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“MAGNETIC FIELD MEASUREMENT I

InuroduCtlon

, The Corne]‘ 10 GeV a1ternat3ng-grad1ent a%ectron

- synchrotron, with a diameter of- 100m {s amonyg the Jargest
synthrotrons_exiéting or undew_constructibn, Accordingly, the
stability region is very small and high accuracy is required
for the polie profile of magnets. @&ap heights are one and one-
'f:ha1f inches for a wide gap mugnet {vertjcal focusing: yOS?L?Vu)
" and about one inch for a narrow gap magaet {radial focusing:
negative). These are the smallest gaps of ail SJnchrotrons
Therefore, the accuraCJ needed for stamping laminations of the
‘magnets is the most stringent."?hey were made with an accuracy
;of +0.25 mill Gradienis in the usable region are reqguired 1o
'ba within a 1imit of about_fO.S%'from the designed values. 1)

: Measurement of magnetic 7ield must be carried oui with &
5}qonpauab1e accuracy with the above reeu}renenﬁ He have mea-
sured the absolute value of X ( 5 [ {ax} } with an accuracy ov
~40.,15% and the distribution of x (x) with a relative accuracy of
¥0.1%, The measurement was done wauh high AC excitation of the
magnet without and with a DC bias, using search coils and an
integrator. The magnetic field at thevcenter was from 2,5 ta
5k6 (the peak field at an excitation of 15 gev¥), which is free
from the remanent field and the saturation effect.

: The actual iprofile of po1e pieces were determined through
Computer calculation which assumed a constant magnetijc length
f 127. 5“ and a cons»ant grad:ent 1eﬁgth of 126, 5%, while a



geometrical length of the lamination stack is 126.48" for two
~types of magnets. ¥ ’

. Fringing fields at the ends ¢f the magnets were measured at
high AC fie]d'using the same technique. Effective magnetic and
gradient lengths were also measured along the radial direction.
Several hard packs (groups of laminations with a graded profile
which are prefabricafed for use at the ends of magnets), which

- were different in shape, were made and measured in order to ob-~ .
tain designed constant magnetic and gradient 1engths 1n the usab1e
" regions .at high field. ‘ '

. Excitation Curve

The magnet-is excited with a DC power supply and the field
in the.gap was measured with a Rawson rotating coil fluxmeter.
The excitation curves of the narrow gap magnet at the center and
at one inch outside are shown in Fig. 1. The saturation starts
ground 16 GeV, but it is due to the thinner back legs, which are
1-1/4" on both sides compared to 4" of the pole piece width.
Therefore the gradient of the field is probably not seripusiy
. affected by saturation for both types of magnets at least up to
20 GeV. A similar curve was obtained for the wide gap magnet.

S o b T

~ Absolute Value of‘XG at the Center

The XO at thg center was measured with two small search coils
and an integrator, 3) One” of the search coils was fixed at some
point in the gap as a standard coil and the other moving coil was

- set at the center at first. A schematic diagram of the system is
~shown in Fig. 2. *The output voltage of the moving coil was com-

. pared with that of the standard coil by using . voltage dividers.
The poiarities of the two search coils were opposite so that tney
were bucking each other. The output of the search coils connected
in ser1es Was: fed into” an 1ntegrator and then into an oscilloscope,
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which was trigge%ed by the signal from a peaking strip placed

in the gap. *The divider for the standard coil was adjusted such
that voltage levels at the two points, where the magnetic field
: was zé?q and the maximum, became equal on the scope.
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Where V and V are the output- vo]tages of the moving and stan+ -

~ dard co1ls, respect1ve1J X is the seut1ng of the divider for
. the standard coil, and Rd’ R

c and R' are the impedances of each
~dijvider, the moving coil and standard coil, respectively. The
. two 00113 were made identical and R = R' = 34 @, and

