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DISCLAIMER 

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 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



-.. 

\' ,~-= .. ~=~~~~-~--- ~~~-~~'--"'~--.-

'~ $; . LBID 497 
,I ~--------------------------------------------~ICO~D~E~~~~S~ER~"~AL~---~I--=P&~-

LAWRENCE BERKELEYLAIOAATORY • UNIVIIIIIITY OF CALIFORNIA .. "GE 

ENG-INEERING _NOTE P41000' M5855 J loF28 
AUTHOR IOEI'ARTMENT I LOCATION DATE 

M. A. Green 1 MECHANICAL ENGINEERING jBerkele.v 1 March 1982 
PROGRAM - PROJECT _ JOB 

PEP-4 

LARGE THIN SUPERCONDUCTING SOLENO.ID MAGNET 
TITLE 

CRYOGENIC SUPPORT SYSTEM REVISITED 

This Engineering Note is a compilation of notes concerning the de
sign of the TPC Magnet Support Rod System. The magnet coil support sys
tem is described in concept in References 1, 2 and 3. The TPC coil is 
supported to the outer cryostat by a bicycle-spoke-type support system 
which has six support points at each end of the cryostat. Figure 1 
shows the location of each support point at the odd-number positions on 
the clock. Two types of support rods are used. Four points at each end 
have radial support rods which are 114 mm (the short rods). Two points 
at each end (3 o'clock and 9 o'clock) have two anti-notation rods each 
140 mm long (the long rods). There are a total of 16 support rods in 
the TPC magnet system. The support rod system is designed so that the 
magnet coil is self centering within the vacuum vessel. 

The TPC magnet system has compression struts to support it to the 
room temperature cryostat vessel. The struts or rods are made from 
NEMA G-10 with beryllium copper balls at each end which nest in 304 
stainless steel cups. There is a liquid nitrogen temperature intercept 
some 25 mm from the warm end of each NEMA G-10 rod. After a lot of 
testing the rods themselves were made from 25.4 mm (l-inch) diameter 
NEMA G-10 CR epoxy fiberglass. 

This report explains why the basic design decisions were made. The 
following questions are answered: 1) Why use a separated function sup
port system with most support points having radial support rods? 2)Why 
is the TPC magnet supported by compression rods instead of tension rods? 
3) Why are there six support points instead of three or four support 
points? 4) How are the design angles and dimensions selected? and 5) HO\'J 
was the rod material selected and the rod configuration selected? 

1) The separated function support system with compression rods 

The TPC magnet support system has two different types of support 
rods (eight of each type). Four support points at each end have rods or 
struts which support the magnet against radial and longitudinal loads. 
Two support points at each end have two longer rods which resist rota
tion of the coil within the cryostat as well as resist radial and longi
tudinal forces. 

The support system is designed to carry a force of 200,000 N (20 
metric tons or 44,000 lbs) between the coil and the cryostat. This force 
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could be due to current imbalances. See Refepenaes 4 and 5. A force 
level of 200,000 N was arbitrarily set.because that would permit current 
imbalances of up to five per cent durin~ a quench. Gravitational force 
on the coil is expected to be 17,000 N (the coil package mass is around 
1,700 kg). 

There is limited space between the cryostat and the coil package. 
There is also limited space on the ends of the coil package because of 
the need to mount such things as electrical leads, helium plumbing, bus 
bars, instrumentation wires and Linde 5a molecular sieve canisters. 
Radial support rods take less space than anti-notation rods; hence four 
support points at each end contain only this type of support rods. The 
space occupied by the anti-rotation support block at the 9 o'clock posi
ti on at the north end of the TPC magnet coil package is a 1 imiti ng factor 
in the design of the gas-cooled electrical leads for the TPC magnet (see 
Refepenae 6). 

It was felt at the time we designed the TPC magnet support system 
that a compression rod support sY$tem would require less space than a 
tension rod support system. Tension rods are far better suited for a 
long rod support system. Since the outside of the cryostat has drift 
chambers <l1it, there could be no pertuberances on the outside. It was 
felt that a compression rod system could be built with adjustment only 
on the inside. 

2) Six support points and the deflections of the outer cryostat and 
magnet rings 

The design for a TPC magnet support system described in Refepenae 3 
had only three support points. It was felt that a three-point support 
point system (at each end) would allow plenty of space of gas-cooled 
electrical leads and magnet services. The three-point support concept 
had to be abandoned for the following reasons: 

a) A three-point support system (at each end) would cause, 
excessive deflections in both the coil package and the 
outer cryostat when loading is applied; 

b) The moments and forces would be excessive on the sup
port brackets and rods. 

