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(57) A noncontact thickness gauge 
system for measuring the thickness of 
a material 6 comprising a source of 
radiation 2, a detector 8 for detecting 
the amount of radiation transmitted 
through the material 6 which is a 
function of the absorptance and 
thickness of the material, a memory 
18 for storing the output signals of the 
detector 8 and curve-defining 
parameters for a plurality of quadratic 
calibration curves which correspond 
to respective thickness ranges, and a 
processor 14 for processing the 

signals and curve-defining parameters 
to determine the thickness of the 
material. Measurements are made 
after precalibration to obtain 
calibration curves and there are stored 
in the memory 18, providing signals 
representative of a nominal thickness 
and an alloy compensation coefficient 
for the material. The calibration curve 
corresponding to a particular 
thickness range is selected and the 
curve compensated for drift; the 
material is inserted into the radiation 
path and the detector output signal 
processed with the compensated 
calibration curve to determine the 
thickness of the material. 
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The drawings originally filed were informal and the print here reproduced is taken from a later filed formal copy. 



//// 
2114732 

FIG.I. 



FOR ALUMINUM PLATE 7 ZT ~ 9 | 
PRE-AMPUFIER GAIN G= CONSTANT F RANGE -7 

' E—40KV ' 

30 - ^ - v ̂  FIG. 2A 

T
W ^ - - 2 ~ 3 r — E = 1 2 0 K V - } 

& *—>)—o- 0 0 e o e o o o o o o « o o p o o o o o < 4 
RANGE-1 (X-RAY TUBE VOLTAGE E\ 1 1 RANGE-9 , 

^ E=25KV ) W H 

-—E-100KV—, 
FOR-COLD STRIP MILL STEEL PLATE L RANGE-8 J 

PRE-AMPLIFIER GAIN G-CONSTANT , E-80KV ^ ! VASIRF'IR1 1 F / G . 2 B 
(X-RAY TUBE VOLTAGE E\ ^.RANGE^P^ 
v E=160KV ) M - 5 j 

-4 
__ . -3 * 7 ~ E—140KH 

RANGE-1 —— * G=H © O O O 0 0 0 O O O © © o 0 0 0 0 0 0 0 0 0—0 o • 

E=120KV 
FOR HOT-STRIP MILL STEEL PLATE G==M 

|RANGE-71 

E=120KV 
R~ G=M ~ 
[_ RANGE-6L 

E= H 
I 

/X-RAY TUBE VOLTAGE E. PRE-AMPUFIER GAIN G) 

.E=IOOKV k FIG . 2 C 
G=M ) 

RANGE - 5 J 



3/H 
2114732 

MEMORY 
A 

ROM 

COMMON DATA BASE 

42 

\ l 

PROGRAM FOR PRE-CALIBRATION 
PROGRAM FOR RANGE-CALIBRATION 
PROGRAM FOR MEASURING 
EQUATION 1 
ALLOY COMPENSATION EQUATION 
Tap=Tn (1+N/100) 
RANGE SELECTION ZONE DATA 
TRl TR2, TR3, — 

RANGE-1 DATA BASE 

CALIBRATION POINTS 
Tc1, Tc2, Tc3, TcAj Tc5, Tc6, Tc7, 
VOLTAGE OF X-RAY TUBE 
GAIN OF PRE-AMPLIFIER 

RANGE-2DATA BASE 

CALIBRATION POINTS 
Tc4, Tc5, Tc6, Tc7, Tc8, Tc9, TclO 
VOLTAGE OF X-RAY TUBE 
GAIN OF PRE-AMPLIFIER 

RANGES DATA BASE 

CALIBRATION POINTS 
Tc7j TcQj 

RAM 
r A 

48^ 

44-1 

Vs 
/ y 

1st TABLE A6 

48-2 

44-2 

Vs 

48-3 

44-3 

v / 

RANGE-1 
TYPE-1 

TYPE-2 

TYPE-f 

RANGE-2 
TYPE-1 

TYPE-2' 

TYPE-3 

RANGE-3 
TYPE-1 

/ 

FIG.3. 



RAM r RAM 

48-1-

1st TABLE 2nd TABLE 

50-

TYPE—1\ 

RANGE] 
- 1 

TYPE—2\ 

TYPE—3\ 

WORK 
AREA 

1st TABLE 

4 5 - 7 — J 

2nd TABLE 

TYPE-11 

TYPE-2] 

TYPE—3\ 

STEP-1 

I RANGE 
- 1 

TYPE-1 

\TYPE-2 

\TYPE-3 

50—\ 48-1-

F/G. 4. 

LOG —SIGNALS 
AT PRE-CALIBRATION 
log2V1; /og2V2; — 

PRE-CAL/B. CURVE 
DEFINING PARAS. AT 

ry PRE-CALIBRATION 
\Z(Q111\Q112>Q113M121-" 

^ z / / / y y / / z y y y y / / A 
TYPE—3 

STEP-2 

(PRE-CALIBRATION) 

1st TABLE 

RANGE\ 
— 1 

\TYPE-l\ 

TYPE-2\ 

TYPE-3\ 

STEP—3 

X 

iND 

CJO 



r 

•1-

RAM 

1st TABLE 2 nd TABLE 

50• 

TYPE—2 
V. 

RANGE 
— 7 

TYPE-1 

TYPES 

WORK 
AREA 

/ 
1st TABLE 

48—1-— 

TYPE-1 

TYPE-2 

2 
TYPE—3 

STEP—1 

RANGE 
- 1 

TYPE-1 

50-

TYPE-2 
V/ 

TYPE—3 

A 

Fig. 5. 

