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FOREWORD 

The Accelerator and Fusion Research Division, which 
was expanded to include the magnetic fusion program only 
three years ago, represents an ambitious combination of 
projects in basic research, technological advancement and 
facility operation. Formally, the division is organized 
into four programmatic groups: Accelerator Operations, 
Advanced Accelerator Development, Magnetic Fusion Energy, 
and Heavy Ion Fusion. While distinct program goals are 
pursued within these groups, the various elements of the 
division's activities strongly influence and complement 
each other. Dur'*r?g the past year, these goals and their 
collective impact on the division's role, have been 
strengthened by carefully evaluating the facilities and 
expertise at our disposal in relation to the nation's 
research needs. 

An important event in the division's history took place 
this past year. Edward J. Lofgran, who had led the 
Accelerator Division and then tht combined Accelerator and 
Fusion Research Division from thrir beginnings, stepped 
down on July 1, 1979 to return tc research. As the new 
head of the division, I wish to express the division's 
enormous gratitude to Ed Lofgren. His wise guidance of 
the division's efforts, and his personal friendship and 
counsel to me and so many of his colleagues, have produced 
one of the laboratory's strongest programs. We are 
privileged that he will continue his contributions as a 
member of the division's senior scientific staff. 

Because this division is blessed with an impressive 
record of achievements, the prospects for the future are 
exciting. A sense of continuity with the pioneering 
brilliance which has characterized the growth of this 
laboratory is reflected in the accomplishments and 
research philosophy of the division's outstanding staff, 
and undergirds our confidence in meeting the demanding 
tasks we have set before us. 

Hermann A. Grunder. 
Accelerator and Fusion 

Research Division 
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ACCELERATOR OPERATIONS 

SuperHILAC/Bevalac Operation 
The SuperHILAC and the Bevatron/Bevalac are op

erated as National Research Facilities for studies 
in nuclear physics, biophysics, nuclear chemistry, 
biomedical studies and astrophysics. Ions from 
lithium to lead are accelerated to energies up to 
8,5 MeV per nucleon at the SuperHILAC. Beams of two 
different ions can be produced on alternate pulses 
and delivered to one or two SuperHILAC experimenters 
plus the Bevalac. At the Bevalac, beams from hydro
gen to iron are delivered to researchers at energies 
from approximately 70 MeV to 2.1 GeV per nucleon. 
Five major beam lines, with 13 target areas designed 
for various studies are currently in operation at 
the SuperHILAC. At the Bevatron, experimenters are 
served by eight beam lines, with several specialized 
target areas. 

Outside users acccunt for approximately half the 
research time at each accelerator. The Accelerator 
Research Coordination Office, augmented by a group 
of physicists, engineers and support staff, is dedi
cated to assisting users, particularly those from 
other institutions, in successfully mounting their 
research. The SuperHILAC and Bevatron/Bevalac Users 
Associations communicate user concerns to accelera
tor operations staff, and also hold annual meetings 
to share research results and discuss future 
directions. 

The capability to deliver intense very high mass 
beams is now being developed with the construction 
of the High Intensity Uranium Beams line item. When 
completed in FY 82, the SuperHILAC will produce 

1 p A of all misses at up to 8.5 HeV/amu. The 
Bevalac will be capable of delivering relativistic 
beams of all mass numbers including uranium, in. 
addition to high intensity intermediate energy beams 
between 40 and 200 HeV/amu. 

Continual effort is given to improving the two 
accelerators, both in machine operation and experi
mental facilities, so that they remain relevant 
tools at the forefront of scientific investigation. 
User input regarding future research requirements 
form the basis of these development efforts. 
Management Philosophy 

Proposals for research time are submitted twice 
a year to program advisory committees (PACs, one for 
the SuperHILAC and one each for the nuclear science 
and biomedical programs at the Bevatron/Bevalac). 



BBC 754-2502A 
Topi 

The proximity of 
the SuperHXLAC and 
the Bevalac permits a 
combination of accel
erator capaM 1 i t i e s 
which i s available 
nowhere e lse in the 
world. In this 
aerial photo, the 
path of ions frosi the 
Super HI LAC to the 
Bevacron/Bevalae is 
super inposed CJI the 
s i t e view. 

Left: 
Fiore the injection 

end, one can view the 
•ain portion at the 
SuperBILAC, which 
consists of two 
Alvarei-type tanlcs 
separated by a foi l 
stripper. 

BBC 799-12346 



MEETINGS: H7» January 11-12 
Bevalac Bioaed PAC May 17 
Bevalac Users' Association Meeting May 18 
HISS User*' Group Meeting May IB-19 
Bevalac Nuclear Science PAC May 21-24 
Workshop on Ultra-Relativisltic 
Nuclear Collisions July 25-26 
SuperHILAC PAC October 11-12 
Bevalac Bioaed PAC Nov. 3U - Dec. 1 
Bevalac Nuclear 
Science PAC 

These expert panels meet and Make recoaaendations 
for allocation of research hours to the Laboratory 
director; as a rule, their recoaaendations have been 
iapleaented. A scientific director for the nuclear 
science prograa at each accelerator is appointed by 
the LBL Nuclear Science Division to provide leader
ship for the research on the floor and to coordinate 
long-tera iaproveaents. Hovel Pugh holds this post 
at the Bevalac, and Richard Diaaond is scientific 
director at the SuperHILAC. The Biology and Medi
cine division appoints a scientific director for the 
bioaed prcgraa at the Bevalac; E. John Ainsworth 
serves in this capacity. 

The Accelerator Research Coordination Office 
(ARC Office), located in the Bevatron building, 
serves as the focus for user services, with particu
lar attention to the needs of outside users. Three 
of its staff are also experiaenters who serve as 
scientific liaison or coordinators for the prograas 
at each accelerator. Gary Weutfall perforas this 
function for Bevalac nuclear science users, and 
Jerry Howard serves as liaison for Bevalac bioaed 
users; Michael Zisaan is the SuperHILAC experiaental 
coordinator. The ARC Office also supports research
ers in the processes of designing and submitting 
proposals, mounting experiments, arranging for the 
loan, construction or repair of detection and data 
collection equipment, and providing adainistrative 
support. Finally, the ARC Office produces and 
distributes experimenter handbooks and scheduling 
information. 

Long range scheduling is performed by a staff 
committee, with periodic notices sent to all users. 
The immediate operating program is arranged in 
weekly scheduling meetings, aaong staff and users. 
Although the task of scheduling is a complex one, 
especially at the Bevalac where the nuclear science 
program is allocated two-thirds of the research time 
and the biomedical program one-third, every effort 
is made to accommodate users' preferred running 
schedules. The scientific directors may allocate 
10% of the research hours on a discretionary basis. 

SuperHILAC PAC 

Lab. P. Bond, Brookhaven Nat'l. 
J. Cerny, LBL, ex officio 
L. Cocke, Kansas State U. 

Grunder,LBL (ex officio) 
Stokstad, ORNL, Chairman* 
Swiatecki, LBL 
Ward, Atomic Energy of Canada 
Zisraan, LBL, Executive Sec'y. 

* Dr. Stokstad recently (Feb. 80) joined the LBL 
staff. 

H. 
R. 
W. 
D. 
M. 
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Bevalac Nuclear Science PAC Bevalac- BioaedmvT 
J. Cerny, LBL (ex officio) 
H. Feshbach, M.I.T., ChairBan 
H. Grunder, LBL (ex officio) 
S. Koonin, Cal. Tech. 
H. Pugh, LBL (ex officio) 
J. Schiffer, ANL 
R. Stock, 6SI, Germany 
W. Henzel, LBL 
G. Westfall, LBL, Exec. Sec'y 
T. Yamakazi, U. of Tokyo 

E. Ainsvoith, Exec. 
Secretary, LBL. 
E. Alpen. LBL 
if. Glass, Barelle 

Pac. Northvesi-
H. Grunder, LBL (e? 
officio) 

R. KallEsn, Stanford 
3. Rossi. Columbia 
(diversity 
Suit, Mass. Cen., 

Chairr.ah 
i'hitaore, Ontario 

Cancer Inut. 
Withers, M.D. 
Anderson Hosp. 

B 

n 
The experimenters at -scb accelerator belong to 

users groups which hold annual seetings to share 
research results. An executive coaaittee of each 
group conducts monthly telephone conferences with 
accelerator management. 

SuperHILAC 
Users' Association 
Executive Committee 

E. Ainsworth, LBL (ex 
J. Cerny, LBL (ex offic.o) J, 
R. Diamond, LBL S 
H. Grunder, LBL (ex officio) M. 

Sevatron/BewaHac 
Users' Association 
Executive Co—ittee 

B. Harvey, LBL H. 
N. Johnson, ORNL, Chairman P, 
M. Kaplan, Carnegie-Mellon U. J, 
L. Moretto, LBL, Secretary H, 
R. Vandenbosch, J, 

Univ. of Washington 
M. Zisman, LBL, Exec. C—'y G 

K. 

officio) 
Ceiny, LBL (ex 
officio) 
Curtis, LBL 
Garcia-Hunoz, 0. 
of Chicago 
Grunder, LBL (ex 
officio) 
Kirk, LSI", Chairman 
Leith, Rhof'e is. 

Hosp. 
Pugh, LBL (ex 

officio) 
Slater, Loima Linda 

University 
Westfall, LBL, 
Liaison 
Wolf, Argonne 

In addition to the annual users meetings and the 
semiannual meetings of each PAC, at least one major 
scientific workshop in connection with SuperHILAC-
Bevalac research is generally conducted every year. 

F«Bruacjr 
l « i * ] i c 0«*r*" 
Association Mooting 

March lt-2"! 
SupcrMMC rAC 

A p r i l 14-1S 
B»T«iae aiaiMd rAC 

May 10.-31 
Btvalac Bueloar 
Sctormeo MC 



Publication* 

A Microcomputer Con
trol Systea for the 
SuperHILAC Third 
Injector, H. D. 
Lancaster, et al, 
LBL-?7t3. 

Operation of a High-
Current Xenon Source. 
W. Chupp, D. Clark, 
R, sichter, J. stapler 
and B. 2ajec, HIPAN-75 
(LBL-B8S9), <PAC 
paper), March 1979. 

Prospects for High 
fineigy Heavy ion 
Accelerators, C. 
Leeaann, LBL-08899, 
presented at the 
Particle Acceleratcr 
Coherence, San 
Francisco, CA, March 
12-14, 1979-
Charge-Changing Cross 
Sections for Heavy 
Ions at Energies to 
8.5 MeV/aaj, J. Alonso 
[>. Dietrich, and H. 
Could, LBL-18932, pre
sented at the Particle 
Accelerator Conference 
San Francisco, CA, 
March 12-14, 1979. 

Computed Toaagraphle 
Reconstruction of Beaa 
Profiles with * Multi-
Wire Chaaber, J. 
Alonso, C. Tobias, 
and H. ChM, LBL-0894 7 
presented at the 
Particle Accelerator 
Conference, San 
Franciso, CA, Hatch 
12-14, 1979. 

Over the past year, research results from the 
nuclear science programs at the SuperHIIAC and the 
Bevalac have generated worldwide interest. At the 
sane time, the heavy ion therapy program at the Bev
alac has begun £ull-sc*le patient trials on a four-
day-a-week basis. Installation and development of 
new experimental beaa lines and facilities has been 
a particularly consuming task for the operations 
staff. The table on the next page summarizes the 
operating experience for FY 79. The percentage of 
research time devoted to outside users was 53% at 
the SuperHILAC and 48% for Bevalac nuclear science 
experimenters; 19% of the Bevalac Biomed program was 
devoted to outside users. An important element of 
accelerator operations which is not reflected in the 
table is the versatility of beam delivery and sched
uling: typically three ion, energy and/or beam line 
changes were made at the Bevalac every day to accom
modate a variety of research needs. At the Super
HILAC, the routine operating mode was two ion beams 
delivered to two SuperHIIAC experimenters and the 
Bevalac. 

ACCELERATOR OtEKATIttf SUPMWT IT79 
SuperHILAC ar.d Bevatrnn . 'Be i 'a lac 

Machine Operation for Research &tperNXLAC Hours B-*va*.ron/B?valac Hours 

Nuclear Science 
Biology & Medicine 
Machine Studies 

25S7.00 
40C.2S 

1154.50 
104*.00 
29B.50 
1201.00 

Tuning 440.SO 9iB.7S 
TOTAL OPERATING BOOKS 34rs.7S 4119.75 
Unscheduled Maintenance 
TOTAL SCHEDULED OPERATION 

1444.2S 
4650.00 

7*7.25 
4907.00 

Shutdowns 3910.00 3853.00 
Beaa Utilization {Experimental Hoursi 

Nuclear Science 
Biology & Medicine 

3210.00 22C9.50 
104S.00 

Hultiplicy (Experiaent Rrs/Research Operation Hrs) 

nticlei>r Science 
Biology t Medicine 
Coabined 

1.2* 
1.2* 

1.19 
1.00 
1.09 

EXPERIMENT SDMKARY 
FT 79 

SuperHILAC Bevatroc/Bevalac 
Experiaents HuclearSci. 

Operated 30 
Completed 30 

Nuclear Sci. 
30 
15 

Bleated 
20 

Institutions 
Universities 
Others 

10 
6 
15 +LBL 

13 
C 

19 +LSL 
7 
4 

11 +LBL 
Percent tiae to LBL 
Percent to others 

47 
S3 

52 
48 

SI 
19 
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The focus through P5f 80 to spring of FY. 81 will 
be steady operation for the final round of research 
before the availability of very high mass beans, up 
to uranium, that will maintain the position of these 
two machines i*s technological leaders in the field 
of heavy ion physics. 

Ion Ave. 
post-
ipart 

Lithium 6 
Carbon 12 
Oxygen 16 
Neon 20 
Argon 40 
Calcium 48 
Iron 56 
Krypton 86 
Niobiu* 93 
Xenon 136 
Holaiua 165 
Lead 209 

intensity at* 
stiipper ex 

•evatron/Bcwalac FY 79 

i c l e l aperes ) 
0 4 puA 
8 Pu* 
3 pilA 
7 P i * 
2 PpA 
0 2 PUA 
0 2 ppA 
0 1 puA 

30 pnA 
30 pnA 

0 5 pnA 
0 2 pnA 

protons 
Alphaa 
carbon 
Nitrogen 
Osygen 
N?on 
Argon 
Calclua-4t 
Iron 

Ave. Intensity 
on target 

lalOll 
lilOlu 
SslOJ 
SxlOi 
SslOi 
3ll0» 
'«101 
IslOl 
1x100 

a, ol Total Pulses 

5.09 
].!4 

4S.41 
.01 

2.0* 
12. SI 
la. IS 
1.01 
1.99 

Outside Users Support 
Several mechanisms exist to assist outside users 

in designing, pr"posing and conducting experiments 
at the SuperKILnC and the Bevalac. Although the 
entire Accelerator Operations Group is ultimately 
dedicated to serving the needs of the research 
users, the focus of this support i~ the ARC Office. 
However, additional ^chnical support is required 
by outside users to increase their research 
productivity. 

A core of physicists, computer specialists ana 
technical support personnel at each accelerator is 
available for assistance in designing or modififying 
beam lines for specific performance characteristics, 
interfacing data collection systems and maintaining 
delicate equipment. At the SuperBILAC, the princi
pal staff contacts for outside user support are 
Michael Zisman (ph/sics, experiment coordination), 
Creve Maples (data collection systems), Eleanor 
Potter (supplies), Bill Elwood (machinist), and 
Richard Diamond (scientific director)- For Bevalac 
users the primary technical staff for outside user 
support for nuclear physics are Jose Alonso, Hank 
Crawford and Roichi Wada (physics, beam lines), 
Gary Westfall (physics, experiment coordination) 
ard Howel Pugh (scientific director). The biomed 
outside user community is assisted by Jose Alonso 
(physics, instrumentation), Jerry Howard (radio-
biology, operations), Tom Criswell (radiotherapy, 
hardware, computer systems), Bill Chu (physics, 
beam delivery) and John Ainsworth (scientific 
director). Scheduling assistance is provided by 
Fred Lothrop. Considerably more effort is necessary 
for user support, but is difficult under current 
funding and manpower constraints. 

