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Abstract 

Agenda, attendees, and presentations of the GEM Magnetic Field 
Measurements Meeting held in Boston, MA. on August 20, 1993. 
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The meeting on the GEM magnetic field measurements. 
Friday, August 20. MIT building NW22, Room 150, 185 Albany St., Boston 
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AGENDA 

Richard Stroynowski - Introduction 

Frank Taylor 

Bob Granetz 

Emanuel Bobrov 

coffee break 

Jeff Freidberg 

Bob Pillsbury 

Larry Rubin (?} 

lunch break 

Orin Fackler 

Jim Sullivan 

- Muon system requirements for the knowledge of 
the magnetic field. 

- Field measurements at Alcator-Cmod 

- NMR field measurements 

- Mathematical methods 

- Methods used in plasma fusion magnets 

- Magnetic field sensors 

- TOSCA calculations, fits etc 

- distributed source approach 
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GEM Cose 600: revised baseline, Nov 18. 1992; FFS only 
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- GEM Case 600: revised baseline, Nov 1 8 I 1992 
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How Well Does The GEM B-field Need 
To Be Known? 

• Criteria: 

(1) Accuracy in reconstructing the sagitta of muon trajectory. 

(2) Corrections for the L-angle effect in muon chambers. 

•Memo: 

Sullivan and Taylor Feb. 23, 1993 

• Considerations: 

(1) Specification of field tied to overall system performance. 

(2) Non-uniform field ==> approximate L-angle oompensation. 
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TO: 
FROM: 
SUBJECT: 
DATE: 

MASSACHUSETTS •NSTtTUTE OF T£0i:liNGLOGY 
LASORA TORY FOR NoUOL.£Ae SCIEl>l.CE 

CAMBRIDGE. MA.ssACMUSETTS Q2 I 39 

Gary Sanders - GEM Project Manager 
Frank Taylor and Jim Sullivan - GEM Muon System/ 3tT ~ 
Knowledge Requirement of GEM Magnetic Field r· 
February 23, 1993 

The muon system requires that the magnetic field be known acxura1'e!ly. TJnere a:r.e 
two major ronsiderations which drive the magnetic field kno~ 

• Accuracy of reronstructing the sagitta of the muon trajectory. 
• Corrections for the Lorentz angle effect in the muon tracking chambers. 

Global Field Knowledge Requirement: 

Including the energy-loss fluctuations in the calorimeter, thie h!slt lm~se 
momentum resolution of the present GEM muon sys!laitt is ~ = 2%. As a 
global field requirement we specify that any .dd~a!l ~~· ~i:~r- to the 
momentum resolution contributed by a lade oi ~ .Ciif·tllu!. ma~Qi~~field. 
may not exceed 20% of the minimum resohlfiolm., ar ©.41%. 

Thus we specify that the vector integral BL2 (radial ad kr.&gitMfiml: cwYifMiMW5i·••ls) 
evaluated along rays from the IP at the chamber plw a. a«· ems 1!Jie knowm. 
to <0.4 % •. 

Note that this criterion also applies to the knowledge requiremeat oi a>11ty 
azimuthal non uniformity in the field as well as the reproducibility oi the 6eM 
for successive operation cycles. 

Local Field Knowledge Requirement: 

The single layer resolution of the CSC baseline technology has a Lorentz angle 
sensitivity of 60 µm/Tesla. As our criterion we specify that the total single layer 
resolution (chamber + random systematic misalignments) be degraded by no 
more than 5% of its B=O value. In our performance simulation model the 
chamber single layer resolution is added in quadrature with a 50 µm random 
systematic error. Taking the chamber single layer resolution to be 75 µm this 
criterion requires that the Lorentz angle smearing be no more than a 73 
contribution, i.e. 15 µm is allowed to be degraded to a value no more than 80.25 
µm. Note that both the direction and magnitude of the field are important in the 
Lorentz angle correction. 
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This implies that the eITor of local field vecto.r awst aQt exceecil .lliB· < O.Q9 T. 

In summary, the integral BLl value is the drivil!lg ~ meaning that 
field measurements should be focused on evaluating this qua.N;ity, ~ufuiiihy ·is.\ 
regions of large field gradient and magnitude. 

•By BL2 we mean the double integral: 

BL'•2f drf Bx di 

where dl is a differential ray-vector (dl' is a scaler), B is the vector ~c fiield, 
and L iS evaluated at the locations of the chamber planes. 

a:: Barry Barish 
Gary Deis 
Norm Gober 
Mike Harris 
Peter Marston 
Mike Marx 
Nicolai Martovetsky · 

- Gena Mitselmakher 
Vinnie PolyChronakos 
Paul Reardon 

-

Larry Rosenson 
Brad Smith 
Ryzard Stroynowski 
Alexie Vorobyov 
Scott Whitaker 
Bill Willis 
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-
Factors Affecting Pt Resolution. 

-
Parametric Model of Resolutions• 

Barrel: -
S 0.3B(R3-R1)2 

_, a. Li. 
total - 8 · - '-" 

Pt 

-
_2 2 Cq+cr~) 
OJ:,3=<le' N 

1,3 

-

where: Ge< 25 pm. <Ji S SO pm,. Ge S 75µm, Ni,2,3 = 6, XO = 0.011/layer · 

Low Pt ( < 100 GeV /c) 
• Multiple scath!ring in SU material 
• Fluctuations in energy loss in calorimeter 

-
High Pt ( ~ 100 GeV I c) 

• Spatial resolution error budget: stotal S SO µmat 500 GeV I c 

•Actual calculations are done with non-uniform field 

17 



Global Field Knowledge Requiremettt 

•Method: 

To determine the muon momentum for three poiat 
measurement, solve: 

p _ K sine AA,2(L e) 
r 8S(L,0).., ' 

where: 

L 

els' (dx x B); 

0 
0 

•Measure S(L,0), and 0 

• Field map/model of magnet determines ~A.2(L, 0) 

• Require relative error in PA. 2{L, 9) be a small 
contribution, say< 0.4%. 
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Local Field Requ.irement 

• Lorentz angle dependent on local B - value; 

- Barrel: [Bz x Ey] dominate term 
.;. Endcap: [Bz x Ey] dominate term but [By x Ez] ~ 

• Lorentz angle effect affects chamber resolution: 

- Barrel: SL3 most strongly affected 
- Endcap: SL2 and Sl.3 affected 

•Strategy: 

Minimize resol ~ . 
- 1...,..,_ Sl"'e:i •'lll.ig an a,E!C. 

• Knowledge Requirement: [Changed from Memo] 

- Needed to desjgn system 
- Variation over chamber area large 
- In some cases uncompensated, e.g. Endcap - Sl.2 By x Ez telm 

•Needed: 

- Full simulation of resol'n smearing from local B-field variations 

21 
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Summary of B·Field 
Knowledge 

• BL2 known to oBL2 /BL2 < 0.4 %. 

- Error associated with BL2 small contribution 
to overall error (30% of 1.3% = 0.4 % systematic). 

• Local B- field known to .6.8 ~ + 0.18 T (about± 20 %). 

- Dependent on L-angle (above for 0c. = 8"'). 
- Tighter criterion for larger L-angle. 
- More simulation needed. 

Loc:..I .,..~,";"~ ..,,t::WJ'C'"""'-"'C, s.J;,.f,·.J "' 
~lo l..A ~c.i"''c..,.,.. . 
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TRANSFORMER 
PRIMARY 

ERTICAL FIELD 
COIL 

FIGURE 9·6 In a tokamak. the toroidal field component B, is produced by the ordinary 
type of coils, while the poloidal component B. is produced by a large plasma 
current induced by a transformer. Additional stabilizing forces are provided 
by a weak vertical field B,. and by eddy currents in a highly conducting copper 
shell. 
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FIGURE 6-3 Both the j and B vectors lie on constant-pressure surfaces. .. 
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828 J. P. FreldbSrg: Ideal magnetohydrodynamic theory of magnetic fusion systems 

in Fig. 15. Here R,41,z describe the usual right-banded 
cylindrical coordinate system. The assumption of 
toroidal axisymmctry implies that a/34'=0. It then fol· 
lows from V·B=O that B can be written as 

(4.30) 

where B• is the toroidal field, B1 is the poloidal field, 
and r/J/R =A•, the toroidal component of the vector po­
tential. It can also be easily shown that the poloidal flux 
1/11 is related to r/J by r/J, =2m/1. In axisymmetric tori it is 
convenient to label the magnetic flux surfaces with r/J 
rather than the press~ p. 

Substituting Eq. (4.30) into Ampere's law yields 

1= - ~ t.."r/Jc•+ ~ V(RB.)X~, (4.31) 

where t.. • is the clliptic operator given by 

b."r/J=R-k [t~ ]+~. (4.32) 

The last step 1n the derivation is to substitute Eqs. 
(4.30) and (4.31) into the momentum equation [Eq. (4.1)]. 
An efficient way to do this is to decompose Eq. (4.1) 
into three components, along B, J, and V!/J (normal to 
the flux surface). The B component gives B·Vp =0 or 
~·Vr/JXVp=O. As expected, this implies thatp is a sur· 
face quantity, 

p=p(r/J). (4.33) 

Similarly, the J component gives J·Vp=O or ~·Vr/J 
xV<RB•l=O. so that RB• is also a surface quantity, 

RB•=F(r/Jl. (4.34) 

It can easily be shown that F(r/J)=l,121T, where 11 is the 
poloidal current passing through the surface bounded by 
R =canst, Z =0. 

The Grad-Shafranov equation is obtained by substitut· 
ing these results into the Vr/J component. The result is 

z 

8 
1------+-Ro--- R 

<.!)4> 

I 
FIG. 15. Amymmetric toroidal geometry. 

cus 
tions. 

(4.35) 

Consider now the macroscopic plasma parameters fJ 
and q. There is no unique definition of fJ which is 
simultaneously meaningful in all geometrics and simple 
to evaluate. The different definitions, which usually arc 
not too dissimilar from each other or Eq. (4.21), arc also 
discussed on an individual basis. 

On the other hand, the safety factor q is uniquely de­
fined and can be calculated as follows. The equation for 
a magnetic field line in toroidal coordinates r,8,4> de­
fined by (sec Fig. 15) 

R =Ro+rcos8, Z =rsin8 

can be expressed as 

Rd!_ dr _ rd8 -~ 
B• - B, - B8 - B

1 
' 

(4.36) 

(4.37) 

where dl=[<dr>2+<rd8)1] 112 is the poloidal arc length 
and B1 =<B;+B~l

112= I Vl/J I IR is the poloidal mag· 
netic field. As the magnetic tine wraps exactly once 
around the poloidal cross section, the toroidal angle t..4> 
along which it travels is given by 

(4.38) 

Thus the average fractional poloidal transit per single 
toroidal transit is just •=211'(21T/b.4il, the rotational 
transform. The safety factor q =21T/L then has the form 

(4.39) 

In Eqs. (4.38) and (4.39) the integrals arc to be evaluated 
on the flux surface on which the magnetic line lies. 

Because of the nonlinearity, the Grad-Shafranov equa­
tion must in general be solved numerically. Most of the 
major fusion laboratories around the world have 
developed such codcS. They can be used for essentially 
arbitrary p{!/J) and F(lft), as well as for rather sophisd· 
cated boundary conditions. Examples of these numerical 
equilibria arc presented later. 

However, from the point of view of obtaining physical 
understanding, it is perhaps more instructive to perform 
asymptotic analysis of the Grad-Shafranov equatioL 

:) ~ simplificationa that arise often permit analytic solu-
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Alcatur C-MOD Magnetics Instrumentation 

Sensor 

Rogowski coils 

Bp coils 

Flux loops 
full) 
partial) . 
1/1 o-partial) 

Mirnov array 

Diamagnetics 
main loop 
compensation 

Saddle coils 

• t 

Toroidal ---Poloidal Total Measurement/ 
JI= # _ ele_ments purpose 
3 2 (halves) 6 plasma current, 

feedback control 

4 arrays 26 per array 104 B poloidal, 
equilibrium reconstr., 
feedback control 

• 

1 
1 

6 

2 
2 

4 

• 

21 
6 
2 

10 

2(x2) 

1 

29 

16 

2 
8 

4 

Total -- 169 

t ' • 

poloidal flux, 
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Edge fluctuations 
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Introduction .. 