RAM 

2nd TABLE 

WORK AREA 

DRIFT COMPENSATED 
LOG-SIGNALS 
log2V1c\ log2V2c\— 

DRIFT COMPENSATED 
CURVE DEFINING 
PARAMETERS 
(Ql11C'Ql12c>Ql13c) 

, (0-i2ic\— > a a a a a ' a a a a a a / a a , 

STEP—2 

(RANGECALIBRATION NO MATER/AL\ 
\ TO BE GAUGED IN X-RAY BEAM J 

1st TABLE 
RANGE 

— 1 

TYPE-1 

STEP-3 



RANGE 1 
I 

RANGE 2 TR2 TR3 

RANGE 4 

DETECTOR 
OUTPUT m r o y i n 
SIGNAL L0G2 V10-

(LOG 2 V) 

FIG. 6. i 1 1 r 
Tc1 Tc2 Tc3 Tc4 Tc5 , Tc6 Tc7 Tc8t 

TR1 TR2 
THICKNESS 

1 1 r 
Tc9 Tc10 Tc11 Tc12 Tc13 

TR3 r o 

- O ! 
C O 
t o 



\L0G2 
V1P 

LOG 2 V1A 
V2 

V3-1 

V4 
LOG-

S/GNAL V5A 

V6A 

V7A 

r 
{PRESENT CALIBRATIONS 
V COARSE CURVE J 

38 

/ 

36 

(PRE-CALIBRATION 
\COARSE CURVE J 

Tc1 Tc2 Tc3 
I I 

Tc4 Tc5 
THICKNESS 

PRE-CALIBRATION 
CURVE 

LOG 2 
V1P 

LOG 2 
V4P 

LOG 2 
V7P 

r o 

TcS TC 7 FIG. 7. INS 



LOG 2 VI-
V2-
V3 

LOG-
SIGNAL 

V4 

V5-

V6~ 

V7-

L0G2 

V7P 

(PRESENT CAL/BRATION\ 

^ COARSE CURVE J 

38 

' V / 

36 

(PRE-CAUBRATION\ 
[COARSE CURVE J 

Tel Tc2 TC3 TC4 TC5 
THICKNESS 

Tc6 Tc7 

PRE-CALIBRATION 
CURVE 

LOG 2 
V1P 

LOG 2 
V4P 

C b 
X 

LOG 2 
V7P 

F/G.8. 

ro 

MSa. 
- J 
t o 
JS3 



LOG — 
SIGNAL 

LOG 2 

LOG 2 VI-
V2-

V3-

V4 

V5~ 

V6-

V7 

LOG 2 V2+6L0G2V2 
LOG2 V3J-_6L0G2V3 

^ {PRESENT CALIBRATION\ 
38 { COARSE CURVE ) 

6L0G2V3 LQG2y5±5L0G2_V5 

L0G2V6+6L0G2V6 

-L0G2V50 

-L0G2V60 

/ 
36 

fPRE CALIBRATI0N\ 
\COARSE CURVE J 

COMPENSATED 
5L0G2V6KCAUBRAT/0N 

x CURVE 

PRE-CALIBRA TION 
CURVE 

~ l i 1 1 1 — 
Tc1 Tc2 Tc3 Tc4 Tc5 

THICKNESS 

-LOG 2 V10=L0G 2 V1P 
•L0G2V20 

-L0G2V30 

LDG2V40-LOG2V4P 

-LQG2V70=L0G2V7P 

FIG. 9. 

Tc6 Tc7 

r s s 

O O 
INS 



2114732 
10/11 

RANGE CALIBR. 
COMMAND (64) 

PRECALIBRA TfON 
v COMMAND (52) 

CONDITION 
SETTING 

(56) 

INITIALIZE 

RANGE 
SELECTION 

i 
INITIALIZE (54) SET VALUE 

READING 

(66) 

(68) 

(70) 

DATA 
COLLECTION 

FIG. 10. 

PARAMETER 
CALCULATION 

DATA 
TRANSFER 

(58) 

(60) 

(62) 

CONDITION 
SETTING 

EX/ST ^MATERIAL 
CHECK 

(72) 

(74) 

NOT EXIST 

DATA 
COLLECTION 

CALCULATION 

END J 

(76) 

(78) 

FIG.IL 



2114732 
///// 

(QO) STAND BY ^ 

(82) CONDITION 
SETTING 

(84)\^ 

(86) LOG-SIGNAL 
READING 

(88) THICKNESS 
CALCULATION 

TIMING 
PULSE 

(10 M/USEC) 
(83) 

F/G. 12. 



1 
GB 2 122 1 A 1 

SPECIFICATION 
Non-contact radiation thickness gauge 

Background of the invention 
This invention relates to an improvement in a non-contact radiation thickness gauge which is 

5 used to measure the thickness of various materials by detecting the amount or intensity of the radiation 5 
transmitted through the material. One such gauge is disclosed in U.S. Patent 3,955,086 to Tsujii et al. 
and assigned to the present assignee. 

Thickness gauges of this type have been used in various applications. Such gauges make it 
possible to continuously measure the thickness of sheets of various materials without actual contact 

10 with the material. The response of radiation gauges, such as x-ray gauges, is fast and can be used for 10 
on-line measurement in rolling mill lines of metals where rapid automatic adjustment is necessary to 
achieve continuous and uniform thickness ofthe sheets. 

The non-contact type thickness gauge found in the prior art normally uses movable standards of 
predetermined thickness values for calibration of the gauge system. Typically, one or more of the 

15 standards of known precise thickness are selected and placed into the beam and an analog meter 15 
coupled to the output of the detector is nulled to the particular nominal thickness of the standard. 
Deviations from the nominal thickness as the material is measured will appear as deviations on the 
meter. Other prior art systems use complementary standards in which the full measurement range is 
divided into a plurality of subranges. The calibration for each subrange is normally referenced to a 

20 single standard of maximum thickness. This single standard is termed the "base standard". If the gauge 20 
is calibrated to null when the base standard is in the path of the beam, it is then possible, with the base 
standard removed, to measure lesser thicknesses of material which fall within the subrange of 
thicknesses. Certain ones ofthe standards which complement the desired thickness ofthe strip so that 
the total material thickness is equivalent to that of the base standard are then inserted into the beam. 

25 When the thickness is correct, the analog meter will be nulled. 25 
Two point calibration systems have been used. In this type of system, two sets of standards are 

sequentially inserted into the radiation beam path during the calibration operation. The first of the 
standards is selected to be the apparent thickness of the material which is calculated from the 
nominal thickness and alloy compensation coefficient ofthe material. The apparent thickness of a 

30 second standard is selected to be the desired apparent thickness of the material plus some 30 
predetermined deviation from the desired thickness. Such a system is calibrated based on the two 
apparent thickness points and relies on the assumed relation that the output signal of the detector and 
the thickness ofthe material to be gauged is linear. Such a system may be considered a linear 
interpolation system. 