Publications 

•ioh Purity Radio
active leana at the 
•evalac. J. Alonso. 
A. Chatterlee and c. 
Tobias. U l • ,951. 
presented at the 
Particle Accelerator 
Conference. San 
Francisco. CA. March 
12-14. 1979. 

The levaBac Radio
therapy Pacility. J. 
Alonsc. J. Howard, 
and T. Crlswell. l»L-
0I961. presented at 
the Particle Acceler
ator Conference. San 
Francisco, ui. Karen 
H-14, 1»79. 
A Study of Microwave 
Instabilities by Means 
of a Souar*-¥el! 
potential. F..-J. K M . 
LIL-9741, ptesenteo 
at the 1SABCL1X work
shop. September 1979. 

Longitudinal Dynevice 
of lunched leans in : 
Model Unac, S.-J. Kim 
LBL-S02S0. Movexber 
1979. 

Preliminary Design 
Report, aigh Intensity 
"ramus Beanc fro* the 
SuperHlLAC and the 
Bevatro^. Accelerat£.-
Staff, Pa!. 0014, 
Feb. 1979. rev. Kov. 
1979. 

The VDfus Ptoject, 
Accelerate stall, 
Puh-5025, J-jnc 3979. 



The ModCoap rooa 
at the Bevatron 
housei the eor-puters 
which control all 
acceleiator para-
aeters, ac well as 
the opetator displays 
tn the aiain control 
room. A aimiJar set
up exists for the HJ4 
Conp installation at 
the SupetHIUC. 

SupwHUAC/BwHc Computer Control SMut 
Over the past several years, a network of Mod-

Comp computers has been created at the SuperHILAC 
and the Bevatron to control all accelerator para
meters at each Machine and permit the coaplex tine-
sharing operations that are now standard. Although 
they currently operate independently, the two com-
plr entary systems will be linked in FY 81. They 
are discussed here together because much of their 
development is shared. 

The basic improvement program was nearly com
pleted by the end of FY79. At the SuperHILAC, three 
operator consoles are now in use. Vacuum and rf 
status displays have been added. 

At the Bevatron, the transfer of all PDP-8 func
tions to the Modcomps was completed; the old comput
ers and their associated interfacing hardware were 

removed. The Modcomp hardware now has reached its 
design goal of five processors in a star-network, 
driving three operator consoles and a summary dis
play. All major components of the accelerator that 
are presently suitable for computer interfacing have 
been provided with software. All parameters from 
every section of the accelerator are easily accessi
ble from FORTRAN programs in the central computer. 
A number of additional components will be added this 
year. 

The basic layer of software upon which the ap
plications are built, the OPERATING SSTSTOI, has been 

10 



completely updated to the latest Modcomp version. 
All the LBL-created enhancements have been speeded 
up and their memory requirements sharply reduced. 
It is now about twice as fast on the average, and 
peak overloads are handled by a roll-out/roJl-in 
technique. The use and layout ef disc space has 
been rearranged to support full accelerator program 
and data archiving needs while allowing 3-5 -sers 
to perform simultaneous programming or other utility 
operations. About 12 people or groups share the 
facility at each site, including operators, engi
neers and physicists engaged in beam-line design 
and development; ard hardware engineers and techni
cians from the electronics shops (for testing and 
inventory). 

Among the recent improvements installed at both 
sites is an ALARM SCANNER, which compares actual and 
desired parameters for selective presentation to the 
operators when deviations are detected. STATE SAVE 
provides automatic recovery of all parameters if any 
computer (central or satellite) fails or halts. 
SuperHILAC Facilities Dtvdopmtnte 

The SuperHILAC now supports five major beam 
lines, plus the Bevalac transferline, and 13 target 
areas, as illustrated in the experimental layout. 
Two more caves are being completed. Several addi
tions to the SuperHIlAC beam switchyard are provid
ing increased operating flexibility among these 
beamiines. Two simultaneous experiments may receive 
different particles on alternate pulses, or share 

At the e i i t of the 
SuperaiUC. pulaed 
switching Bagnets 
direct beta to 13 
target areaa, plus 
the Bevalac transfer 
l i n e . 
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each pulse of the sane ion. The first case is time
sharing, in which duty cycle is reduced, but maximum 
intensity is preserved for each ion. In the second 
case, beam splitting, duty cycle is conserved, and 
beam intensity is variable between the two users. 

To make these modes possible, a new three-
channel septum magnet (H3) was installed in the 
E2 line in cave A. In conjunction with the new PH5 
pulsing magnet, this configuration peraits tiae-
shared beams to be delivered to three new beam 
areas. Parasitic use of beaas for experimental set
up purposes is now possible in all major cave areas 
at the SuperHILAC. A splitter aagnet (H2), which 
is duty-cycle-conserving, has also been built for 
this line to split the bean at the entrance of H3. 
The advantage of split beams ever pusled beaas is 
that each experimenter receives the maximum pulses 
per second and beam intensity is variable. The msg-
nets and power supply underwent final testing at the 
end of 1979, and will be installed in January 1930. 

A new cave area designed for radioactive targets 
(S cave) was installed on the SuperHILAC zero degree 
beam line (E31) and was used for several actinide 
target irradiations during the year. The E31 line 
transmits maximum beam intensity for the target 
irradiations, and includes a fast-acting (3 msec) 
"slammer" valve to insure the containment of active 
material in the '.-vent of an accidental target 
rupture. A small scatter chamber, glove box, and 
newly-designed beam interlock systea are other 
components of this facility. 

A major expansion was implemented in the coulomb 
excitation counting area with the addition of a 
fifty foot trailer. The resulting increase in the 

BBC 772-1217 

OpnoalteE 
Layout of boo* 

llnM in t*« Super-
•IUC eaperlaentsl 
area. 

m « lefts 
Tb* JO-inch 

scattering chaster 
located in SoperBIUC 
Cave C Is heavily 
used by oc: side 
researchers iar 
ni.r*i»sr rearticn 
axp-ri&ients ranging 
CroK . l * i ' » c scatter-
fng to heavy lon-
nvitron coincidence 
work. 

•alow ctgbti 
One of the sost 

heavily used research 
areas at th? Super-
• i u c Is the Cave J 
•ulti-purpose target 
area, rour experi
ments are currently 
set up here, but a 
new cave (Ml i s hear
ing completion to 
rel ieve rhe crowding. 

XBB 7*»-1234« 
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Opposite! 
Layout of the 

Bcvatron/Bevalac 
experimental floor. 
At upper left is the 
new HISS {Heai/y Ion 
Spectrometer System) 
facility! at lowrr 
right, Beam 39 is thd 
low energy nuclear 
physics bean line. 

counting area space relieved the very congested con
ditions in this heavily used facility. Design and 
specificaion for the experimental requirements in 
the new E37 line were coapleted. Hagnets were built 
late in FY 79; final installation of elements is ex
pected by February 1980. The Moretto group will 
move their equipment to a new cave on this line 
(cave H) to relieve another very crowded area, 
cave J, presently being shared by Moretto and three 
other groups. 

The concrete pad between Bldg. 71 and the shop 
building, designed to accommodate a major new exper
imental facility, was completeo last year. A roof 
and craneway have been drawn up for this area and 
await plant funding approval. 

SupwHILAC Accelerator trnprovemtnu 
The new phase probe energy measurement system, 

designed and installed over the past few years, was 
augmented with more detector probes over the last 
year, particularly in the post stripper linac tank 
and the diaphragm areas between rf tanks. When 
fully functional, these will allow non-destructive 
measurement of phase differences between tanks for 
optimization of rf tuning. By the end of 1979, 
phase probe energy measurements were possible in the 
E2, E15, Ell and the E33 lines. The present manual 
system has a threshold beam current of about 250 nA 
peak. Planned improvements to the system should 
allow measurement of peak beams of about 25 nA. 

Experiments using time-of-flight techniques rely 
on short beam bunches (less than 0.5 ns). Various 
post-accelerator buncher schemes are under investi
gation to satisfy this requirement. Experiments 
were carried out to measure the longitudinal phase 
space and its dependence on rf parameters. Typi
cally, full energy HILAC beams were found to fill a 
phase space area of 70 keV-ns/amu. In order to do 
these measurements, the existing energy crystal 
(XTL) system has been expanded to allow for fast 
timing measurements and two-parameter data acqui
sition. Electronic time resolution better than 
GO ps has been achieved. 

Finally, feasibility tests on a liquid film 
stripper are underway to avoid the anticipated 
problem of short stripper foil life-imes with 
higher intensity beams. 

Bevatron/Bevalac Nuclear Science Facilities Development* 
Two issues were dominant at the Bevatron/Bevalac 

last year: continuation of the major reorganization 
of the experimental hall, and preparation for the 
launching in fall 1979 of full-scale cancer treat-
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Be 1 ow: 
The Low Energy 

Bea::. Line (Beam 391 
is designed to accom
modate the transition
al energy range from 
20 to 200 MeV/nucleon 
which connects tradi
tional nuclear physics 
to relativistic hoavy 
ion physics. 

Below right: 
The plastic wall, 

being assembled here 
by a collaboration of 
German and American 
researchers, consists 
of 160 timc-of-f1ight 
detectors. It will 
be used in concert 
with the plastic Ball, 
to be installed in 
FY 80, which adds 
another 815 modules 
to detect central 
collision fragments, 
while the particles 
emerging with small 
forward angles are 
identified in the 
wall. 

ment trials on a four-day-a-week therapy schedule. 
Significant successes were realized on both of these 
fronts. 

In the Low Energy Beam Line (Beam 39), all the 
magnets were installed, along with the scattering 
chamber, the cave area and the control house. The 
line was used for preliminary experiments, but fur
ther debugging will render it completely operational 
this year, when it becomes an important outside user 
facility. 

The new Zero-Degree Spectrometer Line (Beam 40) 
was reinstalled and operating as a very successful 
experimental facility. In one of its most spectacu
lar runs in 1979, over a dozen new isotopes were 
discovered in a 24-hour period with a calcium-48 
beam, itself a challenge to produce. This area is 
heavily used for fragmentation studies and cosmic 
ray calibrations. 

The Plastic Ball-Plastic Hall line (Beam 43) 
received concentrated attention toward the end of 
the year, in preparation for its initial runs in 
Fall 79 for the German-American collaboration 
(GSI-Marburg, LBL) which conceived it. Additional 
refinements in 1980 will improve beam purity. 

HISS 
Construction of the Heavy Ion Spectrometer 

System (HISS, Beam 42), progressed substantially 
during FY 79. This flexible dedicated user 
facility, designed for high momentum and spatial 
resolution and large solid angle, will consist of a 
large volume (1 m gap, 2 m diameter), high disper
sion (30 kGai;sf.) superconducting dipole magnet 
(525 tons); a r.ighly versatile, automated beam 
preparation system; computer system for experiment 

BBC 799-12305 
XBC 799-12372 
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control, data collection and on-line experiment 
monitoring and staffing for multi-user support 

The rotating assembly and the majority of steel 
for the large aperture HISS magnet were installed. 
Tests of the rotating mechanisms were successful. 
The first phase of HISS, the straight-through 
momentum-recombined transport line, will be ready 
for research in mid-80. Phase 2, the high disper
sion isotope loop, will be installed later. 
Bevalac Biomedical Facilities Development 

The patient therapy program began in small 
scale in the spring of 1979. Treatment delivery 
techniques, dosimetry, field shaping and instrument
ation were liberally borrowed from the successful 
development efforts over the past years at the 
184-Inch Synchrocyclotron. Considerable support 
from the accelerator operations staff was focused on 
achieving the necessary beam reliability for repro
ducible patient treatments. An example of such 
reliability was the successful completion of a 
24 week schedule of fractionated irradiations 
delivered for one radiobiology experiment. An 
advanced computer control system, brought on line 
in summer 79, provides for fast switching between 
two irradiation areas to allow simultaneous patient 
treatment and radiobiology, sophisticated data 
logging and operator interaction, and great flexi
bility for control and modification. Intensive 
accelerator staff support contributed to the inau
guration of full scale patient trials in the fall. 

XBL 7M-1203C 

Above: 
The KISS spectro

meter i s a joint 
effort by Bevalac 
rcaearchers to create 
and staff a dedicated 
user f a c i l i t y capable 
of preciaely identi
fying and Measuring 
the directiona and 
soaenta of siany 
particles fros one 
interaction. At the 
heart of HISS ia a 
large voluae [1 si 
gap, 2 * diaaeter), 
525 ton superconduc
ting dipole aagnet, 
auoaented by an 
autoaated beaa 
preparation systea 
and a data col lect ion 
and Bonitoring systes . 

Left: 
Installing the 

HISS Bagnet steel on 
its rotating base in 
Fall 79 was a aajor 
accocpl ishaent. 

17 



Right: 
In the radio

therapy room of the 
Bevalac Biomedical 
Facility, the beam 
passes through 
dosimetry and range-
modifying apparatus 
on the optical rails 
before entering the 
patient. A collima
tor, shaped to the 
treatment field 
prescribed by the 
radiotherapist, is 
located directly in 
front of the patient. 
With four treatment 
days pet week, 
patients receive 
their full course o; 
heavy ion therapy in 
fractionated doses. 
Belo' : 

In the biomedical 
control room, all 
beam del i v«*r}*, dose 
monitoring, and 
record-keeping is 
handled by corrpjter. 
However, redundant, 
computer-independent 
controls ate used to 
insure that the 
correct dose is 
delivered. Rapid 
beam switching 
between the two 
biomed jrradiation 
areas permits pa;ient 
treatments in one 
room, while bioloyv 
exper ir..jnts are 
conducted in the 
second room. 
Below right: 

A comfortable 
patient waiting and 
examination area has 
been created in the 
Beva1ac Bi omedi ca1 
Facility. 

BBC 798-10683 

A new radioactive beam - neon-15 - was success
fully produced during the year. It joins carbon-21 
as a tool for potential treatment verification tech
niques and other applications under study. 

A much needed X-ray CT scanner, funded by a 
grant from National Cancer Institute, was ordered 
ftom EMI for installation in Bldg* 55. Delivery is 
promised for mid-1980. This unit will be rotatable 
through 90° to permit tumor imaging in the actual 
treament position. Its use on-site will facilitate 
the operation of the treatment program and make 
possible standardization of treatment planning 
techniques. 

BBC 788-10243 BBC 788-10247 
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Bevatron/Bevatec Accelerator Improvmanto 
Dramatic improvements in the output of the Beva-

tron local injector have become extremely important 
in permitting flexibility in scheduling different 
ions to various experiments. Successful operation 
with a new extractor source geometry now produces 
currents of carbon up to 400/iA peak; all carbon 
radiotherapy is now done with this injector. Higher 
rf amplifier gradients and installation of new in
jection line quadrupoles have improved operational 
dependability. During FY 80 we will extend efforts 
directed at obtaining an acceptable neon beam from 
this injector. 

BBC 794-486E 

An important continuing project is to implement 
hardware and software changes necessary to speed 
switching of beam particle, energy and/or beam line 
Realization of significant progress in fast beam 
switching was essential for inauguration of the 
daily patient treatment schedule; typically, one 
ion, usually carbon or neon, is delivered to biomed 
four day shifts per week, while a different beam and 
energy is produced for nuclear science users during 
many evening and night shifts. 

