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POSSIBILITIES OF TEMPERATURE-EFFECT BEAM MONITORS

FOrR THE SLOWLY EJECTED BEAM OF THE C.P.S.

1)
H. Zulliger

SUMMARY

A survey of some thermal effects is given., Since direct conversion
into electrical output signals seens to be most attractive, the discussion is
linited to two such cases: 1. Beam monitor utilizing the effect of thermal
rcsistance change, and 2., Thermo-couples in the proton beam., Problens of
tenperature distribution and cooling time constants are mentioned, as well

as the electricil read out.

Two exanples are calculated in detail. First,a 10 cm long,

0.05 nn dianeter platinum wire with ten zigzags of 1 cn length in the x- 1z
plane (or y-z plane) is suggested. Heating the wire with about 50 nA
electrically to 100° C, wc achieve an effective thermal cooling time constant
(nostly radiation) of approxinmately 1 sec. The wire temperaturc yielding
the nost accurate results can be found experinentally by adjusting the d.c.
current. The electrical read out enploys a differential amplifier which in-
put is based on a difference method with a reference resistor yielding about

0.5% accuracy.

Second, the use of thermo-couples is investigated. The output
signal is only about 1 mV (compared to 8 mVfor the resistance change systen)
and we do not have a sinple way of adjusting the time constant. In addition,
the system is sensitive to position changes in x and y direction
sinultaneously, which nakes the overall method inferior to the platinun

wire nonitor.

t) Visitor from Stanford University, California, U.S.A.
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I. INTRODUCTION

The proton bean: of the CERN PS interacting with naterials deposits
energy and causes a tenperature rise. This effect can be utilized to neasure
the bean intensity, position, profile and duration. The following list sun-

narizes sone of these effects:

1. _Electrical Effects

a) Change of electrical resistance
b) EMF produced in therrio-couples
¢) Change in dielcctric constant
d) Change in perncability

e) Cﬁange of transistor gain

f) Change of electrolytic potential.

2, Mechanical Effects

a) Expansion of solids, liquids and gases

b) Change in wcchanical properties of solids.

3. Electronagnetic Radiation

a) Radiation in infrcd Or visible spectrum.

1

Chenical Effects

a) Change in chenical reaction time (catalyst)
b) Change of colour

¢) Decomposition of cheuicals.

5. Biological Effects

a) Change in rate of growth

b) Variation in exchange rate of chemicals in plants and animals.
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6. Kinematic Bffects

a) Brownianmotion of molecules (origin of most other effects).

7. Quantun Mechanical Effects

a) Permanent changes in lattice structure

b) Temporary changes in lattice structure.

We prefer output signals which arc based on onc single and linear
tenperature effect.We wodd dsolike a very direct observation of the primary
effect. Since the information has to bec transmitted to distant points,
electrical signals seen to be well suited. Exanmining point 1., we
find that change in electrical rcsistance and therno-couples fulfill quite
well the above conditions. Many other nethods seen, at first glance,
attractive, but often forced cooling is required to achieve a thermal tine
constant of 0.5 sec. This report will discuss only two methods, nanely, the

cffect of clectric resistance change and the usc of thermo-couples.,

BEALL LONITOR USING THE EFFECT OF THERMAL RESISTANCE CHANGE

1. Principle of Oporation

If we necasure the electric resistance of a suitable material
before and after the proton bean passed through, the resistance change is
a neasure of the bean intensity at that position. Using material in the

form of a thin wire enables us to determine the bean profile.

2. Choice of Matecrial

We arc looking for a nmaterial with a high electric temperature co-
efficient o, and a reasonably high specific resistance p . In addition,
we require radiation and corrosion resistance. Gases and fluids have to
be enclosed by containers, which thenselves absorb protons, yielding

a conplicated tenperature distribution.
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Recent experinents at SLAC1) showed that some thernistors are
surprisingly radiation resistant. Fenwall bead thermistors were irradiated
by 70 MeV electrons. After 10'3 crg/s o slight change in resistanceves
detccted. Since the exact data of that experiment are still missing and
the general problems discussed in this report are valid for any naterial,

we kcep this possibility open for future experinents.

In order to give a specific example, we look further for suitable

naterials and find from the metals the following elcments:

a(clectntenp. coeff. )

iron (at 20° C) 0. 005
bisnuth 0.00446
platinun 0.003 .

We have chosen platinun for its superior purity and corrosion resistance.

