transfer to the ion source, ionisation, isotope separation and post-acceleration).
Defining e, as the transfer efficiency, e, as efficiency of the ion source and e; as the efficiency
associated to the acceleration processes following the ion source, one obtains:

Y=sFteee

Comparison between the two production methods

The advantages of the PF method can be summarised as:

Fast (separation times ~ 11s),

No losses due to radioactive decay,

Genera (no Z or A sdlectivity, no chemical selectivity),
Simple production targets,

High collection efficiency,

Reliable operation.

while its disadvantages (compared to the ISOL method) are:

Lower intengties of the primary beams available,

Target thicknesses are limited by the acceptable momentum spread of the secondary beams,
“High” projectile energies ( ~ 50-500 MeV/A) necessary for fully stripped ions in the separator,
Poorer quality of the secondary beams, namely:

- Lower intengities,

- Moderated purities (higher level of contaminants from other A, Z species),

- Wider energy spreads,

- Larger emittances,

Difficult deceleration without intensity loss and degradation of the quality of the beams.
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On the other hand, the 1ISOL method exhibits as advantages:

Higher intensities of the primary beam (e.g. protons) available,

Thicker targets,

Higher luminosities . (maximum luminosities in the range 10 *® - 10% are projected with the
ISOL method, while luminosities of 10 * can be achieved with PF method),

Superior quality of the secondary beams, namely:

- Higher beam purities,

- Wider range for the choice of the beam energies,

- Smaller emittances.

and the following disadvantages:.

RNB vyields are strongly dependent on the target “chemistry”, through the element-dependent
diffusion and ionisation processes,

High Z-sdlectivity,

Losses due to radioactive decay can be significant,

Generation of considerable amounts of radioactivity,

The need for a post-acceleration system.

Status of the RNB projects

The ISOL-based projects have different approaches to the choice of the three accelerators which
congtitute the facility, e.g. the primary beam accelerator, the isotope separator and the post-accelerator.
Some of them combine in an ingenious way, accelerator systems and infrastructures already in operation
in exiging laboratories, with upgrades, extensons and developments to achieve the design beam
specifications (energies, intengities, mass separation, etc.). The choice of the particle accelerators puts
some of the planned projects in the class of a national or international laboratory which idedlly could be
implemented at one of the world operating 0.5-1 GeV high intensity proton accelerators like 1SS,
LAMPF, PSl or TRIUMF .

The existing or planned Radioactive Nuclear Beam facilities world-wide are displayed in Tables 1
and 2, together with the main characteristics of the corresponding accelerator systems.

Spallation sour ces

The use of high intensity linear proton accelerators in pulsed spallation sources is at present
intensively studied for applications in the fidds of condensed matter research *, materials science,
biology, chemistry and nuclear waste transmutation, among others.

For many years, nuclear reactors were the main source of neutrons producing a continuous flow of
particles. However, during the last years, pulsed neutron sources with high peak intengties and very
short pulses (1 sec) have found a growing interest.

3 L, the luminosity in units of [cm 2 5], is the product of the beam intensity and effective target thickness.
* A detailed listing of the applicationsin the field of condensed matter research can be found in references[7]
to[9].
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Principles of neutron spallation sources

When high energy (e.g. 800 MeV) protons impinge on a heavy meta target, they do not interact
with the nucleus as a whole, but -due to their short Broglie wavelength- with the individua nucleons,
creating an intranuclear cascade insde the nucleus. Some high energy (secondary) neutrons and protons
escape from the nucleus producing similar cascades in neighbouring nuclei. The nucleus is left in a
highly excited state and relaxes mainly by evaporating low energy neutrons. The high energy neutrons
are of no use, but the others, produced ether by evaporation or directly by the incident protons, can be
dowed down to therma (epitherma for time of flight measurements) velocities by optimised
moderators. This optimisation is not possible with reactors, since a special moderator layout is needed
to sugtain the chain reaction. For primary protons of energies of the order of 800 MeV, the energy
dissipated in the target per produced neutron is much smaller by spdlation ( » 30 MeV) than by fisson
(»200 MeV). Thisleads to alower power load in spallation sources compared to fission reactors.

The number of neutrons produced by protons depends on the proton energy, target geometry and
target material. As an example, for a cylindrical Pb-target, 10 cm in diameter and 60 cm length,
theyield Y [neutrong/s], is given by (ref.[11]):

Y =14210"%(E-0.12) 1

with E = proton energy [GeV], | = proton current [mA] and 0.12 GeV is the threshold energy. At 800
MeV about 15 neutrons are obtained per incident proton; whereas in the case of atarget of depleted U *®
the fission process considerably contributes to achieve higher neutron yields ° per incident proton (»25
ingtead of 15). As explained in ref. [11], the neutron production rate normalised to the beam power is
essentially independent of the proton energy, for energies above 1.3 GeV. From the target Side, energies
ranging between 0.8 GeV and 3 GeV are more suitable. For accelerators, high energies are in principle
not a problem, whereas limitations exist on the maximum beam currents that can be achieved for a
given energy. As a general rule, the most “pragmatic” solution consists in a design favouring high
values of the beam current, which then set the choice of the beam energy values in the lower part of the
interval previoudy mentioned.

Over the last ten years, a number of pulsed spallation sources have been designed, as displayed in
Tables 4 and 5. The basic “architecture” common to most of these facilities consists in the  combined
use of alinear proton injector accelerating the particlesto an energy of a few tens of MeV, and a cycling
synchrotron further accelerating the particles to the hundreds of MeV (or GeV) range. Two main
schemes are used for the accelerator part [13]:

i) short linear accelerator (Linac) plusrapid cycling synchrotron ( RCS)
i) long linear accelerator ( Linac) plus compr essor rings,

both solutions delivering the required short pulses of the order of 1 ns on the target. The RCS demands
for high energies and low current whilst for the pulsed Linac with accumulator rings it is just the
inverse. Example: proposals for a5 MW solution look for 3.6 GeV and 1.35 mA (RCS type of solution)
or 1.4 GeV and 3.8 mA (for Linac with compressor rings).

>  But also resultsin more heat per neutron and hence enhanced cooling requirements.
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Neutron detection and measurements using spallation sources

Neutrons are produced by protons of energies of the order of 1 GeV hitting a heavy material target
and exciting nuclei to energies at which neutron evaporation becomes significant. Typical production
ratesfor 1 GeV protons are of the order of 20 neutrons per incident proton.

Neutrons are produced in a wide range of energies reaching up to the energies of the incident
protons and have to be dowed down in a hydrogen rich moderator, to energies adequate for the study of
condensed matter or any other purposes. For a suitably chosen moderator, the emerging neutrons exhibit
a Maxwellian velocity digtribution, covering a wide range of wavelengths (or equivalently momenta).

