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Three full years have passed since the initial installation 
of all the Main Ring magnets was completed in April, 1971. This 
is a summary report of magnet replacement in the Main Ring during 
these years. 

Methods and procedures of magnet fabrication have been changed 
or modified during and after the installation period of eariy 1971 
in order to improve the quality of magnets. and to prevent failures. 
Five major generations of bending magnets have been made. From 
their typical characteristics, they are called (1) plaster-stick, 
(2) epoxy-stick, (3) vacuum-impregnation, (4) integral-impregna-
tion ("super" magnets), and (5) sleeve-joint ("super-duper" magnets). 
Some of the plaster-stick and epoxy-stick bending magnets were 
vacuum-impregnated without being disassembled. They are called 
"salvage-impregnation" magnets. This procedure :was applied before 
magnets were installed in the Main Ring (BC magnets; before commis
sion) and after magnets had been installed and.failed (AC magnets; 
after commission). 

Table I gives the numbers of replaced magnets, including shorted 
magnets, and magnets replaced for reasons other than shorts. The 
shorted magnets include magnets that failed by hi-potting and magnets 
with turn-to-turn shorts. 

Bending 

Quadrupole 

Total 

Table I 

Replaced Magnets 

Total.·. NUmber Number of 
of Replaced Shorted 

Magnets Magnets 

466 399 

87 50 

553 449 

Miscellaneous 
Replaced 
Magnets 

67 

37* 

l:Qlt· 

*This includes 12 quadrupole magnets that were replaced because 
other quadrupole magnets in the same doublet structures had to 
be replaced. 
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The miscellaneous replaced magnets consist of magnets that were 
replaced for convenience, because of vacuum leaks inside magnets, 
and because of bad doublet mates. 

The main reasons for magnet replacement for convenience are: 

1. Wrong-Series Magnets. Because of shortages of proper
series magnets, B2 bending magnets were installed in 
place of Bl magnets, and inner coil-up bending magnets 
(1500 and 2500 series) in place of inner coil-down 
magnets (1000 and 2000 series) and vice versa1 "old" 
style quadrupole magnets were installed in place of 
''new" style quadrupole magnets and vice versa. 

2. Proto-Main Bending Magnets. These magnets have magnetic
field properties almost identical to those of the regular 
bending magnets in the magnetic-field range below 300 GeV, 
but have different field-saturation characteristics at 
higher fields, for example at 400-GeV excitation. 

3. Substandard Magnets. 

4. Magnets in which the vacuum chamber was built using dif
ferent stainless steel from the regular chamber. 

5. Plaster-stick B2 bending magnets with low resistance to 
ground. Those magnets are being used at secondary beam 
lines at the Meson Experimental Area, where magnets are 
generally operated at very low voltage. 

6. Bending magnets with collapsed vacuum chambers or with 
suspected collapsed vacuum chambers. 

7. Quadrupole magnets for magnetic field studies. No use
ful information has,· been obtained from this practice. 

8. Magnets on which special devices such as extraction 
targets were installed. 

9. Quadrupole doublets for splitting. 

Details of magnet r~placement data as of 2400 hours, April 30, 
1974, are given in Table II(a) through Table II(k). Reference num
bers, removed magnets, replacement magnets, locations, dates and 
reasons for replacement are listed. Table III is a list of failed 
magnets because of turn-to-turn shorts. Table IV is a list of magnets 
that were replaced because of leaks in vacuum chambers. Fourteen 
quadrupole magnets and only four bending magnets are in this 
category. 
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Figures l(a) and l(b) show the number of magnets per month 
replaced for convenience or because of vacuum leaks and the number 
of failed magnets because of shorts to ground or hi-pot failure, 
respectively. The absissa is the month and year. A total of 20 
magnets that failed because of turn-to-turn shorts are indicated 
as black histograms in Figure l(b). 

Figure 2 gives semi-log plots of the number of the failed magnets 
per month as a function of the calendar year. ~he upper data cor
respond to the sum of both bending and quadrupole magnets and the 
lower data to the shorted quadrupole magnets only. Two curves are 
drawn to guide the eye. 

Table V gives a summary statistics for the.bending magnets in 
seven categories; i.e., (1) plaster-stick (pure), (2} plaster-stick 
with salvage impregnation after failure (AC), (3) plaster-stick with 
salvage impregnation before failure (BC), (4) epoxy-stick (pure or 
salvage impregnation), (5) vacuum impregnation, (6) integral im
pregnation (super), and (7) sleeve joint (super-duper) • The lifetime 
of a replaced magnet is measured from the date of installation to 
the date of replacement. For those magnets that were installed 
during the initial installation period, the date of installation 
was assumed to be April 15, 1971. Similarly~ the lifetime of a mag
net that is currently installed is measured from the date of instal
lation to April 30, 1974. 

