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This book was prepared as an account of work
sponsored by an agency of the United States
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ing by the United States Government or any agency
thereof. The views and opinions of authors ex-
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those of the United States Government or any
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This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
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INTRODUCT ION--CHRONOLOGICAL DEVELOPMENT

In September 1981, Egon Hoyer requested that Magnetic Measurements
Engineering (MME) prepare to make permeability measurements of Vanadium
Permendur. The design of (rare earth) focusing, undulator, and wiggler
elements in proposed beam lines at SSRL may be facilitated by dependable
permeability tables of Vanadium Permendur.

We decided, that it would be cost-effective and appropriate to implement,
as Phase Il of the MME Genéra] Purpose Data Acquisition System (DAS), the
capability of permeability measurements. We had the necessary hardware
(after borrowing a 30A, bipolar power supply from LLNL).

Preliminary results of our first efforts were delivered to Halbach on
October 30, 1981, but we were not able to justify a high level of confidence.
in those results.

Additional tests, needed to justify this confidence, were delayed first,
to meet other commitments for both our time and the DAS, and, second, when a
critical element of.the permeability eduipment was destroyed (A 0.060-inch
diameter by 18.0-inch-long Hall-Probe was broken ana the MME spére was found
to be defective).

On November 11, 1981 we made a status report of this project to
Tommy Elioff and requested and were granted additional funds to complete this
project. Preliminary results of our second effort were presented to
Klaus Halbach and Egon Hoyer on November 30. Based on these results we agreed
on the need for additional tests. Hoyer recommended a higher temperature heat

treatment for the previously annealed Vanadium Permendur sample. The heat

treatment was completed on December 2 and the sample retested on December 4.
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We completed the LBL tests outlined in our November 11 memo10 within the

budget and time frame approved. Joe Cobb (SLAC Magnetic Measurements) agreed

to measure the permeabiiity of a sample of heat-treated steel (see Fig. 2a)
preparé@:at,LBL and delivered to SLAC on November 25. His tests were done.at,
no expensé to LBL because of the mutual benefit of cross qhecking between two
differenf measurement procedures. A summary of comparative measurements of two
samples of the same material is provided in Appendix A. Copies of the SLAC
data are preserved in Abpendix C. The corresponding LBL data is in data book - vq
MT 644.%

This report (I) descriges the Permeability Implementation of the MME DAS,
(II) presents the results of tests of Vanadium Permendur‘under variqus
conditions, (III) describes validity tests which establish a high degree of

confidence in our test results, and (IV) discusses -improvements and additional

tests that would enhance the MME Permeability Measurement facility.

This work was supported by the U.S. Dept. of Energy under Contract DE-AC03-765F00098.
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I. LBL PERMEABILITY MEASUREMENT SYSTEM

A. TECHNIQUE

Permeametéré may be characterized by (1) the geometry of both sample and
electromagnet, (2) the method of supplying magnetomotive force "MMF“, (3) the
method of determining magnetic induction "B" and (4) the method of determining
magnetizing intensity "H". In addition, seve;a1 acceptablé magnetization
cycles exist.

1. Geometry

The basic design of the permeameter employed fof these tests was
suggested by Klaus Halbach in 1978 and first implemented by MME in 1979 iq)v
conjunction with the Doublet III Project. Because the technique for
determining H 1is unique among permeameters described in the literature, we
recommend naming both this D.C. permeameter and the method of measurement
after Halbach.

The Halbach Permeameter

Figure 1 is a schematic diagram of the Halbach permeameter. The sample
under test is sandwiched between the pole tips of an electromagnet and the
"B-coil" surrounds the center portion of the sample in the usual manner. H is
determined from a measurement of B on the axis of the cylindrical sample. To
permit this measurement, small (0.10 in. D.) holes were drilled on the axis of
each sample and through both the pole tips and ybke of the electromagnet.

Any "regular cross-section" sample may be tested (with a redesigned
"B-coil") as long as the sample has a 0.10 in. diameter hole on its axis of
symmetry. We chose a cylindrical sample for these test because (1) we had
suitable B-coils from a previous project and (2) the geometry of the cylinder

chosen had been studied analytically and found suitable for the measurement of

1

ferromagnetic samples.” The sample geometry is shown in Figure 2b.

3
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Ideally, the yoke and especially the_po]e—tips of the e1ectromaghet
should have both a higher saturation induction (Bs) and relatfve
perméabiTity ("r) than the sample under test. Differences in
magneffc—potential between sample and pole tip introduce
"self-demagnetization" effects which influence the interpretation of the
quantities'measured. Additional studies are needed to verify our belief that
in the range of interest, i.e., B > 1.8 Tes1as; the differences in magnetic
potential are of "second-order" importahce for the geometry of our sample and
electromagnet.

2. Magnetomotive Force

The power supply used for'these tests was chosen because it matched the
“requirements of our e]eétromagnet; it had the capacity of supp]ying.a |
magnetizing force of several thousand-Oersteds; it was programmable and
bipolar; and most importantly, it was available 0nl1oan from Lawrence
Livermore National Laboratory (LLNL). |

‘In order td measure permeability at low va1ue$ of magnetizing intensity,
we supplemented the 800 turns of the e1ectkomagnet with auxiliary windings
~around the return yoke. For these measurements, we tested each sample first
by energizing the auxiliary windings and then (after demagnetizing) by
energizing the 800 turn windings. |

The magnetizing windings are depicted in Fig. 1 (note, they do not
surround the sample, so magnetizing current is not a reliable parameter for
detefmining magnetic intensity).

. 3. Magnetic Induction Determinization

In order to measure flux-linkage (rather than only changes in
flux-linkage), it is necessary to establish zero. One advantage of the

Halbach Permeameter is that the "B-coil" may be removed from the sample and
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placed in a mu-metal shield to establish zero. This exercise is performed
both as the first and last step of our measurement sequence.

The "B—coi]".actuaily measures changes in flux-linkage over the coil's
"effective-area"” and in order to determine magnetic induction in the sample,
adjustments are nécessary to account for flux-linkage in the air both
surrounding the sample and within the hole on the axis of the sample.

4, Magnetizing Intensity Determination

Magnetic induction at the center of the axial hole through the sample

(Bair) provides our determination of magnetizing intensity H as follows:
-7
Hair = Bair/“o = Bair/4" x 10 (Anpere-Turns/Meter)
Hsamp]e = Hair because

a. at any boundary; the tangental component of H is continuoﬁs.2

b. for the geometry of these samples, H may be considered constant
over the radial dimensions of thevsamp1es at their longitudinal
centerh’ne.1

5. Magnetization Cycle

The Halbach Permeameter may be employed to measure magnetic propegtﬁes
with any acceptable magnetization sequence. For the preseﬁt application,
i.e., vanadium permendur providing low reluctance flux paths for (rare-earth)
permanent magnets, the relationship between B and H is of interest only in the
first quadrant where B and H are in the same.directidn. For this réason, we
collected each set of data on the ascending'and descending portions of a
unipolar excursion of MMF. Beginning with a "demagnetﬁzed" sample, we
increased MMF to a peak value and then decreased MMF to zero. On both the
ascending and descending portions of this "nalf-loop", we measured flux
linkage (), Magnetizing Intensity (H) and the potential drop across a

resistor monitoring magnet current. Elapsed time was also recorded for
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subsequent drift corrections to the integrator output potential data.
With program'modifications, we could use the same hardware to cycle

between selected values of either magnet current or H = B /“0‘ The

air
number of cycles could either be preselected or feed back depehdent, e.g. aH
and/or ay could be tested for reproducbility. After sufficient cycles are
completed, measurements of magnet current, aH, and a¥ between the extremes of

the final minor hysteresis loop could be saved.