Calculations of radial deflections in both the coil package and the 
outer cryostat vessel are given in this section. One shall see that 
changing from a three-point support to a six-point support will reduce 
these deflections approximately a factor of twenty. 
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The magnet support system, shown in Figure 1 (the six-fold symmetry 
version is shown in Figure 1), can be treated as six radial point forces 
which cause deflections in a ring. The point which is under the force 
deflects radially in the direction of the force. A point which is half
way between the point where the radial force is applied will deflect in 
the direction which is opposite that of the force (i.e., if the force 
points radially outward, the mid-point deflection is radially inward and 
vice versa). Figure 2 shows the deflection of a ring which has six 
equal forces of magnitude W pointing radially inward at sii points 
regularly spaced. (These points are 600 apart and form a regular hexa
gon.) The original ring is shown. The deflected ring, which is also 
shown, takes on a hexagonal shape. 

The ring with equally spaced forces is a standard Roark? stress and 
deflection problem. From Roark Chapter 8, Table17,Eq.7(circular·ringsL, 
pp 226, one gets the following equations for the deflection of the ring. 

and 

where 

-WR () 
oM = 4EI G e 

1 F(e) = ---
sin2(e) 

2 1 
G(e) = e - sine -

ecose 
sin2 e 

1 
- e 

-la-

-lb-

-lc-

-ld-

Where W is the force at each point. (When W has a positive sign it 
is acting radially outward.) 0L is the deflection at the point where 
W is applied. OM is the deflection at a point midway between two 
points where W is applied. (A positive value of 0L or OM indicates 
a deflection radially outward. A negative deflection is inward.) e is 
half the angle between the points where ~~ is' applied (see Figure 2). 
R ;s the radius of the ring; (the ring is assumed to be relatively thin 
compared to its ~adius) E is the elastic modulus of the ring material; 
and I is the moment of inertia of the ring section. 

If the ring has a rectangular section with a radial thickness of b 

BL- 3220- 2.{ Be •. 8/71) 
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and a width of h (the ring is assumed to have R»b and R»h) , 
I = hb 3/12; therefore the deflection takes the following form: 

oL = ~~)3 F(e) 

and 
-3W(R)3 oM = Eh b G(e) 

-2a-

~2b-

Thus one finds that there is a strong dependence of deflection on the 
thickness ratio (R/b) of the ring and e'. There is only a first power 
dependence of deflection on W, [ and h. The value of F(e) and G(e) 
as a function of the number of places W is applied is given in TABLE 1. 

TABLE l. F(e) and G(e) as a function 
I 
I 

of the number of points where 
force is applied to a ring 

Number Half Angle F(e) G(e) 
of Points e 

( Rad) 

3 rr/3 3.19 x 10-2 5.70 X 10-2 

4 rr/4 1.22 x 10- 2 2.15 X 10- 2 

6 rr/6 3.39 x 10- 3 5.89 X 10- 3 

8 rr /8 . 1.39 x 10- 3 2.43 X 10- 3 

12 rr/12 4.04 x 10-'+ 7.08 X 1O~'+ 

From TABLE 1 it is obvious that e plays an important role in de
termining the deflection of the magnet and the outer cylinder while the 
support system is being stressed. A reduction of e bya factor of two 
will reduce F(e) and G(e) almost an order of magnitude. In addition, W 
is also reduced because a reduction of e by a factor of two implies 
twice as many supports carrying the load. Therefor~ W is reduced a 
factor of two. It can therefore be concluded that an increase of the 
number of support points on the magnet from 3 to 6 will decrease the de
flection by a factor of 18.8 to 19.6. The deflection at the midpoint is 
always less than the deflection at the support point. From here on out 
the maximum deflection will be used. This deflection is the deflection 
at the supports. 

RL- 3220- 2a( Rey.8!?1) 
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The major difficulty in the deflection calculation is to determine 
the appropriate section over which to calculate the moment of inertia 1. 
For example, Figure 3a shows the section upon which a probable moment of 
inertia for the outer vacuum vessel is calculated. The inner ring is 
used for calculating deflection shown in Figure 3b.This ring is the 
end ring of the magnet. It can be argued that effective moment of in
ertia used to calculate deflection is that of the rings shown in Figure 
3. (The entire magnet cross-section is shown in Figure 4.) 

The force W which applies when a 2 x 105 N longitudfnal load is 
applied is about 6 x 104 N. From the moments of inertia calculated, 
the force W, the effective elastic modulus E, and the ring average R, 
one can calculate the maximum deflection. TABLE 2 sho\'!s the results of 
the deflection calculations. 

Ring 

Outer 
Vacuum 
Vessel 

TABLE 2. 