1. The problem: 

Given: 

A. A toroidal plasma sur­

rounded by a vacuum 

chamber 

B. Poloidal magnetic data 

on the vacuum cham-

her 

C. Vacuum between wall and 

plasma edge 

Find: 

A. The shape of the plasma surface 

( 

B. The poloidal magnetic field on the surface 

2. This is a classic problem 

... 

• 
• .. 
• 

-

.. 

-

-
3. Problem.is inheten~~:· ill. po5eG:mattr-r~it 

'i 0 <i'"'i!iltJ-'~"'··· , .. ,_,,,,,.. ...... -- .,,., 
''w:i<:~~~"!t~'.~·:~'. .. _·;· -~·---·~ ·.•• .. ::~ 



-

- Outline 

1. Formulate the problem mathematically 

2. Discuss problems 

-
A. Industrial strength ill posedness 

- B. The dangers of Macho-matics 

3. New, improved method of solution -
A. A surprisingly practical application of Green's 

theorem 

4. Application to real experiments: Alcator C-

Mod 

-

-
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Mathematical Formulation 

1. Geometry 

l 

CJJq, 
2. Axisymmetric: 8/8t/> = 0 

3. In vacuum: V · B = 0, V x B = 0 

4. Poloidal field: Bp = Vt/J x eq,/ R 

5. Probes: measure 1/J(Sw ), 

Bt(Sw) = n · V1/l(Sw )/ R(Sw) 

6. Wall.is not a perfect conductor 

-
3 

-

-

-

-

-

-

... 

-
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-

-

-

-

.... 

-

8. Mathematics problem 

Given: (sw, t/J(Sw ), {}t/J(Sw )/on) 

Solve: \ 6. •.,µ = 0 l 

9. This is 

A. An elliptic PDE 

B. With Cauchy BC 

10. Classic example of an ill conditioned problem 

r- ; 
<.J.1. 

., 
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.. 
Industrial Strength m Posednesa. 

Consider- several simple examples -
11. Well posed problem -

v2.,µ = o 
-

1/J(l, 9) = 0 

!bl! (a 8) = ! cos m8 
8r ' a -

2. Find 1/J(r, 8), evaluate 1/J{a, 8) 
-

1/J(r, 8) = ~ ( :::;~=:) cos mlJ 

1 (l-a2
'") (J 1/J(a,6) = -;n l+a2"' cosm -

3. This is our reference case -

-

52 



-
- Ill. Well posed problem with error in data 

V'21/J = 0 

1/J(l, 9) = 6 cos m8 

- 8
"' (a fJ) = l cos me or. ' a 

-
2. 6 << 1 represents a small error 

3. Solution: 

- ,./,( 8) _ [ 1 l-a
2
"' 2a"'6 ] (J \ 

'f' a, - - m l+a2m - l+a2m cos m 
f 

-
4. Error: E f'<.J 1 + mamo 

-
5. Moral: Well posed problems are more than fair. 

·. 

An error 6 on Sw leads to an exponentially 

r- ., 
00 



!Ill. Ill conditioned problem 

,P(l, 9) = 0 

~{1, 9) = 1 !~';''" cosm9 

2. Solution: TjJ = TjJ (reference) 

TjJ(r, 9) = ~ (::-;~:)cos m9 

3. Moral: ID conditioned problems of this class are· 

OK if there is no error in the boundary data and 

the equations can be solved analytically (i.e. no 

numerical errors) 

-, 
-

-

-

-

-

-

-

-
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-

-

-

-

IVl. lli conditioned problem with error in data 

"V21/J = 0 

¢(1, 9) = 6 cosm8 

~(1, 8) = 1 !~';"' cos m9· 

2. Solution: 

3. Error: E "J 1 +mo/am 

4. Moral: ill conditioned problems are unfair. An 

error o on Sw leads to 'an exponentially large 

error m6/am on Sp. 

5. Moral: Error increases with surface spacing and 

m number. Large plasmas with low harmonic 

content- in· the BCr · •/. 
r-: ._, u 

I 



Vl. ill conditioned problem, error in data, finite grid 

v2 .,µ = o 
8 

0 I 'l/;(1,8) = 
-11' 0 

q!f!:( fJ) - 2a"' 8 or 1, - l+a2m cos m 

2. Fourier analyze 

1/J = ~1/Jo(r) + E~T 1/Jn(r)cosnfl 

dt/1"(1) = { 1!'::;... n = m 
dr 0 n-::/= m 

t/Jn(l) = 26/N 

NT = Fourier truncation 

~ 

ir 

N = number of fJ intervals 

r'. .-. 
ub 

-

.. 

n -
9 

-
.. 

-

.... 

-

... 
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-

-

-

-

-

-

-

3. Solution 

1 (1- a
2m) .,P( a, 6) = - - 2 cos m8 m l+am 

6 
+­

N 

NT 1 +a2n 
1 + ~ cosn6 L...J an 

1 

5. Moral: Error is largest when maximum harmon-

ics are kept NT = N /2 

6. Moral: Truncate with less than full nwnber of 

harmonics 

7. Moral: Ideal truncation should be. a function-of 

,. 
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.. 
Vll. Same problem, more realistic BC, optimal trun-

cation 

v2.,µ = o 

1/J(l, 9) = 0 

!!.!£.( 9) """'oo 2na"E" () or 1, = - L...,,1 1-a2n cos n -
€ < 1 = inverse aspect ratio 

-
2. Analytic solution -

,,/,{ 8) """'oo r" -r-" n (} 
'f/ r, = L...,,1 a"-a-n € cos n 

-

-

r•· 
00 
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-
Vlll. Numerical problem with error in data 

- V2'¢ = o 
'% 0 " t/l(l, 9) = • • 

-"\\ 0 1\" 9 -
~·(1 9) = - "'NT 2nanEn COS n9 
8r ' L...l l-a2n 

-
2. Solution 

t/l( a, 9) = EfT E" cos n6+-k [ 1 + Ef r 17;J!2n cos·n9] 

-

-
E ~ 1 [E2NT + (..L) 2 

1 ] 2 EN a2NT 

. Lm posedness ..... smaU NT 

.-..---Resolution --+ large NT 

-

. · .. ... :· "'"::· 
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The Dangers of Macho-matics 

1. What is Macho-matics? 

The belief that any math problem can be solved 

by a combination of bravado, brute force and 

raw computing power 

2. What is the challenge? 

Expansion techniques, using un-natural functions, 

should be a powerful way to solve the problem 

of interest 

3. Plan 

A. Solve a simple problem using natural func­

tions 

B. Generalize the procedure using un-natural 

functions 

C. Prove theoretically that (B) does not work 

in general 

D. You will not be convinced - (B) obviously 

must work 

E. Show what happens if (B) is implemented 

numerically 

G5 
. .,. .. 

,, 



1. Simple problem - natural functions 

V'2 t/J = 0 

t/J( oo, 8) = 0 

~(1,8) = f(cos8) = E~ Ancosn8 

2. Natural functions: rm cos m6, r-m cos m8 

3. Natural because r = constant corresponds to 

the plasma boundary 

4. Exact solution 

2 
3 

• • • 
• 
• 
• 

• 
• 
• 

... 
. , 
-

-
... 

... 

-

-
-

-



.... 

a.o 
- 1. General procedure - un-natural functions 

-

-

- 2. Solution regular at oo, satisfying V2t{J = 0 

-

- 3. Fourier analyze 

JM· a= A\ 
- M mn = ! J:1r r ;n ( 9) cos n9 cos m9d9 

.... 
4. Solution: a =M-1 • A 

-
5. Un-natural functions: r = constant is not the 

plasma boundary 



1. Counter-example against the general procedure ... 

2. Special case .. 
v2,µ = o 
1/J( po, 8) = 0 

... 

~(1, 8) = cos8 

(1/J(r,8) = _c~8 J 
... 

3. Shift coordinates by u 
.. 

\!21/J = 0 ... 
1/J(oo, </>) = 0 

[ ! (1 - u 2 +up cos</>)£!/!. + a sin P !li!] 
P ap P aq, P• 

... 

=Pa cos</>- u ... 
p;(<P) - 2upa(<P) cos<P = 1 - u 2 shifted circle 

'• - . . - ·~-: 

.. Go 
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-

-

-

-

4. Expand, satisfying BC at oo and V2 t/J = 0 

\tP = L;~ a,.p-" cosnt/> \ 

5. Exact solution 

.,/, _ cos i _ cr-pcos t/1 
'Y - - r - p2 -2pu cos c1J+cr2 

6. But, using properties of Chebyshev polynomials 

_co;' = ~ E~ (~) n cosn</> u<p 

p<u 

7. Expansion good if u · < p 

LAct6E: tr 
· .. _ 

,_;. .. ·.• .•. 

G8 
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8. Expansion valid only if a < 1/2, not a < 1!! 

9. Moral: For a good expansion, natural functions_ 

must be used 

10. l\1oral: It is not possible to easily calculate the 

"effective u" for a general cross section 

11. Moral: For a general cross section there are not 

simple, separable, radial-like natural functions· 

. , :· ~ ... 
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S11mmary of Insights 

-
1. Problem is easier if plasma is close to the wall: 

-

2. Minimize high harmonic content in data: 6/am 

3. Truncate Fourier series with NT < N/2: o/aNT 
-

4. Optimal truncation: ill posedness vs resolution 
-

5. Do not use un-natural radial expansion func-

tions 

. "'"·· 

.... )'"· 

{ LJ 



New Improved Method of Solution 

1. Basic Problem 

A*'ll=O 

'll(Snr) = given 

~: (Sw) = given 

Find Sp, w(Sp), 8'11(Sp)/8n 

2. First, subtract contributions from PF and OH .. 

A. This eliminates high harmonics due to close 

coils -
B. Lov;ers the magnitude of the residual BC 

-
3. Second, subtract contribution from "plasma fil-

.. 
ament" at Ro 

A. This can lead to high harmonics if Sw is -
complicated 

'((; 

... 



-

-

-

-

-

-

4. After subtraction 

'11 = 2:; µol1'111 + µolp '11 P + 1/J 

'11 j = (R~~ 1 12 [ (2-k2 )K~)-2E(k)] = known 

5. Solve reduced problem 

)~·,µ = ol 
.a 

,P(Sw) = 'll(Sw)- 2:1 µol1\J!1(Sw) 

-µolp'l!p(Sw) = given 

~(Sw) = :: (Sw) - :Li µolj 88~; (Sw) 

-µolp 88~ (Sw) =given 

6. Same problem as before, but with smaller and 

smoother boundary data 

,_,... 
{ t' 

Jo 



7. The solution procedure 

A. Define any convenient set of smooth cal­

culation surfaces on which to evaluate the' 

solution. These are not flux surfaces. 

B. Write down the vector Green's theorem in 

an axisymmetric torus 

J ( .1.' .:.H H a.1.' \ 
a'ljJ + E,, fF~ - JF~ dv' = 0 

H = _ (R~'J 1 1 2 [ (2-k2 ~K-2E] =known 

(j = (1, 1/2. 0) 

R = R(v), Z = Z(v): angle v parameterizes sur­

face 

v can be defined differently on each surface_· 

... 
11 

... 

-
... 

-

-
-
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.. 

... 



-

-

-

-

C. Use Green's function twice: on Sc and Sw 

ltf; + f [~ aHss _ & a,µ~] dv' 
2 c Sc R~ an~ R~ an~ 

- f [ w)r. aH}rs - H~·s 81/lp·. dv' = Q 
S"'· R"'. an .. , R • ., an .. , 

D. We know t/J~, 81/J~ / 8n~ from measurement.data. 

We know H~ 8H/8n on each surface - Green's 

function 

E. These equations are two equations in the two 

1-D unknowns tPc(v) and 81/Jc(v)/8n evaluated 

F. Solve these equations by means of a truncated 
A 

Fourier series: a, b unknown, a, b known 

,./, ~Nw A inv 
lf"W = L..J-Nw 2:!e 
_L 81/lw(v). _ "'C'Nw b'--Pinv 
R"· an - L..J-Nw: 

,.... .• 
(;) 



G. This leads to a linear matrix problem - -W· Y=V· X 

Y= (:) X= (t) 
- -H. The elements of W and V are the 2-D FFT of 

H(v, v'), 8H(v, v')/8n' on the various surfaces 

- -I. Wand V depend on the geometry of Sw and 

• 

Sc, but not the data. They can be pre-calculated 

and stored. The solutions on the calculation 

surface are found by -Y=M·X 

... 