L 3]
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B. HARDWARE, FIRMWARE AND SOFTWARE

Figure 1 (page 4) is a schematic representation of the measurement system
and Table I (page 10) lists specific equipment, including firmware and
software.

MEAS UREMENT PROCEDURE

1. General

For each sample measured, we carried out the following steps.

Step " Program Executed - Purpose

1 DEMAGL Demagnetize permeameter with a pre-
viously measured sample. (The sample
to be tested next may have been demag-
netized by annealing.)

2 PERM/7 Measure and store magnet current,
flux linkage, Byj, and elasped time
in Quadrant 1 of the hysteresis curve
produced by energizing the auxiliary
windings (101 measurements on the
ascending and 100 measurements on the
descending portion of the half
cycle). As the Tast step of PERM7,
the data set is identified and stored
on the disk DATAl in DYl:

3 PROCC1 Process and print data stored on disk.
4 DEMAGL :
a With power supply connected to 800
turn windings.

b ' | With power supply connected to
auxiliary windings.

5 PERM7 ‘ Repeat 2 except power supply
connected to 800 turn windings.

6 PROCC1 Process and print data stored on disk.



* {ARDWARE

'samples

Coil
Flux Standard

Integrator

Hall Probe

Gaussmeter
Multiplexer
DWM

Magnet

Power Supply

PS Controller

CAMAC Controller

“Computer -
Clock Calendar
Printer

CRT Terminal

Floppy Disc Sys.

LBID-519

- TABLE I. TEST EQUIPMENT

Description

Vanadium Permendur
Iron LBL Stock No. 9510-10198 (1018 cold finished
steel bar) :

B-162, nA = 0.0411[m], n = 100[t]
SLFS 40.02,  W(SLFS) = 0.0210 [Wb]
LBL MOD 71 Ser. No. 1

R =19.6k , C=0.14uF

ATT = 360, BAL = 497

F.W. Bell Mod. SAE4-0818, SN 155966
CAL = 1.000

F.W. BELL Model 620, DOE 501586, Polarity =

‘Hewlett Packard Model 3495A Scanner, DOE 517528

Hewlett Packard Model 3455A DiQita] Voltmeter, DOE 517459

MME Charging magnet - 13 turn, 45 turn, and 800 turn
magnet1z1ng windings

LLNL, LEA 74-4035-01-50
20 VDC at 30A, bipolar
Regu]ator LEA 74-4035-41-50

KS 3160 CAMAC, DOE 512977

Std. Eng., CCLSI-II, DOE 512996

LST 11/23

TCU-50D, S/N. 6446 F IRMWARE

LA 120, DOE 519478 Floppy Discs MME36 > DYg:
DATALl » DYI:

Zenith H19, DOE 518712
DSD 440, DOE No.519465

SOF TWARE
PERM7
PROCC1 - Programs on Floppy
MPX1 Disk MME 36
CMCPS1 (See Table II)

DEMAG1

10 -

)
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2. FORTRAN Listings

Appendix B, to be distributed on request, contains FORTRAN source
listings of the data,acduisition'and data processing programs and
subroutines. Table II is a directory of the permeabi]ity running disk MME36.
MME36 contains the necessary files for operating the Halbach Permeameter.
Data collected for this project were saved on a disk named DATAl. Table II is
part of a printout of the file named DATA.TXT on DATAl. The remainder.of that
file descrfbes how to reconstruct software for future projects.

- 3. Data Acquisition Dialog

The data acquisition procedure was programmed into the program PERM7. A
dialog between the computer and the operator through the CRT terminal ensures
that all the neceésary data is co]]ected. To facilitate describing this
process, we executed PERM7 with the output normally directed to the CRT

terminal directed to the printer. The dialog for that'dummy run is

‘represented as Table III.

4. Data Processing (Algorithms)

Processing of the data collected and stored on the data disk is
accomplished by executing PROCCl. PROCCl calls subroutines which retrieve
data, provide needed constants, adjust integrator output data for drift,

process data, and print the results.

To convert measured flux linkage to magnetic induction in the sample an

algorithm employing Equation 1 (page 14) is used.

11
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R PERN? .
tyre saarle descrirtion (72 characters max):
HEAT TREATED VANADIUM PERMENDUR SAMPLE

PERMEABILITY PROGRAM - Tug LATE 18 O07-DEC-8B1 TInE 15:05:32
HEAT TREATED VANADIUM PERFENDUS SAHMPLE -
ture test descrirtions 72 characters maxisus
MAGNET HAS BOO TURNS» SAMPLE WOT DEMAGNETIZED
ture °Y* if intesrator 1s switched to intedrate
Y

PAUSE -~ erress return when search coil is in mu-metral shield

zero intesrator bv eressing *RESET TO ZERO BUTTON®
PAUSE -~  rress return uhen intesrator is zeroed

sut search coil around saserle and insert into shield
PAUSE -- #Psress return when done

syt search coil 1 samrle into masnet
PAUSE -~ press return when ready to run

ENTER MAXDAC @
100 :

ENTER HALL PROBE RANGE (GAUSE)S

10
/] -0.0000 0.8340 -0.0002 45. 0.0010
HALL OUT > 1 VOLTs SWITCH KANGE AND ENTER NEW FULL SCALE KANGE (GAUSS):
.100
10 -0.,0030 0.408% 0.7156 63. 0.0100
HALL DUT > 1 VDLTs SWITCH KANGE ARD ENTER REW FULL SCALE KANGE (GAUSSH:
1000
20 -0.0061 0.1131 0.9953 79.. 0.1000
30 =0.0091 ¢.2014 1.0668 e1. 0.1000
40 -0.0121 0.2950 1.132% 63. . 0.1000
50 -0.0152 0.3BE 1.14631 B8S. 0.1000
60 -0.0182 0.4745 1.1877 B7. 0.1000
70 ~-0.0212 0.340¢% 1.2094 B9. 0.1000
80 ~0.0243 0.6464 1.229% 1. 0.1000
90 -0.0273 0.7316 1.2488 3. 0.1000
100 -0.0303 0.8161% 1.2674 95. 0.1000
90 -0.0273 0.7417 1.2510 97. 0.1000
8o -0.0243 0.6637 1.2335 99 0.1000
70 -0.0212 0.583% 1.2149 101, 0.1000
60 ~0.0182 0.5021 1.1949 103. 0.1000
50 -0.0152 0.4178 1.172% 105. 0.100¢C
40 -0.0121 ~  0.3298 1.14%54 107. 0.1000
30 -0.00%91 0.2383 1.1083 10%. 0.1000
20 ~-0.0061 0.1452 1.0421 111. 0.1000

HALL DUT < 0.1 VOLTy SWITCH KANGE ANDI ENTER NEW FULL SCALE KRANGE (HAUSS):
100 .

10 -0.0030 . 0.3%92¢ 0.85%1 126, 0.0100
.0 -0.0000 0.1408 0.239% 128. 0.0100
o 100

take ssarle and search coil out of masnet
rut sesrch coil around saarle and insert into shield -
PAUSE -- wress return when done

rut Just search coil into mu-metal shield
PAUSE -~ »ress return when search coil is in mu-aetal shield

enter any final comsents
DEHONSTRATION FOR REPORY
twre "Y* {1 wou want to save data

Y . .

ture f2le name fOor savins data . XYXY X, ,DAT
120742

twre °Y* 4if wou want to run sasmse szwrle asain
L}

TABLE III Data Acquisition Dialog

13
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8 ; Yobs ~ lpair':'q)ob's B irPair
nAsample nn(r‘"2 - r?)
) i
>2 nA
P - nB_. {m’_‘-"‘ —_ - —wr‘}
- obs air 21 > n coil .o Equation (1)
nn(rO - r1) : A

B = magnetic induction [Teslas] -

v

1
ObS=£S—

[Wb]
EoLrs !