35 In the prior art systems, the calibration is usually done directly for the material to be gauged, i.e., 35 
the system is calibrated for apparent thickness. The alloy compensation is accomplished in the 
calibration process and not during measurement. Such systems also require recalibration each time 
there is a change of nominal thickness when the thickness of the material to be gauged in the radiation 
path is changed. 

40 Because such systems usually must combine standards to achieve the apparent thickness ofthe 40 
material to be gauged, a very large number of standard plates must be used. A large number of plates 
also is required because of the type of linear approximation used in calibrating the system. For 
instance, in one system a binary coded decimal series of plates starting with a very thin 0.001 mm 
plate up to a plate of 8 mm thickness is used. 

45 Also in prior art gauging systems, drift in the measurements due to changes in radiation source 45 
voltage or sensitivity of the detector must be compensated for. This is usually done by adjusting the 
gain of a preamplifier through various feedback systems. 

Summary of the invention 
Accordingly, it is an object of this invention to provide an improved non-contact radiation 

50 thickness gauge system which relies on a highly accurate quadratic interpolation method. 50 
Another object of this invention is to adjust for alloy compensation during the measurement 

mode rather than during calibration of the gauging system. 
A still further object of this invention is to be able to change the nominal thickness while a 

material is being gauged in the radiation beam without recalibration. 
55 A still further object is to reduce the number of standard plates required by selecting a finite 55 

number of calibration points arranged in a geometric progression from which calibration curves are 
determined. 

According to this invention, these and other objects can be accomplished by providing a non-
contact radiation thickness gauge, system which uses a plurality of movable standards of predeter-

60 mined thickness values which comprises a radiation source, means for detecting radiation received 60 
from the source and for producing output signals which are functionally related to the level of radiation 
received, memory means for storing calibration curve-defining parameters for a plurality of calibration 
curves which correspond to respective ranges of thickness where the calibration points for the curves 
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selected approximate geometric series of thickness values over the entire range and where at least 
three calibration points and the corresponding output signals of the detecting means define each curve, 
a unit for setting a nominal thickness and alloy compensation coefficient for the material to be 
measured and meansfor processing the output signals of the detecting means and the setting unit, 

5 when the material to be measured is in the radiation path, with a calibration curve stored in the 5 
memory to determine the thickness of the material. 

Brief description of the drawings 
Further objects and advantages of the invention together with the organization thereof can be 

more fully understood from the detailed description to follow taken in conjunction with the following 
10 drawings in which: 10 

Figure 1 is a schematic block diagram of the non-contact radiation thickness gauge system of the 
present invention; 

Figures 2Ar 2B, and 2C are exemplary tables respectively showing preferred ranges of thickness 
values for measuring aluminum plate cold strip mill steel plate, and hot strip mill steel plate; 

15 Figures 3—5 show the transfer and manipulation of data in the memory of the non-contact radia- 15 
tion thickness gauge system; 

Figure 6 shows the precalibration curves for several ranges and range selection zones; 
Figures 7—9 show range calibration of the non-contact radiation thickness gauge system; and 
Figures 10—12 show the respective flow charts for the precalibration operation, the range 

20 calibration operation and the measurement operation. 20 

Description ofthe preferred embodiment 
Reference will now be made in detail to the preferred embodiments of the invention which is 

exemplified in the accompanying drawings. 
The preferred embodiment of the non-contact radiation thickness gauge system is shown in 

25 Figure 1. A source of penetrating radiation, here shown as x-ray generator 2, generates x-ray radiation 25 
along a path 4 through material 6. Detecting means including detector 8, amplifier 10 and analog-to-
digital (A/D) converter 12 receives radiation from source 2 and produces an output signal functionally 
related to the level of radiation received. The level of received radiation is a function of the radiation 
absorption characteristic and thickness of material 6 located in the radiation path between the source 

30 and detecting means. The radiation detector 8 is disposed to receive x-ray radiation transmitted from x- 30 
ray generator 2 through material 6 and convert the received radiation into an electric signal applied to 
amplifier 10. The amplified signal from amplifier 10 is converted to a digital format (preferably a 16 bit 
format) by A/D converter 12 and is coupled to processor 14. 

Processor 14 receives an output signal from a setter unit 16 which produces a thickness set 
35 signal corresponding to the thickness T and the alloy compensation coefficient N of the material to be 35 

measured. Memory means includes memory 18 in which data is stored and supplied to processor 14 to 
obtain calibration curves by arithmetical operations to be described below. 

A thickness indicator 20 which receives the output from processor 14 through the digital-to-
analog (D/A) converter 22 indicates the thickness deviation from the desired thickness. 

40 The processor 14, as here embodied, calculates and stores data of the calibration curves in the 40 
memory 18, processes the data and other received signals, delivers as an output a thickness deviation 
to the thickness indicator 20, and generates various signals to facilitate the operations of calibration 
and measurement. For instance, processor 14 controls the voltage setting of x-ray generator 2 by the 
signal applied on line 24 and provides the gain setting for amplifier 10 on line 26. 

45 The preferred gauge system of this invention also includes a standard magazine 21 containing a 45 
plurality of movable standard plates of predetermined thickness value. The standard plates are made of 
a prescribed material and have precise but different thicknesses. Selected combinations of the 
reference sheets are inserted and withdrawn from the radiation path 4 under control of the processor 
14 through line 28. 

50 General description of operation 50 
The operation of the non-contact radiation thickness gauge system primarily includes (1) 

precalibration, (2) range calibration and (3) measuring operations. The gauge system also can be 
operated to change the thickness setting while the material being gauged is present in the radiation 
beam path. 

55 In accordance with this invention, the first operation, precalibration is initiated by dividing the 55 
total thickness range ofthe thickness gauge system into a plurality of thickness ranges. 