By compressing the neutron pulses in a short time interval, one does not increase the peak intensity
but time of flight measurements can be used for the determination of the incident neutron energies. This
alows, in principle, to use a wide band of wavelengths since each neutron will arrive with a specific
timetag a the detector. It avoids the neutron mono-chromatisation used in CW sources, which
decreases considerably the neutron intendity at the detector, making possble a more efficient use of the
neutrons produced. CW linear proton accelerators in the GeV range, operated with beam intengties of
severa hundreds mA and beam power of many hundred MW, present another big step with respect to
existing accelerators or to H™ accelerators currently used or considered for spallation sources

Neutron spallation sources world-wide

In Tables 4 and 5, the list of existing and planned Spallation Source facilities world-wide is
displayed, together with the main characteristics of the corresponding accelerator systems. In Table 5,
mention is made to the two planned gpallation sources AUSTRON and ESS (European Spallation
Source), the last one making use of a “ high-energy” Linac and an accumulator ring that can handle up
to a few times 10" circulating protons accumulated in about 1000 turns before being injected into
the target.

Thefactories and meson utilities

Examples of meson facilities in operation in the past are TRIUMF, LAMPF, I[UCF, and SIN/PSI.
A good example of a particle factory under construction a TRIUMF is KAON?®, a high intensity Kaon
factory using the present TRIUMF machine as an injector, consisting in a multipurpose facility for
producing beams of Kaons, pions, muons, protons, anti-protons, neutrinos and possibly other hadrons at
intengities typically a factor of 100 greater than existing beams. The KAON proposal envisonsa couple
of accelerators which could produce a primary proton beam of 30 GeV and 100 nA current.

The present machine a& TRIUMF runs routindy at 500 MeV and 100-140 nmA and is
aH cyclotron’. In the KAON proposal, this machine is used as an injector to an accumulator that would
then inject it into a Booster accelerating the beam to 3 GeV before being send to the main accelerating
stage, a synchrotron that accelerates the proton beam to 30 GeV.

6
7

KAON stands for Kaons, Antiprotons, Other Hadrons and Neutrinos.
The H beam s later converted to a proton beam by charge exchange.
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Another example of a particle factory is the Moscow Meson Factory (MMF) currently being
projected, and to operate as a RNB utility.

Linear accelerators for nuclear waste transmutation

At present, about 400 GWe, corresponding to 17% of the world electricity consumption, is
produced by nuclear reactors and considerable amounts of burned fudl has been accumulated. The safe
disposal of resulting radioactive materials poses a number of technical problems but also political
concern. Geologica and sea-bed disposal of long-lived and highly concentrated wastes is under study in
a number of countries and many experts consider that geological storage will be an inescapable issue
but the task could be aleviated by nuclear transmutation e.g. the transformation in an intense neutron
flux of long-lived radioactive species to isotopes with shorter half-live.

The idea of using high-intensity accelerators to produce fissionable material by transmutation, was
already advanced around 1950 by E.O. Lawrence and others at Berkeley and it seems a natural idea to
extend transmutation to unwanted radioactive species.

Today's accelerator technology has been developed to alevel of sophistication and reliability where
anew agpproach to itsrole for waste transmutation seems justified.

Recently a new proposal has been advanced at Los Alamos by Bowman et. al.. It is based on
the production of extremely high fluxes of thermal neutrons (of the order of 10 *® wem?, about two
orders of magnitude higher than standard reactor fluxes) by high power proton accelerator. Neutrons are
produced by a high current proton beam of energies typicaly in the range 1-1.6 GeV, impinging on a
liquid (flowing) Pb-B target, and generating about 35 spallation neutrons per interacting proton. The
primary target is surrounded by a D ;O blanket moderating neutrons to thermal energies. Waste materia
is carried continuoudy in pipes through the moderator and transmuted in the high thermal neutron flux.

As the cross-sections for thermal neutron capture are large and the neutron fluxes are high enough,
the probahility of absorbing two neutrons in successon in one target nucleus is high. The higher
actinides (e.g. Np-237) are converted by a fast neutron capture to daughter products that are then
fissoned by a second neutron interaction before they can decay to “ non-fissonable’ isotopes. The
average neutron yield is about 2.7 and actinides act as net neutron producers of fuel.

In this approach, waste must be separated chemicaly or eectro-chemicaly “on-ling’, and
a continuous flow of materia through the target is necessary.
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Table 1 Radioactive nuclear beam facilities worlwide, using the PF method [2], [5] and [14].

FACILITY / LOCATION PRIMARY ACCELERATOR | MASSRANGE | ENERGY RANGE INTENSITY STATUS
(u) (MeV/u) RANGE (part./s)

B1/B42/B44 Bevelac <238 < 800 <108 Bevelac shutdown in 1994
LBL, Berkeley, U.S.A. 8-2100 MeV/u

< 10° part./s
LISE-3/SPEG Two K=400 <136 <80 <10° Intensity upgrade
GANIL, Caen, France coupled cyclotrons n progress

25-95 MeV/u (SISSI completed,

< 10* part./s THI in progress)
RIPS K=540 ring cyclotron <136 <110 <10® In operation
RIKEN, Wako, Japan 30-135 MeV/u

< 10" part./s
A1200 K=1200 superconduct. <136 <150 <10° In operation
NSCL, East Lansing, U.S.A. | cyclotron

30-200 MeV/u

< 10" part./s
K4-K 10 Complex 3 cyclotrons coupled to 2 <238 <600 < 2x10° Proposed
Dubna, Russia storage rings

85-170 MeV/u

< 3x10° part./s
FRSESR SIS18 Synchrotron <238 < 1000 <10° Being commissioned
GSI Darmstadt, Germany 100-2000 MeV/u

<108 part./s

(< 10" part./s) (< 10% (foreseen upgrade)




Table 2 Existing or Planned Radioactive Nuclear Beams facilities worlwide using the | SOL method (compiled from references. [1] to[5] , [15])