Ecoi

wSLFS = Flux linkage produced by flux standard SLFS 40 = 0.0210 [Wb]

E Integrator output potential due to dgLFS vl

SLFS ~© _
Ecoi] = Integrator output potential due to flux linkage in coil [V]
wair = Flux Tinkage of coﬁ] not 1inking sémp]e [wb]

A = nAB—162 = turns area product of coil B-162 = O.O411'[m2]

N=ng 60 = NO. of turns of coil B=162 = 100 [t]

-
]

o = outer radius of sample = 0.01016 [m] -

inner radius of sample = 0.00127 [m]

-
1

Bair = Magnetic induction in center of axial hole through sample [T]

14
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II. RESULTS

In Figure 3 we have plotted intrinsic induction vs magnetizing intensity -
for five tests made at LBL. For reference we included a curve for Vanadium
Permendur from a General Electric drawing}3 |

Table IV contains the processed data for a single data set (MME Data Set

4 for

No. 1204A3.DAT). Similar tabulations are saved in an LBL data book
different test conditions. The data are also stored on a floppy disk for.
reproduction and/or additional processing. Table'V lists data sets that may

be of interest.

15
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LBID-519

1  BSHPL(I) RPERNM(I) BAIR(]) BINTR
CUNITY {TESLA) ~{UNITY {TESLA)Y {TESLA)
1 0.3862 2553.860 T 0.000151 0.3840
2 1.8754 662.768 0.002830 1.8725
3 2.1476 249,740 0.008600 2.13%0
4 2.2225 126,016 0.017637 2.2049
5 2.2520 84,404 0.026681 2.2253
[ 2.2701 63.231 0.035901 2.2342
7 2.2836 50.874 0.044888 - 2.2387
8 2.2954 42.728 0.053720 2.2414
9 2.3061 36.91% 0.042463 2.2436
10 2.3161 32.545 0.071167 2.2450
11 2.3258 29.152 0.079782 2.24460
12 2.3353 - 26.418 . 0.088400 2.2469
13 2.344¢6 24.173 0.0%4995 2.2476
14 2.3527 21.349 0.110201 2.242S
15 2.3815 19.930 : : 0.11848%9 2.2430
16 2.3705 18.658 0.127053 2.2435
1?7 2.3794 17.555 0.135537 2.2439
18 2.3883 16.579 0.144059" 2.2443
19 2.397% 15.704 0.1526430 2.2445
20 2.4050 14.935 0.161100 2.2449
21 2.4147 14,244 0.149520 2.2452
22 2.4234 13.612 0.178030 2.2454
23 2.4320 13.042 0.166480 2.2454
24 2.4407 12.525 0.194870 2.2458
' 25 - 24493 12.047 0.203320 2.2460
26 2.4579 11.609 0.211720 2.24562
27 2.4645 11.206 0.220110 2.2464 B
28 2.4751 10.833 - 0.228470 2.2466 K
29 2.4836 10.486 0.234B40 2.2468
30 2.4921 10.145 0.245150 2,2446%
31 2.5005 9.844 0.253500 2.2470 .
32 2.5090 9.584 : 0.261780 2.2472
33 2.5174 9.321 0.270070 2.2473
34 2.5257 9.074 ‘0,278340 2.2474
35 2.5341 8.843 0.2B6560 2.2475
36 2.5424 8.623 0.294830 . 2.2476
37 2.5507 8.420 0.302950 2.2478
38 2.5590 8.225 0.311110 2.2479
39 2.5672 8.040 0.319320 2.247%9
40 2.5754 7.867 0.327390 2.2480
41 2.5835 7.702 0.335440 2.2481
42 2.5917 7.544  0.343560 2.2481
43 2.5998 7.39% 0.351540 2.2482
44 2.6079 7.253 0.359550 2.2483 :
A5 2.6159 7.119 0.347470 2.2485 N
A4 2.6239 6.989 0.375450 2.2485.
47 2.6319 6.867 0.383280 2.2486
48 2.4398 6.749 0.391140 2.2487
49 2.6477 6.63¢ 0.398980 2.2487
50 2.6556 6.530 0.406700 2.248%9
s1 2.6633 6.425 0.414510 2.2488
52 2.46711 6.327 0.422180 2.2489
53 2.46788 6.232 0.429840 2.24%0
54 2.6B65 6.142 0.437430 2.2491

55 2.6941 6.055 0.444930 2.2492

TABLE IV MME DATA SET 1204A3 DAT
(Page 1/4)
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1 BSHMPL(I) RPERW(I) BAIR(I) BINTR
{UNITY  {TESLA)} CUNITY {TESLAY  {TESLA)
5é 2.7017 $.972 0.452400 2.2493
57 2.7092 5.892 0.459800 2.2494
58 2.7166 5.816 0.467130 2.2495
59 2.7240 S5.742 0.474420 2.2495
80 2.7312 5.671 0.4814600 2.2496
b1 2.7385 5.603 0.488750 2.249%
62 2.7457 5.537 0.495920 2.2498
63 2.7528 5.474 0.502850 2.2500
64 2,7598 5,412 0.509920 2.2499
65 2.7668 5.355 0.516680 2.2501
66 2.7737 5.298 0.523500 2.2502
67 2.7805 5.244 0.530180 2.2503
68 2.7872 5.192 0.534880 2.2504
69 2.7939 5,142 0.543320 2.2506
70 2.8005 5.093 0.549840 2.2506
71 2.8069 5.046 0.554230 2.2507
72 2.8133 5.001 0.562570 2,2507
73 2.81%6 4.958 0.56B470 2.2509
74 2’8258 4.916 0.574860 2.2509
75 2.831¢ 4,875 0.580870 2.2511
76 2.8380 4.834 0.586810 2.2512
77 2.8439 4,799 0.592550 2.2514
78 2.8498 4,762 0.598450 2.2514
79 2.8556 4,727 0.404080 2.2515
80 2.8613 4,693 0,609660 2.2516
81 2.8668 4,661 0.615060 2.2518
82 2.8724 4,630 . 0.620380 2.2520
83 2.8778 4.598 0.4625820 2.2519
84 2.8831 4,570 0.4630880 2.2523
85 2.8884 4.542 . 0.635980 2.2524
86 = 2.8935 4.514 0.641000 2.252%
87 2.8984 4.487 0.4459460 2.2525
gs 2.9034 4.461 0.4650790 2.2526
89 2,9083 4,434 0.655630 2.2526
90 2.9131 4,411 0.660340 2.2527
91 2.9178 4.388- . 0.664910 2.2529
92 2.9225 4.366 0.669360 2.2531
93 2.9270 4.344 0.473R40 2.2531
94 2.9314 4.323 0.4678050 2.2534
95 2.9358 4,302 0.46R2440 2.2534
96 2.9402 4,282 0.686680 2.2535
97 2.9444 4.263 0.690700 - 2.2537
98 2.9486 4.244 0.694760 ~ 2.2538
99 2.9527 4.225 0.698R70 2.2539
100 2.9568 4,207 0.702810 2.2540
101 2.9608 4.190 2.2541
102 2.9575 4.204 0.703440 2.2541
103 2.9540 4,220 0.699980 2.2540
104 2.950% 4,235 0.696650 2.2538
105 2.9468 4.251 0.693210 2.2536
106 2.9422 4.268 0.489580 2.2%37
107 2.9395 4.285 0.685930 2.253¢
108 2.9357 4.302 0.4682360 2.2534
10% 2.9319 4.321 0.678520 2.2534 .
110 2.9279 4.340 0.674660 2.2533
111 2.923% 4.359 0.670740 2.2532
112 2.9198 . 4,379 0.666790 2.2530
113 2.9156 4.399 0.662720 2.2529
114 2.9113 4,420 0.658620 2,2527
115 2.9049 4,442 0.654340 2.2524