3, Geonmetry of the Systen

The dimcnsions of thc nonitor depend widely on the position in the
bean. If we desire to measurce intensity, position and profile, we require

high accuracy of the mechanical dinensions.

The shape of the sensor could have any cross~section, preferably
a large surface area for faster cooling. For reasons of sinplicity, we
suggest a round wire (0,05 nn diameter). Since the total. absorbed energy
depends on the wire nass and thce intersection of the bean, we suggest an
arrangenent as sketched in Fig. 1. This configuration has the advantage
of increasing the total electric resistance and thus reduces some contact
problens. The length L of the system is linited by the convergence
(or divergence) of the bean. Worst casc considerations®’ (in front of
the target) yield a bean convergencc of 8 nrad. If we desire a position
accuracy of 0.1 mn, the greatest distance between the first and the last

wire of the device should be less than 12 mn (Fig. 2).



L=12m
\‘
) i 4 0.1 mn Target
e -
" -7"‘ o — %_...:::»4-"":'
P _,.-ar_._,w_d, ===

converging bean with 8 nrad

Fig. 2. Deternination of the maxinun length of the systen.

4.

Heat Production and Resistance Change by the C.P.S. Proton Bean in a

a proton density of D( x, y) in the wire, deposits a total cnergy E

Platinun Wire

The C.P.S. proton bean with an assuned energy of 27.5 GeV, having

tot

Etot can be expressed by
Biogg = P € ° N (1)
p = area density of the wire
€ = lonization energy/ arca density and 1 proton
Nw = number of protons penetrating through the wire.

As an exanple, we consider a platinun wire diameter of 0,05 mm. The

dnsity per unit arca of a wire can be averaged to be

§  afw1s  ams 2
P =qT = Far = i levend

o
1

specific @&nsity of platinum = 21.4 g/cm’

1.451 MeV/ gm/em™ for 27.5 GeV protons in lead®*) .

m
"

*) The energy absorption coefficient for platinum could not be found and

the value for lead was taken instead. This yields a pessimistic result.
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The average energy aebsorbed in the wire becomes:

H
o
3
o

5% 107 7 x 21ulx 1.45
tot L

=t
t

N =N x0,122 MeV
w w

We now have to find the number of protons NW penetrating into the wire.
Appendix I shows the assumptions made to arrive at N _=1.3 x 10'% protons/p

in the centre of the beam. Therefore

k= - 10 _ 9 T
Etot = 0,122 x 1.3 x 10'° = 1,6 x 10° MeV

since 1 eV = 3,82 x 107%° cal.

The energy Q absorbed in the wire is Q = 6.1 x 107> ocal.

Figure 3 shows the approximate heat and temperature distribution in the wire

accepting the assumption in App. I.

T Q(x) o t(x)

/
/

-

N
|
-~J ‘_7\‘ R —

1 =10 mm

Figure 3 : Approximate App.T) heat distribution in a platinum wire of

10 mn length and a beam diameter of 4 mm,
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The initial temperature distribution can be written as:

\ 6Q(x )
At( x) = CPW (&)
At(x) = temperature rise as function of x
AQ(x ) = heat increase as function of x
% = specific heat of platinum = 0.0324 cal/g® C
W = weight = § = r®718 =1.7x10"% (for 1 = 4 mm).

The average temperature rise of the wire along the beam diameter

(4 mm) is:

AO 6.1 x 10°°
At = o = = 11° C.

%W 0.0324x 1,7+ 107"

This results in a resistance change of

AR = aAt

= 0,003 Q/°C (Platinum at 40°C to be considered constant

over small A4t ).

AR = 0.003 x 11 = .033 R or 3.3% of Ryot °
1
Since R = T p = 1077 Qecm
= 1 cm
A = 2 x 10°% cn?
107°% x1

R = m——— = 0,5Q per 1 cm wire.

— 2x 107°
Thus AR = 0.5 Qx 0.033 = .0165 0 per 1 cm wire .
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Considering Fig. 1 with 10 c¢m wire, we have:

Reot = 50
AR, = 0.165 0

This resistance change corresponds to the maximum signal possible

with 6 x 10"'p/p and 4 mm beam diameter.

For profile measurements we would like to detoct abt least 1/10 of the
peak value. In addition, we tolerate a beam intensity change of a factor of
ten (down to 6 x 10'° p/p) . This reduces the resistance chance by a factor
of 100 to 0.035% R . The small change of R indicates that direct measurenent
of R-ig difficult, and therefore null or difference mecthods should be

employed to measure 1t. We shall discuss the read-out methods later.