PROJECT PRODUCTION BEAM TARGET RADIOACTIVE BEAMS STATUS
Driver Particle Energy Intensity | Element | Thickness Post Beam | Energy Intensity
Accelerator (MeV)/IA (HA) Z (glem?) | Accelerator | A | (MeV)/A (st
Louvain la Neuve K=30 Cyclotron p 30 500 6 1 K=110 6-19 | 0.6-45 |10°-10° Operating
(Belgium) Cyclotron facility
ARENAS K=110 Cyclotron | p,d,He 80 20 13 5 45 MV <100 | 3-30 |5x107-7x10%° |Project
(Louvain, Belgium) H.l. <Kr SC Linac
CERN ISOLDE PRIMA |1.0 GeV p 1000 2.1 4-92 3-300 |SCLinac <91 4-9 10*- 10%° Project
(Geneva, Switzerland) Cyclotron
GANIL PLUS/SPIRAL K=30+380+380 He-U 25-95 8 6-92 3 K=262 <220 | 1.7-25 |2x10*-6x10° |Project
(Caen, France) Cyclotrons Cyclotron
EXCYT K =800 Cyclotron p-U 20-100 1 ? ? 15 MV <40 39 [2x10%-10° |Project
(Catania, Italy) tandem
PIAFE ILL reactor n thermal | 10" n/em?s | Graphite - K=88+160 | 75- 3820 |10°-8x10° |Project
(Grenoble, France) (max. flux) | -U Cyclotrons | 150
ORNL HHIRF K=100 Cyclotron | p.d.HeLi,B| 5586 10-130 6-32 5 25 MV 80 5 1x10° -1x10™ | Project
(Oak Ridge, USA) tandem
TRIUMF-TISOL-ISAC | K=500 Cyclotron p 500 10 4-92 3-100 |Linac <60 10 1x107-1x10% | Project
(Vancouver, Canada)
KEK-JHP 1.0 GeV Linac p 1000 10-100 4-92 3-300 |Linac <60 6.5 1x107-1x10% | Project
(Japan)
INS E-ARENA K=68 Cyclotron p 40 10 6 1 Linac 11-19 0.8 Project
(Tokyo, Japan)
Rutherford Appleton 800 MeV p 800 100 4-92 3-200 |Linacor <80 6.5 1x107-1x10% | Project
Laboratory (RAL) synchrotron Synchrotron
(United Kingdom)
M oscow Meson Factory | Linac p 600 500 4-92 3-200 |Linac <80 6.5 1x10™ Operating
(Russian Federation)
ISOLAB Thin Target Under discussion p 800 1000 92 0.02-0.1 | Under <220 10 1x10° Project
ISOLAB Thick Target dHe |500-1000| 100-300 | 4-92 | 100-300 |discussion 5x10%1x10™
(North America)




Table 3 Existing or planned facilities (not falling in the category of RNB'’s) worlwide

FACILITY AVAILABLE BEAMS & CHARACTERISTICS STATUS
Accelerator Particle Energy Intensity Pulse Length Repetition rate Specia
system (MeV/A) | (per pulse) (0 sec) (H2) features
SATURNE (LNS) | Two p 2950 8x10™ Polarized | Operational
Synchotrons | g e 1150 <5x10% p,d,He, Li
CN,0 1150 <10° beams
Ne 1150 2x10° available
Ar,Kr <820 10°-10°
FERMILAB Linac | Pulsed p(H) 100-400 <108 min<1 15 - Under study
Linac per pulse max < 30




Table 4 Existing spallation sources facilities worldwide (compiled from references.[8], [10] and [11])

AVERAGE P- PuLse AVERAGEBEA AVERAGEENERG NUMBER OF
CURRENTAT REPETITION LENGTHON M POWERAT Y OF ONEPUL SE PROTONS PER TARGET TIME AVERAGED
FACILITY ACCELERATORS TARGET RATE TARGET TARGET AT TARGET PULSE AT MATERIAL THERMAL FLUX
(HA) (H2) (H9) (kW) (kJ) TARGET (nfcm?s)
IPNS, Argonne |50 MeV Linac 15 30 0.1 75 0.25 3x10% 8y 1.4x10"
500 MeV RCS =By 3.5x10"
KENSH 40 MeV Linac 10 20 0.05 5 0.25 3.1x10" =8y 7x10%
KEK, Japan 500 MeV Synchr.
ISIS, 70 MeV Linac 200 50 0.45 160 3.2 2.5x108 Ta 1.5x10"
Rutherford Lab. | 800 MeV Synchr. 8y 3x10%
(RAL)
LANCSE, 800 MeV Linac 60(100) 12(20) 0.27 50(80) 39 3x10% W (0.85-1.1)x10%
Los Alamos + storagering
SINQ 590MeV Cyclotr. 1000 CW CW 900 CW CW Pb 2x10%
PSI Pb-Bi
(operation.1996) Liquid metal

1

A liquid metal target is envisaged for the operation of SINQ. However, for safety reasons, a “First Day Target” consisithhuridie of Zircalloy pins cooled with heavy
water will most likely be used at the start of operation of SINQ, foreseen for October 1996.




Table 5 Planned spallation sources facilities worldwide (compiled fromrefs.[9], [10], [11], [12] and [13])

AVERAGE PuLseE AVERAGE AVERAGE NUMBER OF
FACILITY ACCELERATORS P-CURRENT REPETITION LENGTH BEAM POWER ENERGY OF ONE PROTONS PER
AT TARGET RATE ON TARGET AT TARGET PULSE AT TARGET PULSE AT TARGET
(LA) (Hz) (') (KW) (xJ)
NCNR 800 MeV Linac 1250 20(40) 0.5 1000 16.6 1.3x10*
Los Alamos accumulator ring
IPNS (upgrade) | 400 MeV Linac 500 10/30 0.3 1000 32 1x10*
Argonne 2 GeV RCS
PSNS 600 MeV Linac 1350 2x30 1.3 5000 160 2.8x10"
Brookhaven 2x3.6 GeV RCS
ANS, Moscow 1GeV Linac 400(100) 40/10 1 4000(1000) - -
Russia 10 GeV Synchr.
KENSH I 1 GeV Linac+ 200 50 0.2 200 4 2.5x10"
KEK, Japan compressor
ETA 1.5 GeV Linac+ 10000(1300) 100(50) 1000 15000(2000) 150(40) 6.3x10™
Based SNS, Japan | compressor (1.6x10%)
AUSTRON | 70 MeV Linac 63 25 1 102.5 4 1.6x10"
Austria 1.6 GeV RCS
AUSTRON I 130 MeV Linac 128 25 1 205 8 3.2x108
Austria 1.6 GeV RCS
AUSTRON |11 130 MeV Linac 256 50 1 410 (2x205) 8 3.2x108
(2 targets) 1.6 GeV RCS
ESS, European 1.334 GeV Linac 3800 50(10) 1 5000(1000) 100 4.7x10%
Spallation Source | 2xcompressor
(2 rings)
ORSNS not specified not specified 10 (50) 1-3 1000 (5000) 100 not specified

Oak Ridge







REVIEW OF ACTIONSIN JAPAN AFTER SATIF-1

Hideo Hirayama
National Laboratory for High Energy Physics, Japan

Abstract

This article reviews actions performed in Japan after SATIF-1. The details of these actions will be
reported by each participant during this meeting. The data collection of photonuclear data performed by
the Japanese Nuclear Data Committee and the Nuclear Data Center at JAERI is presented in this  article.
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1. Introduction
At SATIF-1, it was agreed that the following actions would be performed in Japan:
Collect and make available existing data on:

- Thick target measurements,
- Deep penetration measurements,
- photonuclear data;

Agree on definitions of attenuation length and source-term parameters,
Perform experimental measurements at TIARA and other facilities in Japan:

- Excitation functions of activation detector (C-11, Bi),
- Monoenergetic cdibration of active instruments.

Two working groups are organised under the Accelerator Shielding Working Group of the
Sub-Committee of Shielding of the Research Committee on Reactor Physics. Co -operations are also
undertaken with the Research Committee on Radiation Behavior in the Atomic Energy Society of Japan.