{_Rd = 10 ka. Then the: output of the 1ntegrator V at ¢ f‘ is

given by _ A : :
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where R and C are ‘the input resistor and the feedback capacitor
of the integrator, respectively, Vm and Vs are expressed as

; - aff?s'
| —Kj;n /4n1" >CU“CiHE7- f75

) (3)

where Am and AS are the turn areas qof the moving and standard
coils, and B and BS are the magnetic fields at the positions
where. the moving and standard coils are located, respectively,
The two coils are almost identical, and AS = BAm, where B is
neariy equal to one. Then Eq{2)can be rewritten as

_Rd A / _
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b,

B, and B at t_ ‘are less than a few gauss and their difference
is much sma11er than the values at t], and we adjust the

divider to make “Qr“m on the scope. Therefore

BmCﬁ = (e (£, | (5)

| Since 8 B (t]) ié.constant,GK gives the relative field
-~ intensity at the moving coil at taty,

First the central field was measured as mentioned above
~and the moving search coil was moved in x direction for a given
~distance (usually £0.5") and the fields at these points were
. Measured also wfth-resbect to the standard coil. ‘We took their
‘difference AB. Xo(0) is then given by

CL S ' Bo (o) o
XK (o) -~ (&5), .
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General Radio 1454-A Decade Voitage Dividers were used, which
have a maximum linearity érror of £0.02% and a frequency error
of less than 0.1% up to 20kc. They are four d1g1t dividers. We

“added a 0.7-10 step variable resistor in series with the dividars
to read out another digit. Sometime we used the deflection on the
'scope tfor reading out the fifth digit.

The integrator used was Tektronix "0-type" plug-in which was
set at the input impedance of 100ke and feedback impedance of
0.01}4F. Its open gain is 2000 and the effective time constant

was 2 sec. which was good enough for the measurement of §0 c/s AC
field measurement. There was a small error of about 0.1% in the
integration due to the finite gain of the integrator. But this
results in a negligible error because only a very small difference
signal is integrated. A Tektronix RM 561A - oscilloscope with a
2A63- plug=-in qnit was used for the display and adjustment of level
-0f the output signal. The sensitivity of the scope was set at
v2mV/em.

A peaking'strip was used to trigger this scope. The delay of
its signal (a few/xs ) and the effect of the remanent field 3~4
 gauss) were small compared to the peak field. So, in our present
‘measurement it can be neglected as we were interested only in the
field shape due to the pole profile.

The main error of the measurement of Xo(o) came from un-
~Certainty in the positioning of the moving coil at the center of
;the pole piece gap. -This was est1ma»ed to be + 7 mils. Since the
«field gradient is about 11¢% / inch, an uncertainty of 0.08% is
estimated in the centra1 field value and in X o(0) due to this
effect. '

. The positioning of the moving coil was done by an indirect
.ethod s We could not measure directly the position of the coil
r jns1de the gap In this indirect method the level of the
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magnet was set andlthe axis of a transit was aligned on the

3 . centeriline of the magnet by using special jigs. A mill table

| which carried the coil was leveled and aligned paraliel to the
axis of the magnet by using a micro-dial gauge on the mill tabie

and a long parallel bar extending from one side of the magnet.
The search coil, which had a sharp cone as a center pointer, was

placed on the center Tine of thé magnet outside the gap with the
aid of the transit., Then the search coii was moved about one
foot into the gap, where the central field was measured. There
might have beenia small error due to the inclination and the
imperfection of the .search coil (< 2 mils). '

We measured the radial displacement ax with a dial gauge
and gauge blocks. The possible error in ax is estimated to be
less than 0.5 mil for 1.000" displacement, i.e. 0.05%. Uncertéinty
in AB, which was taken as a difference between two five-digit
numbers (m105),1was about 0.02% (corresponding to four-digits) since
’AB/B was about 0.1. The Xo(x) is not a constant throughout the
~usable region as will be shown Tater, but has a linear term of a
~sextapole. Thelerror in XO(O) due to the finite values of AB and
"AX is negligible for the constant Tield gradient modified with a
f1inear term. If there had been any big higher terms, the exact
.vaiue of Xo(o) ;hou]d be corrected from the curve of XO around the