The precalibration operation prepares calibration curves successively for each ofthe respective 
ranges. This operation takes about seventy (70) seconds and should be done every eight (8) hours or 
so. Such curves are referred to hereafter as precalibration curves. Generally precalibration or calibration 

60 curves refer to those curves representative of the functional relation between the thickness of the 60 
material being measured and the output signal from the detector means, here being the output signal 
of the analog-to-digital converter 12. 
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In accordance with this invention, the second operation, range calibration includes a setting and 
range selection step followed by drift compensating calibration for the range selected for use in the 
measurement operation, The setting and range selection steps include (1) setting a nominal thickness 
Tn and an alloy compensation coefficient N of the material to be measured, and (2) of automatically 

5 selecting the appropriate thickness range for thickness measurement based on the set values Tn and N. 5 
The subsequent drift compensating calibration step for the selected range is needed to correct any drift 
which occurs following precalibration of the gauge system. A new compensated calibration curve for 
the selected range is prepared and stored in memory 18. It is preferred that range calibration occur 
following each new range selection step and normally it requires about five seconds. 

10 According to the present invention, the third operation, measurement, requires that the material 10 
to be measured is placed in the path of the radiation beam and its thickness measured using the drift-
compensated calibration curve with the output signal ofthe detector means. 

The non-contact radiation thickness gauge ofthe present invention can also be operated to 
change the setting in the thickness setting unit 16 while the material being gauged is present in the 

15 radiation beam path. To calculate the drift compensation calibration curves described above, it is 15 
necessary to insert standard plates into the path of the radiation beam. Since this cannot be done if the 
material to be measured is also in the beam path, the procedure is to select the drift compensated 
calibration curve that had previously been obtained for the same selected range in the next previous 
drift compensation calibration operation. This drift-compensated calibration curve is then read into 

20 memory 18 and the material is measured for its thickness using the drift compensation calibration 20 
curve thus read out. 

The thickness ranges and standards 
Referring to Figures 2A, 2B,'and 2C, there is shown a preferred arrangement of thickness ranges for 

aluminum plates, cold strip mill steel'plates, and hot strip mill steel plates, respectively. The thickness 
25 values are shown on a logarithmic scale taken along the x-axis, and the calibration points used during 25 

calibration for these respective materials are respectively shown as dots 30 ,32 and 34. 
The ranges are arranged in overlapping relation to each other. For example, as shown in Figure 

2B, the thickness gauge used for measuring the thickness of cold strip mill steel plate has nine ranges 
which overlap one another. The second range covers thickness values from 0.04 mm to 0.16 mm and 

30 the third range covers thickness values from 0.08 mm to 0.32 mm. The ranges overlap between 0.08 30 
mm and 0.16 mm, and there is similar overlap for the other ranges. 

The total range in each case is divided into a plurality of ranges, e.g., nine ranges, range-1 to 
range-9, are shown for the thickness gauge used with cold strip mill steel plates in Figure 2B. Other 
required parameters are shown, such as the voltage for x-ray source 2 and the gain of preamplifier 10 

35 which are determined and controlled by processor 14 dependent upon the material being gauged and 35 
the range selected as shown in Figures 2A, 2B, and 2C. 

For the thickness gauge system used with hot strip mill steel plates (Figure 2C) for example, the 
x-ray source voltage is set at 10Okv and the preamplifier is set at a low gain level when measurements 
are taken in ranges from range-1 through range-4. When a measurements are made in range-5, the 

40 source voltage is set at 10Okv, but the preamplifier gain is set at a middle gain level. For range-6, the 40 
source voltage is set at 120kv and the preamplifier gain at a middle gain level, and for range-7 the 
source voltage is set at 140kv while the gain is set at a high level. It will be noted these parameters are 
also shown for the respective ranges for measurement of aluminum plate (Figure 2A) and hot-strip mill 
steel plate (Figure 2C). 

45 The standard magazine 21 includes a plurality of known precise thickness standard plates of 45 
known material which individually or combined provide the respective calibration point values 30 ,32 
and 34. In the thickness gauge systems used for aluminum, the standard plates consist of pure 
aluminum, while pure iron is used for hot strip and cold strip mill steel. The respective thicknesses of 
the standard plates are preferably selected in a binary series such that they have th'rcknesses 

50 respectively of 0.01 mm; 0.02 mm; 0.04 mm; 0.08 mm; 0.16 mm; 0.32 mm; 0.64 mm; 1.28 mm; 50 
2.56 mm; 5.12 mm; 10.24 mm; and 20.48 mm, It will be recognized that the standard plate of 20.48 
mm is not required for gauges measuring the thickness of aluminum or cold strip mill steel but is 
required for the hot strip mill steel. 

During the calibration operation, the standards selected are composed of one or more standard 
55 plates from standard magazine 21. The greater the number of standard plates required, the larger the 55 

error induced because of scattered x-ray radiation due to the layered standard plates. Accordingly, the 
standard plates are selected such that the thicknesses at the respective calibration points 30,32, and 
34 can be composed of at the most three standard plates. During the calibration operation, certain 

' single plates or combinations of two or three standard plates are sequentially inserted into the 
60 radiation beam path from the magazine 21. The operation is controlled by instructions from the 60 

processor 14. 

Operation of the memory 
Referring now to Figures 3—5, the processing of data through memory 18 (Figure 1) will be 

described. Memory 18 includes a read only memory (ROM) and a random access memory (RAM) 



1 
GB 2 122 4 A 1 

shown schematically in Figure 3. The ROM includes a common data base 42 which contains data for 
calibration and measurement common to all ranges such as the program for pre-calibration (Figure 10 
Flow Chart), program for range-calibration (Figure 11 Flow Chart), program for measuring (Figure 12 
Flow Chart), alloy compensation equation, basic quadratic equation and range selection zone data. Also 

5 included in the ROM are range data bases 44 -1 ,44 -2 ,44 -3 , . . . 44-n which contain data specific to 5 
each respective range. The RAM includes first and second tables 46 and 50 where the first table 
includes data range areas 4 8 - 1 , 4 8 - 2 , 4 8 - 3 , . . . 48-n corresponding to each respective range. The 
second table 50 is used as a work area. In each of the tables 46 and 50, the respective data areas 
include type-1, type-2, and type-3 data. The type-1 data corresponds to the respective range data 

1 o stored in the ROM range data bases 4 4 - 1 , 4 4 - 2 , 4 4 - 3 , . . . 44-n. The type-2 data corresponds to the 10 
results of pre-calibration of the noncontact thickness gauge and the type-3 data corresponds generally 
to the results of the range calibration operation. The second table 50 ofthe RAM is a work area with a 
capacity for storing one set of type-1, type-2, and type-3 data for a particular range. 

