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Introduction --_ 

The accelerator 1,2,3 at the Clinton P. Anderson Mes- 
on Physics Facility+ is a linear proton accelerator with 

the very high design average current of 1 mA, a maximum 
energy of 800 MeV and an initial macroscopic duty factor 
of 6%. The accelerator is about l/2 mile in length; an 
aerial view of the facility is shown in Fig. 1. The ma- 
chine is designed to accelerate simultaneously both H+ 
and H- ions; eventually a polarized H- beam will also be 
available. The first stage of acceleration from the ion 
source to a kinetic energy of 750 keV is accomplished 
using a conventional Cockcroft-Walton high voltage gen- 
erator; separate high-voltage sets will be used for each 
ion species. The 750-keV beam is injected into a post- 
coupled drift tube linac which accelerates the protons 
to 100 MeV. From 100 to 800 MeV a side-coupled acceler- 
ator structure operating in the a/2 mode is used. The 
drift tube portion of the accelerator operates at a fre- 
quency of 201.25 MHz with a peak rf power demand of -10 
-MM; the side-coupled portion operates at 800 ?arz with a 
peak rf power requiremnent of "44 MN. The entire accel- 
erator is controlled and monitored through a comprehen- 
sive computer control system. 

Physical construction of the facilitv began on Feb. 
15, 1968, with a ground breaking ceremony for the Equip- 

ment Test Laboratory building. The first 800-MeV beam 
was produced on June 8, 1972, a few weeks ahead of the 
date scheduled several years earlier. The final con- 
struction cost is about $57 million which is only slipht- 
ly higher than the original $55 million estimate; this 
is a significant achievement in view of the severe cost 
escalation during the construction period and the sub- 
stantial increase in the experimental facilities over 
the original design. 

The prinary purpose of tne facility is the experi-‘ 
mental study of various aspects of nuclear science and 
related disciplines. This work cannot start in full 
measure until both the experimental facilities and the 
sCC~lC?ratOiY ilrE in OperatiCIn. ?tuch work. remains before 
the experimental areas are complete; however, initial 
tune-up of the primary and secondarv lines in the ex- 
ptrinen:al area can begin in the late spring of 1973 
with Freatly reduced current (-1 &A) from the acceler- 
ntor. Thus, WC have chosen to rn~?asizr expcri?.ental 
area work at the expense of a sonewhat reduced rate of 
developcent on accelerator problems. Nonetheless, work 
on the nachine has produced many gratifying results and 
WC have every expectation that the nccclrrntor will he 
successful ir fulfilling the expcr!r~nral prnpran re- 
qulrenents on the appropriate tire scale. 

--- 
*.\ork performed under the auspices of the 1.. S. Atomic 
Energy Commfssfon. 
-'-LA?IPF (Los Alamos %son Physics Facility) was formallv 

dedicated as the Clinton P. Anderson Meson Phvsics Fn- 
cilitl; Sept. 29, 1372; this c!as done in rracognition of 
?rnntcr Ani:erscn's long-term interest and support of 
nuclear scit*nce and related fields. 

Integrity of DesiD. - 

Sufficient operating experience has been gained 
with the different machine components so that we are 
starting to have some real measure of the adequacy of 
their design and construction. In general, this expe- 
rience has been good and most problems encountered have 
been of a routine nature. There has been no indication 
of the need for any major hardware retrofits. As might 
be expected, new demands on accelerator instrumentation 
and better evaluation of original design have led to 
continuing development in this area. 

Much of our early concern about accelerator relia- 
bility was connected with the rf systems. Experience 
with klystrons used at 805 YJlz has been good: we have 
accumulated some 150 kh of experience on these tubes and 
the anticipated mean time to failure is in excess of 
7000 h. All of the 805~MHz rf system and accelerator 
structure has been tested at 12% duty factor and appears 

to operate satisfactorily: thus, it should he well be- 
haved for the initial 6% duty factor operation. The 
201.25~MHz rf system is difficult at high average rf 
powers, our present experience indicates that the exist- 
ing system is probably adequate for 6% beam duty factor 
but it is unlikely that it can be pushed to 12% without 
major modification. 

The choice of a comprehensive conputer control sys- 
tem for the facility was correct. It provides us with 
the necessary mcnitoring and control of some 6000 binary 
data channels and 2500 analogue data channels. Equally 
important, it provides us with a very sophisticated and 
necessary tool for complex studies of accelerator per- 
formance. The long-tern reproducibility of the data 
channels as well as the apparatus is a matter of con- 
tinuing study via the computer and repeated neasurements 
of beam parameters. An area of continuing development 
in the control system is the hardware and software op- 
erating system of t!-ir conpuirr. As more of t'he accei- 
erator cones into routine operation and the sophistica- 
tion of the application programs increase, a continuing 
effort is required to cnrrpct system drfects which pre- 
cipitate stalling of the computer. Progress on this 

problem is keeping abreast with t.le ever-ircreasing corn- 
puter burden. The net effect is a control systen availa- 
bility of 90-952. This problem will eventually yield. 