Magnet 
(inner 

ring) 

Deflection of the inner and outer ring 
structures as a function of R, I and the 
radial force 

Ring 
Radius 

(m) 

1.19 

1.085 

W = 6.01 X 104 (six-fold symmetry) 

Moment 
of Inertia 

(m4
) 

1.202 x 10- 5 * 

+ 
1.264 X 10-6 

Plastic 
Modulus 

nm- 2 

7 x 10 
1 0 

Deflection 
(mm) 

0.21 

1.48 

* Section shown in Figure 3a 
+ Section shown in Figure 3b 

-- -_ .......... , __ ft, ..... \. 
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a} End Ring of the Cryostat (north end) 

NOTE; The moments of inertia are calculated 
for the shaded section 

NOTE: All dimensions are in meters; the' 
sketches are half scale 
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b} Coil package section 

Coil and Cryostat Sections which are used to calculate 
moments of inertia for the Ring Deflection Calculations 



~ 
I .. .. 
10 

'" I 

10 

~ 
III .. 
• 
QD 

"-

" ... 

1100 Aluminum 

Figure 4. 

Insulator 

Squashed 3/4" 0.0. Aluminum Tubing 

Insulated Superconductor, I x 3.7mm. 

Glass Tape, 0.4 mm 

. Fishline Cord Spacer, 2.25mm ¢ 

Ultra Pure Aluminum, 3mm¢ 

o 10 20 30 
I I I I 

Millimeters 
XBL 795-9631 

Idealized Old TPC Magnet Coil Cross-Section at the 
End of the Coil Package 

~ 

» 

'" -s 
(1) 
(1) 
:;, 

r-
~ 

ITI~ 
Z~ 

"'~ UI~ 

Z
-f!l 

~ 

ITI~ 
ITI~ 

~ ~::u ~ rn _;;0 

CJ ~Z-< :::c.... • 
» J: 
z ~"'c: ~ -4 UI Z 
CJ -» < 
r 1'1 ;;0 

VI 

OJ 
(1) 

-s 
" (1) 
--' 
(1) 

z~ 
O~ 
---In 
-,~ 

ITI~ 
~ 
> 

n 

'" ., ,., 

III ... 
--' I~ : CO r-
~ U1 
QI U1 
-s 
() 
:::r 

1.0 
00 
N 

1.0 
." 

o • 
C'I 

N ... 
co 

" 



LAWRENCE BERKELEY LABORATORY. UNIVERSITY OF CALIFORNIA. CODE SERIAL 

I 
PAGE 

10 OF 28 ENGINEERING NOTE P4l000 M5855 
AUTHOR :LOCATION OATE 

M. A. Green I
DEPARTMENT 

MECHANICAL ENGINLERTNr, Berkeley 1 March 1982 

3) Change of magnet dimensions during cool down 

The previous study of the behavior of the magnet during coo1down 
assumed that the magnet has the same total contraction coefficient in 
the radial and longitudinal direction. This is not true. The magnet 
bore tube is pre-stressed by winding the superconductor under tension. 
As the bore tube cools the tension in the suoerconductor is relieved 
and the pre-compression of the aluminum is also relieved. According 
to Reference 8 the total contraction coefficient of the coil package 
in the radial direction is -3.84 x 10- 3 for a cool down from 300K to 4K. 

In the longitudinal direction, the superconductor is put in compres
sion as the aluminum is put in tension. The effect is combined with a 
Poisson's ratio effect caused by the relief of pre-strain in the hoop 
direction. According to Reference 7, the total contraction coefficient 
in the length direction is -3.99 x 10- 3 for a cool down from 300K to 4K. 
(For comparison the total contraction coefficient for aluminum is 
4.15 x 10- 3

, and for superconductor it is 2.85 x 10- 3 .) 

Using the above contraction coefficients, the diameter of the coil 
package (at the end of the sunports) will be reduced by 8.33 mm as the 
coil cools down from 300K to 4K. The length of the coil (between the 
supports) which is 3.5m wi 11 be reduced by 13.96mm during the coo1down. 

4) Changes in magnet dirilens ions as the magnet coi 1 is changed 

As the superconducting magnet is charged its diameter and length 
are changed. As the magnet is charged the magnetic stress is split be
tween the superconductor, bore tube and the cooling tube. (The ultra-pure 
aluminum is assumed to carry no stress.) Using the methods outlined in 
Reference B, one can calculate a radial growth of the center of the coil 
which has a magnitude of 0.91mm when the coil is charged a central in
duction ofl.50T. (This assumes that the coil bore tube deforms elasti
cally. It does after the first time.) 

The edges of the coil do not grow radially as much as the center of 
the coil because there is a relatively stiff ring all around the edge. 
The radial growth at the magnet support points is likely to be around 
0.6mm (see Figure 4). Poisson's ratio will cause the coil to shorten as 
it grows radially due to magnetic force. As the magnet is charged to 
1.50T central induction its diameter increases by 1.88mm and its length 
decreases by 0.88 mm. The changes in coil radius at the support point 
and half length as a function of central induction are 

( 
B \2 

llR ::::: 6. 3 x 10- 4 1. ~-) 

RL- 3220- 2a{ Be •• 8/71) 
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and 

( 

B .. )2 
... 0 I1Z ~ -4.4 x 10- ~ -3b-

where I1R is the change of radius of the coil center and I1Z is the change 
of length of the coil half length where Bo is the central induction (note 
all lengths given in Equations 3a and 3b are in meters). 