The research group concerning the radiation shielding experiments for high energy neutrons
at TIARA and other facilities continues its programmes related to the actions listed above.

The actions carried out in Japan including the above-mentioned are briefly developed in this article.
Details of these actions will be reported by each participant during this meeting.

The photonuclear data collection performed by the Japanese Nuclear Data Committee and
the Nuclear Data Center at JAERI is also addressed within this article.

Organisations related to these actions are shown in Figure 1.

2. Collection and making available of existing data

The collection and making available of existing data on thick target measurements were performed
in co-operation with the Accelerator Shielding Working Group of the Research Committee on Radiation
Behavior of the Atomic Energy Society of Japan. Thick target neutron data and accelerator shielding
experiments were surveyed from 14 journals published from 1990 to 1995. This survey was the third in
arow after two reports published by the smilar working group [1,2].

The current situation of this work will be reported by K. Hayashi.

3. Accderator shielding benchmark experiment analyses
Analyses on benchmark experiments on thick target yields and benchmark shielding experiments

[3] were carried out by the Benchmark Problem Analysis Sub-Working Group in order to estimate
the validity of the computer code and nuclear data.
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Thiswork will be reported by H. Nakashima and N. Y oshizawa

4. Definitions of attenuation length and sour ce-term parameters

The Attenuation Length Sub-Working Group of the Sub-Committee worked in order to better
undergtand the attenuation phenomena of main medium-energy neutrons. The dose attenuation ingde
iron and concrete was calculated by using the HILO86R library [4] and the PKN-H code [5]. Neutron
buildup factors were also studied as another approach.

These works will be reported by Y. Sakamoto and K. Shin.

5. Quasi-monoener getic neutron calibration facilities

The new quasi-monoenergetic neutron source was developed at Ring Cyclotron of Riken to extend
the energy range of neutrons up to 150 MeV. T. Nakamura at Tohoku University and Y. Uwamino at
Riken received the award from the Atomic Energy Society of Japan for therr achievements while
congtructing monoenergetic neutron fields at INS, CYRIC, TIARA, and Riken.

Measurements of neutron activation cross-sections for C and Bi were continued at these facilities.
The cdibrations of modified rem-counter were also done at these facilities.

These works will be reported by T. Nakamuraand S. Ban.

6. Fluenceto dose equivalent conversion coefficientsfor high-energy neutrons

Effective dose equivalent or effective dose for high-energy neutrons were studied systematically as
ajoint work between JAERI and the Mitsubishi group.

Thiswork will be reported by S. Iwai.

7. Evaluation of photonuclear data

For gray induced reaction data up to 140 MeV, the photonuclear data file is provided both by
the Japanese Nuclear Data Committee and the Nuclear Data Center at JAERI [6] for applications suc h
as electron accelerator shielding and radiation therapy.

The photon absorption cross-section is evaluated both with the giant dipole resonance model and
the quasideuteron model; furthermore, the cross-sections of decaying process are calculated with
the gtatistical model with preequilibrium correction. For this last purpose, MCPHOTO [7] and ALICE
[8] codes are mainly used. The isotopes evaluated are shown in Table 1. The ( g, xn) cross-section of
Mn-98 isillustrated in Figure 2 as an example.

The evaluation work has been amost finished, and the file will be released in 1996.
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Figure1 Organisations related to the actionsin Japan
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Table 1 Nuclei to be included in the Photonuclear Data F ile

24 elements, 42 isotopes

2H, 120’ 14N, 160) Z‘Na., 24'25’26Mg, 27Al, 28’29'3°Si,

40,48, 46,487y 52Cr, S5Mn, 5456Fe, 59Co,

58'60Ni, 63’65011, QOZI‘, 92’94’96’98’100M0, 181Ta.,

181,184,186W’ 197Au’ 206'207’208Pb, 209Bi, 235,238U
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SURVEY OF THICK TARGET NEUTRON YIELD DATA
AND ACCELERATOR SHIELDING EXPERIMENTS

K. Hayashi
Hitachi Engineering Company, Japan

Y. Sakamoto
Japan Atomic Energy Research Institute, Japan

Working Group of Accelerator Shielding *
of the Research Committee on Radiation Behavior in the Atomic Energy Society of Japan

1. Introduction

In accelerator shielding design, certain calculations on neutron and photon emission energy
spectra from the target and their behavior in shield materials are necessary.

Although we nowadays can use several computer codes to calculate these quantities, the quantity
and the quality of the codes are still not enough to solve all the encountered problems in accelerator
shielding design compared to the reactor shielding design.

Benchmark experiments have been performed in several laboratories, and the results of these
experiments and calculations using above mentioned codes have been compared and discussed

by several investigators.

Many of these papers were compiled in two reports [1] [2] as annoted references in 1985 and
in 1990, in aim to find out appropriate paper with ease. Benchmark experiments are summarized and
compiled in two reports [3] [4] in 1993 and in 1994, in aim to evaluate the calculational algorithm,
the accuracy of computer codes and the nuclear model and data used in the codes. Simultaneously,
five benchmark experiments are uploaded as electric media to SINBAD [5] database which is
developed and maintained by the Radiation Shielding Information Center in Oak Ridge National
Laboratory. These compilation work was done by Working Group of Accelerator Shielding in
the Research Committee on Radiation Behavior in the Atomic Energy Society of Japan.

*  Members of Accelerator Shielding Working Group :

T. Nakamura (Tohoku Uni.), Sh. Tanaka, Su. Tanaka, N. Sasamoto, Y. Sakamoto, H. Nakashima, Y. Asano, Y. Nakane
(JAERI), K. Kawachi (National Institute of Radiological Science), Y. Uwamino (RIKEN), H. Hirayama, S. Ban,
Y .Namito (KEK), N. Otani (PNC), K. Shin (Kyoto-Uni.), K. Hayashi (Hitachi Engineering Company), N. Yamano
(Sumitomo Atomic Energy Industries), M. Kawai, Y. Hayashida, M. Uematsu (Toshiba Corp.) Y. Suzuoki, S. Iwai,
T. Kubota (Mitsubishi Heavy Industries), O. Sato, S. Takagi (Mitsubishi Research Institute), K. Mio
(Ishikawajima-Harima Heavy Industries), H. Ida, M. Shimizu (NKK), A. Oishi (Shimizu Corp.), A. Hara
(Hazama Corp.), M. Kinno, T. Ishikawa (Fujita Corp.), K. Kanai, N. Odano (Ship Research Institute), Y. Harima
(CRC Research Institute), T. Ichimiya (Japan Radioisotope Association).
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Since many papers on thick target neutron emission data and accelerator shielding experiments
are published without interruption in many kinds of journals and conference proceedings, this kind of
survey work should be done as a continuous work. Five years has passed since the last compilation,
the working group started the survey work again. In this report, we summarize the surveyed results.

2. Survey work
2.1 Literature coverage
The papers referenced are from the following journals published from 1989 through 1995.