TABLE IV MME DATA SET 1204A3 DAT
: (Page 2/4)
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1 BEMPLCI) RPERN(1) ) BAIR(I) BINTR

LUNITY {TESLA) CUNITY STESLAY CTESLA)
116 2.9025 4.466 . 0.649920 2.2526
117 2.8979 4,489 -0.645610 2.2523
118 2.8933 4.514 0.640940 2.2524
119 2.8885 4.53% 0.636310 2.2522
120 2.8836 4,545 0.631670 2,2519
121 2.8786 4,592 0.6726820 2.2518
122 2.8736 4.621 0.621870 2.2517
123 2.8484 4,450 0.616810 2.2516
124 2.8631 4,681 0,611650 2.2515
125 2.8578 4,714 0.606270 2.2515
126 2.8522 4.746 0.601000 2.2512
127 2.8467 . 4,780 0.595500° '2.2512
128 2.8410 4,817 0.589820 2.2512
129 .2.8351 4,853 0.584190 2.2510
130 2.8292 4,891 0.578420 2.2508
131 2.8233 4,932 0.572440 2.2508
132 2.8171 4,974 0.566420 2,2507
133 2.8109 5.017 0.540290 2.2506
134 2.8046 5.061 0.554130 2.2504

. 135 2.7981 5.108 0.547830 2.2503
136 2.7915 5.156 0.541410 2.2501
137 ©  2.78B49 5.208 0.534770 2,2502
138 2.7781 5.259 0.528230 2.2499
139 2.7713 S5.314 o0.52fa80 2.2498
140 2.7643 5,371 0.514640 2.2497
141 2.7573 5,431 0.507720 2.2495
142 2.7502 - 5.494 0.500570 2,2496
143 2.742% 5.557 0.493550 2.2493
144 2.7357 5.626 - 0.484260 2.2494
145 2,7282 5.695 0.479020 2.2492
144 2.7208 5.768 0.471670 2.2491
147 2.7132 5.B45 0.464200 2.24%0
148 2.7056 5.925 0.456650 2.24%0
149 2.4697% 6.009 0.448980 2.2489
150 2.6902 6.096 0.441330 2.248%
151 2.6823 6.186 0.433610 2.2487
152 2.6744 6.280 0.425860 2.2486
153 2.6685 6.378 0.438060 2.248B4
154 2.6586 . 6.481 0.410210 12,2484 -
155 2.6505 6,590 0.402230 2.2483
156 2.6425 6,703 0.394230 2.,2482
157 - 2.6343 6.820 0.386250. 2.2481
158 2.6262 6.945 0.378130 2.2481
159 2.6180 7.074 0.370070 2.2479
160 2.609%9 7.212 0.361900 2.2480
161 2.6016 7.353 0.353800 2.2478
162 2.5932 7.504 0.345560 °  2.2477
163 2.5850 7.662 0.337360 2.2476
164 2.5766 7.828 0.329140 2.2475
165 2.5652 8.006 ©0.320780 2.2474
164 2.5598 8.190 0.312570 2.2473
167 2.5514 B8.38?7 0.304200 2.2472
168 2.5429 8.597 0.295810 2.2471
169 2.5344 8.817 0.287450 2.246%9
170 2.5259 9.050 0,279120 2.24468
171 2.5174 9.302 0.270620 2.2448
172 2.5088 9.567 i 0.262230 2.2465
173 2.5002 9.854 "0.253740 2.2465
174 2.4%915 10.159 0.245250 2.24463
173 2.482% 10.485 0.234800 2.2441

TABLE 1V MME DATA SET 1204A3 DAT
(Page 3/4)
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1 BSMPL(I) RPERM(I) BAIR(I) BINTR
CUNIT) {TESLA)} (UNIT) {TESLAY {TESLA>
176 2.474% 10.840 0.228230 2.2459
177 2.4854 11.223 0.219480 2.2457
178 2.4567 11.639 0.211080 2.2456
179 2.4479 12.086 0.202540 2.2454
180 2.4391 12.576 0.193940 2.2451
181 2.4303 13.115 0.185300 2.2450
182 2.4214 13,702 0.176720 2.2447
183 2.4125 14,357 . 0.168040 2.2445
184 2.4035 15.080 ’ 0.159380 2.2441
185 2.3945 15.885 0.150740 2.2438
186 2.3855 16,791 0.142071 2.2435
187 ©2.3764 17.816 0.133382 2.2430
188 2.3673 18.992 0.124651 2.2427
189 2.3582 20.331 0.115990 2.2422
190 2.3489 21.899 - 0.107258 2.2416
191 2,3404 24,989 0.093455 2.2467
192 2.3312 27.327 0.085309 2.2459
193 2.3215 30.342 0.076510 - 22,2450
194 2.3114 34.154 0.0674677 2.2438
195 2.3010 39.120 - 0.058818- 2,2421
196 2.2897 45,932 _ 0.049850 2.2399
197 2.2770 55.906 : 0.040729 2.2363
198 2.2616 71.902 0.031454 2.,2301
199 2.2387 102.242 0.021896 2,2168
200 2.1913 174,352 0.012568 2.1788
201 2.0234 466.621 0.004334 2.0191

DISK FILE ¢ 1204A3.DAT
VANADIUM PERMENDUR, REHEATTREATED TO 1120 CELSIUS, 4 HR. SOAK.
800 T, MAXDAC = 1000. STEEL POLES AFTER DEMAG 800 T ONLY MAXDAC = 1024,
RUN LOOKS O.K.
04-DEC~81 18:34:00

SEARCH COIL? B-162 INTEGRATOR: MOD71%01 FLUX STANDARD: SLFS 40
GAUSSHETER: BELL 620y, S/N: 501586 HALL PROBE: SAE40418, S/N: 120011%.
HAXDAC .= 1000 201 DATA SFTS S PAKAMETERS LDNG

TABLE IV MME DATA SET 1204A3 DAT
(Page 4/4)
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Data Set

1124A1.DAT

1124A2. DAT
1124B1.DAT

112482.DAT
1125A1. DAT
1124C1.DAT

1124C2.DAT
1124A1.DAT

1204.DAT

1204A2.DAT
1204A3. DAT
1204B1.DAT

TABLE V. DATA SET IDENTIFICATION

Description

Vanadium Permendur—-
Virgin

Vanadium Permendur—-
Annealed 8159C—-1 hour

H 1] ]

" (repeat)

Carbon Steel~--
Annealed 840°C--1 hour

Vanadium Permendur--
Annealed 11209C--4 hours

" (repeat)

No.
Magnhetizing
- Windings

13

800
13

800
800
13

800
45
45

45
800
800

LBID-519

(with heat treated Vanadium Permendur Pole Tips)
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ITI. VALIDITY MEASUREMENTS

A. GENERAL

The Vél?dity of the results of permeability tests depends on the accuracy
of variousbmeasurements and the interpretation of the measured data. The
American Society for Testing and Materials, in its discussion of oC
permeameters presents the following disclaimer:

"Permeameters in general are comparative only, cannot handle all

magnetizing forces in their test specimens, and should not be considered

capable of always determining the absolute value of the basic magnetic
properties of the test specimen. Their absolute accuracy is
unknown...."5
Elsewhere, they estimate precision in measuring magnetic induction as
+ ] percent and the precision in measuring H from 1 percent to 8 percent,
depending on the permeameter and range.6

We believe that the limitation on the Halbach permeameter (in fact, the
1imitation of modern permeameters in general) is no longer the precision of
measurement but the interpretation of the measured quantities and the effect
- of other independent variables such as detailed magnetic history (including
rate of change), temperature, mechanical stress, etc.