High Intensity Uranium Beams 
Line Item Progress 

Authorization of construction for the High 
Intensity Uranium Beams line item was received on 
June 18, 1979. A thirty month overall construction 

Ion source develop
ment to improve the 
output of carbon ions 
fros the locsl injec
tor Is * continuing 
activity at the 
•evatrcn. 
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The SuperHIUC 
third injector sys
tem, consisting of a 
Cockctoft-walton 
pre-injector, two 
transport lines, and 
a low velocity 
wideroe linac, is 
shown in the layout. 
It is scheduled to 
begin operating in 
1981. 

and installation schedule is anticipated. The pro
ject is described in the Preliminary Design Report: 
High Intensity Uraniua Beaas fro* the SuperHIIAC 
and the Bevalac, Pub. S014, Feb. 1979 (rev. 11/79). 
The project consists of two major parts, a new very 
high mass injector for the SuperHILAC and an ultra 
high vacuum system for the B&vatron, plus modifica
tions to the transferline from the SuperHIUC to the 
Bevalac. 
SuptfHILACThkd Injector 

Construction work on the conventional facilities 
for the new injector (a Cockcroft-Walton pre-
injector towei enclosure, a power supply building, 
and an elevated beat transport deck) started on 
July 16, 1979 and is scheduled for completion by 
April 1980. 

An intense design effort for the third injector 
special facilities and equipment has continued 
throughout most of the year. Fabrication of most of 
the long-lead-time items had been initiated by 
summer 1979. Construction work was also started 
for the beamline oending magnets, quadrupoles and 
trim/alignment magnets, and orders were placed for 
the quadrupole and trim magnet power supplies. Hrst 
of the components for the Cockcroft-Balton pre-
injector and the beamline to the Wideroe linac will 
be fabricated in FY 80 and many of them assembled 
in the new building. The main tank and stubs of the 
Wideroe linac will also be built and installed. 

Although in FY 79 the ADAM injector test stand 
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was used for preparation of a rhodium beam and for 
ion source debugging, the central thrust of our ion 
source development work currently lies with the 
operation of the uranium test stand for the third 
injector. A GSI source was adapted, and pulsed 
supplies were aided or upgraded, all to probe the 
low charge to mass heavy ion species, such as U +5, 
w'-ich this injector is to supply. Acceptable eait-
tinces of solid and gaseous ion beaas were measured 
with intensities of several electrical •illiamperes, 
peak. 

Control requirements for the third injector 
include stand-alone control capability for the 
Cockcroft-Walton, Wideroe, and transport lines, and 
display o£ a larg : amount of beam-related informa
tion for operator use. Considerable etrort was 
directed to the planning, design and development of 
the new microcomputer control system for the third 
injector, and specific design work was initiated in 
detailing the operator control console, graphics and 
displays, and a new fiber-optic communication link. 
The overall system requires control of up to 80 ana
log and 300 boolean devices and will consist of 
commercially available hardware (20 microcomputer 
boards with 700 kilobytes total memory), in a star 
type architecture. Considerable R&D effort has pro
vided a sound basis for final design and implementa
tion of this approach to the entire third injectc. 
control system with the potential for expansion to 
control the other two injectors. In FY 80, compo
nents will be purchased and installation will be 
partly completed for the third injector control 
system. 

The transfer line between the SuperHIZAC and the 
Bevatron will have much of the engineering completed 
and construction will have started on the magnets 
which must be rebuilt. Many of the minor modifica
tions to power supplies and cooling systems will be 
completed. 
Bevatron High Vacuum Improvement 

The objective of the Bevatron Vacuum Improvement 
portion of the HIUB program is to achieve a vacuum 
of 10-10 torr in the Bevatron to prevent signifi
cant loss of the accelerated ion beam due to 
collisions with residual gas molecules. A new and 
improved means of achieving this goal was conceived 
during FY79 and was formally adopted after careful 
investigation. 

The new approach is to install a cryogenically-
cooled liner (cold bore) through which the beam will 
circulate inside the existing Bevatron vacuum 
chamber. The tangent regions will be maintained at 
77o K r while the innermost part of the quadrant tanks will be cooled to 12° K. At these tempera-



tures, the outgassing of the cryo-cooled surfaces 
is virtually zero. The resulting gas load within 
the beam circulation region of the Bevatron will be 
very significantly reduced. The 77° K surfaces 
will effectively "pump" C0 2, water and organic vapors, while the 12° K surfaces will pump K>2, 
02, CO and some other gasses. Hj» and to some 
extent He, will be pumped by activated charcoal sur
faces maintained at 120 K. The net effect is an 
enormous increase in pumping speed over the present 
system. 

The quadrant liner will consist of a curved, 
triple-walled rectangular tube with multi-layer 
super insulation between each layer to minimize heat 
transfer. The outer box will be exposed to the 
existing Bevatron vacuum in the 10-7 torr range. 
The intermediate box will be ccoleo to 770 R, and 
the inner box to approximately 12o K. The cryo-
cooled boxes will be constructed of copper-clad 
printed circuit fiberglass-reinforced plastic 
sheets. The copper surface is etched in a striped 
pattern to provide thermal conduction, yet permit 
the time-varying magnetic field of the Bevatron to 
penetrate easily. Tests conducted on a simulated 

The cold bore tank 
for the curved sec
tions of the Bevatron 
ultra-high vacuum 
liner consists of 
three concentric 
boxes, separated by 
superinsulation. The 
outer box is exposed 
to the existing 
Bevatron vacuum, the 
middle box is cooled 
to 77 c K and the 
innermost box to 
12° K to reach a 
vacuum of lO" 1 0 t o t t 

in the main ring. 
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section of the Bevatron liner confirmed that this 
concept readily achieves the vacuum goal. During 
the first part of FY 80, we will refine the final 
designs for the quadrant sections of the vacuum 
chamber. A full-size prototype section of the 
cold-bore quadrant liner will be tested in a vacuum 
chamber. The circuit board material will be 
purchased and etching and assembly will begin. 

Concentrated layout and design work will be 
completed on each tangent area, with fabrication 
beginning as each set of detailed drawings is 
finished. 

Advanced High Charge State 
Ion Source R&D 

The Accelerator and Fusion Research Division and 
the Nuclear Science Division of LBL are planning 
the construction of an advanced high charge state 
heavy ion source, to be used at the 88-Inch Cyclo
tron. Detailed studies have been made of the poten
tial of two sources - the Electron Beam Ion Source 
(EBIS) and the Electron Cyclotron Resonance (ECR) 
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source - which have been the subject of consider
able development in laboratories in France and the 
U.S.S.R. The EBIS source has been selected as 
having the greater capability tor producing the 
highest charge states, especially for the medium 
mass ions, to extend the performance of the 88-Inch 
in the 10-30 MeV/amu range. 

We have begun an intense R&D effort to build an 
experimental EBIS, with the goal of providing 
optimum design specifications for final construc
tion of an EBIS source for the 88-Inch Cyclotron. 
Preliminary design work, and observation of the 
EBIS operation at Saclay, France were conducted 
last year. 

Effort in FY 80 will be concentrated on building 
up a small EBIS test stand to serve as the develop
mental facility for the final device. Critical 
parameters to be investigated include electron beam 
alignment in the solenoid, magnetic field influence 
on the electron gun and the effect of space charge 
neutralization. The high electron beam compression 
inferred from the French experiments will permit 
high charge state production at 50 pulses/second 
and duty factors as high as 50%. 

The final EBIS will be funded as an equipment 
line item for FY 81, 82 and 83. A formal proposal 
will be submitted in September 1980. 

184-Inch Synchrocyclotron 
The 184-Inch synchrocyclotron operates as a 

dedicated medical accelerator. Helium ions accel
erated to an energy of 230 MeV per nuc .eon are used 
to treat pituitary gland diseases and various can
cers in human patients, as well as for parallel 
dosimetry and biology experiments. The uniform 
treatment field may be as large as 27 cm in 
diameter, and the Bragg peak extended to as much as 
14 cm. The dose rate exceeds 150 rads per minute, 
yeilding typical treatment times of one minute. 

During FY 79, the accelerator operated for 1009 
hours to provide 1,673 treatments to 102 patients. 
Reliability has continued to be excellent, with a 
total down time of 13-1/2 hours. Of the 18 
failures during the year, 9 resulted in less than 
1/4 hour delay for the medical program. Overall 
reliability was 98.7%. 

VENUS Project 
Looking toward the future research needs of the 

nuclear physics community, studies of a versatile 
heavy-ion facility have been underway at LBL for 
several years. The VENUS (Variable Energy Nuclear 
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Synchrotron) dual ring superconducting accelerator/ 
storage ring concept has been devised as the most 
versatile and economic solution to post-SuperHILAC/ 
Bevalac research priorities. VENUS will offer 
beams of all ions through uranium at energies from 
about 10 MeV/amu to 20 GeV/amu (with protons to 50 
GeV) in the fixed target mode, and from 2 on 2 to 
20 on 20 GeV/amu (approximately 1 TeV/amu fixed 
target equivalent) for colliding beam 
interactions. The 230 meter diameter VENUS rings 
Lit comfortably into the Laboratory site, with the 
SuperHILAC used as injector. 

I:': FY 79, a preliminary description of the VENUS 
concept was circulated (The VENUS Project, Pub. 
5025, June 1979), and several workshops among the 
heavy ion physics community have been or are being 
he\d, with the aim of refining performance require
ments. A construction proposal will be prepared in 
the near future. If construction began in FY 84, 
VENUS could be operating by 1988. 
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Schenmic layout 
of the vncus concept, 
with the rings sepa
rated to i l lus trate 
versat i le transfer, 
reinjection and 
extraction operations. 



Aerial view of the 
PEP site at the end of 
the Stanford Linear 
Accelerator snows 
work ir, p-oar.jss. 

Lower yard region 
of the Experimental 
Kail at Region 8 gives 
access for large 
equipment. &S*3 BBC eOl-d^G 
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ADVANCED ACCELERATOR STUDIES 
The Advanced Accelerator Group conducts 

programs in high energy physics accelerator R&D in 
pursuit of two objectives. The first is to support 
current accelerator needs for design and operational 
improvements; the second is to push the frontiers of 
accelerator theory and technology to supply the 
foundation for new principles and techniques for 
future high energy physics applications. Currently, 
this group's efforts are represented by four 
programs: PEP research and development, high field 
superconducting accelerator magnets, stochastic 
beam cooling, and accelerator theory. 

Positron-Electron Project (PEP) 
The fiscal year 79 marked the third year of 

construction for the PEP (Positron-Electron-Project) 
project with major components of the facility 
nearing completion. All conventional facilities 
were completed, installation and testing of all 
technical components was in maximum progress, and 
the various experimental detectors were being 
assembled in the interaction halls. 

First tests of the injected beam transport 
system took place in the early part jf the year. In 
November beam was injected successfully into the PEP 
main ring. The first circulating beam is expected 
in March 1980. Although this is several months 
behind the working schedule of the past year, it is 
on-schedule with respect to the April 1980 date pro
jected in the original PEP proposal schedule. The 
project has been maintained within its total 
projected cost of $78 M. Various aspects of the 
PEP project and other research and development 
activities are described below. 

PEP In Brief 
PEP, a joint venture by scientists and engi

neers from LBL and SLAC, is a six-sided storage-ring 
facility currently being constructed at the end of 
the two-mile-long linear accelerator at SLAC. 
Basically, the project will provide a storaqe ring 
in which counter-rotating beams of electron.; and 
positrons will circulate for several hours and 
collide head-on with energies up to 18 GeV per beam. 
The collisions take place at six points spaced 
symmetrically around the ring. Various experimental 
devices will surround these collision points to • 
analyze the reaction products. I 
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The ring tunnel scribes a circumference of 
approximately 1.4 miles and varies in depth between 
20 and 80 feet below ground. The curved sections 
contain the bending magnets, which constrain the 
beams to their closed orbits, while the straight 
sections hold the radiofrequency .avities, injec
tion magnets, and various instrumentation. The 
interaction halls (and beam collision points), 
which partially protrude above ground, are at the 
mid-points of the six straight sections. 

In a typical interaction hall, half of the 
building is above ground and half below. The hall 
has two sections: the below-ground portion, con
structed of heavy concrete walls, and an outer metal 
frame building. A concrete block shielding wall and 
a movable crane-operated concrete curtain separate 
the two areas. Operational experiments will be 
located within the shielded enclosure that inter
cepts the PEP tunnels. The outer structure allows 
heavy equipment access for assembly and repair of 
experimental devices while the beam is in operation. 

Progress of PEP Conventional FacMttM 

The beam tunnel 
from region 9 to 11 
was the last portion 
to be ompleted. 

During FY79, the last three of five conven
tional facilities subcontracts were essentially 
completed. The major Beam Housing Subcontract was 
finished sfter completion of the last of four 
concrete interaction halls (at Region 2) and the 
remaining beam tunnel structure in Regions 9 
through 11. Excess ground water in the area of the 
newly-mined tunnel from Regior 9 to 11 required the 
installation of additional water collectors and 
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water sealant to control undesired seepage. In 
each interacuion/assembly hall a radio-controlled 
50-ton overhead traveling crane was installed, 
followed by a 107-ton concrete shielding curtain 
which was formed and poured on the hall floors and 
then hoisted into place 40 feet in the air. The 
movable curtains are mounted on rails near the hall 
ceiling. A system of shielding blocks is first 
stacked up to the limit of the crane hook height. 
The movable curtain is then towed by the crane into 
place directly above the blocks to completely seal 
off the experimental area and effect a safe 
radiation barrier. 

Except for minor items, the Support Facilities 
Subcontract was finished with the construction of 
seven steel-framed support buildings, ranging in 
size from 440 to 12,300 sq. feet, and three assembly 
buildings. One support building is located at the 
upper yard of each interaction area and houses 
various combinations of instrumentation and control, 
rf and magnet power supply equipment. The seventh 
and smallest building is located at the symmetry 
point of Region 7 and houses equipment for monitor
ing beam luminosity. PEP's main control and 
computer room is housed on the Region 8 building 
along with upstairs offices and laboratory space. 
The interior framing of support buildings 4 and 12 
allows for the future economical addition of a 
2,650 sq. foot second floor mezzanine. 

Two of four counting houses were noaring com
pletion at the fiscal year's end. Thes<j 50" x 50' 
two story buildings, located at the lower yards of 
Regions 12, 2, 4 and 6. will house computers and 
electronic equipment that will control and monitor 
the various PEP experiments. 

Installation of all conventional utilities 
including lighting, electrical power, fire detection 
and sprinklers, cable trays, vacuum and magnet cool
ing water, compressed air and a liquid level system 
was completed last year for all 2.2 kilometers of 
the PEP Beam tunnel. The mechanical systems include 
pumps, ion and heat exchangers, surge tanks, filters 
and controls. The electrical portion includes 
transformers and switchgear that service all PEP 
technical systems. 

Paving and landscaping, while not essential 
for beam turn-on, were also completed in FY79. The 
access roads and lower yards of each region received 
four inches of asphaltic paving to support the heavy 
loads of experimental detectors outside the experi
mental areas -.;hile the Ring Road and upper yards 
receive'1 a double seal coat surfacing because of the 
more normal traffic loads expected. 

The landscaping work involved the planting of 
approxiately 1200 native trees and shrubs including • 
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The upper bean 
line, emerging fro* 
the south injection 
tunnel, is one of two 
mirror~jmage 220 meter 
long transport lines 
Cor positrons and 
electrons. The line 
descends toward the 
PEP storage ring 
below, and joins the 
main ring some 
35 meters downstream. 

oaks, willows and California redwoods. This new 
greenery will help blend the PEP facility into the 
surrounding topography and create a pleasant envi
ronment for the facilities. 
PEP Beam Transport and Injection Systems 

Another of LBL's responsibilities is the beam-
transport and injection system, rfere the task was 
to design and build a system to switch the appro
priate electron and positron beams out of the many 
beams emerging from the two-mile linac, to transport 
them to the PEP tunnel, and there to launch their 
orbits in the storage ring. 