(1) Phys. Rev.,

(2) Nucl. Phys.,

(3) Nucl. Instrum. Methods,

4) Nucl. Sci. Eng.,

(5) Phys. Med. Biol.,

(6) Med. Phys.,

(7) Particle Accelerators,

(8) Health Phys.,

(9 Rad. Prot. Dosimetry,

(10) IEEE Trans. Nucl. Phys.,
(11) Int. J. Appl. Radiat. Isotopes,
(12) Proc. ICANS Mtg.,

(13) 8th Int. Conf. on Radiation Shielding,
(14) Proc. SATIF-1.

2.2 Selection criteria

Neutron production data from thick targets bombard by charged particles are selected.
The projectile energy is typically restricted to above 20 MeV. Shielding experiments and calculations
of high energy particles are selected with the same projectile energy.

3. Surveyed results

3.1 Thick target neutron yield
1
Table 1 compiles the references arranged in alphabetical order of the abbreviated labels.
Each entry block lists the full title of the paper, authors' names, and the literature source followed by
information on the accelerator (facility), type and energy of the projectile, composition and thickness
of the target, experimental and calculational method, and measured and calculated quantities.

Table 2 compiles the references surveyed by Japanese Nuclear Data Committee[6]. Each entry
block lists the full title of the paper, author's' names, and the literature source. The neutron yield data
given in these references are compiled in EXFOR format database. Figure 1 and 2 summarize
the (p, xn) and (a, xn) data points which has compiled in this database. In this figure, horizontal axis
shows the incident particle energy and vertical axis shows the target material. Numerical data typed
in the figure shows the incident particle energy. The data point shown in At means that this data has
the neutron yield data with neutron spectrum information and A3 means that this data point that this
data has only neutron total yield data. Numbers in bracket means the literature number shown in
Table 2. By this figure, one can find the necessary data easily. Also we can find out the energy band
and target material which we do not have.
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3.2 Accelerator shielding experiment

Table 3 compiles references arranged in alphabetical order of the abbreviated labels. Each entry
block lists the full title of the paper, author's' names, and the literature source followed by information
on the accelerator (facility), type and energy of the projectile. Each entry block lists the same ones as
in Table 1 with composition and thickness of the shielding materials and the geometry.

Proposal for future work

1.

1.

1.

This type of collected references on accelerator shielding and thick target neutron yield
should be reached within easy access. Therefore it is better to store these as database
in server machine at proper site such as RSIC. Through the Internet, we can access
this database using WWW browser.

Although the maintenance of this database is still necessary, we can maintain with less
power by registering papers by the author oneself or other person who is using this database.
Still nicer thing we get by this idea is that we can have more perfect database because many
specialists fill the missing data or correct the mistake.

Furthermore, SINBAD[5] type of database on "Accelerator Shielding Benchmark Problems"
should be reached within easy access. Drawings on shielding geometry should be supplied in
GIF or other condensed format along with other text data. This idea may have a copyright
problem which we should find the solution.
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Table 1 Reference on neutron production data

ALSMILLER-91

"Low Energy Particle Production and Transport for
200 GeV/C Protons in Iron and Comparisons with
Experimental Data"

R.G. ALSMILLER Jr. and F.S. ALSMILLER

Nucl. Instr. and Meth., A306, 500-503 (1991)

1) Accelerator:
2) Projectiles: p (200 GeV)
3) Target: Fe
4) Experimental method:
5) Calculation:

6) Calculated quantities:

HETC88
Particle production

BRADY-90

"Summary of Monoenergetic Neutron Beam
Sources for Energies > 14 MeV"

F.P. BRADY and J.L. ROMERO

Nucl.Sci.Eng., 106, 318-331(1990)

1) Accelerator:
2) Projectile: p (20-200 MeV)
d (20-90 MeV)

p : H-2, H-3, Li-6, Li-7
d:H-2,H-3

3) Target:

4) Shielding Material:
5) Geometry:
Cylindrical bottle (H-2, H3)
6) Experimental Method:
TOF, associated particle method
7) Calculation:
8) Measured Quantities:
Neutron production cross section, neutron
spectra and neutron yield

BREDE-89

"Neutron Yields from Thick Be Targets
Bombarded with Deuterons or Protons”

H.J. BREDE, G. DIETZE, K. KUDO,

U.J. SCHREWE, F. TANCU and C. WEN

Nucl. Instr. and Meth., A274, 332-344 (1989)

1) Accelerator:
Energy-variable compact cyclotron, PTB
2) Projectiles: p (17.2- 22 MeV)
d(9.4-13.6 MeV)
3) Target: Be
4) Experimental method:  Time of flight method
5) Calculation:
6) Calculated quantities:
Angular differential spectral neutron yield
(Yield /unit charge)
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MEIER-89

"Differential Neutron Production Cross Sections
and Neutron Yields from Stopping-Length Targets
for 113-MeV Protons"

MM. MEIER, D.A. CLARK, C.A. GOULDING,
J.B. McCLELLAND, G.L. MORGAN and

C.E. MOSS

Nucl.Sci.Eng., 102, 310-321 (1989)

1) Accelerator (Organization):
LAMPF Linear Accelerator (LANL)
2) Projectile (Energy):
p (113 MeV)
3) Target (thickness):
Be, C, O, Al, Fe, W, Pb, U-238
(thin for cross section and thick for neutron
yield)
4) Experimental method:
TOF of 28.7 to 58.5 m flight path with BC-418
plastic scintillator
5) Calculation:
HETC calculation
6) Measured or calculated quantities:
Differential (p,xn) cross sections of Be, C, O,
Al, Fe, Pb and U-238 at angles of 7.5, 30, 60
and 150 degree Absolute (p,xn) neutron yields
of Be, C, Al, Fe and U-238 at angles of 7.5,
30, 60 and 150 degree

MEIER-90

"Neutron Yields from Stopping- and Near
Stopping-Length Targets for 256-MeV Protons"
MM. MEIER, C.A. GOULDING, G.L. MORGAN
and J.L.ULLMANN

Nucl.Sci.Eng., 104, 339-363 (1990)

1) Accelerator (Organization):
LAMPF Linear Accelerator (LANL)
2) Projectile (Energy): p (256 MeV)
3) Target (thickness): C (30.00 cm and 17.45 cm)
Al(20.00 cm and 12.15 cm)
Fe (8.00 cm and 4.70 cm)
U-238 (5.00 cm and 3.00 ¢cm)
4) Experimental method:
TOF of 28.7 to 66.8m flight path with BC-418
plastic scintillator
5) Calculation:  HETC and ISABEL calculation
6) Measured and calculated quantities:
Absolute (p,xn) neutron energy spectra and
yields at angles of 30, 60, 120 and 150 degree



MEIER-92

"Neutron Yields from Stopping-Length Targets for
256-MeV Protons"

MM. MEIER, W.B. AMIAN, C.A. GOULDING,
G.L. MORGAN and C.E. MOSS

Nucl.Sci.Eng., 110, 299-301 (1992)

1) Accelerator:
Clinton P.Anderson Meson Physics Facility
(LAMPF)
2) Projectile: p(256MeV)
3) Target(thickness):
Be (27.86cm), Be (17.86cm), C (30cm),
Al (20cm), Fe (8cm)
4) Shielding Material:

5) Geometry:

Cylinder Be:(13.2 cm ¢), C, Al Fe: (16cm ¢)
6) Experimental Method: TOF
7) Calculation: HETC
8) Measured Quantities: Neutron yield

NIKOLAEV-90

"Neutron Production in Thick Lead Target by
13.7 GeV Protons and Deuterons"
V.ANIKOLAEV ET AL.