Since there apparently is no acceptable standard for the absolute
accuracy of the.magnetic properties of a test specimen? we are limited to
considering the resolution and accuracy of our test equipment and to relying
on mathematical models to relate the measured quantities to magnetic
properties. IWe will consider the test equipment that affects the accuracy of

magnetic intensity and magnetic induction and discuss the assumptions in

specifying magnetic properties.

22
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B. DETERMINATION OF MAGNETIC INTENSITY, Hsample

The determination of magnetic intensity in the sample, H depends

sample?
on (1) the accuracy of measurement of magnetic induction in the axial hole

through the sample, B (2) the proper application of boundary conditions

air?
at the interface between the sample and air, and (3) the uniformity of

magnetic intensity over the sample cross section.

1. The axial probe used for measuring B is reported to have a

7

air

linearity of "2% to 10 kG."" If improved accuracy in the measurement of

B is warranted, a simple field calibration procedure could improve the

air

accuracy of B to + 0.2 percent of the full scale range. (The difficulty

air
of an accurate calibration increases on the lower ranges.)

2. The princfp]e that the tangential combonent of magnetic intensity
across any boundary is continuous is Qe11 estab1ished.2. The aspect ratio of
the sample, the symmetry of the magnetic circuit, and the size of the axial
hole through the sample, influence the application of that principle to the

equality H H_ . . A'previous study of these factors1 suggests

sample =~ "air
that the error due to the practical application of this principle is less than
2 percent (at 300 Oe).

3. The same conclusion was reached on the field distribution over the

sample cross-section, i.e., less than 2 percent variation.

C. DETERMINATION OF MAGNETIC INDUCTION, Bsamp1e

The determination of B depends on the measured quantities

sample
Viotal’ Asamp]e’ MAcgi1 and eoil> and Bair' A159 important in the
determination of Bsample are the assumpt1ons made in deriving Bsamp]e from

"the measured quantities.

23
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1. We believe we are capable of measuring flux linkage (¢) with an
absolute-accuracy of # 0.1 percent (y). Using our electronic integrator as a
transfer device we combére a measured flux-Tinkage with flux-1linkage generated
by a flux-standard whose absolute accuracy is + 0,05 perceht on the range
used over wide ranges of ambient temperature (10 CO) and long time periods
(years).8

2. We are capable of determining the cross—sectional area of the sample |

(A

sample) O better than + 0.1 percent (A

9

samp]e) using length- weight-
density calculations described by ASTM.

3. We are capable of determining the absolute turns-area product of the
"B-coil" (nA) to * 0.1 percent (nA). The number of turns (n = 100) were
carefully counted during fabrication of the B-coil and verified by tests
Conducted during this project.4 | |

4. As described above, we are capable of measuring B o}

).

air ¢
EJ
0.2 percent (B ..

D. INTERPRETING THE MEASUREMENTS

The influence of the accuracy of the measured quantities on the accuracy

of determining B may be discussed with reference to Eq. 1 repeated

sample
here for convenience:

B _ 1Psamp]e _]btotal ~Vair
sample nAsamp]e nAsamp]e
(nAcoil _ A >
N Viotal = "Bairfair _ Yiotal = MBairl 1 ‘sample
nAsamp]e nAsamp]e

24
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The first two terms are related to B by equal signs. No assumptions

sample
are made at this point (except that the average magnetic induction in the
center portion of the sample is a meaningful magnetic property). The
approximately-equal-symbol separating the next term suggests that Bair is
approximate. Equation 1 could be refined by including the integrated effect
of variations in B_ .. with radius (both in the hole on the axis of the

sample and external to the sample).

E. Comparison with SLAC Split Coil Permeameter

The most convincing validity tests were the comparative measurements made
by SLAC and LBL on samples of cold rolled 1018 carbon steel fabricated from
the same piece of steel and heat freated together in the same oven. The‘SLAC
split coil permeameter calibration has been traced to NBS. The results ofxthe

comparative test are summarized in Appendix A.

25
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IV. DISCUSSION

A. Genera]

Wé'bglieve our decision to automate the Halbach permeameter as Phase II
of theAMME:DAS was prudent. LBL now has a facility to test the magnetic
propertiéé 6f a2 wide range of méteria]s,_and MME has an "e*panded" General
Purpose Data Acquisition System. To simply duplicate the tests made on samples

fabricated as shown in figure 2b, we estimate the following effort:

Task ‘ : Job Classification Man Hré.
preparation and set up | 9132 8
| sample preparation . 9147 | 2
heat treatment 9147 5 0-4
btests including demagnetizing - 9132 N 4/sample
report , 9132 s

However, we believe that in the interest of advancing MME capabilities,
we should request additional support. Hopefully, prospective customers would
have a special interest in one or more of the generally useful improvements

listed below

B. Hardware Modifications

1. Magnet

The Magnet used for these tests and previous measurements of this type
was fabricated at LBL ~30 years ago for magnetizing small permanent magnets.
Although it was satisfactory for these tests, the Ha]bach-permeameter would
benefit from a redesigned magnet. It may be cost effective to modify a
different magnet or design and build a magnet specifically for testing

magnetic properties.

26
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B. Hardware Modifications (continued)

2. Power Supply
a. For the exiéting magnet
(1) We should attempt to acquire permanently the bipolar, 30 A
power supply now on loan from LLNL.
(2) The (lower end of the) dynamic range of magnetomotive force
could be 1mproved'

(i) by providing a "controllable" parallel path for current
from the LLNL supply
(i1) by adding another bipolar supply to auxiliary windings
and modifying the coding as required
(iii) byvacquiring a more flexible power subp]y
b. For a different magnet

If the decision is made to use a different magnet for subsequent

tests, the question of a suitable power supply must be addressed.

C. Range of Application Studies

1. The Halbach permeameter is worthy of additional test to determine its
capability of measuring paramagnetic and diamagnetic materials. |

2. Ultimately, comparisons with the National Bureau of Standards for
various material types will be required to certify the Halbach permeameter and

LBL Magnetic Measurements Engineering test procedures.

D. Magnetization/Demagnetization Procedures

1. The improved capability for determining the state of magnetization of
the sample (and the electromagnet's magnetic circuit) is fundamental to
establishing suitable magnetizing cycles. More studies are needed in this

area.

27
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D. Magnetization/Demagnetization Procedures (continued)

‘2. -Comparison of Different Magnetization Cycles

| .- Comparison ofyresu1ts as a function of magnetization cycle and
-maghetizing intensity should be made for various material types. Cycles
of interest are described below.

(a) First Quadrant Only

Starting with a demagnetized sample, measure magnetic properties as MMF;
is increased to a maximum and then as MMF is decreased to zero. ({This is
fhe procedure‘we followed.)

(b) Bipolar Measurements of B and H at One Value of * MMF After

Demagnetization

For any value of MMF , first demagnetize, then cycle once from zero to
*MMF and back to zero, then to -MMF and back to zero. Measurements are
‘made at 5 points on the cycle, three at MMF = 0, one at *MMF, and one at
-MMF. In this sequence, (the technique used by SLAC's Magnetic
Measurements Grqup) the data corresponding to *MMF and -MMF is reduced to
determine permeability.