Two beam lines are required, one for electron 
beams and the other for positrons, totaling over 
400 m in length. Seventeen different magnet designs 
were used for a total of 108 magnets. Also, some 
120 devices were made for monitoring, analyzing, and 
controlling the beam. Threading through the entire 
beam-transport line is a vacuum system made up of 
several hundred components. 

The first installed beam line magnets were 
powered in January 1979. This major PEP milestone 
was achieved a full month ahead of schedule. Beam 
tests using electron and positron beams from the 
linac began in February and were immediately 
successful, operating almost exactly as designed. 
The south injection line was extended to the 2/3 
point and Successfully tested with beam in June. 
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In November the complete south line was tested. In 
each test, the beam was quickly and easily steered 
through the line and delivered with good trans
mission and correct optical quality. These tests 
proceeded so well that beam operation was soon 
transferred to the Main /Control Center staff. A 
steady, high intensity 10 GeV positron beam was 
delivered via this line for the successful November/ 
December beam-launch tests in the PEP ring. 

The north line was completed to the 2/3 point, 
and it, too, was ready for beam in November, 
although beam tests were delayed because the 
personnel protection system in that area of the PEP 
tunnel was incomplete. 

The PEP beam lines have been useful also for 
monitoring and analyzing other linac beams. The use 
of a scintillator screen at a point of high energy 
resolution allowed the first (unplanned) detailed 
observation of the phenomenon of beam breakup during 
the testing of the south beam line. A subsequent 
run was scheduled for just this purpose. The line 
was also used as a convenient monitoring point for 
tests related to the proposed single pass collider 
system. 
PEP Survey and Alignment 

The development of the PEP Laser Surveying 
System was completed early in FY79, and was put into 
operation after a short period of testing. After a 
surveying crew was trained, most of the 700 magnets 
in PEP were aligned in the second half of the fiscal 
year. The Laser Surveying System is unique in that 
the recording and analysis of survey data are 
entirely computerized. Even the operation of the 
specially built surveying instruments is cued by an 
on-line computer. 

Early in the year, a network of approximately 
twenty survey monuments were constructed on the sur
face of the PEP site and were accurately surveyed. 
Twelve primary survey monuments in the PEP tunnel 
were then located by surveying through vertical 
penetrations and by tying these monuments to the 
surface networks. Subsequently, ninety additional 
survey monuments in the PEP tunnel were surveyed and 
then used as reference points in aligning beam ele
ments horizontally. The use of sopisticated instru
ments and computers makes the Laser Surveying System 
very easy to operate and has resulted in unsually 
rapid and accurate magnet alignment. 

A special instrument, the PEP Liquid Level, 
consisting of a series of half-filled water con
tainers, which are connected by a water-filled 
pipe, was permanently installed around the entire 
PEP Ring. During operation, the levels of the 
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Below eight: 
The electronic 

components of the PEP 
Laser Surveying Sys
tem are transported 
and operated around 
the site via an 
electric vehicle. 

Below: 
Over 100 Liquid 

Level readouts, con
nected by water-filled 
pipe for reference 
elevations, are perma
nently installed 
around the PEP ring. 

water surfaces within the various containers are 
used as reference elevations in the alignment of 
beam elements. The Liquid Level was found to be 
very accurate and easy to use, with typical 
accuracy o€ 0.1 mm or better. 
Thwxy and Computation 

The LBL/SLAC alignment program ALIGN was 
further developed on the SLAC IBM triplex system and 
used to simulate and develop a beam alignment system 
for the PEP storage ring. The use of ALIGN to 
correct simulated survey and position errors led to 
the development of an appropriate orbit correction 
scheme and the determination of the corresponding 
corrector strengths. The program was also used in 
conjunction with the SYNCH program to study the 
orbit properties of the corrected machine and 
compare it with those of a perfect machine. 

At the request of the ISR division at CERN, 
ALIGN was brought from SLAC to CERN and appropriate 
modifications were made to enable it to run on their 
IBM computer. ALIGN was then updated to handle the 
large number of magnetic elements in their proposed 
electron-positron colliding machine LEP. 

The construction of Isabelle produced a re
newed interest in the beam-beam problem in colliding 
beam storage rings. A report summarizing much of 
the unpublished work done at LBL was written and 
papers pertaining to the beam-beam phenomena were 
presented at a Symposium on Non-Linear Dynamics and 
the Beam-Beam Interaction at Brookhaven National 
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Laboratory. Experiments at SPEAR and analyses have 
been made in collaboration with SLAC toward the 
understanding of the "flip-flop" beam-beam effect. 
The phenomena occurs at high shift values where one 
of the two equal intensity (e+ and e -) beams 
blows up vertically more than the other beam. Var
ious adjustments (e.g. rf cavity phase difference) 
cause the beams to reverse their roles. A detailed 
investigation has summarized the contributing 
factors to this effect. 

Considerable attention was directed to the PEP 
computer control systems. The two control computers 
as well as the seven regional computer systems were 
installed and put into operation. Work is in 
progress on the various control and diagnostic 
programs. Efforts will continue into FY80 on 
debugging the control systems as PEP comes into 
full operation. 

A new lattice design for a potential electron-
proton system for PEP was made in which the proton 
ring vertically crosses the current electron ring 
system. This avoids the substantial synchrotron 
radiation from vertical bends in the electron-
positron lattice. Separation of the beams is 
achieved with septum dipoles and quadrupoles in this 
design. 
Magnet Power Supply Syttems 

The PEP Magnet-Power-Supply Group was in the 
production, installation, and testing phase of the 
project during the last year. The major production 
contracts and internal lab installation work 
proceeded as planned, within budget and delivery 
constraints. This is largely the result of adequate 
prototype debugging and testing ifter the develop
ment phase was completed. Testing of all production 
units was done at both LBL and SLAC before the 
equipment was installed. 

In the two "turn-on" dates successfully met 
during the year—the South Injection Transport 
system (SIT) beam tests in March and the partial 
Main-Ring beam tests in November—the power supply 
equipment performed according to expectations, with 
a minimum of down-time due to failures. The final 
turn-on date to be achieved is scheduled for the end 
of March 1980, when the North Injection Transport 
system (KIT) and the whole ring will be tested. 

All of the main ring power supply equipment 
had to be fabricated and tested in order to run the 
partial ring beam tests in November because the 
various types of supplies are built as production 
runs, and some of each type were needed for the 
tests. The major component of the ring power supply 
system, the 26 "chopper" suplies fed from two 2 MW 
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DC supplies, were completely installed in the Region 
S Surface Building. The 2 dipole and 12 quadrupole 
magnet supplies were used in the test, so only the 
11 sextupole supplies and 1 wiggler supply remain to 
be operated with the ring magnets in March. Because 
only 1/12 of the ring was used for the November 
tests, the DC and chopper supplies had to operate at 
low voltage levels to achieve the required 10 GeV 
operating currents. Their performance at the 0.01% 
current regulation level under low voltage operating 
conditions was very encouraging in looking toward 
full ring operation. 

While the chopper system represents the bulk 
of the power used in the main ring magnet system, 
the 182 trim and steering power supplies account 
for the majority of the 242 power supplies fabri
cated for the whole PEP system. They powet all the 
vertical and horizontal steering magnets throughout 
the ring and injection systems and "trim" the 
magnetic fields of the insertion quadrupole magnets 
used at each interaction region (IR). 

The trim and steering supplies were fabricated 
and assembled by contractors on three separate pur
chase orders to our specifications. The design and 
development work was done at LBL so the specific 
units were already known to perform to the required 
0.1% current regulation level. All the units for 
PEP have the same power ratings. The magnets were 
designed to match their capabilities. From an oper-
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ating and maintenance point-of-view, the advantages. 
of only one type of TfcS unit outweigh costs due to 
an imperfect match between power source and load. 
The units have a 60 KHz unity gain bandwidth to 
provide high performance, wideband current 
regulation. 

The chopper power supply system represent.- a 
major thrust into new technology in the high perfor
mance, current regulated, magnet power supply field. 
This is the first application in which multiple 
choppers, operating at a 2 KHz repetition rate, with 
a combined power capability of 4 HI), have been oper
ated from only two DC sources. The performance 
advantage of this new system is that it is as power 
efficient as existing multiple phase, ph.ised back, 
AC line commuted power supplies, but without the 
disadvantages of limited bandwidth, poor pover 
factor, and 6 Hz sub-harmonic ripple in the magnet 
current caused by three phase line voltage im
balance, or firing circuit imbalance. The chopper 
system performance instead approaches that of a 
transistor bank system, but without the high cost 
and maintenance problems associated with multiple 
transistors. The results so far are very encour
aging, with no problems from electrical noise from 
the fast switching "chopped" magnet voltage. 

The cost per KW of the chopper system, includ
ing the large DC supplies, extensive protective 
apparatus, and 26 separate choppers with 16 bit com
puter control, was 560/KW. This is less than the 
cost of lower-performance standard three-phase, 
full-wave bridge supplies, which are currently at 
least $100/KW in this size and quantity. 

PEP Interaction Region Quadnipote Magnets 
The PEP storage ring has six interaction 

regions equally spaced around the ring, at whi^h 
experiments can be performed. A pair of quadrupole 
magnets is located on both sides of each interaction 
region. These magnets focus the circulating 
electron/positron beams to small size at the inter
action point. 

Achievement of high event rates for the 
experiments requires that the circulating beams be 
focused very accurately. This means that the 
magnetic field pattern in these magnets must ha very 
precise. Specifically, for any ray within tlie beam 
envelopes, the line integral of the magnetic field 
value must agree with the theoretically correct 
value within approximately two parts in a thousand. 
This is comparable to the magnetic field accuracies 
associated with spectrometer magnets. 

Development of magnets of this precision 
required special considerations in computation, 
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The B2 bending 
magnet directs 
electron and positron 
beams from the linac 
into the two PEP in
jection lines. The 
straight-through line 
delivers bean to the 
SLAC experimental 
area. 
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This typical 
section of the PEP 
ring includes dipole 
magnets to bend the 
beam (tear and fore
ground), and a quadru-
pole «nd sextupole 
magnet for focusing. 

A close-up end1 

view of a PEP inser
tion quadrupole shows 
the precisely con
toured pole tips and 
the water and power 
connections. A pair 
of these high pre
cision magnets is 
located At each side 
of the six interaction 
regions tc focus the 
beams to small size. 
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design, fabrication, inspection and Magnet measure
ment. Initial magnet measurements guided trimming 
of the poletips to achieve better field quality. 
Field errors can be expressed as harmonic coeffi
cients; all of the coefficients are well below one 
part in a thousand. 

Radiation Studies 
In order to assess long-term aspects of 

synchrotron radiation near the PEP ring elements, 
cooling water hose? and various electrical and 
signal cable elements are being irradiated with ex
posures from 108 to 109 rads via 6 n C o sources. 
Dosimetry studies are being planned in the PEP 
tunnel with a system of LiF chips. The radiation-
induced increase in optical absorption at several 
wave lengths is used as a measure of the absorbed 
dose over a range from 104 to 10^ tads. 

Rare Earth Magnets 
A new design principle has been developed that 

allows the construction of strong rare earth cobalt 
(REC) multipole magnets. Taking advantage of the 
specific properties of commercially available REC 
material, guadrupoles with good field quality can 
be made with a field of 1.2 tesla at the magnet 
aperture. A prototype quadrupole, to be used in a 
linac, has been built by industry, and it performs 
exactly as predicted by analytical calculations and 
computer evaluation with the program PANDIRA. The 
most prevalent anticipated application is in linear 
accelerators, since these quadrupoles can produce 
gradients in small apertures that are not achievable 
in any other way. 

More recently, the REC quadrupoles have been 
proposed as interaction region final focusing ele
ments for the Single-Pass-Collider program. They 
are uniquely suited for this application as they 
can be placed inside a detector solenoid without 
significantly perturbing the detector field outside 
of the quadrupole. They can thus be placed very 
close to the interaction point to achieve maximum 
luminosity. In addition, the REC quadrupoles have 
three-dimensional fringe fields that are intrins
ically free of t.jwanted harmonics, and therefore 
maximum field quality can be maintained - an 
essential aspect of the single-pass-collider system. 
In collaboration with Stanford, a linear R£C array 
is being designed and fabrication at LBL for use as 
an undulator at SPEAR. 
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High Field Superconducting Accelerator Magnets 
HIGH FIELD SUPER
CONDUCTING MAGNET 
STAFF 
C. Laabertion (in 
charge), A. Borden, 
S. Caspi, J. Cox, G. 
Doscher, w. Eaton, w. 
Gilbert, J. Holl, 
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T. Purtell, 
J. Rechen, R. Schafer, 
R. Warren, W. uilaon. 

This was the first year of the LBL high field 
superconducting magnet program that began shortly 
after the completion of systems tests on the ESCAR 
project. That work on total superconducting syn
chrotron systems based on rapidly pulsed 4.5 tesla 
magnets provided a realistic and comprehensive back
ground for the magnet development group. 

The creation of high field magnets, from 7 to 
10 tesla, for future high energy physics accelera
tors is the goal of LBL's development efforts in 
superconducting magnets. This effort is a response 
to the heavy reliance of the overall U.S. HEP pro
gram on superconducting magnet technology and the 
need to develop maximum fields, high reliability 
for accelerator systems, and minimum capital and 
operating costs. Other labs are fully occupied 
with specific practical goals in the 4-5 tesla 
region. LBL is in a unique position to pursue the 
R&D necessary for the next generation of accelerator 
magnets in the 7-10 tesla range. The addition of a 
comprehensive research effort in new superconducting 
and structural materials, conducted by experts in 
LBL's Materials and Molecular Research Division, 
adds to our confidence in reaching these high field 
goals. 

Test facilities for measuring materials 
properties, conductoi characteristics, and magnet 

A new magnet coil 
tructure for fields 

ve 5.5 tesla is 
ing wound for test-

ng by the high field 
uperconducting magnet 

group, 
e wrap of Mylar 
rips separates coil 
yers to allow 

ete permeation 
'th liquid helium. 
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models have been set up for use in the new range of 
field levels and forces. A 5000 pound mechanical 
test machine has been equipped to measure at 
4.2° K; it has already been used at this tempera
ture to measure the mechanical moduli of coil compo
sites used in existing magnets ar.3 some new coil 
structures for higher-field models. Short sample 
measurements are being made, and solenoids testing 
future windings have been measured in fields up to 
8 tesla. The magnet test stand previously used for 
ESCAR dipoles has been operated with added mechan
ical and electrical instrumentation. 

Magnet Coil Pre-Stress and Training 
Dipoles from the ESCAR project exhibited pre

mature quenching when first excited, required many 
quench cycles to reach 4.0 tesla, and failed to 
reach their sbort sample limit o.. 4.56 tesla (some 
magnets attained 4.3 to 4.4 tesla after training). 
Detailed analysis of the coil structure after me
chanical pre-stress applied in assembly led us to 
conclude that: insufficient pre-stress nad been built 
into the magnet series. We systematically increased 
the pre-stress on existing coils, retested the 
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magnets, and correlated the training behavior with 
the initial state of coil pre-stras«s. At the final 
design pre-stress, short sample performance of 
the magnet was achieved. This confirmation of the 
coil pre-stress theory serves as a base for our 
higher field designs. 
MmchMicml MmMuiwiimnts of CoN Struduro 

A 2.5 ton Instron mechanical test -_=hine has 
been instrumented to record both compressive stress 
and strain to + 0.1% from room temperature down to 
liquid helium temperature. Extensive compressive 
tests have be?n made on samples of our coil struc
ture uncer various combinations of compression (as 
during mtgnet assembly) and cooling. Since the coil 
structures are compound and contain organic mater
ials, in addition to the superconductors, the 
mechanical responses are most complex and history-
dependent. New coil structures have been fabricated 
and a broad measurement program is planned. 