ICANS 11 Report

1) Accelerator: Dubna (JINR) Synchrophasotron

2) Projectile: p (1-3.7 GeV)
d (1-3.7 GeV)

3) Target: Pb

4) Shield:

5) Geometry:

6) Experimental method: SSNTD, TOF

7) Measured quantities:
Neutron Spectra (1keV — 1 GeV)

SARKAR-91

"Neutron Production from Thick Targets
Bombarded by Alpha Particles: Experiment and
Theoretical Analysis of Neutron Energy Spectra”
P.K. SARKAR, T. BANDYOPADHYAY,

G. MUTHUKRISHNAN, and S. GHOSH.

Phys.Rev. C43, 1855 (1991).

1) Accelerator(Organization):
Variable Energy Cyclotron Centre,
Bhabha Atomic Research Centre,
Calcutta, India.
2) Projectile (Energy):
alpha particle: 40 MeV for 197-Au, 50 MeV for
9-Be and 181-Ta, 60 MeV for 181-Ta.
3) Target (thickness):
9-Be (3.0£05mm), 181-Ta (4.0£05mm),
197-Au (0.8+£05mm)
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4) Experimental method:
TOF of 1.4 m flight path with NE213 liquid
scintillator. n-gamma pulse discrimination.

5) Calculation:
Excition model and evaporation model.
PRECO-D2 code was modified to calculate the
thick target yield.

6) Measured quantities:
Neutron energy spectra from Be, Ta, and Au
targets at angles of 0°, 30°, 60° and 90°.

7) Calculated quantities:
Neutron energy spectra from Be, Ta, and Au
targets at angles of 0°, 30°, 60°and 90°. Neutron
energy spectra from Cu with 65 MeV incident
alpha at emission angles of 0°, 15°, 45°, 75°and
135°. Angle integrated neutron energy spectra
from Ta at 50 and 60 MeV, Au at 40 MeV, and
Cu at 65 MeV.

SHIN-94

"Systematics in Differential Thick Target Neutron
Yields Parametrized by Moving Source Model"
K.SHIN, K. MIYAHARA, E. TANABE and
Y.UWAMINO

8th International Conference on Radiation
Shielding, 666-673, April 24-28, 1994, Arlington,
Texas, USA.

1) Accelerator:
SF-cyclotron of University of Tokyo
2) Projectile:
Proton (30, 52 MeV), alpha (40, 65MeV),
C (75, 120 MeV), O (153 MeV)
3) Target: C, Al, Fe, Cu, Pb
4) Experimental method: NE-213
5) Calculation:
6) Calculation quantities:

VASSIL'KOV-90

"Neutron Emission from an Extended Lead Target
under the Action of Light Ions in the GeV Region"
R.G.VASSIL'KOV and V. YUREVICH

ICANS 11 Report

1) Accelerator: Dubna (JINR) Synchrophasotron

2) Projectile: p (2GeV)
d (2 GeV)
He-3
He-4
C-12
3) Target: Pb
4) Shield:
5) Geometry:
6) Experimental method: SSNTD, TOF

7) Measured quantities:
Neutron Spectra (0.1MeV - 1 GeV)




ZAZULA-91

"Study of the Neutron Field from a Hadronic
Cascade in Iron: Verification of a Monte Carlo
Calculational Model by Comparison with
Measured Data"

JM.ZAZULA and K. TESCH

Nucl. Instr. and Meth., A300, 164-178 (1991)

1) Accelerator:

2) Projectiles: p (25 - 800 GeV)
3) Target: Fe, Ag, C, AL, Pb
4) Experimental method:

5) Calculation: FLUNEV, HETCB88

6) Calculated quantities:
Mass distribution, neutron yield and energy
distribution of secondary neutron
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Table 2 Surveyed database on neutron production in Nuclear Data Committee of JAERI — 35 Articles

Thick target neutron yield data in EXFOR format for projectile proton and alpha

1. COLEMAN-68
W.A. COLEMAN and R. G.ALSMILLER, JR.
NSE, 34, PP.104-113 (1968).

2. ALSMILLER-69
R.G. ALSMILLER, JR., J.W. WACHTER,
H.S. MORAN
NSE, 36, PP.291-294 (1969).

3. BAIR-79
J.K.BAIR and J.G.D.CAMPO
NSE, 71, PP.18-28 (1979).

5. NAKAMURA-83
T. NAKAMURA, M. FUJII and K. SHIN
NSE, 83, PP.444-458 (1983).

6. MEIER-89
M.M. MEIER, D.A. CLARK,
C.A. GOULDING, J.B. MCCLELLAND,
G.L. MORGAN and C.E. MOSS
NSE, 102, PP.310-321 (1989).

7. VEESER-74
L.R. VEESER, R.R. FULLWOOD,
A.A. ROBRA and E.R. SHUNK
NIM, 117, PP.509-512 (1974).

8. FASSO-76
A. FASSO and M. HOFERT
NIM, 133, PP.213-218 (1976).

11. NIEMIMEN-81
M. NIEMIMEN and J.J. TORSTI
NIM, 179, PP.85-93 (1981).

15.NAKAMURA-85
T. NAKAMURA
NIM, A240, PP.207-215 (1985).

16. LONE-87
M.A. LONE, R.T. JONES, B.M. TOWNES
and L. NIKKINEN, R.B. MOORE
NIM, A256, PP.135-142 (1887).

17. CONDE-87
H. CONDE, E. GRUSELL, B. LARSSON,
C.B. PETTERSSON, L. THURESSON,
J. CRAWFORD, H. REIST, B. DAHL
and H.G. SIOSTRAND
NIM, A261, PP.587-590 (1987).
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18. GOODELL-53
W.F. GOODELL, JR., H.H. LOAR,
R.P. DURBIN and W.W. HAVENS, JR.
PR, 89, PP.724-727 (1953).