(c) Repetitive Cycling with Gradual Increase in MMF Magnitude

Starting with a demagnetized sample, repetitively cycle between + and -
MMF values while recording data at selected values of B and H. The
average of the absolute value of consecutive end point data is used to
determine permeability, and consecutive measurements of H(B = 0)

determine coercive force.
3. The dependence of the measurements on the rate of change of MMF and

"delay-times" should be studied more thouroughly. (There is evidence

that time constants are much longer for low values of H).

28



LBID-519

E. Sample Geometry

1. -Although the cy]indricé]'geometry of the sample used for these tests
was studied ana]yticalTy in 1978, we only have conclusions from those tests.
The investigator (M. Kaviani) is no longer at LBL and his studies are not in
our files. More comprehensive studies over a range of magnetizing intensities
and for a variety of materials (for samples and poletips) wou]d serve to
increase our confidence in the approximations required;

2. In addition to analytic studies, additional tests would serve to
increase our confidence and identify limitations of the Halbach permeameter.
These test include:

a. determination of variation in magnetic intensity on the axis of
the sample, i.e., H(r =0, z) |

b. determination of variation in magnetic intensity outside the
sample, i.e., H(r, z) r > RO

c. determination of the variation of flux-linkage as the "B-coil" is
moved axially, i.e. ¥(z)

F. Effect of environmental parameters

1. temperature
2. mechanical stress
3. pole tip material

G. Software modifications

1. -coding required to accomplish any of the above
- 2. clean-up and generalization of existing codiné
3. Graphics -- Real time plots of raw data would:
a. aid in immediate verification of test data

b. aid in analyzing results

c. facilitate writing of reports

29



10.

LBID-519
REFERENCES

Halbach, Kaviani, Nelson, "Accurate Permeability at Low Magnetic Field
for Doublet III Project," LBL Report MT-276, March 1, 1979,

Ramo, S., Whinnery, J. R., and VanDuzer, T., Fields and Waves in
Communications Electronics, John Wiley and Sons, Inc., 1965, L1B¥ of

Congress Catalog No. 65- 19477 Section 2.35, Page 129.

Kettner, A. E;, "DC Magnetization Curves for Various Magnetic Materials,"
General Engineering Laboratory, General Electric Company, Schenectady,
N.Y., October 6, 1955 (LBL Mech. Engr. Drawing No. MMS-55-0730).

Nelson, D. H., Green, M. I., LBL Magnetic Measurements Engineering Data
Book MT 644, "Permeability of Vanadium Permendur (SSRL Beam Line
Development)," 1981.

American Society for Testing and Materials (A.S.T.M.), Annual Book of

Standards, Part 44, Designation A341-69, Reapproved 1974 (Page 36,

A7.3.3.3).
Same as Ref. 5 (Page 31, Table 4).

F. W. Bell Catalog, "Third Generation Gaussmeter Probes," Document
No. 60700, March 1980.

Nelson, D. H. and Green, M. I., LBL Magnetic Measurements Engineering
Data Book No. 553, "Square Loop Flux Standard (SLFS) Calibrations,"
1974-1978. - ’

ASTM- Annual Book of Standards Part 44, Designation A34-70, Reapproved
1976, (page 2).

" Nelson, D.H., Green, M.I., LBL memorandum to Tom Elioff et. al.;

Subject: Permeability Measurements; Nov. 11, 1981.

30



Magnetic Measurements Engineering (4) '

Note: Appendices B and C to be distributed on request only.

T O wr o ®»UmEITMA 4 OO
. e & » - e & & e g

Avery

Clark

Elioff

Halbach

Hartwig/L. Wagner/W
Hartsough

. Hassenzahl

Hoyer

. Loken

Main
Peterson
Schroeder
Staples

. Taylor

Winick (SSRL)

DISTRIBUTION

. Deuser

31

LBID-519



LBID-519

TAWRENCE BERKELEY LABORATORY - UNIVERSITY OF CALIFORNIA SopE No SERIAL PAGE
ENGINEERING NOTE Cean | MT 307 [Ai opAS
. |AU™%"Donald H. Nelson |PEPARTVENT o OCATION o 9ATE ~ -
Michael I. Green Flectronics Engineering B25A-124 Febryary 4, 1982

LBL - SSRL BEAM LINE DEVELOPMENT
PERMEABILITY MEASUREMENTS OF VANADIUM PERMENDUR

~ APPENDIX A
SUMMARY ‘OF COMPARATIVE MEASUREMENTS
OF PERMEABILITY BY SLAC AND LBL

Donald H. Nelson and Michael I. Green
Lawrence Berkeley Laboratory

.. . Magnetic Measurements Engineering




e - LBID-519

APPENDIX A

" Comparison of SLAC and LBL Measurements OF 1018 Carbon Steel

The purpose of this appendix is to compare perméabi]ity measurements of
two samples of indentical material (Cold Ro11ed 1018 Carbon Steel LBL stock
no. 9510 — 10198 Vacuum Annealed at 1500°F (84OOC) for 1 hour then cooled
at 300 F°/Hr (166 C°/Hr)

Table Al summarizes the tests made at LBL and at SLAC.
Appendix C contains copies of the data sheets provided by SLAC.

MME Book No. 644 contains the LBL data sheets.

Range of
Magnetic
Intensity
[0e]
Organization Test No. Min  Max Date
LBL 1124C1.DAT 0.69 36.8 11/24/81
LBL 1124C2.DAT 0.37 7056. 11/24/81
LBL 1130A1. DAT 0.35 298.9 11/30/81
SLAC 1 1.54 83.2 1/14/82
" 2 1.45 84.7 1/14/82
" 3 0.18 9.1 1/14/82
" 4 - 1.54 86.1 1/14/82

Table Al Summary of Comparative Tests

Figures Al and A2 summarize the test results. Fiéure Al shows magnetic
induction, B, as a function of Magnetic Intensity, H; while Figure A2 presents.
TR B/uOH as a function of H for the same data.

We have reached the fo]]owihg conclusions:
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In the range 5.0 < H < 86 Oe. the agreement between SLAC Data and
LBL ascending MMF Data is better than 2% (above 10 Oe. the curves

are 1ndist1n§uishab]e).

The LBL descending MMF data is 1ndist1nguishabie from LBL ascending
MMF data for magnetizing intensities above 200 Oe. (even for the
data set descending from 7056 Oe.). Below 200 QOe., the sample
and/or the LBL magnet retain permanent hagnetism as shown by the

dashed curves in both figures.

For magnetizing intensities below 5 Oe, values of magnetic

induction reported by LBL are consistently higher than k

" corresponding measurements by SLAC. There are two effects that

could explain these differences (qualitatively at least). Moré
studies are required to determine the relative contribution of each
effect to the measured value. |

a] The first effect is due to the failure of the LBL procédure
to completly demagnetize the magnet uéed for thé tests (the sample
was demagnetized by annealing).

bl The second effect is due to the magnetic history_
differences inherent in the two methods of measurements. For the
SLAC split-coil permeamentek, magnetic induction is determined from
a measurement of a change of flux-linkage when magnetic intensity
is chaged from + H fo --H. In the Halbach permeameter, magnetic

induction is determined from a measurement of a change in

~flux-linkage from H = 0 to + H.
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Because of the non-linear effect of magnetic history on the final

state of magnetization B(+H) - B(-H) < 2 (B(*H) - B(0))

Although we suspect that the LBL demagnetization procedure is
the main contribution to the higher magnetic induction measured by LBL, The
second effect will influence the basic shape of the permeability curve at

Tow magnetizing intensities and should be studied in more detail.
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APPENDIX B