A 25 ton mechanical test machine has been 
purchased and personnel from the Materials and 
Molecular Research Division will carry out an ex
panded materials test program. 
HtghwFttMDIpalM 

Using one of the newer, more rigid, coil 
structures mentioned above, a dipole, c.-.Iied D-5, 
has been fabricated. This magnet is physically 
similar to the older dipole series (D-4) but the 
short sample limit has been raised from 4.5 tesla to 
5.5 tesla at 4.20 R and to 7 tesla at 1.8° K. 
Designs for smaller bore dipoles with 4.2° K short 
sample limits ranging from 7 to 8.5 tesla have been 
evolved and preparation of fabrication tooiing has 
begun. 

Filamentary Nb 3sn, made by the bronze process by Airco, Inc., has been purchased in unreacted 
wire form. An additional contract has been let to 
Airco to cable this wire into a Rutherford cable. 
In FY 1980, we will start fabrication tests aimed 
toward use of this material in a wind and re'-t 
process. 

Superfluid Helium II Facility — 1.8°K Operation 

A major new area for superconducting research 
has been opened by the successful operation of our 
pressurized Helium II facility which came inio oper
ation at the end of FY 1979. The helium II ve.< ;el 
is approximately 1.4 meters high by 0.4 meter n 
diameter and accepts one of our full size dipci.es, 
without the return iron. With the dipole in flace, 
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90 liters of helium are in the low temperature 
Dewar. Working with superfluid helium II at 
1-80R, the system is pressurizf' to one atmosphere 
with greatly improved heat transfer and energy 
absorption characteristics. 

Initial training experiments with an existing 
dipole show dramatic improvement in performance if 
the magnet is first energized at 1.8OK rather than 
at 4.20R. Training can be greatly accelerated, or 
possibly even avoided, by this method. 

Beam Cooling 
A program of experiments and studies on 

stochastic beam cooling was started early in FY 72. 
The term "beam cooling" refers to any process that 
increases the phase-space density of particle beams. 
The stochastic method is a rapid electronic feedback 
scheme in which statistical fluctuations in the 
motions of a circulating stream of particles are 
detected, amplified, and reapplied to the beam as 
corrective forces. The process was pic ered in 
Europe, and the LBL work is intended to establish 
expertise in the technique in the United States, as 
well as to advance technology. The goals of the 
continuing program are now expanded to include 
specific design and development work for the_utiliz-
ation of stochastic cooling in the Fermilab p-p 
Collider Project. 

A plan was defined early in the year to carry 
out a series of experiments in cooling the 200 MeV 
proton beam at the Fermilab cooling ring. Hardware 
components of advanced design were fabricated during 
the year in preparation for their shipment to 
Fermilab. Two complete systems were built, one for 
longitudinal (momentum) cooling and one for rapid 
transverse (vertical) cooling. 

The amplifier systems are characterized by 
very low effective noise level, high gain, large 
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«rtson (in 
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The bean path in 
the Fenilab cooler 
ring is curved while 
the signal follows a 
straight path. This 
allows the signal fron 
a pickup electrode to 
reach its kicker in 
coincidence with the 
beam. 

41 



Below: 
The extremely weak 

signal {10-12 w att> from intensity varia
tions in beam posi
tion must be increased 
through a chain of 
low-ncise amplifiers. 
With careful selec
tion of components. a 
final signal of 100 W 
after a delay of only 
55 nsec has Deen 
proo 'ce:l. 

Below right: 
Continuous beam 

cu~rent, with normal 
random variations in 
intensity, passes 
thro»^!, this longitu
dinal pickup. A 
signal from these var
iations grows as it 
progresses down the 
helical conductor at 
the same rate as the 
bean. The signal is 
then amplified and 
used in a downstream 
kicker to snooth out 
the beam cur rent. 

SBC 794-4856 

bandwidth, and short delay. Two similar systems 
with remote controls for gain and delay have been 
assembled from carefully evaluated components to 
provide a gain of 140 dB over a frequency band from 
50 to 300 MHz. The amplifiers are all solid state 
and deliver 70 watts with 55 nanoseconds overall 
system delay. Power amplifiers of a new type, uti
lizing electron-bombarded semiconductors, promise to 
provide more power with reduced delay; attempts are 
in progress to obtain these for evaluation. The 
preamplifier must operate with signals at or below 
thermal noise level, about 10-12 watts. A wide
band preamplifier with a 1.8 dB noise figure has 
been employed. The design of preamplifiers operat
ing at cryogenic temperature is being pursued to 
further reduce tne noise level. 

The longitudinal system requires an electronic 
filter to discriminate the signals of off-velocity 
particles. Cable for this filter has been procured 
and circuit network? are in design and evaluation 
This filter must be stable and precise; development 

MC 7J0-137S0 
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of this component will be an important element in 
improving the cooling systers for the Fermilab anti-
proton precooler. 

The performance of the stochastic cooling 
scheme is limited by the very low level of signals 
detected by the beam pickup electrode. To maximize 
this signal, pickups of traveling-wave principle 
have been devised at LBL for the Fermilab e-^^ri-
ments. In traveling-wave electrodes, the phase 
velocity of the signal is made equal to the beam 
velocity; then, in a single, long structure a 
growing wave is generated and delivered to the 
preamplifier at the downstream end of the electrode. 
A vertical pickup of this type, 3.5 meters long, has 
been constructed to match the relatively low-
velocity (beta = 0.57) of the 200 MeV protons. This 
low-velocity structure will produce a signal power 
100 times greater than would an equally long array 
of discrete pickups of the type used in the most 
recent cooing experiments at CERN. This enhanced 
pickup efficiency will be utilized to attempt drama
tically reduced cooling times, in the neighborhood 
of 0.25 second. A helical traveling-wave pickup of 
1.8 meters length has also been constrrcted for 
longitudinal signals. At year end, these pickups in 
bakeable high-vacuum enclosures were being vacuum 
checked before shipment to Fermilab. Efforts are 
underway to explore the extension of these pickup 
concepts to the higher-velocity range of the anti-
protons to be cooled in the Fermilab precooler ring. 

The sigr.al pickup 
and kickei electrodes 
"->r the stochastic 
cooling experiment are 
enclosed in tjnks 
which are cleaned by 
baking befo.e replac
ing existing portions 
of th» cooling ring. 

Publications 

Invited Paper - sto
chastic Cooling - APS 
Washington Meeting, 
L. Smith, April 1979. 

High Energy Election 
Cooling to Isprove 
the Luminosity and 
Lifetime in Colliding 
Dean Machines, D. 
Cline, A. Garren, H. 
Herr, F. Hills, C. 
Rubbia, A. RuggLero, 
and D. young, IZEE 
Trans, on Nuclear 
Science, Vol. KS-26, 
P- A12. 1979. 

Stochastic Cooling at 
the Fermi lab Cooling 
Ring, Proposal to 
FNAL, AlFRD S*.aff, 
November 1978. 

A Transmission Line 
Model for the Trans-
vecse Pick-up 
Electrode, L. 5=1ch, 
BBCOH-13. January 
1979. 

Low-Noise Wjde-Band 
Amplifier Systems for 
Stochastic Bean Cool
ing Experiments, B. 
Leskovar and C. C. Lo, 
BECON-12, LBL-9641, 
October 1979. 

Low-Noise Power Ampli
fier Considerations 
for Stochastic Cooling 
Systems, B. Leskovar, 
BECON-4, November 
1978. 

Design Report: The 
Fermilab High In
tensity Anti-Proton 
Source, A. Garren, 
October 1979. 
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L. Smith (in charge), 
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Publications 

Transverse stochastic 
Cooling, J. Bisognano, 
BECON-9, October 1979. 
vertical Transverse 
Stochastic Cooling, 
J, Bisagnono, BECON-
10, (LBID-119), 
October 1979. 

Kinetic Equations for 
Longitudinal Stochas
tic Cooling, J. 
Bisognano, BECON-H, 
(LBZD-140J, October 
1979. 
A Transmission Line 
Model for the Trans
verse Pick-up 
Electrode, L. Smith, 
BECON-13, December 
1979. 

Lattice for a Relati-
vistic Electron Cool
ing Ring, A. Garren 
and H. Herr, BECON-5, 
November 197B. 

A Sextupole Magnet 
Correction System for 
TARN, A. Garren and 
A. Noda, INS-NUMA-14, 
August 1979. 

Chromaticity Correc
tion in Circular Ac
celerators and Storage 
Rings Part I - A Users 
Guide to the Harmon 
programs, M. Donald, 
PEP-311, July 1979. 

Design Study of a 22 
to 230 GeV e +e" 
Colliding Beam Machine 
CLEP), The LEP Study 
Group, CERN/ISR-LEP/ 
79-33,22, August 1979. 

Kicker electrodes of traveling-wave design have 
also been fabricated. Here the greater efficiency 
reduces the required amplifier output power. 

During the year, the LBL group has participated 
in design efforts at Fermilab to define the anti-
proton collection systems of the Colli ler Project, 
particularly in the precooler lattice and stochas
tic cooling system. The experimental work will 
attempt to exercise the cooling parameters over a 
range that will test the theoretical and computa
tional analyses. 

Accelerator Theory 
Stochastic Cooling 

A particle simulation program was used to 
investigate the transverse cooling mechanism under 
extreme conditions of a small number of particles in 
good and bad mixing situations, for the purpose of 
providing clues to a proper analytical treatment of 
the process. Among other things, it was shown that 
the scrambling of longitudinal momenta necessarily 
accompanying the time varying transverse deflections 
by the kicker provides an effertive mixing mechanism 
for small momentum spread, a point vhich had not 
been recognized in previous analyses. A theoretical 
model in which the Vlasov formalism was extended to 
includa two-particle correlations was then developed 
to rigorously describe the various aspects of the 
problem in a consistent way; we believe the theory 
of cooling in the vertical plane is now complete. 

Because of the increasing interest in 
accomplishing momentum cooling at an early date, a 
similar technique was applied to that case, and we 
now have a formalism to describe momentum cooling as 
well. The next step will be to compare theory with 
the results of the experiments, which will be under
way in FY 80. 
Synchrotrons and Storage Rings 

A substantial amount of work has been done on 
the design of magnet configurations, both for LBL 
projects and in assistance to other laboratories. 
In addition to preliminary work on VENUS, which 
included a study of possible collective instabili
ties, a new design for a proton-electron option to 
be added to PEP was developed. Contributions were 
also made to the concept of the single pass 
electron-positron collider, which is currently 
favored as the next step in an expansion of the PEP 
facilities at SLAC. 

In collaboration with other laboratories, a 
low-beta (i.e. small beam size) modification of an J FNAL doubler straight section was designed for 
future use in a p-p colliding beam configuration, 
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as well as a precooler-accumulator ring for collect
ing antiprotons. A small electron storage ring, 
applicable to both FNAL and CERN, was designed for 
the purpose of cooling high energy protons and/or 
antiprotons in a colliding beam storage mode. 

Also cooperative assistance was extended to 
the University of Tokyo to provide them with our 
computational programs and assist in refinements of 
the design of the proposed 4,5 GeV/nncleon heavy 
ion synchrotron (NUMATRON). 
Heavy Ion Fusion 

Having completed considerable preliminary work 
on transverse stability in the transport of intense 
beams in advance of experimental results, attention 
has turned to the study of longitudinal motion and 
specific problems related to the design of the pro
posed test bed accelerator. A mode analysis of a 
self-consistent distribution in longitudinal phase 
space for a beam in a smooth, perfectly conducting 
pipe shows that all modes are stable, in contrast 
to the instabilities which appeared in the corre
sponding transverse problem. However, the acceler
ating modules in an induction liiiac present a strong 
resistive impedance to the beam, a situation which 
is known to cause instability for bunched beams in 
high energy circular accelerators but has not yet 
been demonstrated theoretically. Because the para
meter range applicable to HIF is so different from 
that of high energy proton rings, we have tried (but 
have not succeeded) to find an analytic explanation 
of the effect and to make a computational study 
using our code for solving the one-dimensional 
Vlasov equation. This work is still in progress. 

In connection with the test bed design, a 
procedure has been developed to determine the 
voltage wave forms on successive accelerator modules 
required to capture and bunch the injected beam 
while keeping the current profile in space and time 
as useful as possible. The bunching rate is con
strained by transverse focusing requirements, both 
in maximum tolerable current and in the tolerance 
of the focusing system to an energy ramp in the 
beam. The program is being extended to describe 
realistic voltage wave forms and the effect of 
errors in timing and wave r,hape. 

On the subject of final focusing, the work on 
third order aberrations was brought to a close with 
the formulation of a criterion specifying the toler
able emittance in the absence of octupole correc
tions . The problem of transporting the beam through 
a series of bending magnets to suppress chromatic 
aberrations received a first treatment with a 
simplified model for space-charge effects; this 
model will be developed further in the coming year. 

•cam Transport and 
Hatching for Experi
ments with a 2 HeV 
Cesium Beam, A. 
Garren, HIFAN-95, 
October 1979. 
Longitudinal Hotion 
in High Current High 
Energy Heavy Ion 
Seams, D. Neuffer, 
HI FAN-"J 7 ILBL-8387), 
<PAC paper}, Karch 
1979. 
Stability of the 
Standard Longitudinal 
Distribution in a 
Periodic Transport 
System, D. Neuffer, 
HIFAN-U, March 1979. 
Stability of the 
Standard Longitudinal 
Distribution in a 
Periodic Transport 
Sya.<*i - Numerical 
Analysis, D. Neuffer, 
BIFAK-85, June 1479. 
Ribbon-Beam Drift-Tube 
Linacs, W. fferrmanns-
feldt, HIFAN-89, June 
1979. 
Stability of a Kap-
chinskij-Vladimirski) 
Seaai in a Continuous-
Solenoid Transport 
Svsten, L. J. taslett, 
Hi.~AN-69 {for internal 
use only), January 
1979. 
A Self-Consistent 
Phas" Space Distribu
tion with an Envelope 
Equation for Longitu
dinal Motion, D. 
Neuffer, HIFAN-70 
iJCID-8105), January 
1979. 
Normal Modes of the 
Stationary Longitu
dinal Distribut ion, 
D. Neuffer, HIFAN-72. 
March 1979. 
Stability of an In
tense Transported Beam 
(PAC Paper), L. J. 
Laslett and L. Smith, 
HIFAN-78 (LBL-B382). 
Some Implications of 
Longitudinal Phase 
Space Constraints for 
Induction Linac HIF 
Systems, 0. Judd, 
H1FAN-92, July 1979. 
Longitudinal Propoga-
tion of Small Disturb
ances Along a Varying 
Beam Bunch, D. Judd, 
HIFAN-93, August 1979. 
Operation of a High-
Current Xenon Source, 
W. Chupp, D. ClarV, 
R. Richter, J. 
Staples, and E. 
Zajec, HIFAN-75 
(LBL-B859J, (PAC 
paps'], March 1979. 
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HEAVY ION FUSION 

Induction Linac Drivers 

HIF STAFF 
D. Keefe (in char.?-') , 
J. Bisognano, 
V. Brady, S. Chan, 
s. Chattopadhyay, 
w. Chupp, A. Faltens, 
A. Garten, F. 5. Goss, 
E. H a r t w i g , 
H. Her rn iannsEe ld t 
(SLAC), E. Hoyer , 
C. J o h n s o n , D. J u d d , 
C. Kim, M. Lampel , 
L. J . L a s l e t t , 
J. Meneghetti, 
K. H i r k , R. Nemetz, 
5. Rosenbium, 
J. Shiloh, L. Smith, 
H. Tiefenback, 
D. Vanecek, 0. Wong, 
J. Zelver. 

High Current Cesium-Ion Beam Experiment 
In January 1979, the large-area Cs+1 ion 

source suitable for an induction linac was success
fully commissioned. This 1.2 A 500kV source has a 
repetition rate of 1 per second. In July, we 
installed the first of the three pulsed drift tubes 
(Fig. I) and, since then, have been studying the 
beam behavior after this additional acceleration 
stage. For most of these studies the system has 
been operated somewhat below its full capability; 
typical operating parameters were the following: 
source voltage, 400 kV; first drift tube voltage, 
400 kV; beam current, 0.7 amperes, and pulse 
duration, 2 /isec. 