-

.. 

-

-
.. 

.. 



-
1., 

Summary of Procedure 
+-+ 

1. Pre-calculate and store M for each calculation 
+-+ 

surface. Typically M < 20 x 20 and there are 

ten surfaces 

2. Subtract PF, OH, and plasma filament contri-

butions from the measurement data 
A 

3. Take FFT of reduced data: a, b - +-+ 

4. Multiply by M for each surface: a, b 

5. Compute '11 = WrF + 'VoH + Wp + FFT-1(a) 

6. Define plasma edge: Bp = 0or1/l(Rzim, Zlim) -+ 1/Jo 

7. Contour plot 1/J = 1/Jo 

-

.. ~ -

... ::-.~~~;.:t~~:; -... 
... ~·-:.. ~ ~--



.. 
11 

.. 
8. CPU time (VAX Station 2000} 

Procedure unoptimized 1.5 sec -
Procedure optimized 0.3 sec 

Identify plasma surface 1.5 sec -
Contour plot of surface 1.0 sec 

-
9. Alcator C-~lod (\'AX 3200) 

5-10 times faster .. 

-

-



-

-

-

-

-

-

-

-

Advantages of Procedure 

1. High harmonics analytically eliminated from 

measurement data 

2. Fourier truncation can be optimized separately 

on each surface 

3. Green's function approach eliminates the need 

for radial expansion functions. Un-natural func.:. 

tions a non-issue 

4. Procedure is fast and robust 



Application to Real Experiments: Alcator C-Mod 

1. Show Alcator C-Mod geometry 

2. Compare the procedure with "exact" numerical: 

results 

3. Run ASEQ in free boundary mode for typical 

profiles 

4. Use ASEQ solution on the vacuum chamber as 

input data for the reconstruction code 

5. Run the reconstruction code and see if it repro­

duces the ASEQ free boundary surface 

.,·.:-·.·,._ . 
. - .... ·-.· . 
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-
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-
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Conclusion 

-
It appears to be a pretty good method 
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MIT-Plasma Fusion Center 

• Fit to an expansion? 

• What basis functions? 

• How many terms? 

•What kind of fit? 

~ 1 • Solve a boundary condition driven pde? 

• 

•Which one? 

• Sources inside the computational grid? 

• Solve the inverse problem 

• Known source locations? 

August 20, 1993 

• • • 
RDPJ 

c • • • 

tt 

GEM--930820 - 2 

• • • 
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MIT-Plasma Fusion Center 

CHOICE OF BASIS FUNCTIONS 

• Bessel functions 
• Legendre polynomials 
• Toroidal multipoles 
• Field derivatives 

CHOICE OF FITS 

• Collocation 
• Least squares fit 
• Total least squares fit 

August 20, 1993 RDPJ 

) • 

tt 

GEM--930820 - 3 
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MIT-Plasma Fusion Center tt INVERSE PROBLEM 

Find the field source locations and strengths required to 
reproduce the data in a least squares sense. 

• Fixed sources 
• Virtual Casing 

• Number of unknown currents surrounding the 
computational domain. 

• Can lead to large oscillating currents due to the 
ill-conditioned matrices. 

• Regularization -- introduce a free parameter a and 
append a IJ2 to the function being minimized. 

• How is a determined? 
• SVD 

• How is the small diagonal term cut-off 
determined? 

August 20, 1993 

• • • ' 
RDPJ 

• • • 
GEM--930820 - 4 
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MIT-Plasma Fusion Center tt PROPOSED VIRTUAL SHELL TECHNIQUE 

• Subtract computed fields from 11best guess 11 model -­
leaving perturbation fields. 

• Define virtual shell surrounding region of interest. 

• Solve for the currents in the shell. 

• Reconstruct total field from 11best guess 11 model and 
the virtual shell eddy currents. 

August 20, 1993 RDPJ GEM--930820 - 5 
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Mrr-Plasma Fusion Center tt WHAT NEXT? 

• GEM model coil to be tested at Wisconsin in 1994. 

• Instrument the bore in a manner similar to the one to 
be used on GEM. 

• Use the same algorithms to map and reconstruct the 
field. 

• N.B. --The bore will be cold. 

August 20, 1993 RDPJ GEM--930820 - 6 . ( ( • • • • • • • • 
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CHARACTERIZATION OF THREE COMMERCIALLY AVAILABLE HALL EFFECT SENSORS FOR LOW 
TEMPERATURES AND MAGNETIC FIELDS TO Z3 T 

H. H. Sample .. 
Pb.ysics Department, Tufts University, Medford, Maseachuaetts 02155 

and 

L. G. J-ubin 
Francia Bitter National Magnet Laboratory, M. l. T., Cam.bridge, Ma•aactiusetta OZ J39 

ABSTRACT 

Low temperature measurements were made on 
commercially 1upplied lnA.a, In.Sb, and Ga.As Hall probe a 
in magnetic fields a• high. a1 23 T. For !ields above 
-6 T, the quantum. oacillationa observed for the Ga.As 
probes were comparable in magnitude to those exhib­
ited by the other two types, i.e., "23. At lower fields, 
the aensitivi.ties of both. the Ga.As and I.oSb aenaors 
were dWerent ·from their respective high field values; 
tbia behavior was abaent in the caae of the In.A.a probea. 
All three types of probes aha.red the advantage of rea­
•onably good reproducibility with respect to thermal 
cycling &nd magnetic field cycling. 

INTRODUCTION 

In a. previou• publication, (B.NS), 1 a justification 
wa1 given for the deairability of obtaining detailed per­
formance cbaracteriatic1 0£ commercially available 
Hall effect magnetic field 1eneor• for u1e at high field• 
and low temperature1. Thia wa• followed by a deacrip­
tion ol the equipment and experimental methods em­
pl.o}"ld to acquire 1uch data on a group of InAa and laSb 
tr&D.1ver1e configU:ration probee from two auppliera 
(FWll) and (ETU). 2 Witb the aid of the same equi-ent 
and 1Unila:r technique•. the atudiea have been continued 
011 a new group ~f device a, G&A• probe• from a third 
supplier (CPL). Mea•urementa were made to aacer­
tain the effect• on tb.e reproducibility of th.eee 1enaor1 
(CPL) cauaed by abrupt thermal cycling and magnetic 
field cycling, and accurate <.± 0.13) detenninatione 
were made of the eUect of temperatul"e on tbe aenaiti­
vi.tie• of the CPL probea. In addition, the output lin­
earity (including quantum oacillation effect•) o! all 
three type• of aen.aora waa meaaured in magnetic fielda 
aa bigh al 23 T. 

Dimen1iona of th.e three probe types a.re given in 
Fig. 1. Detail• of their mounting in the aarnple holder 
are Jiven in B.NS, together with a deacription of the 
probe zeroing circuit, the data acqui1ition 1y1tem, and 
ttie data analyais proeedurea. 
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Fig. 1. Phy•ical dinlen•iona of Hall effect tra111verae 
probeo: (a) FWB Model BHT 921, (bl ETU Model LMK. 
(c) CPL Model TC-8101. 

RESULTS 

Figure 2 ahowa a typical re1ult at 4.2 K for the 
Hall output voltage, V, of an ETU probe plotted aaain•t 
magnetic field, B. On tbi.• plot, V appear• to be ·quite 

810 

linear with B, except at th.e high.eat fields, where wig­
gle•, due to quantum oscillation•, become noticeable. 
For clarity, only about one fourth of all the data point• 
are plotted. 

> 
E 

> 

• • • • 

ETU No. 324 .• 

•• •••••••• 

•• 
••• ••• 

• • 

••• •••• 
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o· 
0 4 8 ~ 16 ~ ~ 

B(Testas) 

Fig. 2. Hall voltage ver•u• magnetic field for ETU 
probe No. 324. at T 21 4.2 K and a meaauring current 
of 20 mA. 

Deviation• of the Hall voltage £roni a linear re­
lationobip are examined by fitting the (V, B) pain to 
the equation 

(1) 

where the •lope A and intercept C are conatanta. The 
deviation voltage AV = V - V calc i1 then computed and 
plotted. againat B, •• ebcnnl in Fig. 3 for eeveral 
probes at 4.2 K. The alope A and intercept C in Eq. (I) 
are choeen eo a1 to force the deviation plot to oscillate 
about tbe zero line at the higher field•. U aing thia 
technique facilitates •tudymg Ch&iigea in alope (probe 
aen1itivity) u a function of the DWllbel" of tb:ue• a 
probe baa been thermally cycled from 300 K to 4.2 K. 
lt alao greatly facilitates the ob1ervation of the tw'o 
distinct types of nonlinearity tb&t may be pre1ent:' 
qua.ntmn o•cilla.tiona, &rll1/or a ch&n.ge in elope at 
field• B -3 - 4 T. Both type• of deviation.1 are clearly 
evident in, e.g •• Fie. 3, ETU No. 32•, but it aboW.d be 
noted that tbe low field chanae in 1loP411 ia imperceptible 
in Fig. Z, a plot of the ":raw11 data for tbe aam.e probe. 
We augge1t that one reaaon why the 1t1ccmd type of non­
line&l"ity i• ao aeldom. reported. i• the difficulty in ob­
••rvia.g it in a plot auch a• Fie .. Z. For thi• probe, 
the alope change ia about 2.5~, and occur• at about 
4 T. Thia may be oeen by comparing the low field 
and bigh field deviation voltageo with tbe solid dia-
gonal line1 in Fig. 3, which repreaents + l~ of the 
total Hall voltage. Whereaa tbe quantwil oaeillationa 
decrea1e in magnitude at 77 K, &Dd are not evident 
at all at 300 K (He RNS), the change-in-dope type 
of nonlinearity peraiato at all temperaturea (although 
the magnitude of the elope change cloea depend 1om.e­
what on tem.pez-ature). 

Coprngbt Cl 1976 by n.. ""dna'" or Eloc:trico1 and Eloctn>aics EDFneen. Inc. 
PrinhldlaU.S.A. AmolsNo. 611MA072 100 



Fig. 3. Deviation, AV, of tb.e Hall voltage 
from a linear relationship Eq. (1) for FWB, 
ETU, CPL(E), and CPL($) probes at 4.Z K. 
The solid lines represent+ lOJo of the total 
Hall voltage. The measuring currents uaed 
were: 60 and 50 mA £or FWB Noa. 888 and 
889; ZO and 18 mA for ETU Nos. 3Z4 and 
Z75; ZO mA for CPL Noa. El3 and EIZ; 40 
and 35 mA for CPL Noa. SIO and 59. 

FWB Ne. 888 FWB Ne. 889 

~ 
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We have m·ade an approximate analyai1 of the 
change in elope at 4.2 K for the CPL probes atudied 
here, a• well a• for the ETU and FWB probea in RNS. 
The reaulta are: AA/Ao • - O.Z% to .. 1-VO centered at 
B -4 T for CPL probes; - l to - 3% centered at -3 T 
for ETU probes; and < O.Z% for FWB probeo. Here 
.6.A i• tb.e high field 1lope mi.nu• the low field alope. 
Thua, the probe1 become le11 aeuitive above 3 - 4 T, 
aa shown in Fi1. 3. -.--

Figure 3 abow• the reault1 for all the probes 
run to B •23 T; two each of type FWB, ETU, CPL-E, 
and CPL-S. From theoe data and the data on FWB and 
ETU probes in RNS, we have analyzed the magnitude• 
of the quantum o•cillation nonlinearities. The re•ult• 
are •bown in Table I. where we have cbo•en to com­
pare the heigbt of the quantum o•cillation peak9 for a 
particular probe to the 15 T output voltage for tbat •ame 
probe. The 15 T output was cboaen a1 a "normalising" 
factor for rea•on• of practicality 1 there being few lab­
oratoriea in tbe world with higher fields available. 