Source Listings, LBL Permeability Codes

I. Software Documentation File

File: DATA.TXT on Disk: DATA 1
II. Program DEMAGI]
I1I. Data Acquisition Coding

A. Program PERM7

B. Program PERM8

C. Subroutine PREPAR
1. Sub. COILPR

2. SMPLPR
3. HALLPR
4. INGRPR
5. SLFSPR
D. Subroutine INIT
E. " PREINT
F. " DELAY
G. " PSTINT
H. " SAVE

IV. Program PROCCI
“'A.  Subroutine VOMIT
B. " PUTOUT
1. Sub. DRFFCR
2. Sub. CALCMU
3. Sub. PRNTOT
V. Program CMCPS1
VI. Program MPX1

VII. GPIB device table

Table of Contents MT 307 Appendix.B
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The following data sheets were sent to QBL Magnetic;Measurementa Engineering
- by SLAC's Magnetic Measurement Group. - They represent measurements-made on

Jan

vac

-(166 C°/hour). R . _Nﬂ”awwwu.mm___win_"w,”““m"“_Lm”.~mwm-u S

labeled "Heat Treated G1018 Carbon Steel", and a summary of both data sets is
~-provided in appendix A of this report. ~--—i~~"«~—w~-~w~e~w~ U N
Figure Cl Magnetfzation Data‘SLAC and LBL (same as Figure Al)

Figure C2 Permeab111ty Data vSLAC and LBL (repeat of F1gure A2)

Tab
Tab
Tab

le CI Run #1 Data

uary 14, 1982 of a 1018 cold fo]]ed stee]jsample, LBL?stock no. 9510—10198,

uum adnea]ed at 1500 °F (840 fC) for one hour then cdo1ed at 300‘F“/hour

Similar LBL data is saved in LBL engineering data book MME 644,:section

le CII Run #2 Data

le CIII Run #3 Data

Table CIV Run #4 Data

Figure C3 Run #1 Magnetization Plot

Figure C4 Run #1A Magnet1zat1on Plot

Figure C5 Run #2 Magnet1zat1on Plot

Figure C6 Run #2A Magnet1zat1on Plot

Firuge C7 Run #3 Magnet1zat1on Plot -

Figure C8 Run #4 Magnet1zat1on P1ot

Fig

ure C9 Run #4A Magnetization Plot

TABLE OF CONTENTS
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T TT eRWN ’*f'?i*";:’*.:.‘;"_’:‘.z." putond gioAnat LA ol R A <
.-..;s PERTEAMETER Enocm -mumA '

Ckexe DEGAUSSING #;*tt'

X-SECTIONAL AREA OF SAMPLE IN H'é = 1.1198E-84 o -
RANGE:s 12 OR 128 OERSTEDS? 120 . L

HC(OERSTEDS) = 8.7716 & l¢savprores )
B(TESLA) « - 99.2P4]1 = IVDT(VOLT-SECONDS) ..

TITLE FOR PLOT ? LE. STOCK #9518-1p198 1/1as82 RUN |

ssskx DEGAUSSING =s%xx»
1.5¢ OERSTEDS

**sx% DEGAUSSING #xsew
3.88 OERSTEDS ’

sx2x% DEGAUSSING m¢x«xe
"6.88 OERSTEDS.

*%*%x DEGAUSSING *mx&%
12. 80 OERSTEDS :

£4.80 OERSTEDS - ' - . o -
wxkxxk DEGAUSSING *%kux - - - N °
-48.¢8 OERSTEDS - .
a¥xxks DEGAUSSING #*xxs

96 28 OERSTEDS_

PP, SLHMARY VALUES sxxss o i

¢ IIE?CYCLE - H(OERSTEDS) .~ BCTESLAY B/H(GAUSS/O0ERY . .

3l iuses7 % .3ese - 2159.3100
<@ e =145613 . - =ea23R oo 271042400 ¢
AVERAGES:T = 145358 - :~ - -+3745 - 2434.7808 »
3 3.8174 <6831 .. 2263.9800
-4 ‘ -3.0781 . =.931 .3859. 8208
AVERAGES: . '3.8437 . = " -.8111. .  2661.4680
s 6.0612 .9847 | 1624. 5700
6. 7 . -6.8875 - ' ~1.2536 . 2859.31¢0
AVERAGES: . - 6.8743 ~ .. 1.1191 .  1841.9408
T, o ye.1289 . 1.2812 998. 6200 -
8 . -12.1171 © ~1.4843 1224.9 509
AVERAGES:  12.1215 . “l.3az8 1187.79 00
29 £4.2346 - 1.3584 557.2160 ]
18 -28.1292 -1.6496 683.6398.
AVERAGES: 24. 1828  1.seee 620.4258 ‘
11 28.3062 1.4692 304. 1440 '
12 -48.@879 -1.7787 378.5838
AVERAGES! 28,1571 1.62a8 337.3248
13 : 82,4866 1.5429 186.9378 -
14 -83.8637 ~1.7865 . 213.8248
AVERAGES: 83.1752 . 1.6642 195.98 88

LABEL FOR PLOT (YESWNO) ? Y .

ANOTHER PLOT (YES/NO) ? Y :

ENTER PLOT PARAMETERS (YES/NO) 7 Y

PLOT SIZE CINCHES)t X-= 12 Y = 8

STToI o AXESE X = =6 Y = -4 .

X~SCALE (OER/IN) = 2X-OFFSET (OER) = =12 :
Y-SCALE (TESLA/IN) = .5Y-OFFSET (TESLA) = -2 A"’) ﬁ]ﬂ
TITLE FOR PLOT 7 LEL STOCK #9518-12198 1/14/82

LABEL FOR PLOT (YES/NO) 7 Y

ANOTHER PLOT (YES/NO) ? N : ’
ENTER 1 TO RERUN, 2 TO RESTART, 3 TC EMNMD ? 2

TABLE CI Run #1 Data

15
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VS e amern A e e v -

TeRUNL T LT NI NI Lo Ll

eaens PERMEAMETER PROGRAM e

X-SECTIONAL AREA OF SAMPLE IN M2 = 1.1197E-gA.
RANGE1 .12 .OR 128 OERSTEDS? 120 -

H(OERSTEDS) = 8.7716 #* 1(AMPERES)
BCTESLA) = 99.2329 . » 1VDT(VOLT- SECONDS)

TITLE FOR PLOT ? LEL SIOCK ¢ 9518-12198 1/14/82 RWN ¢2

s«¥xe%x DECAUSSING #*%%x%x
R 1.58 OERSTEDS
‘kxkwx DEGAUSSING %swxs
’ 3.806 OERSTEDS ’
sxsxx DEGAUSSING #uxex
6.28 OERSTEDS
sxssk DEGAUSSING #*%sx
12.08 DERSTEDS -
*xs%%x DEGAUSSING **skx
£4. 8¢ OERSTEDS
 #x%xxk DEGAUSSING **&%2%
" #8.8¢ OERSTEDS
xxkns DEGAUSSING #*sxxkx
96.00 OERSTEDS

-um:t SUHMARY VALUES EREEE

.1/2-cvc1.s_ HCOERSTEDS) _' BCTESUA) - B/H(GAUSS/OER)

1 1.a999 . - .33s8° . 2238.9508
ie - =1.4835 - ~.4297 3262.0800 )
AVERAGES! 1.4517 . .3828 - 2650. 5202
3 2.2087 T 47897 . 2358.98908
o8 © -3.2876 C-e9172 . 2978.5780
AVERAGESE C3.p481 T 8135 2664.7320 ’
5 ’ 5.8682 1.0069 ¢ - 1715.9 300
6 ~5.9208 -1.2351 - 2085.9680
AVERAGES! ©5.8945 - . 1.1210 1988.9488
“7 e c11.9417 Cg.2218 1223.1188
8 - +11.95@5 -1.2688° - - 12291102
AVERAGES: - 11.9461 . 1.3453 ° 1126. 1188 .
.9 . za.z259 © 1.3708 - 565.4968 /
10 © -24.1382 . -1.6341 T 67649978
AVERAGES: 24.1828 . - 1.5821 '~ 621.2470
-1 48,2887 1.4762  3@5.7088 . |
12 -28.8167 ~1.7762 . 369.9118 !
AVERAGES: 48.1527 1-6262 337.8858
13 - 84.2585 ( 1.5553 184.5680 '
14 © -BS5.1787 - -1.8B66 . "221.511@ o
AVERAGES: © Ba.TI46 - . 1.7218. 283. 2500