The two -search coils were made identical with ratios of the
diameter to height of 0.72 to give the average central field. The
inductance of the coil was about 0.2mH. This is quite small com-
pared to the input impedence of the dividers of 10ke. Therefore,
ts effect was neglected. ~As two search coils were connected in
fhe opposition any filuctuation in the power supply did make no
rror. - ' S ' C



Thus, the overal] uncertainty is estimated to be £0.15%.
Table I gives the measured results together with the designed
values for both magnets. There was no detectable difference
between the values of excitation corresponding to 7.5 and 15 GeV
excitation levels.

Table I: Absolute Values of K, 8t the Geometric Center at High Field

Gap - Designed Measured Measured Effect of
Height Value Value : Minus Punching
1 Designed - Error
1.022"  9.010"  9.045" T 0.014" - +0. 035 +0.035"
1.501" 9,223  9.204" ¥ 0.014"  -0.019 -0.004"

The errors in the profiles of the punched laminations were
_measured geometrica}]y. Their effect on Xo(o) were estimated

~according to Eg. (15) and shown also in Table I. They account
for some of the differences between the measured values and the

_ In our case the iron was not saturated so that measurements
ﬁade without integration gave the same result within the ex-
perimental error. Another alternate method was to use two
intégrators for two search coils and compare them with the dividers.
his gave the same results.

asurement of the Radial Distribution of X_(x).

We could measure the radial distribution of Xo(x) by the same
nod as used for the measurement of the absolute XO at the center..

ver, the percentage error was bigger in this case, because the
Tute value of .ax was quite small (0.1" = 0.2") '
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and the error"in AX was the same as 1n the previous case,
o The prec131on of the mechanical pos1t1on1ng device was not
’ﬁ?ff; CUsufficient to ye11d an-accuracy of better than -0.5% with

L th1s method ‘

B ‘Instead of .using a single coil as a moving coil we used
“matched twin co1Ts cons1st1ng of a pair of identical coils
giued. together.. Since the distance between the two coils Was
kept constant, the error in the ax was negligible. They were
connected in series and buck1ng each other. The radial dis-
tr1butaon of X (x) was obtained by moving these twin coils

‘ anng the rad1a] direction, and by compar1ng their output with
';that of ancther fixed standard co1] just as in the case of the
‘abso1ute X measurement

The output of the tw1n co11sﬁ% is g1ven by

V% ( 8 --8;1) AMCAB) oo

‘Where B] and 82 are the magnetic fields at the centers of the
First and second coil of the twin coilsand A is the turn area
of each coil. Wt and AB correspond to V., and B in Eq.(3),
_respect1ve1y - “Therefore, the distr1but1on of AB( } can be ob-
‘tained by ad3ust1ng the d1V1der for the standard coil, and that
f X ( ) beung ca]cu?ated

A]though the geometr1ca1 shape and the turn number was
ade the same for each of the twin coils, there was some difference
etween them.: Therefore an- add1t1onaT single turn on one of the
115 was adJusted 1n area, 50 that che turn areas of the two coils
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terms are evrrors due to the mismatching of the coils. The third

;distributions were same at 7.5 and 15 Gev.

were matched, Thne turn areas of the two coils are A at the
magnetic field B and A+aA at B+aB. Then the output voltage
of the twin coil is proportional to

(A+AA)'(B+AB)-A-B=A-AB+AA-B+AA-AB. (8)

The first term on the right is tne term we want and the remainingﬁ

term is negligible. The ratio of the error to signal is

= L Py B ot Ve B
Ca) (o). (e Eee Ll

5y

¢)

To make the ratio less than 1%, AA/A should be made less tha
1/3600. Therefore, careful matching of the twin coil is needed.
We made AA/A less than 1/10000. Since we did not have a nomogen