Table I a bow• that, except for B > 15 T 1 the 
quantum o•cillatiou for all types of-probe• are-quite 
aimilar in magnitude.. It""'iliould be emphasised that the 
quantum o•cillation analyeie wae carried out indepen­
dently of the change-in-alope nonlinearity for the ETU 
and CPL probes. 

811 

l 0 ':i 

• 11!: 1• • 1e 1• 
B <TESLAS> B <TESLAS> 

TABLE 1. Quantum oecillatione of Hall probe• at 4.Z K 
Maximum qua.nfwn oec1liailon corrlci1on 
to linear fit (a• a percent of the 15 T 
Hall voltage)& for B leee than: 

Probe t&?: 
FWB ot 
(lAA•) woret 

average 

ETU beot 
(InSb} woret 

average 

CPL~beot 
(Ga.A.e)woret 

average 

CPL-Sbeot 
(Q&Ae)worat 

average 

ST !ST 
0.1 o.5 
0.2 0.8 

b 
0.17 0.6b 

0.1 o.z 
0.3 0.7 

b 
O.lz 0.4b 

0.1 0.7 
0.4 0.9 

b o.z
4 

o.sb 

0.1 o.s 
0.1 o.a 
0.1 c 0.7c 

•see text for explanation. 
bBaaed on the reaulta for •ix probes. 
cBa•ed on tbe reeulte for two probe•. 

Z3T 
1.5 
1.9 
l.7c 

0.6 
2.6 
l.6c 

1.8 
2.1 

z.o0 

1.0 
3.0 

2.0c 

.... 

.... 

-

-
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-

-

-
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The effect of temperature on the slope for CPL 
probes is shown in Table II, and is compared with the 
results from RNS for ETU and FWB probes. It is evi­
dent that A is somewhat more sensitive to temperature 
for CPL probes tban for FWB and ETU probes, partic­
ularly in the 1.5 - 4.Z K range. Nevertheless, the 
elope changes are all less than 1%, so that for all 
three types, a room temperature calibration is suffi­
cient to determine the 4.Z K value of the slope to - l O/o. 

TABLE II. Percent change in slope with temperature 
for CPL. FWB, and ETU Hall probes. 

Probe Slope change from 4.Z K value (O/o) 
T:t:Ee T=l.5 K T=4.ZK T=77K T=300jS 

CPL-E -0.5 0 -0.3 +0.4 
FWB 0 0 +0.4 -0.Z 
ETU 0 0 +o.5 +o.z 

A series of thermal cycling tests was carried 
out on the six CPL probes. Ttie same techniques were 
uaed as in RNS, 4 where the probes were fit to Eq. (1) 
and A and C were cboaen to match the deviation plot 
to that obtained on an initial run. Except for one probe, 
this deviation plot matching could always be done within 
the experi:nental precision of the measurements f<:0.10/o 
of full scale). Changes in slope as a function of thermal 
cycling were determined for each probe, and an aver­
age slope change for &11 six CPL probes was calculated 
as ill RNS. The results are displayed in Fig. 4, along 
with the previous results for FWB and ETU probes. 1 
From the figure, it is clear that for small number• of 
thermal cycles, the CPL probes have a slope stability 
si:nilar to that of the ETU probes. As they continue to 
be cycled, their stability ia better than for the ETU 1 s, 
but worse than for the FWB probes. 

3,-~~..,....~~-,.~~~,---, 

/ 
I 

/ ,. / 
/ 

I 
I 

/ 

/ _.... ........ -·- -·­.,,,,... .--- . 
20 40 60 

Thermal Cycle Number 

Fig. 4. Average change in slope with thermal cycling 
for CPL(E) probes (•, - - -). FWB probeo (- - -) and 
ETU probes (- - - ) • The detail• of the reeult1 for 
FWB and ETU probes are described in RNS, as i• the 
method of computing the average 1lope change. 

It is useful to compare the sensitivity (defined 
by th.e conetant "A" in Eq. (1)) of the •enaors we studied. 
At a normalized current of 60 mA, the values were: 
FWB • 4.2 - 5.2 mV/T; ETU = 7 - 17 mV/T; CPL(E) 
= 1.3 - 1.5 mV/T: CPL(S) = 0.4 - 0.7 mV/T. Wbile 
sensitivity alone i1 not the moat important of the many 
parameters to be considered in chooaing a probe, it 
can become critical if its value becomes too low. In 
an operational aenae. "too low" might be defined as the 
point; below which thermal emf• s in the measuring 
circuit become a factor. We auggest that an output of 
-10 mV,,corresponding to the maximum field of the ex­
periment, is sucll a lower liznit; and furthermore, 
should be attainable at probe power dia1ipation levels 
of no more than tens of milliwatts. 

For the purpose of summarizing the results, we 
begin with an assumption tbat a user has calibrated a 

probe in situ against a magnetometric standard and has 
deter:riiined the deviation plot to the required accuracy. 
Wh.at are the errors to be expected in subsequent mea~ 
surements and how may they be guarded against! 

( 1) A mechanical movement or readjustment of 
the probe or its holder almost certainly will lead to a 
change in probe orientation with reapect to the field. 
Thia can produce a quite large error. 

{Z) There will be a slope change whose magni~ 
tude is a function of thermal cycling and the type of 
probe .. :fhis error can range from tenths of a percent 
to several percent. The recommended corrective 
action for both ( 1) and (Z) is a periodic in situ recali-
bration at two or more field points. - --

(3) If a direct linear readout of the sen•or is 
de•ired, e.g., a DVM used with a probe adju1ted for 
1.000 or 10.00 mV/T sen1itivity, then the only error 
(after recalibration) is strictly a function of the quan­
tum oscillation effects above-6 T and/or the change­
in-slope nonlinearity below -4 T (for some probe 
types). Since both of these nonlinearities appear to re­
produce within ±0.10/o F.S., it is simple to correct for 
this error by using the deviation plot. While on the 
subject of quantum oscillations, it is worth noting that 
their effect on probe linearities was the same (withln a 
factor of two) for all types studied, including those 
sensors o•tensibly designed to minimize such an effect. 

In the "ideal" case of a sensor mounted in a fixed 
position in a magnet, and maintained at a constant tem­
perature for long periods of time, the re is good reason 
to believe. that a magnetometric accuracy of< 0.20/'0 is 
achievable. 

It is a pleaaur.e to acknowledge tb.e contributions 
of Joseph Daigle, Donald Nelson and Frank Silva to 
this work. We thank Mr. K. Kasai of Copal Corp. of 
America for bis generous assistance. 
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Characterization of tv:o commercially available Hall effect 
sensors for high magnetic fields and low temperatures 

L. G. Rubin and o. R. Nelson 

H. H. Sample• 

Phl'Si<S Dopamn..,_ T.ta Uni,.,.;11. Medford. Mauochuseia 02U5 

•Rocci•ed JO June 1975: in final form. 15 Scplanbor 1975) 

A series of mcasurcmenlS were performed on two groups of transverse­
configuration Hall effect sensors. each group consisting of devices available from 
a particular commercial supplier. The Hall voltage output of the probes was 
measured as a fUnction of magnetic field to 18 Tat temperatures of 300, 77, and 
l.5-4.2 K; at the same lime, the probes were subjected to a program of abrupt 
tbermal cycling and magnetic field cycling. With the aid of computer analysis of 
the data the following conclusions could be drawn: (I) the outpUIS of one group 
of probes were linear with magnetic field within a wont-case value of - :t: I% 
up co 8 T, and for the second group, co within :t:O.S% up to 8 T and :t: 1.4% 
up to 18 T; (2) szatement (I) was uue for any of the selected temperatures; in 
general, variations of sensor output with temperature proved IO be an 
unimportant factor; (3) the degree of mcasumnent repeatability between thermal 
cycles varied somewhat from probe to probe within a group, but was 
significantly ditferent between the two groups; (4) for a limited number of 
thermal cycles (-25), it is clc:ar that a simple calibration procedure would 
suffice to maintain a field measurement acc:uracy of :t:0.2% up to 14 T, at least 
for one group of probes. 

-~· 

I. INTRODUCTION 

The use oi Hall effect ma~etic iicld sensors bas been e.~­
tcnded to high Delds ( > 2.5 T) and often to liquid helium 
temperatures by many investigators.•-1t Although there is 
much useful information in these papers, less than half of 
them report on commercially ar..Uable devices; none of the 
latter included detailed data on performance above 5 T. 

would compare with the ETt; lnSb devices"; and (4) the 
constant stream of requests to one of the authors (LGR) for 
answers to a variety of questions involving high field mea­
surement problems, many of which turned out to be solved 
through the use of probes the same as, or similar to, the ones 
described in this paper. 

For those .,.itb the happy combination of the necessary 
resources. along with an inclination to use them for "rolling 
their o..-n." homemade Hall probes seem to present a viable 
:ilternative. Typical of this approach was the work of Wool­
lam ti .U •• i: .,.·ho reported the resu!IS of mcasuremenlS on 
Bi,Se, probes that were fabricated from their own single 
Cl)"Stals. They observed a linearity of ::1:0.83 to ticlds of 
8 T and temperatures between 1.1 md 300 K. Ho,.·ever, it is 
quite likely that tbc average experimenter who wishes to 
e'flloit the several advantages of Hall effect sensors to solve 
a tield measurement problem ..-ould face some obvious 
didiculties in tl)~ng to duplicate probes such as those 
described bv \\'oollam el al. 

Specifically, measuremenlS were made to ascertain the 
effects-if any-on sensor reproducibility caused by abrupt 
thermal cycling, magnetic ticld cycling, and/ or internal 
iXB forces within the probes. With the help of digital data 
acquisition, processing, and analysis, Hall voltage output vs 
magnetic field to 18 Twas carefull)' eicamined at 300, 77, and 
1.H.2 K. From such data, it was e:<pected that accurate 
(:1::0.2%) determinations could be made of probe linearity, 
quantum oscillation effects, and the effect of temperature 
on probe sensitivities. 

II. EXPERIMENTAL 

A. Samples 

The im~tus ior the present work was provided by ( 1) a . The bulk of the experimental data was collected on seven 
recognition of the advantages oifercd by oli-tbe-sbeH devices each of tbc FWB and ETU" transverse probes (sec Fig. l). 
as opposed to homemade probes; (2) the realization that The decision to restrict the measurements tosenaorsmounted 
very promising probes were available from at least two in the transverse coruiguration was taken for two reasons. 
suppliers"; (3) a desire to settle the often confilcting claims In the first place, there would be one less variable involved 
made in tbc literature concerning tbe advantages of various in delineating probe performance. Secondly, earlier work in 
semiconductor materials ior use in \pw temperature. high our laboratory with both a.'<ial and transverse probes from 
Iie!d Hall probes: in particular, bow FWB ln..\s sensors both suppliers indicated a higher reliability for the lattcr'7 ; 1q·: 
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FIC. I. ~lechanicalspeci­
il.cations of Hall effect 
tr:i.nsvtrse probes: (a) 
FWB model BHT 921; 
(bl ETt· model DIK. 

the differences seemed to be strictly of a constructional 
nature, since the sensors themselves appeared to be elec­
trically identical. 

B. Sample holder 

A sample holder was constructed that was capable of 
mounting four probes simultaneously, but isolated from 
one another (see Fig. 2). The sensors were carefull)' pro­
tected from normal handling hazards such as mechanical 
shocks and bumps. The use of cements or epoxies to hold 
them in pl:u:e was avoided in order to prevent sensor stresses 
upon cooldown. The holder was designed to in comfortably 
within the 4.2 cm diam inner tail of a standard double­
walled metal cryostat. The latter provided a constant tem­
perature environment at 300, i7, and the 1.5-4.2 K range, 
the temperatures being chosen for their convenience in ob­
taining values of the temperature coefficient of the Hall 
voltage output. 