The transfer of data within memory 18 and with processor 14, which facilitates the gauge system 
15 operations, will now be described. At the beginning of the precalibration operation, range data from the 15 

range data bases 4 4 - 1 , 4 4 - 2 , 4 4 - 3 , . . . 44-n in the ROM are transferred to the type-1 data areas of the 
respective range tables 48 in table 1 of the RAM (Figure 3). 

Referring to Figure 4 which is descriptive of the precalibration operation for range-1, the type-1 
data stored in the type-1 data area of range table 48-1 is transferred to the work area of the second 

20 fable 50. This is shown as the first step. The result data of precalibration is then written into the type-2 20 
data area of work area 50 as shown in step 2. The result data is transferred to both the type-2 and 
type-3 data base areas of the first table 48-1 of the RAM and stored as shown in steps 2 and 3. 

Referring now to Figure 5 range calibration of range-1 will be described. The data from the first 
range table 48-1 is transferred to the work area of the second table 50 in step 1. This is indicated by 

25 the arrows in step one. As the operation continues, the result data of range calibration is written into 25 
the type-3 data area of the work area 50 and transferred to the type-3 data area of the range table 48-
1 as shown by the arrow in step 2. The data is stored in the range table 48-1 as shown in step 2. At the 
end of step 2 of Figure 5 the measurement o f the thickness ofthe material proceeds using the selected 
drift compensated curve. 

30 After the measurement operation, when the range-1 table 48-1 is again selected for range 30 
calibration, the contents of the first table of the RAM will be the same as the contents of the RAM 
range-1 table 48-1 of step 3 obtained in the next preceding range calibration procedure. In other 
words, the type-3 data of the RAM range table 48-1 is updated at each time that range calibration for 
that particular range is required. 

35 Detailed operation of the thickness gauge 35 
The operation, including precalibration, range calibration and measurement, o f the non-contact 

radiation thickness gauge system ofthe present invention will now be described in even more detail 
with reference to Figure 6 , 7 , 8 and 9. 

Referring specifically to Figure 6, the precalibration operation will be described. The calibration 
40 points are selected to approximate a geometric progression of thickness values throughout all ranges 40 

of thicknesses that are to be measured by the system. It is preferred that the calibration points be 
selected so that the respective thicknesses at the calibration points can be composed of a single 
standard plate from magazine 21 or of a combination of two or at the most three standard plates from 
magazine 21. 

45 Figure 6 shows the functional relation between thickness values and corresponding output 45 
signals of the A'D converter 12. The calibration points Tc1, Tc2, Tc3 , . . . Ten are plotted on a 
logarithmic scale along the x-axis. The digital output signals V are converted by arithmetical operation 
in processor 14 to logarithmic signals referred to hereafter as "log-signals." These log-signals are 
plotted on the y-axis. 

50 As here embodied each thickness range has seven calibration points including points at the 50 
respective ends of the range. For instance, range 1 extends from Tc1 to Tc7 and range 2 extends from 
Tc4 to Tc10. As is clear from Figure 6 the respective ranges partially overlap with each other. Range 
selection zones within each range, however, which are used in the range selection operation do not 
overlap with like zones in adjacent ranges. For example, range 2 has a range selection zone which 

55 extends from points TR1 to TR2. The next range selection zone is for range 3 which extends from TR2 55 
toTR3. Thus, there is no overlap in the range selection zones. 

During precalibration a standard plate or plates having a composite thickness, Tc1 for instance, 
are inserted into the radiation beam path 4 and an output signal V1 is generated. This signal is applied 
in a digital format, preferably 16 bits, from A/D converter 12 to processor 14 and an arithmetical 

60 operation is performed converting the digital signal to a log2V signal. 60 
During the precalibration operation, the magazine 21 is activated under control of processor 14 

to insert the standard plates having thicknesses Tc1, Tc2, Tc3 Ten successively into the path of the 
radiation beam for sequential calculation in processor 14 of log-signals log2V1, logzV2, log2V3,. . . 
log2Vn which are stored in memory 18. Memory 18 stores the data points (Tc1, log2V1), (Tc2, logzV2), 
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(Tc3, log2V3),... (Ten, log2Vn), The thickness points Tc 1, Tc2,Tc3 . . . Ten are stored in the respective 
ROM range data bases and the log-signals log2V1, log2V2, log2V3,. . . log2Vn are stored in the type-2 
data area of the first table (Figure 4). A curve 52 as shown in Figure 6 is obtained by connecting the 
data points and represents the calibration curve for those points. 

5 In the precalibration operation calibration curves are prepared for each respective range. 5 
Therefore, as many calibration curves are prepared as there are ranges. Each range is divided into three 
subranges which are defined by three calibration points including two calibration points at the ends of 
the subrange. A quadratic curve, as here embodied a parabolic curve, passes through the three points 
of calibration and serves as the precalibration curve for that subrange. The precalibration curve for each 

10 range is composed ofthe three quadratic curves connected together. (The various curves for range-1 10 
are identified in Figure 6 by corresponding equation nos. which equations are developed below.) 