AC field, the turn-area wWas adjusted in & constant gradient AC
field, by equalizing the outputs obtained by reversing the twin

When we take the average of two readings obtained with reve
position of the twin coils, the above second term AA-B 1is qancﬂl
out and the ratio of error to signal is sA/2A, which is w5 X 10

The obtained distributions of Xo(x) for the wide gap aad
narrow gap magnets are shown in Fig. 3 and Fig. 4. The designed
distributionsand the ideal lines are shown also in Figs. 3 and 4
with the limit lines of %0.5%. The agreement between the design

: . . . . : r
distributions and the measurea ones seem fairly good. The meas!

The twin coilsused had a spacing of 0,25", Therefore UﬁSL
- . . . , 1
measurement has a spatial resolution due to the spacing of theﬁ

coils, .i.e. 0.25". Therefore the usable region of the actual -
£ this ®

distribution may;be wideron both ends by as much as hal
The widths of the usable regions are estimated 2.35" and 2.7
the wide gap and the narrow gap magnets respectively sncluding

5“
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Measurement of Gap in Back Leg

“the width of the legs and pole piece and by the leakage flux r

The magnet is made of top and bottom halves, which are glya
together with Epoxy at the centers of the back Tegs. This gap
height g can be measured magneticaliy using a Hall probe,

l ! | ; \
. LJ ~*”$/#H % j v It is given by
= D= R
b f-¢nh? | % B, (9

where'BO is the field at the center of the main gap, kBo the
field in the gap of the back leg, k is determined by the ratio

(k = 1.92). B 1is the fieid at the distance ¥ from the gap o
back leg.

Effect of Gap in_Back bteg
The calculation of the profile of the pole piece was done

assuming a 1 mil gap in the back leg. The measured gap is abo
2.0 0.5 mi1. And the gap may locally be as large as 3.5 mils
Variation in the back leg gap changes the field distribution,:

also moves the isomagnetic line.
 When we have an extra gap 4g on both of the back legs, ¥
also an extra gap &g 1in the central field of the pole piece.

Therefore, the change of the field value AB, st the central

B is,

ABo ~ﬂ+ﬁ) Ag
&

-y r——t R

Do

v

gap resp?
7ine D

where G is the gap of the magnet. For 1 mil
change in B is 0.3% and 0.2% for 1" gop and 1.5"
This change in the field value moves the jsomagnetic
amount ax given.by
' : A &
Ay m( THRY Fo b
0 (f'}

~. +
L]
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The aﬁount of shifting due to a 1 mil extra gap js 26 mils and
18 mils for the narrow gap and wide gap magnet respectively,
C ] S " The approximate amount of change
i AXo in Xo due to an extra gap in
the back leg can be derived as
follows: Here we treat the case
/ of the constant gradient. The
. height of the gap from the median
o+ &Y !\fﬁd\ﬁ 9 gap .
! plane at the center is Yo, and the

gaps at X1 inches away from the

e —
Fi
X
Vol

center on both sides are Y] and
Y2, Y] being taken at the lower
i field side, '

!
X .,___>< Yx ‘f(/?" :
@ | \/ (12)
= Y
If we have error AY, and AY, then for the small value of

x] the .total change AXO s, (

¥ X
Axor«?;f'f% ;AY;'+AY1)—%(A\JI“AY1)

(13)
-And Y# + Y2 is abput equal to gap G , then
Ao L %m\«s-m/ Ko v aY. —AY. é@
—— T ' *-T-— — "L
. ){0 - 6{‘ { :}) }"l( \/‘ ) , “4)

_ The term (AY] + AY,) gives the effect of an extra gap and
the term (AY] - 4Y,) the effect due to the inciination of the
pole pieces. - '

If there is an extra gap § (mil) at the pole pieces and the
@ pieces are inciined by € (mil/ineh) (e is positive for a
Jger gap on the Jow field side), then
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AXD“‘,?.?CS “"/‘?6>n‘li Qav- o N v Ll | a2 V‘r\f& Q?L'
I (15)

Ao = 610§ = /2€ Jmil, Lorn o wide gap W\«S:j/aa,’f"

Therefore 1 hi] extra gap or 0.05 mil/inch inclination gives of

the order of 5%]0 mil change, which is about O.i% of Xg These
gquations can be used-for estimation of the accuracy of the lamina= .
tion profile.