19. WACHTER-67
J.W. WACHTER, W.R. BURRUS
and W.A. GIBSON
PR, 161, PP.971-981 (1967).
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Table 3 References on shielding experiments

AGOSTEO-93

"Photoneutron Dose in Soft Tissue Phantoms
Irradiated by 25 MV X-Rays"

S. AGOSTEO, AF. PARA, F. GERARDI,

M. SILARI, A. TORRESIN and G. TOSI
Phys.Med.Biol. 38, 1509-1528 (1993)

DINTER-94a

"Fluence Spectra and Dose Equivalents of Neutrons
Behind Shielding of High Energy Proton
Accelerators"

H. DINTER and K. TESCH

DESY D3-77 (Internal Report) (1994)

DINTER-94b

"Studies on the Neutron Field Behind Side
Shielding of a Target Bombarded with High
Energy Protons”

H. DINTER and K. TESCH

DESY D3-78 (Internal Report) (1994)

DINTER-95

"Studies on the Neutron Field Behind Side
Shielding of Proton Accelerators. Part II: Iron
Shielding"

H. DINTER and K. TESCH

DESY D3-81 (Internal Report) (1995)

DRAKE-91

"Experimental Simulation of Martian Neutron
Leakage Spectra”

D.M. DRAKE, S.A. WENDER, R.O. NELSON,
D.A. CLARK, M. DROSG, W. AMIAN,

J. BRUCKNER and P.A.J. ENGLERT

Nucl. Instr. and Meth., A309, 575-580 (1991)

1) Accelerator: LAMPF
2) Projectiles: p (800 MeV)
3) Target: Martian sand
4) Experimental method:  Time of flight method
5) Calculation: LAHET

6) Calculated quantities: Neutron leakage spectrum

EBELING-88

"Simulation of Hadronic Showers with Monte
Carlo Codes at 40, 86, 300 and 1000 GeV:
Comparison with Published Measurements and
First Application to the Design of HERA Beam
Dump"

F. EBELING, R. FOHRMANN, U. OTTERPOHL
and H.J. MOHRING

Particle Accelerators, 23, 103-120 (1988)
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HOFERT-94

"The CERN-CEC High-Energy Reference Field
Facility"

M. HOFERT and G.R. STEVENSON

8th International Conference on Radiation
Shielding, 635-642, April 24-28, 1994, Arlington,
Texas, USA.

1) Accelerator: CERN-CEC
2) Projectile: Proton(120GeV/c), Pion(205GeV/c)
3) Target: Cu
4) Experimental method:
5) TEPC, Rem counter, Plastic scintillator, Au
activation (10 inch pseudo sphere), CR39
6) Calculation: FLUKA, EGS4
7) Calculation quantities:
Neutron fluence spectra, outside the iron and
concrete shield, detector response

NAKAMURA-94

Development of p-Li Quasi-Monoenergetic
Neutrons Field Between 20 and 90 MeV for Cross
Section and Shielding Experiments

T. NAKAMURA, T.S. SOEWARSONO, Y. UNO,
N.NAKAOQO, Y. UWAMINO, M. IMAMURA,
T.ISHIKAWA, S. TANAKA, H. NAKASHIMA,
S. TANAKA, M. BABA and T. IWASAKI

8th International Conference on Radiation
Shielding, 264-271, April 24-28, 1994, Arlington,
Texas, USA.

1) Accelerator:

AVF cyclotron (INS, CYRIC, TIARA)
2) Projectile: Proton (20-90 MeV)
3) Target: Li, Li+C
4) Experimental method: TOF
5) Calculation:
6) Calculation quantities:




NAKAO-94

Spectrometry of Several Tens MeV Neutrons
Penetrating Shields Using Organic Liquid
Scintillator at 90 MeV AVF Cyclotron Facility,
TIARA

N. NAKAO, T. NAKAMURA, M. TAKADA,

S. TANAKA, H. NAKASHIMA, Y. SAKAMOTO,
Y. NAKANE, S. TANAKA, K. SHIN,

E. TANABE, T. SHIBATA, Y. UWAMINO

and M. BABA

8th International Conference on Radiation
Shielding, 272-279, April 24-28, 1994, Arlington,
Texas, USA.

1) Accelerator: TIARA
2) Projectile: Proton (40.5, 64.5 MeV)
3) Target: Li

4) Experimental method:

BC50IA organic liquid scintillator, Bonner ball
5) Calculation: MORSE-CG
6) Calculation quantities: neutron spectra

SAKAMOTO-9%4

"Shielding Experiments with Quasi-Monoenergetic
Neutrons Between 15 and 90 MeV at 90 MeV
AVF Facility TIARA"

Y. SAKAMOTO, H. NAKASHIMA,

T. NAKAMURA, M. BABA, N. NAKAO,

S. TANAKA and K. SHIN

8th International Conference on Radiation
Shielding, 809-815, April 24-28, 1994, Arlington,
Texas, USA.

1) Accelerator:
TIARA
(Japan Atomic Energy Research Institute)

2) Projectile: Proton (15-90MeV)

3) Target: Li-7

4) Experimental method:
fission counter, rem counter, solid state nuclear
track detector, LiF TLD

5) Calculation:

Calculation quantities:

DOT3.5
reaction rate
dose equivalent

TANAKA-94

"Shielding Experiments and Analysis at 90MV
AVF Cyclotron Facility TTARA"

S. TANAKA, T. NAKAMURA,
JAERI-UNIVERSITIES Collaboration Group

1) Accelerator: TIARA AVF cyclotron
2) Projectile: proton (43, 67MeV)
3) Target: 7L1

quasi-monoenergetic
iron(10-130cm)
concrete(25-200cm)

4) Source Neutrons:
S) Shields:

50

source: collimated beam

detector points: on axis, 20cm of axis
7) Experimental Method:

Fission counters: U-238, Th-232 Solid state

track detector, TLD: 6LiF/7LiF

spectrometer: BC501A
8) Measured Neutron Energy Range:

Thermal to source energy

6) Geometry:

UWAMINO-94A

"Shielding Experiment at Spallation Neutron
Source Facility

Y. UWAMINO, T. SHIBATA, T. OHKUBO and
S. SATO

8th International Conference on Radiation
Shielding, 288-293, April 24-28, 1994, Arlington,
Texas, USA.