5. Choice of Electrical Values and Accuracy

The voltage signal output depends on the maximum possible current I
we can pass through the wire (Fig. 6)

Vo = I(RS—R

» (5)

The current I is limited by the I®R heating., In addition, we can
regulate the time-constant with the current, varying the temperature gradient

i > a 1 re 0 ™~
to the surroundings. Let us assume we heat the wire to tambient4'80 = 1000 C,

The heat balance can be written as: (conSidering only convection and

radiation) :

IZRcthAte + ceF S (T -m*) (6)

I = unknown current (chosen to obtain ~100° C wire temperature)
R = resistance of 1.0 cm wire = 0,5 Q

C = conversion factor = 0,239 cal/ws

S = cooling surface = dwl

At = temperature rise due to heating

h

= thermal convection factor.
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h was found in Jakobs) to be :

h = Qﬁ%‘g (1)APP'II> = 0.Lx 62x 107 =24.8 x 107¢ cal/° C sec cm®
1 cm
aip = €2x 10™° cal/ cm sec °C
1 = 1 cm
o = 1.376 x 10~ ' cal/sec~' cm~2 © K™
3 = effective radiating arca 6.28 x 10~° cm®
€ = emission efficiency for Platinum ~ 0,9
by = ghape factor = 1, assuming no reflection
T+ = 373°K
T = 293“K

We solve equation (6) for the current I and obtain

I - JhSAte+cst(Tf- T3 ) (8)
RC
I = 3,14 x 107° + 2,58 x 107*

®

~ 50 ma (9)
0,12 ————

We rcalize that the radiation term is an order of magnitude larger than the
convection,

It follows from equation (5)

Vo = 50ma 0,165 0 = 8.25 nmV.
Using a chopper stabilized amplificr, such as the Philbrick SP 656, it is
possible to obtain an accuracy of 0.5%, provided we can eliminate all

other external noise sources.



6. Recovery Time-Constant

After every beam pulse, the temperature should decay to the ambient
temperature t, . The cooling time-constant should therefore be short com-~
pared to the time interval between the beam pulses, but long compared to the
pulse length,

We need to calculate the dynamic heat distribution in the wire.
In order to avoid long calculations we approximate the time dependent term
with the time-constant 7T and write the heat balance in form of a difference

equation. Figure 4  shows the control volume.

C onvection : Lttt Volume
/? Ckc‘- g (:,C\'t ";':__?Iz/y\'(:’.-ﬁ le (f'/:(_
e e R —r~—:-~ reating
‘ ' Vo T
fo'!f 'f%i;;Q§73Eﬁfgtﬁh7Qgﬁiﬁnﬁﬁﬁilﬁﬁii/ﬁ/ﬁD
Jo ) IR
/"m_._-,./l.__ R e .*_..Aw,___,A_-v-ll“" B
L ":l;( crov Coniu ctio (;‘; h‘ '| - Ak ek
.:' : rr ~Tarn DEQun “ ow \/(“AA‘- tom
Rk O\\j‘ L OW = P q” = _E At

o .. [y /’A 4
"‘rr’-@.m?(:r ( ’Tz )

Figure 4 : Control Volume.
The general heat equation in words is:
rate of heat inflow- rate of outflow = increase in storage, or

kA At
beam * IR C = =50 1 - hSAte-ce FS( D =22 ) = po YT (9)

e

PS/4559/k1
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Ebcam = Energy rate deposited by proton beam
I?’RC = Electric heating
I = d.c., current
R = wirc resistant
C = conversion constant.
5% Lty= conduction along the wire
k= thermal conduction of platinum
A = wire cross-scection
1 = wire length
Aty =  temperature difference between wire and insulator A t4=
tw— to
hSdt, = conveetive heat transior
h = convective transfer coefficient
S = effective cooling area
At, = temperature difference between wire and gas Ote= t, -t

cePS(M* - T24) = radiation heat transfer

o = Boltzmann constant
S = radiatating area
P =  shape factor
T:+ = wire temperataurc in °K
T. = gas or container temperature in °K
€ = emission efficiency
pc %;t-;: = heat storage
p = density of platinum
cp = gpecific heat
U = wire volume
AT = time constant (as defined in Fig.5) .