The non-contact thickness gauge of this invention relies on the relationship between the log-
signal log2V and the thickness T of the material measured. This relationship can be expressed by the 
following quadratic equation with a desired precision for a particular range of thicknesses: 

1 5 T=a,+a2(log2V)+a3(log2V)2 Eq. 1 15 

For example, the curve for the subrange consisting of the calibration points Tc1, Tc2, Tc3 within 
range-1 can be derived as follows: 

Tc1 =a1 1 1+am( log2V1 )+a113(log2V1 )2 Eq. 2 

Tc2=a111+a112(log2V2)+a113(log2V2)2 Eq. 3 

20 Tc3=a111+a112(log2V3)+a113(iog2V3)2 Eq.4 20 

The above simultaneous equations are solved for the three unknowns (a i n , a112, a113) by processor 14 
and the desired curve for the first subrange is determined. The parameters (a,,,, a112, and a113) define 
the precalibration curve consisting of points Tc1, Tc2, and Tc3. 

Assuming that the solution of the above simultaneous equations 2 ,3 and 4 can be expressed by: 

25 (Tc1, log2V1), (Tc2, log2V2), (Tc3, log-jVSJ-^a,,,, a112, a113 Eq. 5 25 

The curve defining parameters for the other subranges can be given as follows: 

(Tc3, log2V3), (Tc4, log2V4), (Tc5, log2V5)->a121, a122, a123 Eq. 6 

(Tc5, log2V5), (Tc6, log2V6), (Tc7, log2V7)^a l31, a132, a133 Eq. 7 

As a result of these computations the precalibration curve for range-1 can be defined by three 
30 sets of curve defining parameters, (a111( a l12, a113), (a121, a122, a123) and (a131, a132, a133). These 30 

parameters are stored in the type-2 data area of work area 50 as shown in Figure 4. 
Curve defining parameters for the remaining ranges are obtained in a similar manner. (Brackets 

on the curves of Figure 6 show the other ranges and subranges.) 
It is desirable that the non-contact radiation thickness gauge system operate in a stable manner. 

35 However, the non-contact thickness gauge system is a very sensitive apparatus which is subject to drift 35 
over time. If it is assumed that the drift is negligible, the thickness of a material to be gauged can be 
derived from the precalibration curves described above. Based on the nominal thickness and the alloy 
compensation coefficient of the material to be gauged which values are set in setter unit 16 an 
apparent thickness (compensated thickness) is first derived. The precalibration curve is then selected 

40 for a range having a range selection zone to which the obtained thickness belongs. It falls between the 40 
end points of the range selection zone. The material is placed in the path of the radiation beam 4 to 
obtain a log-signal, and a thickness T is determined using the selected precalibration curve. 

However, due to drifts in the non-contact thickness system which are experienced in actual 
application, a range calibration operation is performed just before measurement to compensate for 

45 such drifts. The range calibration operation when performed immediately before each measurement, 45 
maintains an accuracy of the gauge system on the order of 0.1% over the entire range. 

The range calibration operation will now be discussed in detail with reference to Figures 7—9. 
. The range calibration operation is comprised of setting the nominal thickness and alloy compensation 

for the material, selecting the appropriate range and compensating the selected range for drift. 
50 The nominal thickness and alloy compensation coefficient of the material to be gauged are set in 50 

the setting unit 16. The apparent thickness Tap is derived by processor 14 from the nominal thickness 
Tn and the alloy compensation coefficient N from the thickness setting unit 16 and a corresponding 
range is selected on the basis of a range selection zone to which the apparent thickness belongs. This 
calculation is well-known in the art and is based upon the relationship 
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Tap=Tn.(1+N/100) 

The range.calibration operation is completed by compensating the selected range for drift. This 
will be explained with reference to Figures 7—9. Range calibration involves the determination of a 
single quadratic curve which is representative of the log-signal to thickness relationship for one range 

5 as a whole. Only three calibration points, points at the respective ends and the center of the range, out 5 
of the seven points used to determine the range in the precalibration operation are utilized. As an 
example, the range calibration for range-1 relies upon the end-points Tc1 and Tc7 and the mid-point 
Tc4. 

With no material in the radiation path, the data (Tc1, log2V1), (Tc4, logzV4), (Tc7, log2V7) which 
1 o was stored in the precalibration operation discussed above are used to derive a101, a102, a103 from the 10 

following equations: 

Tc1=a101+a102 log2V1 +a103(log2V1)2 

Tc4=a101+a102 log2V4+a103(log2V4)2 

Tc7=a101+a102 log2V7+a103(log2V7)2 Eq. 8 

15 

20 

25 

30 

log2V1c=log2V1p 

log2V2 c=log2V2+Alog2V2 

log2V3c=log2V3+Alog2V3 

log2V4c=log2V4p 

35 log2V5c=log2V5+Alog2V5 3 5 

log2V6c=log2V6+Alog2V6 

log2V7c=log2V7p 

These compensated log-signals are stored in memory 18. 

A calibration curve is derived using the compensated log-signals to provide a compensated 
40 calibration curve 40. Specifically the following arithmetical operations are performed as was done 40 

above for the precalibration curves. 

(Tc1, log2V1 c), (Tc2, log2V2c), (Tc3, log2V3c)->a1110, a112o, a113c Eq. 9 

(Tc3, log2V3c), (Tc4, log2V4c), (Tc5, log2V5c)->a121c, a122c, a123c Eq. 10 

(Tc5, log2V5c), (Tc6, log2V6c), (Tc7, log2V7c)->a131c, a132c, a133c Eq. 11 

45 From these arithmetical operations, a drift compensated calibration curve 40 which consists of three 45 
connected quadratic curves is plotted as shown in Figure 9. The compensated calibration curve 
defining parameters (a111c, a112c, a113c, et seq.), for the drift compensated calibration curve are stored 

15 A precalibration coarse curve 36 is defined by the simultaneous solution to these equations and the 
resulting curve is shown in Figure 7. The parameters (a101, a102,3-103)' define the precalibration coarse 
curve for range 1. 

Simultaneously, the magazine 21 is actuated by processor 14 to insert successively standards 
having thicknesses Tc1, Tc4, Tc7 into the path of the radiation beam to obtain present or current data 

20 (Tc1, log2V1 p), (Tc4, log2V4p), (Tc7, log2V7p). This current or present time data is used to derive a 
present calibration coarse curve 38 with parameters a101p, a102p, a103p, by using a similar arithmetical 
operation as above. 