1) Accelerator:
ISIS spallation neutron source facility
(Rutheford Appleton Laboratory)
2) Projectile: Proton (800MeV)
3) Target: Ta
4) Experimental method:
SSTD, TLD (LiF), Activation Detector
(In, C, Al, Bi)
5) Calculation:
6) Calculation quantities:

UWAMINO-94B

"Study on Bulk Shielding of an 800-MeV Proton
Accelerator"

Y. UWAMINO, T. SHIBATA, T. OHKUBO,

S. SATO and D. PERRY

1) Accelerator: ISIS proton synchrotron
2) Projectile: proton (800MeV)
3) Target: Ta
4) Shields:
iron(291cm)+concrete(96cm) Geometry:

5) Geometry: point isotropic
6) Experimental Method:

Activation method: Bi(n,xn), C(n,2n), 1(n,3na)

TLD: 5LiF/7LiF, In activation multi-moderator

spectrometer
7) Measured Neutron Energy Range:

Thermal to -90MeV
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HADRONIC PHOTON-HADRON AND PHOTON-PHOTON INTERACTIONS
AT HIGH ENERGIES

R. Engel
Ingtitut fir Theoretische Physik, Universitdt Leipzig
Fachbereich Physik, Universitét Siegen
Germany

J. Ranft
Laboratoire de Physique Théorique LAPP, Groupe d’ Annecy, France

Abstract

Photon-photon collisions are investigated in the framework of the two-component Dua Parton Model.
The model contains contributions from direct, resolved soft and resolved hard interactions. All free
parameters of the model are determined in fits to hadron-hadron and photon-hadron cross-section data.
The modd is shown to agree well to hadron production data from hadron-hadron and photon-hadron
collisons. The multiparticle production in hadron-hadron, photon-hadron and photon-photon collisons

as predicted by the model is compared. Strong differences are only found as function of the transverse
momentum variable.
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1. Introduction

In its high-energy interactions with hadrons, the photon behaves very much like a hadron, with
cross-sections reduced strongly though againgt pure hadronic cross-sections. Besides this hadronic
interaction, usually described using the Vector Dominance Model, the photon has a direct pointlike
interaction with hadronic congtituents. At moderate energies the hard interactions of the photons do not
change significantly the genera picture of photon-hadron and photon-photon interactions. Even at high
energies, hadronic interactions of photons are characterised by soft multiparticle production. Since the
soft component of hadron production cannot be understood purely on the basis of perturbative QCD one
has to rely on models like the Dual Parton Model [1] or the model by Schuler and §dstrand [2,3] to
calculate multiparticle final states. Assuming an universal behaviour of soft hadronic interactions, the
Dua Parton Modd (DPM) can be extended to hadronic interactions involving photons [4,5]. here we
apply the model described in [4,5,6] to the study of hadronic photon-photon interactions.

2. Theevent generator PHOJET

The redlisation of the DPM with a hard and a soft component in  PHOJET is Similar to the event
generator DTUJET-93 [7,8]. In the model, the dua nature of the photon is taken into account by
consdering the physical photon state as a superposition of a *bare photon” and virtual hadronic states

having the same quantum numbers as the photon. Two generic hadronic states ‘qa> and ‘qa *> have
been introduced to describe the hadronic piece of the photon. The low-mass state ‘ qa> corresponds to

the superposition of the vector mesonsr, wand f and a p+p_ background. The state ‘ qa *> isused as
an approximation for hadronic states with higher masses. The physical photon reads

10) =Z5 | Obwe) *| Orea ) )

with z,=1- > . % @
f2 7 2
qaq qaq

and Ighad>=fi\qa>+fi\qa*> )
aq ag*

where e denotes the elementary charge.

The interactions of the hadronic fluctuations are described within the Dual Parton Model in terms
of reggeon and pomeron exchanges. For soft processes, photon-hadron duality is used. The energy-
dependence of the reggeon and pomeron amplitudes is assumed to be the same for al hadronic
processes. Therefore, data on hadron-hadron and photon-hadron cross(sections can be used to determine
the parameters necessary to describe soft photon-photon interactions. The pomeron exchange is
subdivided into processes involving only soft processes and al the other processes with at least one
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least one large momentum transfer (hard processes) by applying a transverse momentum cut-off

cut—off

P to the partons. On Born-graph level, for example, the photon-photon cross-sections is built up
by:

i. reggeon and pomeron exchange (soft processes only),
ii. hard resolved photon-photon interaction,

iii. single direct interactions, and

iv. double direct interactions.

If not explicitly stated, all the Parton Model calculations of the hard processes have been done using
the leading order GRV parton distribution functions for the proton [9] and the photon [10].

The amplitudes corresponding to the one-pomeron exchange between the hadronic fluctuations
are unitarized applying a two-channel eikonal formalism similar to [7]. In impact parameter
representation, the eikonalized scattering amplitude for resolved photon interactions has the following
structure:

2
2

_ije ~x(s.B)
ares(S’B)_E F (l_e * ) @
qq
with the eikonal function x(s,B) =%s(8,B) + %, (5, B) + X p (s, B) + X (5,B) )

Here, i (s,B) denotes the contributions from the different Born graphs:

(S) soft part of the pomeron and reggeon,
(H) hard part of the pomeron,

(D) triple- and loop-pomeron, and

(C) double-pomeron graphs.

The probabilities to find a photon in one of the generic hadronic states, the coupling constants to
the reggeon and pomeron, and the effective reggeon and pomeron intercepts cannot be determined by
basic principles. These quantities are treated as free parameters and determined by cross-section fits
[4]. For example, in Figures 1 and 2 we show the model predictions for the inelastic photon-photon
cross-section (including quasi-elastic vector meson production).

The probabilities for the different final state configurations are calculated from the discontinuity
of the scattering amplitude (optical theorem) which can be expressed as a sum of graphs with k. soft

pomeron cuts, /. hard pomeron cuts, m, triple- or loop-pomeron cuts, and n. double pomeron cuts by
applying the Abramovski-Gribov-Kancheli cutting rules [12,13].
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Figure 1

Inelastic photon-photon cross-section calculated with the model and compared with data [4].
The two curves from the model were calculated using the GRV LO photon structure function [10] and
the SaS 2M photon structure function [11].
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Figure 2

Inelastic photon-photon cross-section calculated with the model and compared with data [4].
The two curves from the model were calculated using the GRV LO photon structure function [10] and
the SaS 2M photon structure function [11].

In impact parameter space one gets for the inelastic cross-sections

Q) Q) Cxp)™ Cxe)™
k! [ m,! n.!

exp[-2x(s, B)] (6)

Since the triple-, loop-, and double-pomeron graphs are objects involving several pomerons,
a further resummation is done [7,6] to allow for the probability interpretation of Equation (6).

For pomeron cuts involving a hard scattering, the complete parton kinematics and

flavours/colours are sampled according to the Parton Model using a method similar to [14], extended
to direct processes. For pomeron cuts without hard large momentum transfer, the partonic
interpretation of the Dual Parton Model is used: photons or mesons are split into a quark-antiquark
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pair whereas baryons are approximated by a quark-diquark pair. The longitudinal momentum fractions
of the soft partons are given by Regge asymptotics [15,16]. The transverse momenta of the soft
partons are sampled from an exponential distribution in order to get a smooth transition between the
transverse momentum distributions of the soft constituents and the hard scattered partons. In
diffraction dissociation or double-pomeron scattering, the parton configurations are generated using
the same ideas described above applied to pomeron- photon/pomeron scattering processes. Finally, the
fragmentation of the sampled partonic final states is done by forming colour neutral strings between
the partons according to the colour flow. In the limit of many colours in QCD, this leads to the two-
chain configuration characterising a cut pomeron and a one-chain system for a cut reggeon. The
chains are fragmented using the Lund fragmentation code JETSET 7.3 [17].

3. Comparison of PHOJET calculations with data

We present a few comparisons of PHOIJET results with ha