An average mean - life for shorted magnets, Aave' is defined by 

where Ai and A2 are average lifetimes for shorted magnets and magnets 
that are currently in use, respectively, and N1 and N2 are respectively 
the numbers of shorted magnets and magnets in use. Magnets that have 
been replaced for other reasons than shorts are not included in this 
analysis. 

Failure rates for those bending magnets in the first four 
categories reveal a very strong dependence on their lifetimes. The 
longer they survive, the lower are the failure rates. Figures 3, 4, 
and 5 show percentage failure rates per month as a function of the 
magnet lifetime for the plaster-stick (pure or salvage impregnation), 
epoxy-stick (pure or salvage impregnation), and vacuum-impregnation 
bending magnets, respectively. The last shows essentially no lifetime 
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dependence. The failure rates for the plaster-stick and epoxy
stick bending magnets were very high during the first 12 months, 
but they are now 0.5% or less per month. The three kinds of 
plaster-stick magnets (pure, AC and BC) are combined together in 
order to improve statistics. 

Table VI(a) through VI(c) are lifetime distributions for 
shorted bending magnets, bending magnets that are currently in use, 
and bending magnets that have been replaced for other reasons than 
shorts, respectively, in the seven categories. The first column 
corresponds to the lifetime in units of months. In Table VI(b), 
one can see that essentially all the bending magnets that are in the 
first five categories and that are currently in use, have a lifetime 
of 36 months, i.e., 3 years. Sixteen pure plaster-stick magnets 
that were replaced for convenience at the 17th month (Table VI(¢) 
were sent to the Meson Area. The failure rate of the integral-im
pregnation magnets (super) does not seem to have an apparent correla
tion with the magnet lifetime. (See Table VI(a) and (b)J 

Table VII gives an extrapolated failure rate for the bending 
magnets in the near future. The individual extrapolated failure rates 
are determined from Figures 3, 4, ands for the first three kinds, 
and from the 

Table VII. 

Extrapolated Failure Rate 

Number of Extrapolated Number of 
Bending Failure Rate Extrapolated 
Magnets per Month Failed Magnets 

Magnets In Use (%) per Month 

Plaster-Stick 145 0.35 o.s 

Epoxy-Stick 333 0.3 1. 0 

Vacuum Impreg. 127 o.s 0.6 

Integral Impreg. 138 0.74 1.0 

Sleeve Joints 31 o.73 0.2 

Total 774 0.44 3.3 
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average mean-lives given in Table V for the integral-impregnation 
and sleeve-joint magnets. This failure rate of 3.3 bending magnets 
per month is consistent with those shown in Figure 2. 

Table VIII(a) through Table VIII(f) and Table IX(a) through 
Table IX(f) give magnet arrangements of the Main Ring magnets (total 
of 1014) on April 18, 1971, when the intial installation was completed, 
and on April 30, 1974, respectively. A magnet serial number of O 
at Stations 17-2 and 17-3 etc. indicates that those stations do not 
have any magnet. 

Table XI(a) through Table XI(l) show a history of magnet re
placement at each station. Four-digit numbers corre~pond to the 
current magnet arrangement given in Table IX(a) through Table IX(f). 
Twelve-digit numbers correspond to replaced magnets and should be 
read as follows (starting from the left) : 

4 digits = magnet serial number of a removed magnet 

1 digit = replacement mode 

1 = short or hi-pot failure 

2 = vacuum leaks 

3 = convenience 

4 = turn-to-turn short 

5 - doublet·mate 

3 digits = reference number of replacement 

4 digits = date. 

For example, a magnet replacement history at Station All-3 (Table 
XI(a)) is as follows: 

The original magnet (2022) failed due to shorts in March, 
1972, Reference #332, and the second magnet (2260) was 
replaced for convenience (a suspected collapsed vacuum 
chamber) in June, 1972, Reference #370. The magnet in the 
ring now is 2275. 

No magnet has been replaced at Station Al2-3. 