The present experiments indicate that the 
source and acceleration system behave as designed. 
That is to say, the Child-Langmuir V"3/2 behavior 
follows over a wide range of voltages up to the 
design maximum, and the beam envelope follows the 
EGUN calculations of W. B. Herrmannsfeldt for a 
space charge dominated beam. It has also been 
observed that the installation of a 1/4" deep 
"honeycomb" grid in the drift tube nose produces 
slow secondary electrons which become trapped in 
the beam and thus neutralize the space charge. 
Under these conditions, the beam envelope decreases 
considerably in cross-section. Thus, at the expense 
of scattering a small fraction of the beam it 
appears possible to transport much more beam through 
a given structure than in the unneutralized case. 

Although the measured pulse duration is 
2 /isec, the applied voltage pulse needs to last 
longer (3.5 /isec) to compensate for the beam rise-
time and tha ion transit-time from the hot plate to 
the entrance of the first drift tube. The source 
and the first drift-tube voltages are turned on 
simultaneously to minimize the beam rise-time and, 
also, turned off simultaneously to minimize the 
generation of slow (low energy) ions. The beam 
envelope is independent of the two Marx generator 
voltages as long as they are kept at the same value. 
A one-dimensional simulation code was developed to 
enable us to better understand transient effects in 
the ion-gun when the voltage is first switched on. 
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Moments at HaIf-Period 
Points, L. J. Laslett, 
HIFAH-64, December 
1978. 
"One-Kilojoule" Induc
tion Test Bed, HIP 
Group, HIFAH-67, 10/1-
12/31/78. 
Stability of KapcMn-
skij-Vladiairskij Beaa 
in a continuoui Sole
noid Transport Sysi-* 
L. 3. Laslett, BIFAN-
69 (for internal use 
onlyl, January 1979. 

A Self-Consistent 
Phase Span Distribu
tion with an Envelope 
Equation fcr Longitu
dinal Motion, D. 
Neuffer, HIFAN-70, 
(UCID-8105), January 
1979. 
The Economics of ICF 
Power, w. Herraanns-
feldt, HIFAN-71, 
February 1979. 

The five perforn-
ance steps in the 
nation's inertial 
confinement fusion 
program. The LDL Ion 
Induction Linac Test 
Bed is step II. 

Ion Induction U M C T M I Bed 
A conceptual design and cost estimate Cor an 

Ion Induction Linac Test Bed, was developed and de
scribed in a report entitled "Ion Induction Linac" 
LBL POB-5031, submitted in September 1979. This 
document presents the design of the Test Bed and thf; 
engineering development needed on crucial compon
ents, and describes the experimental and theoretical 
program that will answer uncertainties regarding 
beam behavior. The proposed Test Bed is currently 
being modified to coincide with available funding 
and still permit establishment of the technological 
feasibility of this approach. Considerable effort 
in basic physics and engineering design was devoted 
to refining the induction linac concept. 

The desired bunch trajectory for the induction 
linac requires bunch shortening in length by about a 
factor of one-half during the transit of the bunch 
through the accelerator. This requirement trans
lates into specific voltage-versus-time requirements 
at different locations in the machine, with the 
general trend that these voltages are steeply ramped 
at the low-energy end and essentially flat at the 
high-energy end, with a ramp that decreases with 
increasing energy at intermediate locations. The 
precise specification of these required waveforms is 
most easily handled with the help of a computer code 
"SAVE 1" developed last year; preliminary results 
are just now being obtained. 

The waveform within any accelerating module 
will be generated by sequentially firing a small 
number of independent pulse-forming networks into 
independent core segr-ents. The voltage seen by the 
beam will be the suia of the core segment voltages. 
The required number of pulsers will be 5-10 per 
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module, with the exact number to be determined by 
consideration of beam sensitivity to wavefcrm errors 
and peak voltage constraints. One prototype pulser 
was constructed and operated at full power for more 
than 1()5 pulses at a 1 Hz repetition rate into a 
resistive load. This pulser will be used in 
conjunction with induction cores as soon as enough 
large cores become available. Some impedance 
tapering of the network will be needed to match the 
core. One large induction core, 91 cm outer 
diameter, 62 cm inner diameter, and 5 cm deep, was 
wound of 2 mil silicon steel with mylar insulation 
and was ready for testing. 

Insulator development has started. A number 
of candidate materials for insulator assembly were 
surveyed, including the possibility of using Pyrex 
glass. Some test samples of glass bonded to stain
less steel to form a graded colulmn have been pro
duced and will be tested for structural and voltage-
holding properties. 

Computations are currently underway to exa
mine the proposed pulsed quadrupole magnet designs; 
in particular, the fringing field and the quality of 
the field within the bore are being studied. 

Evaluation of Core Materials 
Because the magnetic cores make up a large 

SdMMtic layout 
of th* Ion Indocile 
Llnac Test l ed , tfltn 
deta i l s of several 
elements. 

Publications 

Normal Modes of the 
Stat ionary Longitu
dinal D i s t rmu t ion , 
D. Heuffei, HIFAN-72, 
March 1919. 

Large Aperture Contact 
Cs*l Ion source for 
an Induction Linac, 
D. Keefe, _-t a l , 
HIFAS-73. (LBL-83591, 
PAC paper, March 1979. 

Design/Cost study of 
an Induction Linac for 
Heavy Ions for Pe l l e t -
Fusion, A. Fastens, 
e t a l , HIFAN-74, 
(LBL-S357). PAC 
paper, March 1979. 

Operation of a High-
Current xenon Source, 
w. Chupp, D. Clark, 
a . Richter , J . s t ap les 
and E. 2ajec, HIFAN-75 
(LBL-8B59), (PAC 
paper) , March 1979. 

49 



Comparison of 
performance charac
teristics of several 
possible materials 
for the induction 
nodules. 

publications 

Evaluation o£ the 
State o: the Art of 
Accelerators as Heavy 
Ion Drivers, L. Smith 
HIFAN-76, March 1979. 
Longitudinal Motion in 
High Current High 
Energy Heavy Ion Beams 
HIFAN-77 (LBL-B387), 
March 1979. 
Stability of Intense 
Transported Beam, L. 
J. Laslett and I>. 
Smith, HIFAN-78, 
(LBL-B382), PAC 
paper, March 1979. 

Influence of the Dis
tribution Function on 
Eigenoscillations and 
Stability of a Beam, 
I. Hofmann, HIFAN-79, 
December 197B. 

Accelerator Module Materials Comparison 
Module specifications 15cm inner radius 

0.5 volt-second flux change 
I meter length 

Total Module 
Loss (joules) 

12 mil Si!9CttOt> 

Induction Liaae 

>M* 
Pulse Duration 

100/is 

part of the volume and cost of an induction linac it 
is important to pick a material for the core that 
strikes an optimum balance between its electrical 
behavior and its cost. A heavy ion induction linac 
needs to accelerate over a wide range of pulse 
widths, requiring several different types of core 
materials in the various parts of the accelerator. 

The magnetic properties and core losses of a 
variety of material using a thyratron pulser were 
measured and are shown schematically in Fig. 4. 
Each sample is in the form of a tape-wound toroid 
with a single set of windings. Pulse durations have 
ranged from 500 ns to 100 s thus far and we plan, 
soon, to extend the range down to 40 ns. The mater
ials to be studied to date thus far have included 
.001" thick molybdenum-iron, .001" NijgFeso 
Stackpole Cll ferrite, .012" Silectron (Arnold 
Engineering) and three different amorphous magnetic 
materials—Allied Metglas 2826 and 2826 MB as well 
as General Electric Feg2Bi^Si3. 

The amorphous magnetic materials show great 
promise: they are inexpernsive to manufacture 
(50e/lb., projected) and have very attractive pro
perties as a core material to replace Ni5nFe5g 
($10 - $20/lb.). Fig. 5 shows the core loss for a 
possible induction module. 
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System StudtM 
System studies for a Heavy Ion Driver using 

the Induction Linac have continued. The Induction 
Linac driver can be viewed as consisting of three 
systems: an injector, an accelerator and the final 
beam transport. Of these, the dominant cost system 
is the accelerator, so it has received the most 
attention to date. 

Preliminary work with the computer code 
LIACEP (Linear Induction Accelerator Cost Evaluation 
Program) has been extended to Induction Linac accel
erator systems for 100 kJ, 1 HJ, 3 HJ, and 10 HJ, 
with a wide variety of input assumptions. Informa
tion on accelerator cost, length, efficiency and 
detailed arrangement of magnets and accelerating 
modules was developed for the following matrix of 
parameters: 

Ion Type: Cesium (133), Thallium (204), 
Uranium (238) 
Charge State: 1+, 2+ and 4+ (1+ and only for 
Thallium) 
Normalized Beam Emittance: 2, 3, 4, 6 
(x 10' 5 mrad) 
Electrical Beam Charge: 25-1000 C (in ten 
suitable increments) 
Betatron Tune Shift (due to space-charge): 
60% 24%; 
Repetition Rate: 1 Hz 

The base-line induction linac concept is considered 
to have a superconducting guadrupole beam transport 
system and amorphous iron induction cores. In each 
case, the step-by-step design of successive parts of 
the accelerator used the minimum acceleration cost 
per megavolt to arrive at an overall minimum-cost 
accelerator. This criterion usually generates a 
design in which the beam current is not far from the 
space-charge limit throughout the length of the 
accelerator. 

Some generalized results from our studies for 
a 1 MJ driver are as follows: (These results apply 
only to the accelerator portion of the driver.) 

1. Considering a choice of particle, minimum 
accelerator cost is generally less for a lower 
atomic weight particle for a given charge state and 
normalized beam emittance. 

Publication* 
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Linear Induction 
Accaleratora osino 
Periodic Electro-
atat ic Focusing. K. 
•erraansfaldt. HFAIt-
•2 ISIAC-P01-21MI. 
•oveaber 1»'«. 

Stabi l i ty of tbn 
Standard Longitudinal 
Diatribution in a 
Pariodic Transport 
Syatea. D. Nauffer, 
IIFAB-13. March 1»7». 

Evaluation of Ferro-
•agnatic Cor* Mater-
i a l s for tba Heavy 
Ion Fusion Induction 
LinacDriver Prelimi
nary Hessuraaents. A. 
Faltens and S. P-osen-
blun, BIFAX-aa* Hay 
U7». 

Stabi l i ty oi the 
Standard Longitudinal 
Distribution in a 
Periodic Transport 
Systea - A numerical 
Analysis. 0- Keuffer, 
BlFA!t-85, June 1979. 

Letter to Dr. Irving 
Baber - date 6/28/79, 
L. J . Laslett , B1FAN-
88. June 1979. 

Blbbon-Bean Drift-
Tube Ltnacs* H. Berr-
•annsfeldt. SIFAS-69. 
June 1979. 
The Development of 
Beavy Ion Accelerators 
as Drivers for Iner-
t i a l l y Confined Fusion 
K. Berrnansfeldt, 
HIFAN-90, June 1979. 
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Publteat ions 

Informal Quarterly 
Report on HIP Program 
H1F Stiff, MFAN-91. 
4/1 - 6/30/79. 
Some Implications of 
Longitudinal Phase 
Space Constraints for 
Induction Linac HIP 
Systems, D, Judd, 
HIFAN-92, July 1979. 

Longitudinal Propaga
tion of Small Disturb
ances Along a Varying 
Beam Bunch, D. Judd, 
HIFAN-93, August 1979. 

Beam Transport and 
Matching for Experi
ments with a 2 MeV 
Cesium Beam, A. 
Carren, HIFAN-95, 
October 1979. 

studies of a Beair Line 
lor Transport to a 
Target, A. Carren, 
Proceedings of Clare-
mont Hotel HIF Work
shop, October 1979. 

2. For a particular particle, minimum accel
erator cost becomes less as the charge state of the 
particle is increased Cor the same normalized beam 
emittance. 

3. Minimum accelerator cost was the least 
with particles of charge states 2+ and 4+ for the 
maximum normalized emittance examined (6 x 10-5 
mrad) but for charge state 1+ a minimum existed in 
the 3-4 x 1 0 - 5 mrad range of normalized beam 
emittance. 

4. Accelerator lengths vary from 3 to 7 kilo
meters. Generally, a machine designed to transport 
higher emittance will be shorter. 

5. Accelerator efficiency a 1 Hz varies from 
7% to 12% for the minimum cost options obtained, and 
at higher repetition rates, more suited to a driver, 
range up to 30%. Higher efficiency is generally 
obtained with a higher emittance beam. There is a 
trade-off between capital cost and efficiency and 
the minimum cost accelerator is not necessarily the 
optimum choice. 

6. Accelerator cost is sensitive to core 
material. Nickel- and silicon-iron cores show an 
increased accelerator cost and decreased efficiency. 

For a 100 kJ driver, a cursory examination of 
an accelerator, using Cs, yielded the following 
results for a normalized beam emittance of 
3 x 10"5 irmr̂ -1. Silicon-iron was considered for 
the core material. 

Charge 
State 
+1 
+2 

Beam 
Charge 
_Jt£L-

40 
80 

Accel. 
Cost 
(MS) 
185 
145 

Accel. 
Length 

(km) 
2.1 
1.7 

RF Linacs and Storage Rings 
High Current Xe *' Ion Source for 
Conventional rf Linac Systems 

A multi-aperture Ehlers-type source was con
structed and operated to produce a 60 mA Xe+1 
beam. This source utilizes 13 apertures closely 
spaced in a circular pattern to produce a beam 25 mm 
in diameter. The "accel-decel" extraction system 
delivered a 22.5 keV beam whose normalized emit
tance at 29 mA was 0.027 Trcm-rad. The source was 
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mounted in the high-voltage terminal of a Cockcroft-
Walton generator and the neutralized beam trans
ported one meter through two magnetic quadrupole 
triplets to the entrance of the 20 cm long acceler
ating column consisting of five intermediate elec
trodes with a total voltage drop of 500 KV. The 
vacuum in the extraction region was held to 
10 - 5 torr by using a puff valve and two 
1500 1/sec turbo-molecular pumps. Multi-wire pro
file monitors just ahead of the column entrance 
measured the beam size, which was in good agreement 
with single-particle transport calculations, if one 
assumes the beam to be 97% neutralized. The normal
ized emittance of the full 500 KeV beam «ias measured 
to be 0.1 cm-mrad for 35 mA and the population of 
charge-state +1 ions was determined to be > 90*. 

These achievements — and subsequent 
comparably successful small-aperture ion-source 
work by Hughes Research Laboraties for ANL — 
attest to the reliability of judgement expressed as 
long ago as the Claremont meeting in July 1976, that 
scaling to this level of parameters was readily 
achievable. 

CBS 7S6-9&17 

Status Report for Ion-Ion Cross Section 
(Cs + 1 + Cs*1) Measurements 

Ion-ion charge-changing collisions may affect 
the lifetime of stored beams for heavy ion fusion 
drivers. Many ion species are presently under con
sideration; the final choice may be determined by 
the species with the smallest charge-changing cross 
sections. 

The theoretical studies suggest that an 
important calibration point can be obtained by 
measuring the Cs+1-, Cs + : L cross sections. We 
have set up an experiment to measure the cross 
sections for both charge exchanges: 

Components of "he 
•ult i -epertute source 
Cbased on EMer's 
design). This source 
delivered 65 » U l i -
uperes of xe* 1 

ions. 
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Cs+ + Cs+ C s + + to Cs° (1) 
Cs+ + Cs + C s + + to Cs + + e (2) 

in the energy range 10 to 300 keV relative energy. 
Our experiment consists of a c sium plasma target 
(Q-Machine) through which a beam of Cs+ ions is 
transmitted. Cross sections will be determined by 
measuring the growth in Cs+ and C s + + as a 
function of plasma density. 