The vertical a.xis of the sample holder coincided with the 
magnetic field a.xis of a water-cooled Bitter magnet. :Most of 
the measurements were taken in a 15 T-5 cm bore magnet; 
several runs were also made in the :\lagnet Lab's 18 T-5 cm 
bore solenoid. In the near future, there are plans to extend 
the ran11Je of the measurements to 23 T, using the 3 cm bore 
10 :\1\V magnet routinely available for this purpose. 

Careful machining was responsible for minimizing align­
ment errors in the pitch (critical) and yaw (not critical) 
angles of the probe with respect to the field (see Fig. 2). 
Reasonable care was then exercised to adjust the roll angle 
to as close to zero as possible: once inserted, the probe was 
kept bv its close lit in the holder from moving as the runs 
progr~. This procedure meant that an error in the 
aiisalute calibration could-and almost certainly did-exist, 
due to the lack of perfect perpendicularity between field 
and probe. However, as long as the probe was not removed 
from the sample holder, the results could be compared from 
run to run within the limits of precision set by the remainder 
of the apparatus. As will be discussed shortly, this was about 
:!:0.13, compared to the several percent error that could 
be el<pected if, for example, a sensor were removed from the 
holder, careiully reinserted, and the before-and-after results 
compared. 

c. Meuurement apparatus 
The four leads from each of the four sensors were brou~ht 

up along the sample holder and out of the cryostat in sets of 
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twist.o<! !hl•.!<iod pairs. The leads from the sensor )"pg 
measured terminated in a box which included the zero 6ffset 
correction cirruit11 (see Fig. 3 for details and an e:<plana­
tion), and sv.·itches and 'terminal points ior connection to 
the current supply and voltmeter. 

. ..\ Keithley model 225 v:as used as a constant current 
source .. ..\lthough absolute accuracy of current was never 
a factor in the experiment, it \Vas important that the 
originally selected value oi current be repeated from one run 
to the next; for this purpose, a precision resistor of suitable 
value was placed in series with the sensor to monitor the 
current. To measure the voltage across the monitor resistor 
and the Hall voltage V from the sensor, a Keithley model 
1-IO amplifier was used. Its 10 V full scale output was fed 
into a 4! digit digital panel meter (DP:\ll. This combina­
tion easily achieved a precision of 0.023 of full scale; cur­
rents through the sensors were selected so that at least 503 
of full scale output was achieved at the ma."timum magnetic 
tield (either 15 or 18 T, depending on the magnet). 

A second D P:\1 was employed to measure a voltage pro­
portional to the instantaneous current through the magnet. 
The digital outputs of the two D PMs were read out on com­
mand into a Teletype through a serializer-code converter 
module. A minimum of .W paired data points were taken 
for each run, the pairs consisting of a tive digit word for 
magnet current and one for sensor Hall voltage. 

At the beginning of a set of runs, and sometimes at the 
end, a magnet calibration was performed. For this purpose, 
a magnetometer was placed in the magnet and its output 
recorded as a function of magnet current on the DPM 
channel otherwise used for the Hall probes. The magnetom­
eter, an analog coil-integrator system, was sufficiently linear 
and stable so that it was almost an order of magnitude more 
precise than the overall limit of error oi the entire system. 

The individual sensors, after being zeroed, were always 
vertically adjusted for a maximum sillJnal at some con­
venient field. This ensured their pl:u:ement at a repeatable 
location in the magnet, i.e., at its magnetic center (see 
Fig. 2). 

D. Data analysis 

The data were analyzed by feeding the paper tapea 
for the various runs into a PDP-11 computer which was 
equipped with an oscilloscope display screen for plotting the 
results of tits to the data. The linal tit to a given run could 
be photographed with a Polaroid camera attachment. Ap­
propriate soitware was developed to analyze the data as 
described below. 

Before a Hall probe measurement could be analyzed, the 
magnet co!'bration appropriate to that day had to be deter­
mined. Fe chis purpose, the magnet calibration tape (con­
sisting of magnet current, / . ., , and magnetometer reading, 
B, pairs) was stored in the computer in tabular iorm. 

A Hall probe tape (consisting of l.11 and Hall volt311Je, V, 
pairs) was then read into the computer and analyzed in the 
following manner: 

(!) I,., values were converted to B values by interpola­
tion oi the magnet calibration table. 
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x 
(Pitch) 

z 
(Yaw) 

-8 
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Liquid He 
or N2 

Electrical Leads 

Phenolic Mounting 
Block 

Hall Probes 

Phenolic Mounting 
Cylinder 

Center Line 
of Solenoid 

-l 1-1 cm 

Fie. 2. Lower portion of tbt sampie holder shown insened in the tail of the liquid He Dewai-. The umple hoJder can hr adjusted in the : dim­
Uoa. co polition each probe in tAe maximum .ield. The pitch. roll. and yaw angiu (discussed in the text) are ciri.ned aa rotations about the~.,, 
and s ues, retptetively. 

(2) Hall voltage data were litted to the simple equation 

V .. 1,zA·B+O; (1) 

wbere tbe slope .4 and intercept Care constants. 
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(J) A calculation was made of the deviation plot, 

~V-=V-Vct.le, 

[where V,.,, is delined by Eq. (1)) vs B. 
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.. HALL PROBE~ 
1111 ! 

I ' I I 

1 

]_ 1 I 
:t----c:-.~ ----r1 
~ ' • I R7 I . I I 

I R J R3 I l 'R4 RZ I 

! ~R6 : L ______ .J. __ -r-- _____ J 

! CURRENT f 
'--------. SOURCE if-------' 

Fie. J. Zeroing: circuit. Typical \-alues: Ri. R~-1 k ~l: Ra. R.i;-1 kn 
adjustable; ~. R.-1000 adjustable; R1-l !l. The \"Oltmeter is lirst 
connected. between \"1 and the arm oi R., a.nd with the current on. Ra, 
R.. and Ri are adjusted to zero the voltmeter. \'1 ma.y then be tied to 
the arm of Ra at what represents an equipotential point (no current 
dows between them). The voltmeter is then connected to it5 normal 
measurinR position bet-.·een \'1 and the arm of Rt. Once the latter is 
adjusted ior zero (a.t zero lield, oi course), the sensor-\·oltmeter system 
is capable of measurement O\"Cr the iull held ran" \\ithout the problem 
oi a. ma.lflletoresisti\.-e zero shiit. It should be noted that the shunting 
eliect oi the zeroing circuit on the -1 D probe is <0.051(.. 

(4) The constants .4 and C were arbitrarily adjusted in 
an attempt to match previous deviation plots ior the probe, 
after which the new de~ation plot was recalculated. 

It was necessary to include a nonzero intercept C in the 
analysis for two reasons. First, as described below, it was 
observed that the ETt: probes eltbibited a behavior corre­
sponding to a change in slope A at higher fields. Since we 
were primarily interested in the high-tield behavior, a best 
fit to these high tield data according to Eq. (1) requires a 
large nonzero value of C. Second, we found that during the 
course of many of the runs an unpredictable zero shift in 
the magnet current ,. .... apt to occur; this often amounted 
to 0.02 T and occasionally reached 0.05 T. Such a zero 
shift between the respective times the magnet calibration 
and Hall probe measurement were performed would cause 
a spurious offset (nonzero intercept) in the deviation plot, 
unless a nonzero value of C ,..as chosen in Eq. 11). These 
relatively small spurious C values (appropriate to the F\\'B 
probes) were ignored when comparing deviation plots irom 
one run to the next on a given probe. 

E. Reproducibility test procedure• 

11Z7 

and 20 m:\ for the ETt: probes. The th1ra batch contained 
four ~rgin ETU probes, two of which were run at 30 m:\ 
and two at 3 mA. Each. batch of probes remained in the 
sample holder untouched until the series of runs on that 
batch was complete. 

Two methods of taking data were employed: 

(1) the step method, whereby the magnet current I. 
was manually adjusted to the desired value and at least two 
1/.v.Vl pairs read onto the tape after waiting a short time 
ior equilibrium (-5 sec), and 

(2) the sweep method, in which (I .v, V) pairs were 
automatically read every 2 sec while sweeping the field 
from zero to the ma.~imum B and back to zero at a rate of 
about 4 T/min. 

The step method }~elded very precise data as indicated in 
Fig. 4, which shows plots of the deviation of the Hall voltage 
irom a linear relationship. In these tigures, the solid lines 
represent ±13 deviations; it can be seen that for these 
examples (and generally, for all sensors) the precision of the 
step method data is better than ±0.13 of the maximum 
Hall voltage.'° The sweep method was somewhat less precise 
(-±0.1-::1::0.23 of the maximum Hall voltage), but 
yielded a much larger number of data points. This method 
also had the advantage of being faster and more convenient. 

The probes were tested in the following manner. First, an 
initial run was made at 4.2 K on each of the probes, usually 
in the 18 T solenoid, usin~ the step method of taking data. 
This allowed a precise value of the slope and deviation plot 
to be obtained for comparison with later runs. 

The remainder of the runs was usually made using the 
less precise swept field method to 15 T.21 Each of these runs 
consisted of a measurement on each of the four probes, 
followed by approximately 20 field cycles to 15 T at a rate 
of -10 T/min (with the probes still at 4.2 Kand carrying 
their normal currents). The procedure was concluded by 
a remeasurement of each probe. 

Between each run on a given batch of probes; the sample 
holder was thermally cycled from room temperature to 4.2 K, 
usually seven or eight times. The thermal cycling procedure 
consisted of cooling to 4.2 K in about 5 min and warming to 
room temperature in about 15-20 min. It should be empha­
sized that during the thermal cycling procedure, the probes 
remained in tixed positions in the sample holder, and care 
was taken to eliminate all moisture irom the sample holder 
before cooling again. These precautions were important to 
ensure that observed changes in the probe calibrations were 
not due to orientation effects or strains produced by ice 
formation. 

The 12 probes which were tested for reproducibility (six To compare the results for a given probe to the initial 
FWB and six ETt:) were run in batches oi four. The tirst results I those from the initial run to 18 T), each set of data 
batch contained four virgin (i.e., not previously thermally was analyzed by choosing the slope so that the corresponding 
cycled by us)" F\VB probes. Two of these probes were run deviation plot best matched the initial deviation plot at the 
with measuring currents oi 80 m:\ and two with 8 m:\, to higher fields (greater than -5 T). The uncertainty in the 
check for measuring current effects. The second batch slopes so obtained was about ±0.13. Except for one ETU 
consisted of two FWB probes (one of which had been pre- probe, the deviation plot matching procedure was valid to 
,·iously thermally cycled six times and one vi~n probe) within that error, even when the slope had changed by a 
and a similar pair of ETl" probes. For-this second batch, few percent. This is illustrated in Fig. 5 for an ETU probe. 
the measuring currents were 80 m:\ for the FWB probes Here, the data points are the results oi the initial run, and 
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Fie. 4. Deviation of the Hall 
\"Oltage from the linear relationship 
deiined by Eq. (I) for an fWB 
:ind an ETU probe at 300, 77, and 
-!.2 K. The solid lines represent 
:t: 1 t"."'c of the total Hall voltage. 
For tbe FWB probe, the slopes 
used in calculating the deviation 
plots were 6.215, 6.250, and 6.225 
m \. iT at 300, 77, and 4.2 K, re-­
spectively, using a mcuu.ring cur­
rent of BO mA. For the ETU probe, 
the slopes were 7 .070, i .088, and 
;.055 mV.'T at 300, 77, and 4.2 K, 
respectively, at 60 mA. ....... ~ ..... ~"---"-~"-~"---'"---'"---' 
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the solid line is the computer-smoothed behavior of a later 
swept lield run where the slope had changed by about 2o/o-

lll. RESULTS AND DISCUSSION 
A. Effects of temperature 
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The two types of probes were e:wnined for effects of 
temperature on the probe calibration. Part of this test con­
sisted of mounting a virgin FWB and a virgin ETU probe 
in the sample holder and making step method runs to 15 T 
on each at 300, i7, and 4.2.K without warming the sample 
holder between runs. These results are displayed in Fig. 4, 
where the development of the quantum oscillations in the 
Hall voltage with decreasing temperature is clearly evident. 