Referring now to Figure 8, the drift values Alog2V2, Alog2V3, Alog2V5, and Alog2V6 for the 
respective points Tc2, Tc3, Tc5 and Tc6 are calculated by processor 14 using curves 36 and 38. These 

25 drift values which are approximate values obtained through interpolation between curves 36 and 38, 
represent the drift from the time of precalibration to the present time respectively for each of the 
calibration points. In practice the drift values are calculated in the processor 14 using the curve-
defining parameters for curve 36 (a101, a102, a103) and the curve defining parameters for curve 38 (a101p, 
a i 0 2 P ' a l 0 3 p ) ' 

30 Therefore the new compensated values for log-signals log2Vnc are expressed as follows: 
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in the type-3 data area of memory 18 as will be discussed in greater detail below. A similar 
compensated calibration curve can likewise be determined forthe other ranges. 

Finally the measuring operation for the noncontact thickness gauge of the present invention is 
accomplished. The material to be measured is placed in the path of the radiation beam and the 

5 thickness T of the material is calculated by processor 14 using the drift compensated calibration curve 5 
obtained above. The deviation AT=T—'Tn, where Tn is the nominal thickness, is calculated in processor 
14 and the computed deviation AT is shown on indicator 20. 

As an example of the measuring operation, we can assume that range-1 has been selected in the 
range selection step discussed before. As previously discussed the drift compensated calibration curve 

10 40 for range-1 is composed of three gradratic curves corresponding to respective subranges to form 10 
range-1. Therefore it is necessary to first determine which of the three gradratic curves is to be used 
to calculate the thickness of the material being measured. The connection points of the three gradratic 
curves are defined by (Tc3, log2V3c) and (Tc5, log2V5c). The log-signal generated in response to the 
presence of the material in the radiation beam is therefore compared the log2V3c and log2V5c to 

15 determine which one of the three quadratic curves should be selected. Once the curve is selected, 15 
processor 14 calculates the thickness of the material using the log-signal and the selected curve. 

Since the calculated thickness Ted is obtained from the drift compensated calibration curve, this 
value will not be the true value but the apparent value when the alloy of material to be gauged is 
different from that of the standard plates. This is so since the drift compensated calibration curve is 

20 based on measurements made with the standard plates. The true thickness T is expressed by: 20 

TCd 
T= 

1+N 

100 

Then the deviation value from the nominal thickness of the material will be: 

Ted 
AT=T-T n = Tn 

1+N 

100 

This arithmetical calculation is performed by processor 14. 
25 Figures 10,11, and 12 respectfully show flow charts for overall precalibration operation, the 25 

'ange calibration operation and the measurement operation discussed above. These respective flow 
:harts summarize the operation of the noncontact radiation thickness gauge system of the present 
nvention. 

As shown in figure 10 the precalibration operation begins with precalibration command 52 and 
30 under the control of processor 14 the initializing step 54 causes the transfer of data from the ROM of 30 

memory 18totype-1 data area of the range-1 table 48-1 of the RAM. 
The next step is condition setting 56. Data for the single selected range is transferred from the 

range-1 table 48-1 to the type-1 data area of work area 50. Depending upon the selected range and 
the material being measured, processor 14 sets the radiation source voltage and preamplifier gain to 

35 some predetermined values. 35 
Next is data collection 58. Standard plates from standard magazine 21 are inserted sequentially 

under control of processor 14 into the radiation beam path. The digital output of the A/D converter 12 
is read and converted by processor 14 to the log-signals which in turn are stored in the type-2 data 
area of work area 50. 

40 Parameter calculation 60 is the next step in the precalibration operation. The parameters [e.g. 40 
(a111( a112, a113), (a121, a122, a123), (a131, a132, a133)] are calculated in processor 14 and stored in the type-2 
data area of work area 50. 

Finally data transfer takes place from the type-2 area of work area 50 to the type-2 and -3 areas 
of the range table 48-1. 

45 These steps are repeated until all parameters of all the ranges are obtained. 45 
The flow chart for the steps in the range calibration operation are shown in Figure 11. Range 

calibration command.64 is given and the system is initialized in step 66. Next the set value reading 68 
occurs during which nominal thickness Tn and alloy compensation coefficient N are read out of setting 
unit 16. 

50 Range selection step 70 includes the arithmetic operation in processor 14 to calculate the 50 
apparent thickness Tap of the material. The range is selected by determining in which range selection 
zone the apparent thickness Tap belongs, i.e. lies within that range's range selection zone. 

Then condition setting step 72 causes a data transfer from the type-1, -2 and -3 areas of the 
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selected range in the first table to respective areas of work area 50 (Figure 5). The radiation source 
voltage and the preamplifier gain are set to predetermine the values depending upon the selected curve 
and type of material. 

In the next step of the range calibration operation, the material check 74 is made to determine 
5 whether a material to be gauged is located in the radiation beam path. Assuming there is no material 5 

located in the beam path, the data collection step 76 takes place and standard plates for selected 
thicknesses (e.g. Tc1, Tc4, and Tc7) are sequentially inserted into the radiation beam path. Log-signals 
are obtained for current or present time readings (e.g. log2V1 p, log2V4p, log2V7p). 

The final step is calculation 78 which includes determining the precalibration coarse curve 
10 parameters [e.g. (a101, a102, a103)] and the present coarse curve parameters [e.g. (a101p, a102p, a103p)]. Drift 10 

values (e.g. Alog2V2, Alog2V3, Alog2V5, Alog2V6) are calculated and the compensated log-signals are 
calculated and stored in the work area 50. The compensated calibration curve parameters [e.g. a111c, 
ait2c< ait3c)' (a!2ic> a 122c ai23C)' (a i3 ic ai32c< ai33c)J a r e calculated in processor 14 and stored in the work 
area 50 of memory 18. Finally data of the compensated log-signals and the drift compensated 

15 calibration curve parameters are transferred to the first table type-3 area of the RAM (Figure 8), If after 15 
step 74 material exists in the radiation path steps 76 and 78 are bypassed. 