PS/L559/k1
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We define the time 7, as the c¢nd of the beam burst. The initially sharply
peaked temperature distribution will soon become flat, due to thermal con-
duction. We thus assume a rectangular temperature distribution with the

dimension of tma and the length of a beam diameter = O.,4 cm. Since
“2

the ends of the wire are highly insulated, we neglect heat loss by conduction.

Equation (9) reduces to:

I°RC - hS4t-0eSF(T4*'-T") = pe %—%— (10)
Solved for AT , we obtain:
pc At
AT = (11)

I°RC-hS4t-0eSF( T - T*)

Substituting +the proper values, the above equation yields:

AT =~ 1 sec.

The following picture (Fig.5) shows an approximate temperature

pulse in the wire, in function of time 7 .,
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t A °C
111 °C tang%?gloge%gi— temperature decay of wire (approximated)
== J assumed to be exponential fo~
—— /
100 / £
e
A 7 = time const.

t .

20 ambient

o} S 15 25 7(sec)
Figure 5 : Time dependent temperature distribution.

P3/4559/k1

Considering the crude approximations used in this calculation, the time
constant of about 1 sec indicates only that we are in the right order of
magnitude. The d.c. current should experimentally be adjusted so that
less than 0.5% of the output voltage is present before the new beam
pulse starts.

7. BElectrical Measurement

We consider two different ways of measuring the resistance change

of the wire.
a) Bridge compensator.

b) Difference amplifier.
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The conventional bridges are mechanically balanced, The

time constants are long compared with the short rise time of our pulse, and
are thus not suitcd for our problem. A difference amplifier could be
employed, placing a reference resistor in the same container with the sensor.
We can match the resistors to about 10=% Q. It should then be possible to
read an accuracy of 0.5% of AR,

L k ~ Vs = Voltage source
£, \/ R. = Reference resistor
R-2 |, : :
. r R_ = Measuring resistor
d (=]
Vr = Reference voltage
“‘ Vs = Measuring voltage
' : ~ . . N :
"TADC A = G?}n of difference ampli
Vé ier
D ADC = Analogue to Digital
- L"“-—"*“=J oonv%rtcr
Vo = Analogue output voltage
D = Digital output.
Figure 6.

8. Discussion

Calculations in the previous chapters showed that a beam monitor
with platinum wire is an accurate tool to measure the beam profile., It is,
however, important to have a time constant which is relatively long compared
to the pulse length (up to 200 msec) and short compared to the repetition
rate of the beam pulse (~2.5 sec). The suggested method has the advantage
of being able to adjust the time constant experimentally by changing the
d.c. current through the wire and thus matching the temperature for proper
cooling. For very slowly ejected pulses (> 50 msec) & calibration curve

will be necessary to compensate for cooling during the beam pulse,



III.  BEAN MONITOR USING THERMO-COUPL.S

Instead of putting a wire in the beam, we mount thermo-couples,
e.g., according to Fig. 7. The thermo-electric force is created at the
last point of connection by the two metals., Thus, the read-out voltage
depends only on the temperature at this point. The temperature distribution
in the leads and in the Jjunction is much more complicated than in the
platinum wire system. In addition, the temperature distribution is
sensitive to the beam position in x and y direction (Fig., 8) and even
two symmetrically placed thermo-couples cannot completely compensate for
this effect. A Pt.Rd-Pt. thermo-couple delivers about 0.5 mV for 10° C
temperature difference. Having two thermo-couples placed in series,
yields 1 mV signal (positdioned in the beam centre at 6 x 10" p/p).
Since the mechanical dimensions are very similar, using the miniature
thermo-couples by Philips (0.005 cm @ ), we can compare the cooling time
constant with the previous calculations. In the first case, most of the
energy was lost by radiation. In this example, at low temperatures of
~ 30° ¢ ( 6t =10°C ), the time constant must be much longer because of
the fourth power law of radiation. In order to achleve the desired time
constant, we have to employ forced cooling or a helium atmosphere,
Forced cooling could be gated in bursts, after the beam pulse, so that
the measurement is not disturbed. Figure 9 shows a block diagram of

such an arrangement.

PS/4559/k1
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COMPARISON OF THE RESISTANCE MONITOR AND THE THERNO-COUPLE MONTITOR

Resistance Thermo-ccuple
monitor menitor
Material platinum Pt.Rd - Pt.
Temperature rise
(at 6x10'" p/p in ) ~10° C ~10° C
Output signal 8 mV 1 mV
(10 cm wire) (2 therm.-coup. )
Accuracy 0.5% < 0.5%
Time constant ~ 1 sec (100°C) > 1 sec (30° C)
adjustable forced cooling or
He coclant necessay
Life-time o > 10%% ny t
(unknown for protons
Amplifier differential differential
Temperature of sensor ~ 100° C (heated ~ 20° C

wish ~ 50 mA)

Considering the above data, we can conclude that the resistance

monitor is superior to the thermo-couple monitor.