O'L..~'----''----'~--'~_,,~....._~ .... ~.J z • • • 10 12 14 
JI CTESLAS) 

A nonzero intercept is evident in Fig. -I for the ETU probe F10. 5. Deviation of the Hall voital!" from the linear relationship 
at all tem.,..,.,.tures. This type of behavior was character· deiined by Eq. (I) for ETl" probe Xo. 32-!. Tbe points ano from the 

r--- initial run, where the slope was 5.o&JO mV /Tat JO mA, and have been 
istic of all ETU probes and is discussed below. truncated at -16 T to limplily tbe compuuon. Tbe drawn cu" .. is 

The second pan of the test consisted of examining another the computer-smoothed result o_.i a subsequent run usinig: the swept lield 
method, where tbe Mope was "..JJO mV 1 T at JO m.o\, or a cbanire of 

ETU probe and another FWB probe at -1.2 and 1.5 K during~ .. •i>out !<:C. The straight lines represent "'1 r-, of the total Hall voliqe. 

l..t.l 
"- • .,,. .,_ ... .,., ____ .. _., .. ftT~ 
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TABLE I. Ptteent ch&nre in siope wttn temoerature for f\\."B and 
ETC probes. -

P!'obt 5iopc chan~ from -"·2 K ,·alue (C'"[) 
·:.-pc r-i..:-K T•-l.lK r-77K r-300K 

F\\'B 
£TC 

I) 

0 
0 
0 

-o . .i -0.1 
-0.5 -0.2 

the same run using the step method to 15 T. These results 
~re not shown; however. ior both probes, the 4.2 and 1.5 K 
;lopes and deviation plots were identical to within the experi­
mental precision. 

The temperature effect results are summarized in Table I. 
Both types oi probes behave in a similar manner: between 
1.5 and 4.2 K, there is no change in slope; between 4.2 and 
ii K the slope (e.g., probe sensitivity) increases; and be­
t.,.·een ii Kand room temperature, the slope decreases again. 
It should also be noted that for both types of probes, the 
room temperature value of the slope is within 0.23 of the 
·1.2 K value. 

B. Deviations from llneerlty 

.~l probes tested showed deviations from a linear Hall 
voltage vs magnetic iield relationship at 4.2 K, as illustrated 
in Figs. 4 and 5. These deviations could be classiiied into two 
distinct categories: (1) quantum oscillations and (2) a 
change in slope at higher magnetic iields. 

The results for all the initial runs at 4.2 K using the step 
method were lit to a linear relationship whose slope was 
chosen so that the resulting deviation plot oscillated about 
the deviation plot zero line at higher magnetic lields (see 
Figs. 4 and 5 far example). This choice of slope was arbitrary 
to some extent due to the asymmetric and/or irregular 
nature of the oscillations for most of the probes. The maxi­
mum magnitudes oi the oscillations for iields B less than 8, 
14. and 18 T were then detennined for each probe, as a 
percentage oi the Hall voltage output. This was easily ac­
complished with the deviation plots by measuring the 
height of an oscillation compared to the height of the 13 
line at that lield. This analysis was carried out only for B 
greater than - 5 T. the lield for which quantum oscillations 
became clearly evident. 

T ABU n. Quantum oscillations of Hall probes at 4.2 K. 

~m percent quantum oscillation cor-
rec:Uon to linear it,• for B less than: 

Ptobe ST 14T !BT 

FWBleut 0.J 0.5 0.9 
fXo. 888) 

FWBJIO&- 0.5 0.8 1.4 
('.'o. -lJ) 

FWBa._ 0.3, 0.6 t.2b 
(sewn probes) 

ETt' least 0.2 0.2 0.3 
(Xo. 32.ll 

ETL",,at"' 0.6 1.5 1.5 
cxo.2ni 

0.J 0.6' ETL" averqe 0.5 
(teWD probes) 

• See tut for aplanation. -"" 
11 Tbe deviaUon plou ior some of the probes were extrapolated from 

loWer Jlclda ill calcul&tillg this a._. 
112 
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Table II summarizes the results oi the above ~ 
listing the FWB and ETU probes having the largest· and 
smallest oscillations, and the average vaiues for the seven 
probes of each type studied. It is clear that while the ETU 
probes have somewhat smaller quantum oscillations than 
the FWB probes at the highest fields I> l~ T), the oscilla­
tions are quite similar in magnitude at lower tields for the 
two types of probes. 

The second type of deviation from nonlinearity, the 
change in slope at higher magnetic field, occurred only for 
the ETU probes. This behavior is best illustrated in Fig. 5, 
where the deviation plot shows a large nonzero intercept 
on the B~o axis and a kink (equivalent to a slope change) 
centered at about 3 T. It should be noted that aU the ETU 
probes had large nomero intercepts on the B-0 axis (much 
greater than those allowed by possible zero shifts in the 
magnet current) when the high field data were forced to 
oscillate about the deviation plot zero line by appropriate 
choices of the fit constants A and C in Eq. (1). The ETU 
probe deviation plots could, of course, have been forced 
to go through the origin by cnoosing a smaller magnitude 
of the constant C (consistent with possible shifts in the 
magnet current), but this would have made the deviation 
plots at the higher iields oscillate about a line running 
diagonally downwards; this again amounts to a change in 
slope A, of the unit at higher fields. For many ETU probes, 
this change in slope might not be apparent unless data were 
taken at iields greater than~ T. That is, the data below 
these fields could be litted using a difterent value for the 
slope (one close to the low field value), such that the re­
sulting deviation plot would still remain within :l::13 of 
the linear relationship. The magnitude of the slope changes 
were determined for each of the ETU probes by comparing 
the low lield behavior to the 13 error line in the deviation 
plot. The field at which the slope change occurs was deter­
mined by extrapolating the low field slope to the point of 
intersection with the zero line of the deviation plot. Since 
neither of these procedures is very precise, the Yesults listed 
in Table III should be taken only as a rough measure of the 
ETU probe behavior. 

We emphasize that this second type of nonlinearity was 
not evident in any of the FWB probes. )foreover, as seen in 
Fig. 4, this nonlinearity is evident in the ETU probe at 77 
and 300 K, as well as at 4.2 K. The magnitude of the slope 
change does change, however, in going from room tem­
perature to 4.2 K. 

T ABU: Ill. Difference in llope at low and high 6.eld1 for ETU Pf"bes 
at4.2 K. 

P""be 

ETU 1eut 
(No. 27S) 

ETUgreatest 
(No. 324) 

ETUavenge 
(..-psoba) 

Slope ditferencea 
('C) 

-I 

-J 

-2.8 

field at which slope 
cb&nge­

(mla) 

2.0 

4.0 

2.6 

• High Qeld llope minus low lield atope, accuracy :i:::-0.53. See tut 
for aplanation.. 

11 .~ :0.5 T. See tut ior explanation. 
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C. Reprocluciblllty ieSts 
The results of the reproducibility tests (described in Sec. 

II E) on the six FWB and sL~ ET'C: probes are summarized 
in Fig. 6. In this tigure, (a) and (b) are the FWB and ETU 
probes which exhibited the smallest slope changes with 
thermal cycling, whereas (c) and (d) represent more typical 
slope changes for each type of probe. As illustrated in Fig. 6, 
different values of the slope were often observed before and 
after magnetic field cycling during the same run (i.e., at a 
single thermal cycle number). This "spread" in the slope 
almost always developed after the magnitude of the slope 
had been observed to change on a previous thermal cycle. 
We thus feel that the shaded bands in Fig. 6 are a measure 
of the uncertainty in the value of the slope which will be 
obtained after a given number of thermal cycles. The bands 
include the -0.13 slope measurement uncertainty. 

As illustrated in Fig. 6, the slopes of the FWB probes are 
more stable than those of the ETU probes with regard to 
thermal cycling. In fact, only two of the FWB probes had 
changed their slopes after eight thermal cycles, whereas all 
the ETU probes bad changed slope by nine thermal cycles. 

The av~age slope stabilities for the six FWB and six 
Err probes are indicated in Fig. 6 (e) and (0, respectively. 
Since all the probes of a given type were not studied at the 
same thermal cycle numbers, this average was taken to be 
the maximum magnitude of the slope change observed 
during all previous thermal cycles. Again, the FWB probes 
are much more stable than the ETU probes, which can be 
seen by comparing (e) and (f) at 25 thermal cycles: the 
ETU probe average amounts to a slope change of 1.So/,,, 
whereas the average for the FWB probes is 0.4%. In addi­
tion, none of the FWB probes changed slope by more than 
13, even after 60 thermal cycles, while three of the ETU 
probes changed by 23 or more after just 25 cycles. 

For the FWB probes, there was no correlation between 
probe current and slope stability. In the case of the ETU 
probes, however, the two probes that carried low currents 
(3 mA) underwent slope changes of 0.53 or less after 25 
thermal cycles. The four probes which carried high currents 
(20-30 mA) had slope changes of 0.9, 2.0, 2.6, and 2.63 
after 25 cycles. Thus there may be a signiticant correlation 
between high measuring current and poor slope stability 
for the ETU probes, quite JlOSSlbly due to iXB forces. 

In preliminary measurements on both FWB and ETU 
probes, we noted a significant failure rate for probes under 
thermal cycling. The probe failures (characterized by open 
circuiting of the leads or very large changes in sensitivity or 
zero offset) appeared to be correlated with frequent mount­
ing and demounting in the sample holder between runs. 
t: nfonunately, no precise records of the handling of probes 
between runs were kept at that time. 

In the present series of measurements on 14 P,.obes, we 
observed no failures after the initial thermal cycling for the 
first measurement, even though signiticant zero offset 
changes sometimes occurred. The zero adjustment circuit 
described in Fig. 3 was very useful in compensating for 
these changes. It is safe to say that its incorporation into a 
measuring circuit will extend the useful life of almost all 
prqbes. 
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Fie. 6. Chan~ in slope with thermal ~·cling for f'\\"B and ETU 
probes. (a) and (b) show the results for the FWB and ETC probes 
v.itb the smallest oblen-ed slope change, whereas (c) and (d) represent 
more typical behavior of each type. :\lore than one d&tum point at a 
given number of thermal cycles indicates that diilerent values of slope 
were observed before and after lield cycling on that run. The shaded 
areas represent the uncenainty in the Mope. including the -0.l«ro 
measurement uncertainty. (el and (f) gi\;e the averaire slope chart~ 
for the six F\\"B and six ETC probes studied. u ezplalned ill the tat. 
The point at .W thermal ey·cles in (f) is based on the results for only 
two probes. 

We did observe one FWB and one ETt: probe failure 
on the first cooldown (immediately following mounting in 
the sample bolder). Thus, it may be that probe failures are 
induced enlil-cly by mechanical strains during mounting, 
sinr:e it is well known that the probes are very delicate. 

"!'be question of reliability and "long life" is undoubtedly 
an imponant one, but it is not unusual for there to be 
tradeofis and compromises made when the pros and cons of 
transducer performance are considered. Granting that in 
the worst case of repeated and abrupt cooldowns, one might 
tind probe failures after 50 or even 25 cycles, that still 
represents a cost of only S3-S8 per run, based on the present 
price of $150-$200 per sensor. Since liquid helium is almost 
always consumed in these same runs, one should consider 
the relalit< costs involved." 

In summary, the F\VB probes are calibratible and re­
peatable under thermal c~-cling to better than ± 1 o/., 
:Moreover, ii only a 13 tield measurement is desired, then a 
simple two-point calibration can be performed at room 
lemf1eralure and the quantum oscillations can be ignored 
up to 14 T. It is possible that if the probes are not thermally 
cycled, the calibration stability is much better than l"lo­
lndeed, we were unable to detect any changes in calibration 
for both an F\VB and ETU probe which were magnetic 
6eld cycled about 20 times on four different days, where the 
sample bolder was maintained at ii K or below. But in any 
event, an FWB probe whicli bas been thermally cycled 
:5 25 times can apparently be calibrated to about ±0.23 
by determining the slope from a two-point calibration at 
4.2 K and using a previously determined deviation plot. 