Throughout the present analysis only two inconsistent data 
regarding magnet serial numbers were found. They will be straightened 
out in the near future. 
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1522 

2720 
1698 

A-1t&•1t 6- 5-1971 
A•38-2 6- 5-1971 

TABLE II (a) 
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TABLE II(b) 
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TABLE II (c) 
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299 
300 

2028 
251t6 

17fi8 
121tlt 

8-Zift-2 z- .1·•1972 SKORT OR HI-POT 
F-3,.-3 z., lt•1972 SHORT ·OR HI-POT · 

-------------·------· 

TABLE II(f) 

TM-503 
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TABLE II (e) 
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1
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- .-K.LUl!.!:S.~OR~· .__· H~!tI __ 

399 
400 

2010 
2032 

228ft 
Z281 

OR HI•POT 
OR HI-POT 

A-29-3 8• CJ-1972 CONVENIENCE 
A-25•3 8-10-1972 CONVENIENCE 

TABLE II(hl 
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TABLE II(j) 



2 1 

MAGNET REPLACEMENT F'OR THE MAIN ACCELERATOR AT NAL 

520 
~Z1 

. 5.22 

IH]!!f' 

I 

TABLE II (k) 

TM-503 

--~-------------·--· -------·-·-----
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NUMBER NUMBER 

.-.. -. :-------------

TABLE III 
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11 462 
18 532 

TABLE IV 

··-·-----~· -· ----

"~·~~·-~~--------~-------



24 TM-503 

-_____,~~'!H·· tt-tc~rr11n-cc~· ·.-f'>T:--rn.ncM:· ~·~'71:· n·n::· ·:""'C1:11"'H!lTl"'r"_,,.,...,rr-. ,-.,,, .. ,,..., .. ~~-,--~------------------------

~l~Sf~R· .. $t1ci< lf>~R.~f .· >•···· .} · .. <l··r>······.· 
·•·PL.STER St!r;;l<., •sALYA~t I~~~g~~~r-~d~r 

' 
-------·----

EPOXI STICK,, PURE OR SALVAGE IM~REGNATION 
ORIGINAL VACUUM IMPREGNATION 

•· .. f st~~~£ .• .Jo.liNf §·.·.·••· <su~i~+.tia~i~• > ) f 
IN> nus ORDER ·.·.•·· ./. ·••·.·•·· > ·.···.·····•··· ·.··· 

· ...... · ..... ,,~·-·-· ·~~-~~~~~-~~--

62 42 41 333 127 138 31 

>·.·· ··.·:····/·.·:·.·:-:.· ··:·· .· ·:·· .· 

~A@~~t~. ftt:PU\Ct!l FOR CONVE1HENCE 
14.63 5.76 2.03 o.oo 

HAG~ETS IN SERVICE 
228.77 134.55 136.39 

STICK STICK STICK STICK IMP~EG. IHPREG. JOINTS 
fPURE> SALVAGE SALVAGE PURE OR <ORIG.> <SUPER) (SUPER-

I.

· .. ·.·.· .. ·•· .. •.•.········.·.•.• .. • .. •.•.••.·••.··.·······.•·.•·. > .... ·. .· <<.• · .. ···~··~.·.••··. PT.\.••.~~J;.•-· .••••..•••.. ~f!l~~ff~·.•.·····•••·••••.••.3t\ ... t ... ··.<.: ...•••.•.. !.··.i.IG.r.i ..•. s .•.•.. i .. • .. •.•.•·.•.•·•••••••. + /.·•···· -· .. ·.·. .. >·•·•.•· D:t:.tf!f:Rl. ····•· .... . MF i;:;" BEFORE :mrN~~ 
C 
.. o· u·~···· · .. n·h:ff·u:: .. :\:::::_::·::·::::::-:.::: .. :::-:·<::·::-...::: 
·.. . t'H"fft #V-.. · !'f• v > / 

TABLE V 



. . rd 
46 • 
. 47. 
48. 
'+9• 
so.·· 

25 

TABLE VI (a) 

OF SHORTED BENDING MAG~ETS 

SlteVE 
JOINTS 
<SUPER

OUPER> 

TM-503 
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OF BENOING MAGNETS IN SERVICE 

TABLE VI(hl 



27 

TABLE VI(c) 

.SLEEVE 
JOINTS 
(SUPER

DUPER) 

TM-503 
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A10~2C7-FT>, A10-3f4-FTl, AiD-4(4-FT>; A10-5C4-FTJ, 
A49-2(4-FT), A49-3(4-FT>, A49-4(4-FJ), A49-5(7-FT>, ETC. 

TABLE VIII (a) 
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Tl\l3LE VIII(b) 
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TABLE VIII(c) 



3 1 TM-503 

TABLE VIII (d) 
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TABLE VIII(e) 

---···--------
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TABLE VIII(f) 
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1974 

5 

'I'MLE IX (a) 

,. . . [ 



35 TM-503 

1974 

TABLE IX(b) 

[:
·· ... ·.·· 

. 
' · . 

. 

' 

[ 
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TABLE IX{c) 
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1974 

ETC. 

TABLE IX(d) 

--:--------.. 

I 
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ETC •. 