A measurement using the crossed-ion beam 
technique recently has been reported yielding a sum 
of the cross sections for (1) and (2) of 
(1.5-2.8) x 10-16 £3,2 i n the 40-280 keV cm energy range (Ref. 1). This is in fair agreement 
with theoretical estimates by Olson (Ref. 2) af 
- 4 x 10-16 c m 2 . work by our group on the 
electronically similar system Cs+ + Xe gives 
ionization cross sections of approximately 
2 x 10" l s cm2 (Ref. 3). We will complete 
measurements of (1) and (2) for comparison with 
Olson's calculations and the results of Ref. 1. 

A surface ionization source for our acceler
ator was completed and used extensively for other 
experiments (Cs+ + Xe) and systematic checks on 
the plasma target experiment. Upgrading of our ac
celerator from 150 kV to 300 kV was to be completed 
by November 1979. Preliminary measurements were 
being done with the 150 kV accelerator. We had 
originally planned (and set up) for longitudinal 
injection of the beam into the Q-Machine. However, 
we have discovered from the Cs+ + Xe experiment 
that large scattering cross sections will make it 
necessary to inject the Cs + beam transverse to 
the target (and magnetic field). The target has 
been rotated by 90° for transverse injection. 
This will result in a lower plasma line density and 
we are planning for a second cathode to increase 
the plasma density. Diagnostics include Langmuir 
probes, a microwave interferometer, and possible 
atomic beam probes. The analysis chamber has been 
completed and used for system checkout. Complete 
results from the operating system are anticipated 
in April 1980. 

Theory 
At the time of the Argonne Workshop (Sept. 

'78), we had made a preliminary comparison of our 
analytic work on a third-order instability, which 
occurs in the transport of a Kapchinskij-
Vladimirskij beam through a quadrupole system, with 



some of the results of Irving Haber's particle simu
lation calculation of the saae instability. He 
were encouraged to believe that theory and computa
tion were in agreement, but there remained a number 
of gaps and unresolved questions. Since then we 
have obtained the complete record of that run and 
find that over a range of about ten quadrupole 
periods, after the instability has grown out of the 
computational noise and before signs of non-linear 
saturation appear, the relevant moments of the dis
tribution grow at the predicted rates to a remark
able accuracy. We are therefore quite confident in 
our double conclusion that the theory is correct 
and that the simultaneous computations are correct. 
We thus have reason to also believe that computa
tional results for more realistic initial distribu
tion functions that are beyond the capability of 
analytic treatment. 

Our analytic work indicates that the maximum 
current that can be transported without emmittance 
degradation is achieved by using a lattice designed 
for a zero-intensity phase advail̂ e of 60O (to 
avoid envelope and third order instabilities), 
depressed to 24° by space-charge forces (the 
threshold for higher-order instabilities). This 
criterion should be conservative, since the K-V 
distribution is somewhat more sensitive to instabil
ity than other more realistic distributions. The 
corresponding "figure of merit", Q/u m 2/3, in the formula for current given in equation (3) of Ref. 1 
depends on the fraction of transport channel 
occupied by quadrupoles, ranging from 0.76 for full 
occupancy down to 0.23 for 10% occupancy (see 
Ref. 2). This coefficient is not drastically 
different numerically from that proposed by Maschke 
at the time of the first HIF workshop (Ref. 3). 

What is needed now to advance the study of 
beam transport is an analysis of the three-
dimensional problem, including longitudinal forces 
and the resulting coupled motion. As a first step 
in that direction, we are using a one-dimensional 
code for longitudinal motion and developing an 
analytic approach to that problem. A distribution 
function has been found for which the space-charge 
forces are linear and which leads to an envelope 
equation sitiilar to the familiar one for transverse 
motion (see Ref. 4). A perturbation analysis shows 
that this distribution is stable at all intensities 
if the (linear) external focusing force is 
continuous. 
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publicat ions 

A Fast Langmuir Probe 
Sweeping Circuity K. 
A. Milnes, K. H. 
Ehlers, K. N. Leung, 
and M. D. Williams, 
submitted to Rev. of 
Sci. Instrum., 
LBL-8605, January 
1979. 

A Convenient Method 
for the Measurement 
of Species Composi
tion from an Intense 
Neutral Beam, R. R. 
Smith and J. H. 
Stearns, Rev. of Sci. 
Instrum. 50(9), 
September 1979. 

A Mass Spectrometer 
for Analyzing Hydro
gen Ion Species, K. W. 
Ehlers, K. N. Leung, 
and M. D. Williams, 
Rev. of Sci. Instrum. 
50(8), LBL-8863, 
August 1979. 

Characteristics o: 
the Berkeley Mul'.i-
Cusp Ion Source K. W. 
Ehlers and K. r.. 
Leung, Rev of Sci. 
Instrum. 50(11) , 
LBL-9107, August 1979. 
Some Characteristics 
of Tungsten Filaments 
Operated as Cathodes 
in a Gas Discharge, 
K. W. Sblers and K. N. 
Leung, Rev. of Sci. 
Instrum. 50(3), 
LBL-8364, March 1979. 

MAGNETIC FUSION ENERGY 
The Magnetic Fusion Energy Program at the 

Lawrence Berkeley Laboratory is divided into five 
projects: 

1. Neutral-Bean Development and Technology 
2. Atomic Physics Studies 
3. Neutral Bean Plasma Research 
4. Basic Plasma Theory 
5. TORHAC Project 

All of these are parts of the coordinated program of 
Magnetic Fusion Energy Technology at the Department 
of Energy. 

By far the largest is the Neutral-Beam Develop
ment and Technology Project. It is carried out as 
a joint program with the Lawrence Livermore Labora
tory, and in fact, is administered through LLL and 
handled as a subcontract to LBL. He are including 
it here for completeness sake, but we are restrict
ing our report to the work done at LBL. Only sum
mary statements are made because a description of 
this project appears in the annual report on magnet
ic fusion energy issued by LLL. 

The remaining four projects listed above have 
the following unifying features: both ion source 
research and atomic physics studies are largely 
serving the function of basic support for the 
neutral-beam work. The first is concerned primarily 
with the improvement of our understanding of ion 
sources and similar matters of relevance to the 
neutral-beam injectors. So far the effort concen
trated on the development of computer models for the 
source, and in diagnostic work needed to supply ex
perimental input data for these models. The atomic 
physics is aimed at supplying missing data on funda
mental processes, such as certain charge transfer 
cross sections or negative-ion production 
mechanisms. 

The theoretical effort has been diversified, but 
as in previous years, the emphasis has been on non
linear processes in plasmas, of interest to con
trolled fusion because of their relevance to plasma 
heating schemes. 

The TORMAC Project has been our only direct con
tribution to the magnetic confinement problem in 
controlled fusion research. The TORMAC (toroidal 
magnetic cusp) is one of several so-called "alterna
tive concepts". The latter are being worked on in 
the United States as backups, in case unexpected 
difficulties arise in the mainline developments of 
tokamaks or magnetic mirrors, or in case a new 
concept is found leading to a superior or more eco
nomical fusion reactor. 
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Publications 

Negative ion Based 
Neutral Systems, E. B. 
Hooper, Jr. Proceed
ings of the IEEE 5th 
ConC. on Application 
of Snail Accelerators, 
Denton, Tex., Nov. 
6-8, 1978, IEEE 
Trans. Nucl. Sci. 
N5-26(1287) 1979. 

Negative Ion Based 
Neutral Systens, E, B. 
Hooper, Jr., Proceed
ings of the IEEE 5th 
Conf. on Application 
oE Small Accelerators, 
Denton, Tex. Nov. 6-8, 
1978; IEEE Trans. 
Nucl. Sci. NS-26 
(1287), 1979. 

Atonic Physics Effects 
in Negative Ion Beans 
for Controlled Fusion, 
E. B. Hooper, Jr., APS 
10th Annual Meeting of 
the Division of 
Electron and Atonies 
Physics, Bull. Aner. 
Soc. 23 (108), 1979. 
UCRL-BT830. 

Low Energy Ion Beans 
for Daublt Charge-
Exchange Experiments, 
T. J. Orzechowski, 0. 
Anderson, D. Birdscll, 
E. B. Hooper, Jr., P, 
Poulsen, and R. S. 
Spoerkin, Bull. Aner. 
Phys. Soc. 23 (845), 
197B, — 

Electron Suppression 
in Negative Ion Beams, 
O. A. Anderson, E. B. 
Hooper, Jr., and P. A. 
Willman, Phys. Fluids 
22(2334), 1979. 

I'iew inside a 
large ion source, 
showing coiled cathode 
filaments on long sup
ports to clear surface 
magnetic multicusp 
fields. 

LBL/LLL Neutral Beam Development 
PoaHhw Ion Bat* Program 

The task of the Neutral beam Development 
Positive-Ion Base Progran is the timely development 
and demonstration of principles and techniques 
needed for injection systems in the 80 to 200 keV 
range. (Above approximately 200 keV, the system ef
ficiencies are unacceptably low for most applica
tions. We are developing negative-ion based injec
tors for the higher-energy applications.) The 
development of components and techniques is carried 
far enough that confinement personnel can plan and 
design their neutral-beam injection systems with 
considerable confidence. In some cases, our staff 
and facilities participate in the design, construc
tion, and testing of components and systems for 
specific confinement experiments. 

Our primary near-term program is to develop ad
vanced ion sources and systems suitable for MFTF-B, 
TFTR/TFM, DIII-U, ETF, MNS, etc. The generic focus 
for this development is the Advanced Positive Ion 
Source (APIS). The development of the long-pulse 
(1 to 30 seconds) capability of the APIS is directly 
applicable to all of the above systems, particularly 
ETF and MNS which will require the higher energy, 
full-energy fraction and availability, as well as 
the energy recovery capability of the APIS. 

The development will continue to be carried out 
first on fractional-area (about 15 A), and then 
full-size (50-100 A) modules. 

During FY 79 a 10 x 40 cm2 magnetic-multiple 

BBC 794-5218 

'[ t l t l f l t 
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("bucket") plasma source was completed, and first-
phase species tests were conducted. A long-pulse, 
fractional-area, 15A, 120-150 kV module was designed 
and built. Testing and improvement of edge-cooled-
electrode modules also continued, vi.th some opera
tion of a "TFTR" fractional-area source at 120 kV, 
1.5 seconds. Research on long-life cathodes, 
including LaBg was carried out. 

Design and construction of a full-size 120-
150 kV module was started as a firs!: effort toward 
an APIS source. In addition, 60% energy recovery 
from a 100-keV He+ beam was demonstrated, *;ith 
90 kV on the collector; energy recovery with hydro
gen beams also was demonstrated. 

Negative-Ion Base Program 
Future mirror experiments and reactors may re

quire efficient neutral-beam systems with injection 
energies of 150 to 200-keV and above. Therefore, 
the LLL/LBL neutral-beam R & D program includes the 
development of efficient long-pulse neutral-beam 
systems at these energies and higher. The present 
emphasis involves the production and acceleration 
of vr and Vr ions, taut other approaches may be 
added. Negative-ion-based beams with energies as 
low as 80 key would be desirable. 

Cutaway sketch of 
120 kV §5 A ion source 
with "agnat ic bucket:" 
discharge cbaaber. 

Publication* 

The Design of a 10-kV 
Deuterium-Ion Extract
or for Continuous 
Service, *. J- Duffy 
and J. A. Paterion. 
Proceeding* of the 
IEEE 5th Conf. on 
Applications of S*all 
Accelerators, Denton, 
Tex. Hov. *-» . 1»78. 
UCBL-81S47. 

Low Energy Ion Bean 
Transport by Permanent 
Magnets, K. H. Ehlers 
and K. n. Leung, 
accepted by Rev. of 
Sci . Xnstrusu, 
LBL-9617, August 1979. 

The Development of 
Large Rectangular 
Ceramic insulators for 
Ion Accelerators for 
the Meutral-Beam 
Program, A- Paterson, 
G. H. Koehler, and 
T. j . Duffy, presented 
at the Pirat Topical 
Meeting on Fusion 
Reactor Materials, 
Miami Beach, Florida, 
Jan 29-31, 1979, 
LBL-8643. 
Multimegavatt Neutral 
Beams for Tokamaks, 
W. B. Kunkel, Invited 
talk at the 1979 
Particle Accelerator 
Ci-jiference, San 
I-rancisco, Calif. 
March 12-14, 1979, 
LBL-8891. 

A Fault Detector for 
Protection of LBL 
Neutral Bê m Sources, 
D. B. Hopkins, v. J . 
Honey, K. A. Milnes, 
B. M. Owrert, Proceed
ings of th* Bth Sym
posium on Engineering 
Problems o£ Fusion 
Research, Sheraton-
Palace Eatel, San 
Francisco, Cal i f . , 
Nov. 13-16, 1979, 
LBL-9406. 
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Publications 

Product ion And Plow of 
Plasma in Ion Beams, 
E. B. Hooper, Jr., 
0. A. Anderson, an<J 
P- A. willman, Phys. 
Fluids 22(2334), 
0CRL-81518, 1979. 
Cryopump Measurements 
Relating to Safety, 
W. Grahar. and L. Ruby, 
J. Vac. Sci. 
Technology '.6(3} 
May/June 1>79. 
Negative-Hydrogen-Ion 
Production by Low 
Energy Hydrogen Atom 
Bombardment of 
Surfaces, W. G. 
Graham, submitted to 
the journal of Physics 
B, L6L-9511, July 
1979. 

Multicusp 
(magnetic bucket) dc 
negative-ion source 
with concave converter 
electrode. Addition 
of a little Cs results 
in 151 conversion fron 
D + to D- at -300 V 
bias on the converter 
electrode. The photo 
shows the magnetic 
field caused by the 
multipoles. 

There are several ways to generate and acceler
ate negative ions. Our main effort has been based 
on the conversion of a low-energy, positive-ion beam 
to a negative-ion beam in a metal vapor. During 
1980 we expect to produce 2 amperes of D~ beam; at 
this point we will terminate this effort and pursue 
an alternate approach. Preliminary studies of 
volume-production processes also have been started. 
We are following and evaluating the other negative 
ion development efforts in the U.S. and U.S.S.R, 
with the expectation that a selection of the best 
negative*ion-generation and acceleration approach 
for a neutral-beam demonstration can be made in the 
second half of FY 81. 

Specific activities during the past year 
included the modification of the test stand I to 
permit negative-ion-testingy the production of 
D" ions by charge-exchange in a sodium vapor jet 
was then begun. The test stand jet, suitable for 
charge-exchange production of negative ions or con
version of D~ to D°, was diagnosed and shown to 
perform as calculated. A promising new approach to 
negative ion sources was demonstrated, that is, 
surface production on a biased electrode immersed 
in a plasma in a "magnetic-tucket" discharge. 

:i«WM 

XBB 7B12-15410A XBL 792-8379 

Test Stand Fabrication and Operation 
Test stands are required for developing and 

testing neutral beam injection modules and system 
components. Our evolving test facilities serve in 
a sense as prototypes for neutral-beam injection 
systems for TMX, MFTF, TFTR, Dili, ETF, NMS, and 
other confinement experiments. They also serve as 
training facilities for scientists and technicians 
from confinement experiments= We expect them to be 
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vital to the national HFE effort as long a.'i neutral-
beam injection is an important part of the program. 

Test stands have been, and continue to be, 
pacing items in neutral-beam development programs. 
For some users, they also will be pacing items tor 
break-in and qualification of production neutral-
beam sources. At present, two facilities at LBL, TS 
(Test Stand) IIIA, (150-kV, 15-A, 5-s) and TS IIIB 
(120-kV, 80-A, 20-ms> routinely operate at high 
power and par tide energies up to 120 keV. The High 
Voltage Test Stand (HVTS) at LLL and the Neutral 
Beam System Test Facility (NBSTF) at LBL will oper
ate in the same energy range, and with more total 
energy per pulse, in FY80. In addition, they have 
sufficient neutron shielding to permit regular oper
ation with deuterium. All of these facilities will 
continue operation, with some modifications, for the 
next few years. TS IIIA, TS IIIB, and HVTS require 
substantial crews and budgets to operate and main
tain them. We also use several smaller, but still 
high-power, test stands that can be operated by 
experimenters. 