The Tuning Prohlcm 

The primary goa1 in tuning this accclcrntor is to 

produce a besn of the requisite cner,-v and current in 
such a way that beam loss dors not cause appreciable 
damage to the accelerator. This problem is vcrv diffi- 
cult in a h?.Fh nvernpe cIirr?nt machine: for example, -we 
believc 00 t:1e hasis of AC ? ivat Ion cnlculaticns that we 
can tolerate a beam loss of onlv 1 'IA avc!rn)lc current 
in that portion of the machine bc~t~.icc:> 1Or) and 2100 !'eV - 
this is a loss of onlv 1 part in 1q3 of the full desi,fn 

currvnt. I:sLnP, tiii:; loss criteria nl:d beam dynanics 
calculations, adequate control, manufacturln~, and alipn- 
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ment tolerances were determined during the design of the momentum to 0.05:: is required. This again is a complex 
machine. In general these tolerances are tight but with- instrument which is computer-controlled and will eventu- 
in the state-of-the-art; as examples, phase of the rf ally have on-line data reduction. It has required sub- 
accelerating field must be controlled to "2", Its ampli- stantial development but present results are encouraging. 
tude to -11, and the lateral postion of the quadrupole Preliminary measurements of the momentum spectrum of the 
doublets used for focusing must be ccntrolled to -0.010 accelerated beam at several different energies are shown 
in. in Fig. 4. From these spectra it appears feasible to 

make the required momentum measurement. 
A complication in the tuning problem is its changing 

character a1or.g the machine. This is displayed in Fig. 
2 which shows the phase oscillations/module as a func- 

The tuning of the injector and beam transpogt sys- 
tern to the machine has been described elsewhere. 

tion of module number (a single module generally repre- 
sents the shortest length over which we can control Radial positictl and size of the beam within the 
phase, amplitude, steering, and focusing). In the low machine is measured by the current generated in a thin 
energy portion of the machine one or more oscillations (0.005 in. or less) wire which intersects a portion of 
occur within a single module. the converse is true in the beam. These wires are either motor driven and move 
the high energy portion. Thus a variety of tuning tech- through the beam (wire scanner) or there are many (SO- 
niques are needed in the various portions of the machine. 60) in fixed arrays which can be inserted into the beam. 
Some of the more important techniques are discussed be- Keith the aid of this tyne of data it is possible to both 
1OW. steer the beam and match the quadrupole doublet strengths 

to the beam emittance; tvpical wire scan results are 
The simnlest method of tuning which we use is to ob- shown in a reference.7 

serve the beam loading in a single module as a function 
of rf phase and amplitude. One can, under normal condi- 
tions, use this technique to get a portion of the beam 
accelerated and module by module accelerate some beam 
through appreciable portions of the machine. In fact, 
beam loading was the technique used to produce the first 
full energy beam. The difficulties with the method lie 
In making good measurements of rf power and having an 
adequate knowledge of beam bunch parameters and energy 
entering t‘he particular module. A graph of a measure- 

ment of beam loading and some beam loading calcula- 
tions4 IS shown in Fig. 3; the data were taken under 
very good conditions. It seems unlikely that one can 
ever do more than achieve approximate phase and ampli- 
tude settings using this technique. 

In the early part of the machine where one or more 

phase oscillations are contained within a single module 
it is possible to determine the phase and amnlitude set 
points with adequate precision by measuring that frac- 
tion of the current accelerated to the appropriate 
energv as a function of rf phase and amplitude. The 
experimental data fit the calculated curves quite well. 

In that portion of the machine in which a module 
contains -l/2 phase oscillation it is possible to de- 
termine the c?rrect phase and amplitude bv transit time 
measurements. These measuremen:s include a dctermlna- 
tion of the transit time through the module in question 
both with the field "on" and "off" as well as the time 
required co iri.Ci i;lLclugti Lhr fGJ.lo-Gt;g ,Sddlc. Tl;is 
method also gives a very precise measurement of the en- 
ercv of the beam entering the module (the indicated ac- 
curacy is better than 0.1%); thus it also checks some 
,xspects of the performance of the earlier portions of 
the Klchine. An essential feature of this measureTent 
is tnat it cetermines some of thp characteristics of the 
cotion (of the br.x bunch within the accentancc buckctt 
sf the accelerator. The development of the necessary 
electronics and ::icrownve genr for this mensurcmcnt has 
F-c:c.~ cll.tlleng,ilF;; the present .situntion is that a motiulr 
can be nccuratelv 2nd reproduci'rly set "p in 5-ln min. 