- Magnetic and Gradient Lengths

The magnetic length of the magnet at x, LB(X); is defined by:

;- /K>,;_/riﬁxp.« N 2D fn c,
5 < JE) (’/{)-}/@r 50 z&')). (16)

where Bo(x) is the magnetic field far inside the magnet at x and
Z s the coordinate taken in parallel to the magnet axis. Similarly,
the gradient length LG(x) is expressed as :

’-6 (%)= J aafx c)d,l, é <~fa> (17)
<
fwhere ( ééélgzaa)o is the field gradient far inside the magnet.
. 8(x) and EG(X) refer to the whole magnet with two hard packs
properly shaped prefabricated end sections), and we define Lé(x)
and Lé(x) for half the magnet with one hard pack. The geometrical
length LGo of both magnets ‘i.e.,the Tength of the stacked lamination,
js the same and 126.48". The difference between the Lé(x) and half
he LGO is defined as ALé(x) and similarly ALé(x) is defined for
(x). Therefore,
L =o' 0= Lot aA Ly Cx).
/ N (18)
Lgr(%i)==-aL&C%)*-L@'@"r"wtéll,@,QX),

The calculation of the operating point and the profiles of
Pq?e'pieces was done assuming a constant magnetic length and
nstant gradient length for both types of magnets. A half of the
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difference between the magnetic and gradient length was assumed
nalf an inch. Therefore, we had to siape the hard packs to
satisfy the above requifements. A relation between Lé(x) and
Lé(x) is given by

) /
‘-@ G = & R Ll &
Lo B f‘t.)' ot '::}':/ :}‘ e

SR

\ - e
= X, Zm@CN [T a X
= f%’éj&
BRI (RS s
iR
’ ;'\- !ﬁ; 2 { 1 Y
where Xo is taken as (DGC} “n "”“;Qq, and e corresponds to a

sextapole term inside the gap for the correction of momentum
shift of the operat1ng point and 1t is less than 2.5 x 10° /1nch 1)
FAL VA o, {:a..(ff’f'?)divtﬂs

7 ' ‘g W/ 'Eu.JCO) |
Y e Lale)=Xo ,,_____L___,_ : (20)
L@C) i3 S A
As we should make LG - LB = .0.5", QE"“‘Ca) should be made

about 55 mil/inch, where + corresponds’ﬂo the wide gap and - to
the narrow gap magnets. )

For beam dynamics the magnetic and gradient lengths are
mportant., Therefore, to make the effect of variation of these
éngths negligible, the variations of ALé(x) and ALé(x) should

e made Jess than +0.5% of a half of the geometrical length; i.e.
Ss than +0.3 inch as +#0.5% was taken as the. criterion for the
it of x 17,

d Packs and Fringing Field
In order to obtain the final hard packs which satisfied the
Pﬂquwicm0ﬁhd, a number of difTerently shaped hard packs were
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tried with successive improvements for both types of magnets.
‘A 10" long search coil with good parailel surfaces was used
(10" x 0.4" glass bobbin with 40 turns) for the measurement of

- the magnetic and gradient lengths. The output of this search
¢oil was compared with another fixed standard as in the case

of the Xo(x) measurement..