TABLE IX(e} 
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1974 

TABLE IX(f) 

~-.----·-·-- . --··--·-·------------·-
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ETC. 
·. -------~---------·-----

1194 
. 105710290511 

A-15 1505 1015 2507 

A-18 7112 2502 

A-23 7027 1718 1024 
151310340671 103211220771 

A-25 7120 



4 1 TM-503 

CURRENT MAGNET ARRANGEMENT AT THE HAIN ~CCELERATOR AS OF APRIL 30, 1974 

A-32 

A-47 7034 
701633390372 

A-49 0 

5 
1014 



42 TM-503 

1974 

5 
1+1tto-~-------

1263 
109444640573 

8-13 2058 

B·-17 7082 

B-24 

B-29 7002 2253 
205112910172 

TABLE X (c) 

2306 
213214 790 773 



43 TM-503 

CURRENT MAGNET ARRANGEME~T AT THE MAIN 'CCELERATOR AS OF APRIL JO, 1974 

B-33 

B-38 7063 

B-42 7057 

2795 
203311320771 

1541 1229 2774 
154111260771 10671226~071 255033930872 

1765 1017 2554 
156111290771 

TABLE X(d) 

5 

213410420&71 
1104 

·--------



44 TM-503 

5 
tf(l 7 3 

404265280271+ 
2092 

~-=__.,,~-=-~~~~~~_.,,~_.,.~===-c-c====,,.,_~====--==~~~~~~~~ .. -1~1a-tt~ •• ~~~~~ 

C-14 

C-17 

C-19 

C-25 
c-2& 

7073 

7090 

7055 

0 0 

20$3 
207311650871 

1148 
104011850671 

i?Q84 

1110 . 

1793 1219 2738 2195 
158312331071 113111910971 255611&80871 209811410771 

1105 

TABLE X(e) 

2588 2236 
215812291071 



45 TM-503 

CURRENT MAGNET l\RRANGEMENT AT THE MAIN .l.\GCELERATOR AS OF APRIL 30, 1974 

C-3& 

G-38 
C-39 

C-44 

:.-47 

7116 

7105 
7195 

7110 

7042 

1782 
163414880873 

2607' 

c=~.·····-~ TABLE X(f) 

2740 
2&0412060971 

5 
1126 

' 

2264 
211413150272 

1tl76 



46 TM-503 

CURRENT MAGNET ARRANGEMENT AT THE MAIN ACCELERATOR AS OF APRIL 30, 1974 

0-14 7125 2633 

0-17 7127 

7.11334500473 
0-21 7129 2797 

0-23 72&7 2637 
703924620573 

0-33 7146 2639 

2235 
213512361071 

2137 

2141 

2042 

TABLE X(g) 

LLOW1---------

ETC. 

1775 

1503 

276214600573 

1213 
113411ft.70771 

ZZ26 
2 04811'490771 

1074 

1144 

163& 1152 



47 TM-503 

CURRENT MAGNET ARRANGEMENT AT THE MAIN ~CCELERATOR AS OF APRIL 30, 1974 

0-39 

0-44 

0-46 

r--~ .. 

7203 
711910190571 

4038 

1145 2652 

265714820773 
0 1155 

TABLE X(h} ------------------~---



E-19 7173 

E-23 

E-25 7106 2679 

48 

2191 

TM-503 

177j 1174 
155414430473 

1662 1237 
117&13160372 

'"'--'-~ ......... ~~...,.c..,...-~~--"~~~ .......... ....---.-=--==-~~ ........... ~~---..-~~~~-··-...1-fto+-4--q -- ----

TABLE X(i) 

1oi.21o9ao s 11 
118110990&71 

22,1 ·.··· .•... ·· .·• .••. 
. ~07ZitlZ1G?7t 
2716324418 71 



49 

12&7 

E-36 7179 1675 1173 

7182 1671 

TABLE X(j) 

2734 

TM-503 

OF APRIL 30, 1974 

5 
107Z 

2066 

12t? 
105011940971 

2180 

·------·--·-------~-------



50 TM-503 

CURRENT MAGNET ARRANGEMENT AT THE 11AIN l\CCELERATOR AS OF APRIL 30, 1974 

F-15 7208 1685 
714711010771 

F-17 7212 0 
715211390771 

F-19 1587 

7008 2807 

1161 

2511 
269210840671 

118310770671 268013100272 

s 
"-4030 
2186 

2207 1680 1185 

TABLE X(k} 



5 1 TM-503 

CURRENT MAGNET ARRA~GEMENT AT THE MAIN ACCELERATOR AS OF APRIL 30, 1974 

F-46 

TABLE X(l) 

5 
1274 

154430360671 -
1201135304 72 
125114850773 