If we can use thermistors

in the future, the choice is even more in favour of the resistance monitor.
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APPENUTX 1

e

We define the horizontal and vertical beam diameters so that the
cross-sections contain 90% of thc total beam intensity. The total number

of protons can then be expressed as:

L2 L0
52 13
N=63-§ f f (cx)y dx dy (1.1)
* J aJd b
-7 T2

If we approximate the beam profile by a triangle, (Fig. I.1) we cbtain a
two-dimensional picture in the form of a cone with elliptic cross-section.

We can easily perform the integration yielding:

1 ab wh ab hw
YT %3 T 3 T Ti0.8 (1.2)

The above formula allows to normalize any beam intensity if the dimensions

a and b of the beam are known.

For our particular case, we assume a =b = 4L mm and
N = 6x 10" p/p.

This normalizes the maximum density h to:

i1
ho- ag :TO.B - 61><61OTT x 10.8 = 1.1 x 10" o/ mm?

The number of protons penetrating through a 0,05 mm diameter platinum wire,
positioned in the centre of the beam is :
N _ hxdxa _ Nx10.84d
WG, 2 T a wm 2

' 6x 10" x 10,8x 0,05 1o
N, ¢ = I pn 5 = 1.3 x 10'° p/p .

2.2% of the total beam shall penetrate the wire.
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APPENDTX  TT

In JakobA) we find the r¢lation of cooling of long horizontal
cylinders. He relates the Nusselt number (NNu) to the product of the
Grashof number (NGr) times the Prandtl number (NPr) .

A hD
My = g
L gDPO .
No.= =57 gD7B0 p®c
Y N. N = = ® (I1.1)
N, & X Gr “Pr Uk
Pr ™ «a
g8 = Newton's constant of acceleration = 32 ft gec™?
D = characteristic length = 0.005 em = 1.64 x 10-% ft
B = cubic coefficient of thermal expansion = 0,00367 %%r= 2.04 x 10=3 ¢F-!
O = temperature excess = 11 °C = 20°F
_ . _ -3 B tu _ -6 Btu
kair-thermal conduction = 15 x 10 TmFLF - Lel7 x 10 Teoft °F
oy = specific heat (air) = 0.24 cal g='°C™' = 2,65 Btulb ' °r~"
p = density (air) = 1.29¢g m? = 8.4 x 107% 1b £t7°
p = viscosity (air) = 190 x 107® cm™ ' sec™' = 1.275 x 10°° 1b £t~ 'sec' .

. . -9
This yields a NGr NPr of 1.89 x 107° ,

T -5
Jakob states that for (hGr NPr) < 10 the Ny, @&pproaches a

constant value of about O.4, so that the thermal convection coefficient

becomes:

al P

h = 0.4 (11.2)

Note that this equation is independent of the wire diameter.

PS/L559/k1
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Aptoximate Proton Den%i’h}y intersected b\/ o wire [dax 0.05 vawm)

at X=X and ot any position X,

Fie. I.1



3Z1S WALV

1:0)  R\o°S

Nt

f
)
j e 4
4 -
Pt
|
)
* —d

WOLNINSN] “ ﬂ |

—
————
- - H
Lo
o

{

e e iy 1 S . T o e

o 8 1 P T NN S AN A Ay o
N

)
;
¢
7
S

&4 €ngv Q
L aamMrad

| |

- 2|qUoAQl T

st

VN
N,

\ \"‘\;'1 Y

e et e oo ot

st A

N

3YIM WANIYT HLIM ALISNILN] ONY 3714084 "NOIL1SOd ¥03 YOLINOW WV3g



2

15 193

- g

&Jgei

S314000 OWN™IH L

g e e
m:x,// 49314
) :
o,
/A,W\ 3 ,.,,A.VA\\ ~A>m
™% T T

Hupye ;w
S ¥ I | S
i69%

7
& wisoo 8

J040)nsY|

¥
<N e
21005 WYL
haoposuadwar

xoq

HLUIM ALISNILIN] gNY 3U40%d NOILISOd 04 YOLINOW Wv3ag
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