_LABEL FOR PLOT (YESANO) ?Y - . - : :

ANOTHER PLOT (YESMNOY 7Y

ENTER PLOT PARAMETERS (YES/NO) ? Y

FLOT SIZE (!NG{ES)I X= 12 Y = 8

ORIGII OF .JIIZZ. N o

X-SCALE (OER/IN) = 2 ~ X~-OFFSET (OER) = -}12
Y~-SCALE (TESLA/IN) = .5 Y-OFFSET (TESLA) = -2
TITLE FOR FLOT ? LEL STOCK 09512 12198 RIN #2A
LABI‘J. FOR PLOT (YES/NOY #'Y -

> ANOTH!-:R FLOT C(YES/NO) 2 N

TABLE CII Run #2 Data

.
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ENTER 1 TO RERUN, 2 TO RESTART,” 3 70 END 7 @ |

- #1230 GOSUB 1818

Appendix C - LBID-519 7 of

DR T

(113 1] PERMEAMETER PROGRAM sERES

X-SECTIONAL AREA OF SAMFLE IN N'é = 1s1197E-04
-*RANGE: 12 OR 12P OERSTEDS? 12

H(OERSTEDS) = B.,7716 «* I(APERES)

"BCTESLA) =. 99.2329 & IVDT(VOLT-SECONDS)

TITLE FOR PLOT ? LEL STOCK ¢ 9518-12198 RWN. 3

swusk DEGAUSSING sxsxsx
£.15 OERSTEDS

*kxk% DEGAUSSING *x*xx
G. 3¢ OERSTEDS

wanuk DEGAUSSING ssnxx
8.6 OERSTEDS -

wxknk DEGAUSSING #%xxux
1. 22 OERSTEDS

. &#xnx DEGAUSSING #%xxs

. -~ 2.4€ OERSTEDS

*%s%xk DEGAUSSING sx=xsx
4.8¢ OERSTEDS

*#xsxxk DEGAUSSING #&%xx
9.62 OERSTEDS

. xakk SUMMARY VALUES s#sss

Al/E-O!CLE HC(OERSTEDS) BC(TESLAY B/ZH(GAUSS/OER)

1. . T .1ae3 . .e10e - 714.1322
2 . t-e2193 L =.@185.. . B41.6860
 AVERAGES: - * '+ 1798 .  .gta2 . 717.9e9¢
3 : T L2895 - .p224 774.7688
. a -.3684 - - -.0872 _1018.09¢8
AVERAGES:, - .+3289 .8298 892.428¢
. . . P 7/ .
5. .- © +5351 _  .@539 19g7.8400
6 . . -.6228 -.8747 1199.8 102
AVERAGES: ..~ »5789.: -  +8643 . 1183.438¢
7 1 2456 - - «2418 .- 1935.2480
8 . =1.3285  .~.3084 2328.7200
AVERAGES! 1.2858 <2747 2131.8800
.9 - - p.25A3 .56€3 2485. 3800
12 . -2.3332 -.7608 326€.7608
AVERAGES: 2.2938 -66E5 £873. 2708 !
1 4.5349 .8962 . 19761288 _.
12 -4.5875 -1.1242 2450. 5208
_ AVERAGES: 4.5612. l.e182 . 2213.3108 -
S13 - . 9.p822 " 3.1a13 © 1256.6908 .
14 -« -9.1285 . ~1.3900 152641180 . -

AVEPAGES: - 9.8953 1-2657. .  1391.4280

LABEL FOR PLOT (YESWNO 7Y

ANOTHER PLOT (YESANOD 7 N o o
ENTER | TO RERUN, 2 TO RESTART, 3 TO END ? 3

.t e ae -
—

sLIST 1232
123¢ GOSUB 1838

TABLE CIII Run #3 Data

15
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Appendix C

TeRIN.

L L2214 PERMEAMETER PROGRAM

X~-SECTIONAL AREA OF SAMFLE IN M12 =
RANGE: 12 OR 128 OERSTEDS? 12¢

H(OERSTEDS) = 8.

TITLE FOR PLOT ?

*x%xxx DEGAUSSING
1.5 OERSTEDS
sxsx%% DEGAUSSING
’ 3.8 OERSTEDS
wxxs»x DEGAUSSING
. 6.88 OERSTEDS
**¥%* DEGAUSSING
§2.68 OERSTEDS
s*#xx% DEGAUSSING
24.98 OERSTEDS
*«xxx%x DEGAUSSING
| ' 48.88 OERSTEDS
*xxxx DEGAUSSING
96.88 OERSTEDS .

1/2-CYCLE H(OERSTEDS)

LABEL FOR PLOT (YES/NO) 7 Y

ANOTHER PLOT CYESANO) ? Y

7716

L2153

* ICAMPERES:
BC(TESLA) = 99.2329 #* 1VDT(VOLT-SECONDS)

1. 1197E~€4.

LEL. STOCK.#9518-18198 1/14/82 RWN ¢4

dokkmr

BEEER
aEERE
EEs K%

T L]

Tk kR

wgx kg

**%%x% SIMMARY VALUES #%x%x%x%

«5789..-: - -

P 1.4999
- e -1
AVERAGES: - 1.5394

.3 © 3.8174

4 -3.0876
AVERAGES: . 3.8525
5 6.2524

6 - ~6.8963
 AVERAGESt- = - 6.8743
7 12,1171

8 12,1171
AVERAGES: . 12.1171
Ll L 24. 2259
Y -24. 1469
AVERAGES: - 24.1864
11 48.4553

12 -~ -48.18234
AVERAGES:  48.3194
13 85.8812

14 ’ -86.3197
AVERAGES: 86.1085

B(TESLA)

- #3359

-+4388
«3874

- 7848
-«9218

f8129

1.8061
-1.2324

11193

1.2162
=1.4670

1.3416

" 1.3614
-1.6367

1.4991"

1.4665
-1.7765

1.6215

1.5779
-1.8633

1.7286

ENTER PLOT PARAMETERS (YESAND 27 Y
PLOT SIZE (INCHES)t X = 12 Y = B

X-SCALE (OER/IN) = 2
) = .5
TITLE FOR PLOT ? LB STOCK
LABEL FOR PLOT. (YESANO) 7Y

Y~-SCALE (TESLA/IN

ANOTHER PLOT (YESANO) 7 N
2 TO RESTAPT,

INTER 1 TO RERUN,

TABLE

-
= -

IV

Y = -4
X-OFFSET (O0ER)
Y~OFFSET

Run #4 Data

- -12
CTESLA) = -2
#9518- 18198 1/14/82 RIN #aA

LEID-519

B/H(GAUSS/0ER) °

22396188
2779+ 8408

25¢9.33¢28

2335.9 208
2982.73 @

2659.3589

1662.396¢

. 2021.5200

1841.9 628

‘1823.7109

1212. 6580
1107.1888 °

561.9738
677.8288

619 .89 60

3826410
368. 6938

. 335. 6678

183.7352
215.8568

199.7958

3 TO END 7 3

8 of
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