In tne iii:,, ?.LeZ. energy portion of the accelerator 

Hare precise steering of the beam is accomplished 
using the beam spill monitor system. This system pres- 
ently consists of -60 radiation detectors distributed 
along the accelerator which automatically turn off the 
beam in case of excessive spill. Their output can be 
displayed and used for fine tuning on the steering. An 
automatic method of on-line calibration using the beam 
has been develped. Improvements to this system which 
will increase its flexibility are being constructed. 

In summarv, a variety of different tuning techniques 
are necessarv. All of them require extensive data anal- 
ysis and highly developed hardware. A major effort has 
to be spent on tuning problems with low current beams 
before one attempts high current operation. 

Interim Results _--.---_- __-- 

In the a-month period following the completion of 
construction of the accelerator (July 1972 through Feb. 
1973) our principal concern has been the development 
of the tuning procedures which are nartiall:r described 
above. Of almost equal importance has been the develop- 
ment of effective operating and maintenance staffs. The 
development of the maintenance and operating capability 
is in many ways essentially an administrative problem. 
Efficient, well-trained and highly motivated staffs must 
be assembled. Adequate data bases must be developed to 
maintain good control over maintenance activities and 
r,crm:t systematic eva1uaeicn cf nnlztcL2ncc ~rcblcms I 
Substantial progress has been made on this general class 
of problems; however, it is too early to make a quantitn- 
tive evaluation of our work in this ared. Nonetheless, 
a gratifying increase has been made in t;le number of 
hours of scheduled oneration ner month (currently -400 
h/ma) and the avai1abi.L ity oF t:ir be.lm for useful 
purposes. 

Some qunntit.ativc evnlunt;?n of t!lc technical prce- 
res s In tuning the accelerator car. be I-ad67 on tie basis 

of Tables I and II which display the maximum peak and 
nvernge current levels w+ic!x have hccn studied. 'u'ote 

. there is onLv a small fraction of phase oscillation with- that the maxImum peak and avcrnee vnlues of current were 
ir. ,S single n~,lule and it is adequate to make a prrci- not achicvrd at the S~UW time: rather t!lcv are the re- 
sion mc2surcmcnt of t:le output encrfv of the particular suits of senarate cxnerimrncs. It roust be emphasized 
;:~~jdule as c~ func~~:oi~ Lif if piiilse -in<: .It,i>li:,iitc. Th,is ;1iat the lii-iitat im on :':i- i-:i:.:i?;u~ VclG:‘ OF nvcr.;,1c 
is done usfny a portion of tltr hcnm switchyard as a pre- current is set b-7 simpl(s be.lm I.355 (i.e., scr:tpinf; a- 

cision spectrometer: an absolute mennurrment of tile lone the walls of the accelerator). It should also be 
noted that due to bdget.lry limitations we hnvc imposed 
a limit on the maximum energy of 500 !,leP during PI 1973. 



TABLE I 

Yaximun Observed Peak Currents Lp-----------.- 

Energy Peak Current 
(?leV) .__ -- (A) _---- 

0.75 40 
i.00 15 
312 15 
302 6 
400 3 
800 -1 

These currents all involve pulse lengths of 100 to 
300 ,,sec. The apparent decrease in peak current at 
higher energies is misleading; it is not the result of 
any physical phenomena - rather it is the result of in- 
sufficient time to studv high peak currents at high 
energy. There is no evidence of any exotic phenomena 
such as "beam blow-up" under any operating conditions 
which have Seen used. 

Maximum Observed Average Currents --_ .-- 

Energy Average Current 
OIeV) _-- -~~I---.--.~ 

0.750 2,400 
100 310 
212 59 
302 11 
400 3-4 
800 - 0.1 

&air., the apparent decrease in current with increasing -. 

TABLE II 

energy is misleading - these are interim results. The 
3X CA produced at lcl0 XeV was extracted from the ma- 
chine at the 100~MeV point and transported to a separate 

100~MeV beam dump. The currents for the hipher energies 
were transported to temporary beam dumps in the switch- 
yard at the end of the machine. The limits on the loo-, 
212-, 302- and 400-MeV beams were set by radial beam 
spill at the time of the experiment. In any module 
above 100 NeV a beam loss on the order of tens of nano- 
amperes average current automatically limits the average 
current. 