Finally with regard to the operation of the noncontact radiation thickness gauge system of the 
present invention, the measurement operation is shown step by step in the flow chart of Figure 12. In 
the standby mode 80, the measurement operation begins with condition setting 82 when standard 

20 plates are withdrawn under control of processor 14 from the radiation beam path. A timing pulse 83 20 
which for instance can occur every 10 millisecond is applied to AND gate 84. The timing pulse 83 
combined with condition setting 82 causes the measurement sequence to begin. 

The log-signal reading step 86 includes determining the log-signals for the material now in the 
radiation beam path as calculated by processor 14. 

25 Thickness calculation 88 is then conducted. One ofthe quadratic curves which is a part of the 25 
drift compensated calibration curve for this selected range is chosen. The thickness Tcd is calculated 
using the selected quadratic curve. Then the true thickness T is calculated by the following relation: 

Tctj 
T= 

1+N 

100 

Finally the deviation AT is obtained by the arithmetic calculation AT=T—Tn. 

30 Claims 30 
1. A noncontact radiation thickness gauge system for measuring the thickness of a material 

which uses a plurality of movable standards of predetermined thickness values comprising: 
a source of penetrating radiation; 
means for detecting radiation from said course and producing output signals V functionally 

35 related to the level of radiation received where said level of received radiation is a function of the 35 
radiation absorption characteristic and thickness of material located in the radiation path between said 
source and said detecting means; 

means for selectively inserting standards and the material to be measured into said radiation 
path; 

40 memory means for storing calibration curve-defining parameters for a plurality of curves which 40 
correspond to respective ranges of thickness relating to corresponding output signals of said detecting 
means when said standards having the respective thicknesses of the calibration points are in said 
radiation path, where said calibration points are selected to approximate a geometric series of 
thickness values over all said ranges; 

45 means for setting a nominal thickness and alloy compensation coefficient for the material to be 45 
measured which is within one of said plurality of ranges, said means providing an output signal 
indicative of said nominal thickness and alloy compensation coefficient; and 

means for processing output signals of said detecting means and said setting means when said 
material to be measured is in said radiation path with a calibration curve stored in said memory means 

50 representing said one of said plurality of ranges to determine the thickness of said material. 50 
2. The gauge system of claim 1 wherein the calibration curves stored in said memory means are 

defined by at least three of said calibration points. 
3. The gauge system of claim 1 wherein the calibration curve used in said processing means is 

selected based on the thickness of the material to be measured belonging in the range which 
55 corresponds to said calibration curve. 55 

4. The gauge system of claim 1 wherein said plurality of calibration curves stored in said memory 
are in overlapping relationship. 

5. The gauge system of claim 1 wherein said plurality of curves are quadratic curves. 
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6. The noncontact thickness gauge system of claim 5 wherein said plurality of quadratic curves 
are parabolic. 

7. The gauge system of claim 1 wherein said output signals of said detecting means are operated 
on by said processing means to produce logarithmic functions of said output signals. 

5 8. The gauge system of claim 7 wherein said calibration curves are based on the relationship 5 
between said logarithmic function of said output signals and the calibration points. 

9. The gauge system of claim 1 wherein said detecting means further includes an analog-to-
digital converter connected to said processing means. 

10. The gauge system of claim 1 further including a thickness indicator responsive to the output 
10 of said processing means to provide an output indication of said thickness. 10 

11. The gauge system of claim 1 wherein said processing means compensates said calibration 
curves for drift. 

12. The gauge system of claim 1 wherein the movable standards are selected to have thickness 
values such that a combination of no more than three are required for a particular calibration point. 

15 13. A method for measuring the thickness of a material using a noncontact radiation thickness 15 
gauge system which includes a source of penetrating radiation, means for detecting radiation emitted 
from said source and producing an output signal functionally related to the level of radiation received, 
where said level of received radiation is a function of the radiation absorption characteristic and 
thickness of material located in the radiation path between said source and detector, means for 

20 selectively inserting standards and the material to be measured into the radiation path, memory means 20 
for storing data, means for processing said output signal and said data, and a magazine of a plurality of 
movable standards of predetermined thickness values comprising the steps of: 

inserting the standards of predetermined thickness values in said radiation path; 
precalibrating the thickness gauge system for a material to obtain a plurality of precalibration 

25 curves, each corresponding to a thickness range, said curves relating calibration points selected to 25 
approximate a geometric series of thickness values over all ranges to corresponding output signals of 
said detecting means, where each said curve is defined by at least three sets of precalibration points 
and corresponding output signals; 

storing said calibration curves in said memory means; 
30 providing signals representative of the nominal thickness and the alloy compensation coefficient 30 

for the material to be measured; 
selecting the calibration curve corresponding to a particular thickness range based on the 

thickness ofthe material to be measured belonging in said range; and 
withdrawing the standards and inserting the material to be measured into the radiation path 

35 between the source and detecting means. 35 
14. The method of claim 13 further including the step of processing the output signal of said 

detecting means with said precalibration curve to determine the apparent thickness of said material. 
15. The method of claim 13 further including the steps of compensating the calibration curve of 

the selected range for drift and processing the output signal of said detecting means with said 
40 precalibration curve to determine the apparent thickness of said material. 40 

16. The method of claims 14 or 15 wherein the step of processing includes 
calculating the true thickness T from the apparent thickness Tcd in accordance with relation 

Tcd 
T= 

1+N 

100 

where N is the alloy compensation coefficient for the material being measured. 
45 17. The method of 14,15 or 16 wherein the step of processing further includes: 45 

calculating the deviation from a selected nominal value of thickness according to the relation 

AT=T-Tn 

where 
AT is the deviation from the nominal value, T is the apparent thickness of the material being 

50 measured and Tn is the selected nominal value of thickness. 50 
18. The method of 13, 14 or 15 wherein the plurality of precalibration curves have overlapping 

thickness ranges. 
19. The method of 13, 14 or 15 wherein each of said plurality of precalibration curves is 

comprised of three quadratic curves which correspond to subranges of said range. 
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20. A non-contact radiation thickness gauge system, substantially as herein described with 
reference to the accompanying drawings. 

21. A method of measuring the thickness of a material, substantially as herein described with 
reference to the accompanying drawings. 
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