Tbe ETU probes nave the disadvantage of exhibiting a 
slope change at higher rields which •tqKires a deviation plot 
to be used for even a 13 calibration to 14 T. For fields less 
than -8 T, however, these sensors can probably be titted 
to a linear relationship at room temperature, and the same 
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c;ilibration used at 4.2 K to better than 1% accuracy . .b~~ 
one must be aware of the somewhat poorer slope stability 
oi the ETl' probes on thermal cycling. 

Both types of probes possess the convenient features of no 
detectable change in output over the 1.5-1.2 K temperature 
range and sufficiently high sensitivity (-10 m\i'/T at cur· 
rents ranging irom 20 to 90 mA), so that direct readout with 
a di~ital panel meter is straightfo1"111·ard and ine:qiensive. By 
comparison the probes described by Woollam el al." had 
a sensitivity of -0.3 m\"/T at 300 mA. 

The sensors described in this paper have a number oi 
very attractive advantages when compared to other mag­
netometers: (1) small size; (2) low power dissipation (from 
either sensor heating or, with proper lead configuration, 
cryostatic heat leaks); (3) high sensitivity; (4) low source 
impedance: (5) reasonably good reproducibility and lin­
earity, which are directly responsible for the ease with 
which these devices may be calibrated and subsequently 
checked; (6) inexpensive readout instrumentation, which 
is a direct result of (3), (4) and (5). 
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1•Ga.'5 has also been suggested ior this purpose. but to our knowl· 
edfe, the only published report on its bi~h lield performance is 
that oi Kordoi el al. (Rei. lJ). It bas unJy very recently come to 
our attention that Ga.A:s probes are now commercially available 
from Copa.l Co. (Japan). Preliminary measurements on one such 
probe indicated a behavior similar to that oi the ETU probe but 
with less tha_n one-tenth 1be latter·s sensiti\ity. \Ve expect to report 
the results 01 more complete measurements on these probel in a 
separate publication. 

l';"fhis impress.ion was strengthened in the ca.se of the F\\"B tram. 
\'ene units by favorable reports irom other users who have cali· 
brated. their probes at our laboratory. 

1•f. Kuhn, Siemens Z. 29. JiO (1956}. 
11Both suppliers subject their probes to some thermal C\"Clinr before 

shipping. • 
~oSince the solid lines in Fig. -4 represent : I'";_ of the total Hall 

voltage, then :0.13 of the mca.t"intnm Hall "·ol~ is simply 
one·tcnth the vertical distance between the two solid lines at the 
bigbest Jield. The scatter oi the data points irom a smooth curve 
may be seen to be less than this amount. Such results were repre­
sentative of all the step method data. 

"The choice between the IS T (5 )!\V) and 18 T (;.s YW) ooleuoids 
for these runs was based mostly on availability of the respective 
magnets. It teemed logical ior us to concentrate on the techno­
logically importa.nt region below 15 T, particularly since future 
pla.ns do include extension oi the work to higher ftelds. 

"This would - to be ao appropriate place for the standard 
disclaimer that the rnults or opinions presented in this paper in 
any way constitute an endonemmt of any manufacturer or 
product. It is suggested that a careful evaluation be made by 
prospective users of all the iactors involved before ~bly re~ 
fusing consideration of the probes under discussion soldy because 
of their inite life under 10me sets of conciitions. 
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L3 Magnetic Field Measuring: 

Nominal field: 0.5 Tin 1200 m3 volume 

Required knowledge: 0.43 

Measurement system: 992 magnetoresistors spaced 40 G apart on muon chambers and 5 NMR 
probes monitor the absolute value of the field. 

Reconstruction algorithm: B~ (assumed) negligble 

1. Assume full cylindrical symmetry, fit truncated Bessel function and a zero-order rr10dified Bessel 
function (14 parameters) Residuals of 50 G were obtained. 

2. Adjust the parameters of virtual octagonal, 'Coaxial coils in conjunction with an approximate 
theoretical field map. This uses full 3-D spatial positions. Two approaches were adopted: First, 
a constant B, was assumed and the currents of 17 virtual octagonal coils adjusted to fit the 
measured B,-values and a priori field measurements. Second, a 2-D field map (from POISSON) 
is assumed and four virtual coils used (14 parameters in total). This only uses magnetoresistor 
data. Both approaches give residuals of 20 G. 

Problems: Calibration, limited dynamic and operational ranges, only one component. 
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GEM Field - Remarks on Mapping: 

GEM has a large volume 7668 m3 , inhomogeneous, possibly non-azimuthally symmetric magnetic 
field which probably is also not mirror symmetric about the mid-plane. This field is generated by 
superconducting coils (solenoids) and massive conical iron wedges to shape the field and is modified 
by some nearby magnetic support structures. 

1-• Knowledge of the field is needed 
f\) 

C.C • within the tracker volume 

• for the muon spectrometer 

• along the beam path 

• external to the detector in the hall (and on the surface) 

Questions 

• Needed accuracy? 

• Which reconstruction algorithim? What fit method - LS or TLS? 

• Number of sensors? What kinds? Where located? What errors (tolerances) are acceptable? 

• How much redundancy? 

August 20, 1993 Magnetic Measurements JDS-3 
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Reconstruction Algorithims - Survey: 

• Orthogonal function fit to measured field values but does not necessarily satisfy Maxwell's equa­
tions. However, if grid is fine enough, even a linear polynomial fit should work. 

• Magnetic potentials (expansions in orthogonal functions) 

- scalar potential - needs only one field component 
on convex surface 

- vector potential - use Green's function expansion 
but vector field on (concave) surface 

• Direct modeling of sources, e.g., conductor and iron 
but the inversion may be ill-conditioned. 

• Direct modeling of virtual sources, e.g., coils and current sheets, for the difference field (from 
nominal) 
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Virtual Sources - Advantages: 

Why virtual sources? 

• Most (all known) azimuthal asymmetry is removed with a near complete real source 1nodel. 

• Automatically satisfies Maxwell's equations 

• Permits operational field reconstruction 

• Successful on L3 and SLD 
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Field Mapping - Number of Measurements: 

Assume field source modeling -

Source Specification Total/half-GEM 

Coil 10 parameters x 12 segments 120 
Interconnects 2 x 11 22 
Current return 6 x 2 12 

~ 

FFS 3(11{) x 3(p) x 12(¢) x 16(z) 1728 
Cryostat 12(4>) x 12(z) 144 
External legs, etc. 74 

SUM 2100 

This implies 700 vector sensors per half GEM. Note that this is the number of parameters and conse­
quently the minimum number of measurements required for this approach. 
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Field Mapping - Number of Measurements: 

Naive volume scaling from 13 gives total of 6338 or 3169 for half-GEM. However, the GEM field is 
more complex. 

~ 

Assume 13-like modeling on muon chambers every 100 G in IBI or B, -

Location Specification Total/half-GEM 30° -sector 

Barrel chambers outer 70 
middle 14 
inner 3 

Endcap chambers inner 3 
middle 14 
outer 35 

T/ = 9.75 137 

SUM 276 

Thus, 3312 per half-GEM. Note that this is not the nu1nber of paramters so that there is a high degree 
of redundancy. The eta strings replace the a priori 13 measurements. Finally, azimuthal symmetry is 
not assumed. 

Assume 13-like modeling on inclosing space frame every 100 Gin IBI or B, - 251 per sector or 3012 
per half-GEM. 
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Field Mapping - NMR Probe Number and Location: 

NMR probes are needed to 

• Accurate field magnitude (tuning to 0.8 T) 

• Check common axes and tracker field 

• Provide fixed calibration for other probes. 

Their placement could be 

• two triplets on outside of tracker (extreme z) 

• four triplets on each field shaper 

• two triplets on space frame 

This gives 36 NMR probes in total (L3 used 5 and volume scaling might suggest 32). 
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Sensor Requirements - Comments: 

Clearly (as for L3) the sensors must be 

• Physically small ('.S: 3 crn) 

• Inexpensive 

• Accurate and stable 

• Not complex (minimum number of leads) 

) ) 

Hall probes seem almost ideally suited given the linearity, sensitivity, temperature coefficient, and 
calibration required. Of course the number of leads may be a problem ( 4 per axis and 2 if a thermistor 
is required); magnetoresistors require only 2 for an axis but are not vector measuring which is important 
for our inhomogeneous field. Only radiation hardness need be verified but in the muon detector volume 
this does not seem to pose a problem. In the central tracker volume and other high radiation volurnes, 
NMR probes will suffice. 

August 20, 1993 Magnetic Measurements JDS-9 

) 



1-• 
c..' 
C' 

• 

E 

~ 

(I) 
.~ 

x 
0 

(\) 
(I) 

L 
(\) 

> 
(I) 
c 
0 
L 
I-

• 

GEM Case 700: Re 9.459, le 0.7662-14.955, FFS Rbore 0.35, a9.4-.25 
25.----r---,--,---.----.-.---,---,---,-,-,--,--,--,---,~-,--,-~~~~ 

20 

15 

10 

5 

Be 
ero 
er int 

er ext 

-

/J.1 OlJ -

N1 
Inn -

Mid -

Du t 
Xop1 -

~~ 

Bar~el 
27.74 
7.5E-05 
5.0E-05 
2.5E-05 
0.04 
6/ 6/ 6 
4.02 
6. 13 
8.29 
0.011 

End Cap 
17.87 
7.5E-05 
5.0E-05 
2.5E-05 
0.03 
8/ 6/ 6 
6. 11 

10.97 
16.30 
0.011 

sl 
9.75 
7.5E-
5.0E-
2.5E-Q 
0.03 
8/ 6/ 
6.38 

10.74 
16.05 
0.011 

0~1111l1111l11l1l1111l 
0 5 10 15 20 25 

Beam oxls, m 
Muon: FN-03Mar93_Sa Barrel: 6/6/6 Endcap: 8/6/6 h.6 

• • • • • • • • • 



-

-

13'7 



... 

-

Ln -

E -
(\J 
........... ~ 

N 

lD 
u -c 
0 

m ...µ 

(I) 
.~ 

-0 -
,......... 
0 

E E E CD .~ 

x -N m m a:: 
0 ........... (\J 

• • • 
"'1"' CD CD 

11 11 II -
Q Q Q 

0 <l + -
0 

0 0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 CD CD "'1"' (\J -
........... 

-::J 'z8 

-138 



-

-

- E 
N 
......-< ~ 

N 

- ('.) 

u 
c 
0 

m ..µ 
(fl 

- -~ 

u 
r-1 

0 
E E E (D 

~ 

x 
':t"·-::t< m 0: 
(Y) Ln (D 

• • • 
"'<::t' CD CD 

11 11 II 
(Y) 

QQQ 

0 <l + 

0 
0 0 0 0 0 0 
0 0 0 0 0 - 0 0 0 0 0 
0 CD (D "'<::t' N 
......-< 

:J • z8 

- 138 



-

Ln -
..--; 

E 
... 

("\J 
....---< ~ 

N 

(l) 
() 
c 
0 

m ...j....J 

(I) 
.~ ... 
-0 

--< 
0 

E E E lO 
~ 

x -
C\.J cn m CI 
0 ....---< ("\J 

• • • 
-.:::t' lO CD -11 11 II 

Q Q Q 

0 <l + -
0 

0 0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 -
CD lO -.:::t' ("\J ("\J 

• d8 
I 

:J 

~ • (J 
.i '.l 



-

Ln 

- E 
N 
.......... ~ 

N 

(D 

u 
c 
0 

m -I--' 
({) 
~ 

-0 

..---< 

0 
E E E CD -~ 

x 
""1"' ""1"' m a:: 
(I) Ln CD 

• • • 
""1"' CD CD 

11 II II 

Q_ Q_ Q_ 

0 <l + -
D 0 0 0 0 0 

0 

D 0 0 0 0 - D 0 0 0 0 
CD CD ""1"' N N 

• d8 
I 

~ 

-
.#' A," . 

.l'il 



0 0 0 
0 0 0 
0 0 0 
0 CD (D 
........... 