Transmission through the machine, as measured hy 

current transformers in each module, displays no abrupt 
steps when th? machine is properlv adjusted. Overall 
transmission through the accelerator (after t:le repion 
of initial bean capture) in excess of 99% has been ob- 
served (X2-XeV energy). At this tine, it is difficult 
to riairtain a calibration precision of greater than one 
or t'.~'o percent in the current trnnsforncr system. Thus 
further improvemen:s in transrission vi2.1 probably be 
based on radiation measurements of beam loss. 

The emittar.ce of the 212~XeV hcam has been measured 
at the end of the accelerator and typical rms values are 
n/10 m-cm. This value is comfortably smaller than the 

7 rr-cm which is the acceptance of the early portion of 
the switchvard and experimental arc.2 transport system. 
T1, 4 _ .&ci ECZ,~~.!TP~ \~GUCC is 31~0 ~~11 'Iithin the predicted 
-Jalue for the machine. 

The energy spectrum of the bean (Fip. 4) typically 
indicates an upper limit on the RdlPl value OF -0.252 
i'plp. If thr spectrometer i.s tuned more carefully one 

can observe a FWl?I of 0.12% Ap/p at 302 XeV.8 Either 
value is comfortably within the predicted value and 
bodes well for the eventual success of those experi- 
ments requiring a small Ap/p in the primary beam.* 

Future Plans __--___ 

The immediate problem of interest is the accelera- 
tion of H- ions. The H- ion source has been constructed 
and tested; installation work in the Cockcroft-Walton 
enclosure is nearly complete. By late March 1973, we 
should be testing the H- beam in the accelerator. Short- 
ly thereafter we should begin the study of the sinulta- 
neous acceleration of both K' and H- beams. 

The problem of raising the beam fntensity will un- 
doubtedly occupy our interest for many months. The prin- 
cipal thrust of our work is to exploit to the fullest 
the minimization of heam loss by fine tuning the focus- 
ing , steering, and rf. It may be feasible to prepare 
a better beam for acceleration by further optimization 
of the injector and beam transport from the injector to 
the accelerator. If these approaches do not fully satis- 
fy our requirements, it will be possible to add one or 
more collimators along the accelerator to concentrate 
any beam loss in suitably shielded and constructed hard- 
ware. 

The construction of the experimental area will con- 
tinue for several months. By late spring or early sum- 
ner several primary and secondary beam lines will be 
ready for preliminary studies at low average currents 
(1 PA or less). By late fall the experimental areas 

will be sufficiently developed so that Hf beams of 10 to 
100 DA will he needed. An H- beam of 1 to 10 !JA should 
be sufficient until late in 1973 or early 1974. It is 
likely that early in 1974 the H+ experimental program 
will start to need average currents in the 100-pA to l- 
mA range. 

The enrgy of the machine will be limited by ad&n- 
istrative decision to 500 YeV or less until July 1973. 
Thereafter the energy will be increased to the maximum 
of 800 ?leV as higher energies are needed. We believe 
that this increase in peak energy will be straightfor- 
ward. 

A very modest number of exposures for nuclear cheer- 

istry research9 have been made during the past few months. 
This effort will grow and soon be joined by many other 
research programs. The overall scale of the experimental 
program is large; for example, some 82 proposals have 
been approved for a total of -lfi,OCfl h of beam time on 
the eight or more secondary channels. 

We believe that- all thr evidence to date indicates 
that the design and construction of the .lccelcrator is 
sound and that the tuning problem, while difficult, is 

tractable. Thus we anticipate that the accclrmtor will 
provide tha requisite beams in a very satisfactory manner. 

Arkcowl?d~rnt __----- - 

The author deeplv appreciates the very effective 
work on the design, construction, development, and 
operation of this facility which has been (done by many 
different ?cople at tile Los Alnrr.os Scientific Laboratory. 

*A small fpfr, is important to the eventual SIICCC’SS of 
our High Resolution S?ectrometpr Facility. 
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Fig. 1. An aerial view of the Clinton P. Anderson 
Meson Physics Facility. The length of the accelerator 
is -l/2 mile. 
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Fig. 2. Phase oscillations per module as a function 
of module number. The optimum tuning technique for 
setting the phase and amplitude of the rf field Is 
determined by the magnitude of the phase oscillation 
within the module. 
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Fig. 3. A very good set of data for beam loading in 
module 12 (212 MeV). This data displays the diffi- 
culty even under ideal circumstances in using this 
technique to determine phase and amplitude to the re- 
quired precision (2' and 1% respectively). The calcu- 
lated curves are based on what we believe are realis- 
tic beam bunch parameters. 
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Fig. 4. A preilminary set of momentum spectra. L.lter 
results have shown that these widths are ~,pper l-fmits 
on the true spectra. 