In the previous year (FY 79) we operated and 
upgraded TS IIIA for long-pulse testing of frac
tional area source modules, and operated TS IIIB for 
short pulse testing of full-size source modules for 
TFTR and Dili. We also operated HVTS in a de-bug 
mode; prepared a proposal for upgrading the NBSTF 
(Neutral Beam Systems Test Facility) to a 150 -
250 kV r & D facility after 1981. Meanwhile, phys
ics and operator staff for the NBSTF were trained. 

Experimental Atomic Physics 
The major part of the MFE effort at the Lawrence 

Berkeley Laboratory is concerned with the develop
ment and application of high-energy neutral beams 
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Publications 

A Jet tot Charge-
Exchange and neutral
ization of Large 
M l U t P. Poulsen, 
C. H. ftatekin, and 
T. J. Duffy. Bull. 
Aaer. phys. Soc. 23 
(•46), H 7 I . — 

D- Beans froa 
Double Chacge-
Exchange in Sodium, 
E. B. Hooper, Jr. and 
P. Poulsen, Bull. 
Aaer. Phya. Soc. 
24(1013), 1979. 

negative Ion Systeas 
Using Charge-Exchange 
in sodiua: Results 
and Comparison with 
Cesiun Systeas, E. G. 
Hooper, Jr. and 
P. ?Ottl«n, IEEE feth 
International Conf. 
on Pla*»a Science, 
Nontreal, Canada, 
June 4-6, 1979, 
LUL-B697. 

Negative Ion Produc
tion for Neutral Bean 
Systeas, E. B. Hooper, 
Jr., UCID-18067, 
February 1979. 

EXPERIMENTAL ATOMIC 
R. Pyler K- Berkner 
(in chacge), S. Savas, 
A. Schiacnter, 
P. Schneider, 
K. Stalder, 
W. Steams, J. Tan 1 s, 
J. Trowr K. Hada. 

Comparison of 
experimental measure
ment and theoretical 
prediction for nega
tive ion conversion 
coefficient I-/I+ 
on Cu target with *;hin 
Na coverage. 
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Publications 

EXPERIMENTAL ATOMIC 
rareics 
D- Formation by 
Charge Transfer Colli
sions of 0.3 to 10-keV 
Deuterium ions and 
Atoas in Ce«iua, 
Etubidiua, and Sodium 
Vapors, A, s. 
Schlachter, K. R. 
Stalder and J. W. 
Stearns, subaitted to 
XI international Conf. 
on the Physics of 
Electronic and Atonic 
Collisions, August 
29-Septeaber 4r 1979, 
Kyoto, Japan, 
LBL-9245-ABST. 

Charge-state Depend
ence of Electron Loss 
from H by Collisions 
with Heavy, Highly 
Stripped Ions. X. H. 
Berkner, W. G. Graham, 
R. v. Pyle, A. S. 
Schlachter, and J. H. 
Stearns, subaitted to 
the XI International 
Conference on the 
Physics of Electronic 
and Atomic Collisions, 
August 29-Septeaber 4, 
1979, Kyoto, Japan, 
LBL-9246-ABST. 

Negative-ion 
(D~) yield by charge 
transfer processes for 
deuterium passing 
through thick targets 
of various metal 
vapors. 

for heating and fueling plasmas in fusion experi
ments. This development work is in part based on 
atomic collision datar some of which are known in insufficient detail, and some of whicn are still 
speculative. 

During FY 79 the experimental atomic physics 
group measured the formation of H* and D~ ions 
on clean and cesiated surfaces bombarded by thermal 
atoms from an oven. This work is related to nega
tive ion formation processes in sources for neutral 
beam systems. By varying the oven temperature it 
was shown that the negative ion production probabil
ity is small at thermal energies, but rises rapidly 
with energy. H~ and D~ yield measurements and 
work functions for thin coverage of Cs measurements 
on Ca, Ni, Mo, and W substrates were continued, as 
well as ~,i and Cu on H. Significantly higher yields 
for thin coverage vs. thickness have been obtained. 
A model to describe negative ion formation at sur
faces based upon probabilities of reflection. In
formation at the surface, and H~ survival leaving 
the surface has been demonstrated. The model fits 
the data for all the alkali metal targets and for 
both H and D incident. The model also correctly 
predicts the H - yield from a Cu target with thin 
Na coverage, based upon the thick Na results. The 
first measurement of ^He" and *He~ on surfaces 
bombarded by low energy ( •> 300 eV) atoms and ions 
have been made, as well. The motivation is 
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development cf diagnostic beans foe measurement of 
energies in d-t plasmas. 

The D" yield frcn charge transfer in a sodium 
vapor target over the energy range 0*4 to 10 keV was 
also measured; the ?;juilibrium yields have a broad 
maximum of about* XQ'i at 3 keV. 

The range of validity of an experimental/ 
theoretical scaling rule for electron loss from 
hydrogen atoms colliding with highly-stripped heavy 
ions was extended with Nb+q ions up to q » 36 and 
carbon ions in the E/q range 50 to 280 (keV/amu) / q. 

Neutral Beam Plasma Research 

Basic physics research is necessary to under
stand the operation of neutral beam plasma sources 
and the pbvsics of the neutrali2er plasmas, in order 
to improve the efficiency of neutral beam systems, 
improve the reliability of long-pulse neutral beam 
systems, and reduce the divergence of the beams 
obtained from neutral beam systems. The approach is 
to develop the measuring techniques required, de
velop relevant computer models of the plasmas, and 
use the models to predict how the neutral beam ion 
sources and neutralizers should be modified to 
achieve the desired results. This research feeds 
directly into. End is immediately useful to, the 
neutral-beam development program. 

Technical progress in the pas • year includes 
the transfer of neutral beam plasma research f* 
Test Stand IIB where work resumed. Experimental 
measurements of plasma properties (bulk electron 
temperature, plasma potential, and plasma density) 
were made as functions of position in a conventional 
LBL 10-ampere source (not a "bucket" source); the 
plasma discharge followed conventional collisionless 
gaseous discharge theory, and provided input for the 
source model. The bulk of the ionization in the 
discharge is done by the primary electrons, not by 
the bulk plasma electrons; the measured plasma pro
perties indicate that the ion generation is approx
imately uniform in the source* volume. 

A study of fluctuations in the 10-ampere source 
indicated the existence of superthermal (by a factor 
of 100 or more) oscillations. Extensive studies 
indicated that these oscillations were due to ion 
acoustic waves, excited by a current-driven insta
bility at the filaments. The frequency of the waves 
is determined by the spatial periodicity of the 
filaments. Although the fluctuation amplitudes are 
much larger than thermal, they do not appear suffi
cient to cause appreciable ion heating, and there
fore, have no adverse affect on the beam divergence. 
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Schoenberg and w. B. 
Kunkel, ibid, p. 1016, 
1973. 
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Plasma Characteristics 
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University of 
California (Berkeley) 
Ph. D. Thesis; 
LBL-8940, 1979. 

PLASMA THEORY STAFF 
A. Kaufman (in 
charge), J. Caty, 
C. Grebogi, 
J. Hammer, 
R. Littlejohn, 
S. McDonald. 

Plasma Theory 
Publications 
Wave Energy Density 
and Have Momentum 
Density cf Each 

• Species of a Colli-
sionless Plasma, J. 
Cary and A. Kaufman, 
Physical Review A, 
LBL-10414, 1979. 

Strongly Mixed Sta
tionary Turbulence, 
H. Abarbanel, sub
mitted to Physical 
Review A, LBL-9198, 
June 1979. 

Irregular nodal 
structure (top) and 
amplitude, in perspec
tive, (bottom) of a 
typical eigenfunction 
of the Helmholtz 
equation within a two-
dimensional race-track 
boundary, demonstrat
ing an effect of ray 
stochasticity. 

The source model was extended to include energy 
balance of the secondary electrons and inelastic 
collision processes that degrade the energy of the 
primary electrons. These features permit the self-
consistent calculations of the bulk electron temper
ature in the source plasma. Model predictions (ion 
current density, beam composition, and electron 
temperature) agreed very well with measurements on 
four different field-free sources, with both hydro
gen and deuterium, for variation of arc voltage, arc 
current and gas flow. This gives us confidence that 
the modeling to date is substantially correct. 

Construction of a "bucket" source, identical to 
those in use in the Neutral Beam Development pro
gram, was completed. Measurements of the plasma 
properties of this source will be conducted in 
FY 80. An experimental program on TS IIIB was 
launched to measure the properties of the plasma 
produced in the neutralizer by the beam. This is 
the first step toward investigating the various 
beam-plasma instabilities that can increase the 
beam divergence in the neutralizer plasma. 

Plasma Theory 

Our program in basic plasma theory for applica
tion to MFE concerns the dynamics of particles and 
waves, and their interactions. The stress is on 
nonlinear and stochastic effects; the primary tool 
is Hamiltonian dynamics and its generalizations. 
The three primary areas of current study, which 
overlap each other are: 1) guiding-center theory 
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and its applications; 2) resonances and intrinsic 
stochasticity of particles; and 3) intrinsic wave 
stochasticity. 

(1) Almost all previous work in plasaa dynaaics 
has been based on either physical variables in a 
non-Hamiltonian framework, or non-physical variables 
in a Hamiltonian framework. Realizing the great 
advantage of using both physical variables and a 
Hami tonian, we are developing a new approach which 
bears fruit for a broad range of problems. The 
guiding-center Hamiltonian formalism developed by 
this group for nonrelativistic particle motion in a 
weakly nonuniform magnetostatic field of general 
geometry, has been extended in several directions. 
The study of linear wave propagation in a non
uniform Vlasov magnetoplasma is usually based on a 
local dispersion tensor, heretofore obtained from a 
two-point kernel, which is often difficult to 
calculate. We have developed an eikonal approach to 
solution of the linearized Vlasov equation, which 
leads directly to the local dispersion tensor in a 
simple and concise way. In addition, the guiding-
center formalism has been generalized to the 
relativistic case, including finite electric field 
and covariant Euler potentials. 

The role of geometric symmetries and their 
relation to action-invariants is being studied for 
application to (nearly) axisymmetric plasmas. The 
local guiding-center Hamiltonian formalism (in which 
gyro-phase is ignorable) is also being extended to 
the bounce and drift scales, with a view to higher-
order action-invariants and to gyro-bounce-drift 
resonances. 

(2) In relation to particle resonance and sto
chasticity, we developed a systematic perturbation 
theory to all orders for non-resonant particles, 
where adiabatic invariance is expected. This iso
lates the resonances and thus enables the overlap 
criterion for stochasticity to be applied, as well 
as elementary quasilinear diffusion in action-space. 
To develop a nonlinear theory of collisionless dif
fusion, the projection-operator technique of Zwanzig 
has been applied. Since the breakdown of adiabatic 
invariance and perturbation theory occurs in the 
neighborhood of a separatrix between orbits of 
different topology, we have studied a model problem 
involving separatrix crossing. We introduced the 
concept of "transition entropy" to charactt.: ize the 
spread in action due to the speed of crossing. 

(3) On the subject of wave stochasticity and 
related problems, studies of the spectrum and eigen-
functions of the Helmholtz equation with "racetrack" 
boundary were extended. This model problem investi
gates a simple system for which the ray trajectories 
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are known to be stochastic for almost all initial 
conditions. Two classes of eigenfunctions and 
eigenvalues have been found, one highly sensitive, 
the other insensitive, to variation of the aspect 
ratio. 

Tormac Proftct 
Comparable spectral data have been studied from 

the two versions of the Tormac IV experiment, a 
stuffed toroidal magnetic bicusp. In order to veri
fy the high temperature inferred from line widths in 
the original device. T IV-a, a new vessel with much 
improved diagnostic access, T IV-c, was constructed. 
The additional diagnostics included Thomson scatter
ing, magnetic probes, and a detailed He-Ne interfer-
ometric scan. Two spectral lines. Hell 4686 % and 
D 4861 A, were studied. Line of sight data were 
compared directly, and were also used as inputs to a 
computer assisted tomographic reconstruction. The 
evolution in time and the distribution in space of 
the total intensity of each of the spectral lines 
are found to be similar in both devices. Wide 
Gaussian Hell 4686 ft lines corresponding to Doppler 
"temperatures" of > 100 eV are noted in both ver
sions of Tormac IV, while Thomson scattering shows 
the electron temperature to be •" 10 eV in T iv-c. 
Since the energy equilibration time is on the order 
of a microsecond, the broadening of Hell 4686 A was 
nonthermal. 

Tormac V is a 1 m diameter toroidal magnetic 
cusp device in which the field is arranged to form 
cusps inside the vessel it some distance from the 
glass walls. The filling gas (- 10 yTorr H2) is 
ionized and forms a toroidal z-pinch embedded in a 
toroidal bias magnetic field. The Tomac bicusp 
confining field configuration is then applied 
(B < 5 kG, 13 usee risetime). 

Our observations indicate the following 
scenario. The pre-compression plasma is of density 
~ 5 x 1014 cm-3 and temperature < 5 eV, and is 
embedded in a toroidal magnetic field £0.75 kG; it 
carries a toroidal current of magnitude up to 
- 100 kA. The Tormac confinement magnetic field is 
switched on ann rises in 13 psec to a peak value of 
up to 5 kG. Plasma density rises with the field to 
a maximum of ~ 2 x 1015 cm~3. Although a part 
of the density increase must be due to compression, 
a substantial part of it is also due to ionization 
of residual gas, since the total number of electrons 
in the vessel (JTned£ dR) is observed to increase by a factor of several. The post-compression elec
tron temperature is - 5 eV, and since the plasma is 
collisional for these parameters, the ion tempera-
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ture is about the same. Diamagnetic plasma pressure 
measurements are consistent with this. 

After the cusp field has peaked, density and 
temperature decay with a time constant 
-20-30 usee. Magnetic probe measurements show that 
the poloidal component of the cusp field is not well 
excluded by the plasma but propagates radially in
wards at several cm/usec; the toroidal component of 
the cusp field is not excluded at all. Thus, the 
plasma formed was cold and a separation of interior 
plasma on closed field lines from exterior plasma or 
open field lines was not achieved. The sought for 
Tormac configuration was not established. 

This does not imply that the Tormac concept has 
been invalidated, but indicates that this method of 
setting up the configuration is inadequate. One 
might speculate that a higher order cusp, possessing 
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only poloidal field components, together with 
hotter, more highly ionized pre-compression plasma 
and a lower background gas density, night show su
perior behavior. The Tormac concept itself remains 
intact and awaits confirmation via a different 
experimental approach. 

Development of a plasma gun that accelerates a 
toroidally symmetric ring of plasma, containing 
1-6 x 1018 particles, to a radial velocity of 
- 2 x 107 cm/sec, was a separate experiment. The 
device differs from the usual coaxial plasma gun in 
the use of a pulsed toroidal gas valve and a pair of 
annular accelerating electrodes. Enhanced gun effi
ciency is achieved by the use of a strong toroidal 
bias magnetic field. In addition, a technique was 
devised for generating a toroidal current of several 
kiloamperes in the plasma ring. The totc.1 number of 
particles in the ring can be varied over the range 
of 1018 to 1019 particles. The dynamics at the 
gun are such that the total kinetic energy of the 
plasma (200 Joules) remains roughly constant. The 
kinetics of the plasma gun are in good agreement 
with a modified "snowplow" model for the plasma 
acceleration. The plasma emerging from the 40 cm 
diameter gun has a minor diameter of about 3 cm. 
At least 60% of the accelerated particles are con
tained in this initial "ring", and little plasma is 
seen emerging from the gun after the first half 
cycle of driving current. 