:J 

E E E E E 

CD l'-- 0 ...---1 "<:ji Ln 
cnmcn...-1L---o 

a a a a a a 

CD 0 CD CD 0 tD 

11 11 II 11 11 11 

NNNNNN 

0 <I + x ~ ~ 

0 0 
0 ·O 
0 0 
"<:ji N 

• 28 

~ . .-
.l 'f~ 

0 

CD 

E 

Q_ 

~ 
u 

CD c 
0 

...µ 

en 
u 
~ 
en 

"<:ji L 

N 

0 

~ 

> 
en 
c 
0 
L 
I-

-

-

.. 

... 

... 

... 

... 

-

... 

... 

-



-

-

CD 

E 

- ~ 

Q_ 

ll) 
() 

(D c - 0 
-I-' 

en 
.~ 

-0 - ll) 

en 
-.:::!"' L 

ll) 

E E E E E > - en 
("\] -.:::!"' 0 Ln ...--< Ln c 

0 o t.n m I:'- 01 CD 
L • • • • • • I-

['- .--i (D (D .--i (D 
.--i .--i .--i .--i ("\] - 11 11 11 II 11 11 

NNNNNN 

0 <l + x ~ + -
0 

0 0 0 0 0 0 
0 0 0 0 0 - 0 0 0 0 0 
0 CD (D -.:::!"' ("\] 
.--i 

:J • z8 

~ 4 r .l 0 



D 
D 
D 
CD 

E E E E E E 

CD C'- D .----1 -<::::!' t..n 
en m en .----1 C'- o 

• • • • • • 
C..O D C..O C..O D C..O 

.......... .--I .--I .--I 

11 II 11 11 11 11 

NNNNNN 

0 <I + 

D 
D 
D 
c..o 

x ~ 4-

D D 
D D 
D D 
-<::::!' ('J 

~ .. 
.l ':i '.t 

D D 
D 
D 
('J 

I 

CD 

c..o 

-<::::!' 

('J 

E 

~ 

Q_ 

(.\) 

0 
c 
0 

-1-' 
(I'\ 
.~ 

u 
(.\) 
(I'\ 

L 
(.\) 

> 
(I'\ 
c 
0 
L 

I-

-

-

-

-
... 

-

-

-

-



, ) • ) ) ) ) 

8000 
I 

I 

o Z = 7.02 m 

6000 f---
AZ =11.54 m 
+ Z =16.90 m 
x Z = 6.75 m 
~ Z =11.31 m 

4000 f- '!> Z =16.65 m 
f-• CJ 
,l:~ 

C." ~ 

Q_ 

m 
2000 

0 Gn""Yra1h)( )( )( )( )( )( 

-2000~~~~~~~~~~~~~-----L.~~~ 
0 2 4 6 8 10 

Transverse dtstance p, m 



f-• 
.u 
C' 

c 

I-

D 

ml 

GEM Case 700: Re 9.459, le 0.7662-14.955, FFS Rbore 0.35, D9.4-.25; 8 = 9.38 
1.5~~~-Y---Y--~~~~~~~~~~~----,----,-------r-~---. 

1. 0 

.5 

0.0~,__.1___.1___.L__t___L___j______j_____J___L__L___i____[___J__l__j___J__J__J___J 

0 10 

Pathlenath. m 
20 

4 • 4 4 4 • • 4 • f 



.... I-

,,J::• • ,T ,, 
ml 

) I > 

. GEM Cose 700: Re 9.459, Zc 0.7662-14.955, FFS Rbore 0.35, ~9.4-.25; 8 = 9.75 
1.2r--.--.--.---.-~.---.----.---.---,,---,---,--,--,-~,----.--.--.---,,--,.-, 

. sl-.-------

. 4 

0.0~-'---'--~~--'--'-~~~_.__,__,____._-.L__._---<~~'--_L__J 
0 10 

Pathlenath. m 
20 

' 



f-• 
.i:. 
O'' 

• 

I-

~ 

ml 

GEM Case 700: Re 9.459, Zc 0.7662-14.955, FFS Abare 0.35, D9.4-.25; 8 = 13.00 
l.O~~~~::.___.~-.--.-.--r--.-r-r-.-i--r-r-r-.1 

• 

.sL~----

. 6 

• 4 

.2'--'-----'---'---'---'---'-----'----'--'---'--'-----'--L--L-_i_-'--L_--'------'-_J 

0 

• • • 

10 
Pathlenath. m 

f • 

20 

• • • ' 



) 

_, 

f-...... 
,r .. ~ 

C!~ -
ml 

) ) , , , , , 

GEM Case 700: Re 9.459, Zc 0.7662-14.955, FFS Rbore 0.35, D9.4-.25; 8 = 17.87 
l.Or-.-.-.--.-.-.--.--,--,-~~~--r---r-~--.--.----.------.---. 

L---------­. 8 

. 6 

. 4 

.2~~~~~~~~~~-'--~~~~~-'--"--'--'-~ 
0 10 

Pathlenath. m 
20 

, 



I-• 
C.1 
0 

• 

I-

~ 

ml 

GEM Case 700: Re 9.459, le 0.7662-14.955, FFS Rbore 0.35, ©9.4-.25; 8 = 27.74 
1.0r--r----,-,-,-11--,--,----,---,--,,---,-,----,----,-,--,-:____,_~-=-;__~~~ 

• 

.sL------

.6 

. 4 

.2~---'--'--'-~---'-~~~~---'-~~~~---'--'--'--'--'---'--' 
0 5 

• • • 

10 15 
Pathlenath. m 

• • 

20 25 

• • ( • 



1-• 
c.., 
I-'· 

, 
--~> 

I-

~ 

ml 

) , , ) , , 

GEM Case 700: Re 9.459, Zc 0.7662-14.955, FFS Abare 0.35, D9.4-.25; 8 = 29.23 
1.0.--,..--,..--,..---,----,---,----,----,---~--r--~~~~~----r--,-------,------.,---------, 

.8~~~----~~--

.6 

. 4 

.2.___,__,__..__~~~~~~~~~~-'--'----'--'-------'---------'-------' 
0 10 20 

Pathlength. m ___ _ 



GEM Case 700: Re 9.459, le 0.7662-14.955, FFS Rbore 0.35, D9.4-.25; 8 = 55.00 
_g,----,-~-,--~-,--------,-~-,-~-,---~r---,-~~~.------.~-----. 

-

. 7 >- -

r I 
-

..... 
f-c:.., 

I -51-l'.~ 
~ 

• 

COi 

l I -

. 31- -

._ -

.!~~~~~~~~~~~~~~~~~~-~~~ 
0 4 8 12 

Pathlenath. m 

( • ( • • • • • • • • 



1-• 
c., 
C.·' 

t-

~ 

ml 

) ) ) ) ) ) ) ) ) , 

GEM Case 700: Re 9.459, le 0.7662-14.955, FFS Rbore 0.35, ~9.4-.25; 8 = 84.29 
.86.---,--,--,--~~~-,--.---.----r-~~~~~----,--------.---------,-------,--, 

.76 

.66 

.56 

.46.____.__-'---"------L--"----~----'--'----'-__,_-'------'---'----'---'------'--'----'---J__J 
0 2 4 6 8 10 

Pothlenath. m 



To: P. Marston 
From: J. Sullivan 

GEM 

Re: Field mapping initiative for GEM 

March 26, 1992 

Because of the importance of knowledge of the magnetic field to the suc­
cess of the GEM experiment and the uncertainties, costs, and schedule im­
pacts of direct field mapping, we have developed a concept for mapping the 
field by using a finite number of measurements and an analytic fit to deter­
mine the field in the active detector volume. We would like to conduct an 
initial study of this approach to document its utility for GEM. The MIT 
field mapping study team would include 

• J.P. Freid berg, Professor of Nuclear Engineering, 
(Theoretical Group Leader, PFC), 

• R.D. Pillsbury, Jr., Research Scientist and Computational Group Head, 
PFC, 

• W.F.B. Punchard, Principal Research Engineer, NML, and 

• J.D. Sullivan, Research Scientist, PFC. 

The initial study should determine what accuracy of measurement is 
needed, the accuracy, cost, and time of measurement with conventional tech­
niques, and define the necessary field transducers (e.g., search coils, Hall 
probes, NMR probes, etc.) their number and spatial distribution for an 
analytic solution. The statement of work will include: 

• Determination of realistic requirements in consultation with the muon, 
central tracker, and physics groups and preparation of a preliminary 
field mapping requirements document. Need to know what accuracy, 
components, threshold values, etc before definitive results can be given. 

• Review of current direct measurement praxis and implications ( sched­
ule, accuracy, reproducibility, etc.) for GEM; praxis from L3, CDF, 
and SLD would be covered - it has been suggested that we speak 
with Dave Luckey and read Dai's thesis for L3, Harry Lynch (now at 
SSCL), Henry Kendall, and Bill Ash for SLD, and Sham Sumorok (to 
start) for CDF. Again a summary report would be written. 
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• Evaluation by computer modeling of the effect of manufacturing (tol­
erance) errors (winding placement, physical and chemical iron asym­
metries, cycling, etc.) on the field, i.e., sensitivity studies. 

• Investigation of three analytic approaches 

1. Expansion in orthogonal polynomials. Here, we only need measure 
one component of the field as H = -V'i[r m, 

where ilrm is the magnetic scalar potential, c' are the coefficients, 
and f, are basis functions. So that, 

H = - 8i(rm = -c;8f; 
p 8p 8p 

Dr. Punchard has many years of experience with this approach 
and, in the central detector volume, it can certainly be done; nu­
merical simulation (experiment) will refine and scope technique. 

2. Green's function analysis, integral equation, on a simply con­
nected, possibly concave, surface (e.g., a sector of the muon de­
tector or even the whole barrel); Prof. Freidberg has twenty years 
experience applying this method to Stellerator and Tokamak plas­
mas which are more complex than GEM. 

3. Possible direct modeling of sources (nominal design and homoge­
neous iron) with perturbations from the baseline. 

An extensive collection of software exists at MIT for each approach. 

This effort is estimated to cost $70,000 including travel, computer-costs, 
etc. and would be completed within four months. The final report will 
include an estimate of the cost, time, and impact on the GEM construction 
schedule to measure the GEM magnetic field by both the conventional and 
analytical techniques. 

cc: J. Freid berg 
R. Pills bury 
W. Punchard 
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Field Mapping - Requirements: 

Subsystem Specification Accuracy 

Central tracker IBI r-v o.53 40 G 
Muon 

Lorentz angle 
-+ 

l~BI r-v 900 G 900 G 
Track reconstruction 8£2 

r-v 0.43 
barrel 35 G 
end cap 20 G 

Hall probes seem almost ideally suited given the linearity, sensitivity, 
temperature coefficient, and calibration required. Only radiation hard­
ness need be verified but in the muon detector volume this does not 
seem to pose a problem. In the central tracker volume and other high 
radiation volumes, NMR probes will suffice. 
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Field Mapping - Techniques: 

• Magnetic potentials (expansions in orthogonal functions) 

- scalar potential - needs only one field component 
on convex surface 

~ - vector potential - use Green's function expansion 
but vector field on (concave) surface 

•Direct modeling of sources, e.g., conductor and iron 
but the inversion may be ill-conditioned. 

The scalar potential is used for NMR magnets and may be suitable 
for the central tracket volume. The vector potential has been used for 
MHD devices, stellerators, and tokamaks. 

DRAFT June 23, 1993 
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Field Mapping - Number of Measurements: 

Assume field source modeling-

Source Specification Total/half-GEM 

1-• 
Coil 10 parameters x 12 segments 120 

c.., Interconnects 2 x 11 22 ~i 

Current return 6x2 12 
FFS 3(1\J) x 3(p) x 12(¢) x 16(z) 1728 
Cryostat 12(¢) x 12(z) 144 
External legs, etc. 74 

SUM 2100 

This implies 700 vector sensors per half GEM. 
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Field Mapping - Experience: 

6 • 13, highly uniform field 
c 

• SLD 

• CDF 

•JET (Joint European Torus), pulsed machine with internal 
currents 
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Field Mapping - ROM Costs: 

I-' 
Sensor Unit cost, k$ Count Total Cost, k$ 

C') 
1-·· 

NMR 10 9 90 
Hall cube 0.2 1400 280 
Electronics 30 

TOTAL 400 
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