We set the moving search coil parallel to the 2Z- axis so
that it covered from 3" inside to 7" outs1de with reference to
the lamination end,  thus, measuring / Bx,z) )Lz,

The origin of &~ axis is at the lammatmn end and it is positive

to the inside. _Then we measured U, 3(’;{.3)4'&
-by moving the coil one inch into the magnet. As we can see later

=+3"" " 45 well inside the uniform magnetic field region’
,_and 2-:,.(,”"‘ is practically outside the magnetic field of the
_magn’et.' 'Therefore, ' AL’ %) in inches was given by

ALBCJ‘)—

fé C% %M.é-/fg(x Z)cl%"gj’ _ N

‘Where : ;"._";l" ,

v g " ,
fng ?- at% f”(x Qaﬁ ‘7/533(%%)43—,

A

For the measur‘emenf ofALG Cx); we moved the search coil
dially at 3" and 4", By keeping the radial displacement 4&x
hnstant (Ax=0.200“)‘ “the gradiént Tength in inches ALé(x) was

- by ' g)at =7 A% e
5(x+‘—— Z L2 2)d

Cx)r- ..-g// = f/{)}(x o { ) t

v -3

AIIB.C?"”"  H)4E fo%--—-—--' &)L

i
/

(22)




' - 15 =

Figs. 5 and 6 give the distributipns of Lé(x) and Lé(x)
- with final hard packs for both magnets. The designed usable
;';il - regiqns at the hard packs, which is narrower on the outer side
: than that determined from the Xo(x) distribution due to the
shifting of the central orbit, are shown in these graphs. It
can be seen that our requirements are well satisfied in these
regions. These data were taken at 7.5 and 15 Gev excitation.
We observed a s?ighf saturation effect at the hard packs in
'Lé and LA, which starts at 10 Gev. Lé and Lé shrink in by 13 mils
with a wide gap maghet and 50 mils with a narrow gap magnet at 15 Gev
Distributions seem unaffected. This effect is dué to the side
_surtace of the hard packs which stick out of the surface of the
.coil. Therefore the narrow gap magnet shows a bigger effect
(i.e. about 0.1% in Ly and Ly at 15 Gev). Also in Fig. 6 is shown
Lé(x) of the uncorrected original hard pack.

‘Table II: Measured LB and LG at the center at 7.5 Gev

‘Magnet LGO LB L

g bg-tg
Wide Gap  126.48" 127.21" + .02" 125.99" +,04" i.220
arrow Gap 126.48" 127.17" ¥ 02" 126.09" T.o04" 1.08"

| In Table II is given the valucs of Ly and Lg at 7.5 Gev with
heir estimated errors of the measurement for both types of magnets.

Actually thére are apparenf1y bigger errors due to manufacturing
he errors in Lg and L due to this is estimated to be 140 mils

ind 110 mils respectively. The thermal expansion of the magnet

of the arder of 2 mi]/co for the temperature change of the

ling water. .
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The final shapes of the hard packs are shown in Fig. 7 and 8.
Both sides of the pole pieces are tapéred to accept the inside
corners of the coils. The inclination of the poie pieces are
Lo punched out succéssively by a die which has two circular shapes
s of 1" radius connected with a straight Tine tangentially. The

same die is used for both types of hard packs. To keep the same
magnetic length and to use the same lamination stacking Tength 1in

.both types of magnets it was hecessary to cut back the inclina-
tion of the hardipacks of the wide gap magnet by about 0.36 inches
more than for the narrow gap magnet. BRI

The fringing Tields with the final hard packs were measured
at 2.5 kG AC excitation by the same technique as used before with
two smali search coils. The curves are shown in Fig. 9 and 10.
The gradients of the fringing fields were obtained by taking the
difference between two adjacent points in the radial direction.
Figs. 11 and 12 show the gradients for both magnets. They show’
ciear]y how the field and gradment distributions are changed to
meet our requ1rements. o '

S PON Bredesen and P. C. Stein, CSDS-24, Qctober 11, 1965

D.J A, Edwards, CSDS 25 in press.
H. Nysater, CEA-29, April 16, 1957 -
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