5) The design of the compression rod supports geometry 

From the previous two sections it is obvious that one must design 
the support system so that thermal contraction and changes in magnet di
mensions are both considered. The TPC magnet has very little space for 
the compression rods. As a result, the change in support point position 
with thermal contraction and magnetic forces will result in changes in 
rod length which will be large relative to the rod length. Unless the 
geometry of the support system is properly chosen, large rod stresses 
will occur when the magnet is cooled and charged. 

In a previous Engineering Note (see Reference 3) it was stated that 
the support points had to be chosen so that the distance between the two 
support points (at the warm and cold ends of the rods) changed only as 
much as the rod length changed as the magnet cooled down. This philoso
phy is the right one as long as the magnet dimensions don't change dur
ing charging. Unfortunately this is not the case, so one must design 
the support system for both cool down and magnetic effects. TABLE 3 shows 
the changes in radial and longitudinal distances between the magnetic 
field at the center of the magnet. 

TABLE 3. The changes in the radial (R) and longitudinal (Z) 
distances between the rod support points in the TPC 
magnet cryostat as a function of temperature and 
central induction 

Temperature 
, 

Central Magnetic I1R I1Z 
Case (OK) Induction(T) (mm) (mm) 

1 300 0.00 -- --
2 200 0.00 1.87 -3.14 
3 77 0.00 3.75 -6.29 
4 4 0.00 4.17 -6.98 
5 4 1.00 3.89 -7.18 
6 4 1. 50 3.54 -7.42 
7 4 1.65 3.41 -7.51 
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It is clear from TABLE 3 that a support system cannot be designed 
whi'ch satisfies both the coo1down change of dimensions and the change of 
dimensions due to magnetic forces. If the support rods are quite long 
(say 300 - SOOmm) this does not really matter. The TPC magnet support 
rod lengths are limited by the space they are allowed to occupy. As a 
result, the length of the rods for the TPC magnet were set to l14mm for 
the radial support rods and 140mm for the anti-rotation support rods. 
These rod lengths are short so that the changes in radial and longitud
inal space given in TABLE 3 will affect the stress and strain in the 
rods themselves. 

There are only bJO conditions worth designing for. These are: 
1) matching the rod length to rod space at the end of the coo1down to 4K 
and 2) matching the rod length to rod space when the TPC magnet is at 
full design central induction of 1.ST. Calculations were done under 
both design conditions. After some thought, the second design criterion 
was chosen because compression rod pre-stress did not have to be added 
to the stress in the rods due to magnetic excitation of the coil. 

The rod angles and component lengths (in each direction) can be 
calculated using the following set of equations:.3 

~L - L L = L a - start - end rod -4-

where ~L is the change in the spacing between the support point on the 
coil package to the support point on the outer cryostat vessel and where 
L rod is the rod length and a is the total thermal contraction coef
ficient between 300K and 4K. The following equations can be used to 
calculate Lstart and Lend: 

Lstart = [R' + Z, + X'] 1/' -4a-

and 

Lend = [(R + IIR)' + (I + liZ)' + (X + IIX) ,]'/' -4b-

where Lstart is the spacing length between the support point on the 
coil package and the support point on the outer cryostat vessel when the 
magnet temperature is 300K. Lend is the same spacing when the magnet 

DT _ 'l" 'lin _ 4) _I D ... _ a /., 1 \ 
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is at 4.2K and the coil is energized to design current. R is the r 
component length of Lstart (in the R direction on the magnet cylinder); 
Z is the z component length of Lstart (along the length of the magnet 
cylinder); X is the component in theta direction perpendicular to R 
and Z directions. ~R, ~Z, and ~X are changes in R, Z and X re
spectively. (Note ~R and ~Z are given in TABLE 3.) 

For the radial support rods which have no X component one can solve 
for the rod angle e iteratively using a calculator 

Z Tane = R -5c-

If the support system is designed so that rod spacing decreases by 
a factor aLrod (where a is 2.7 X 10- 3 for NEMA G-10 rods) during a 
cool down from 300K to 4K. The resulting angleS = 35.140 , when the rod 
length is 114mm. lf the support rod is designed so that rod spacing de
creases by a factor a during a cool down from 300K to 4K and charging 
of the coil to a design central induction of 1.5 Tesla. The resulting 
angle S = 29.790 , when the rod length is 114mm. 

The anti-rotation rod spacing has an . X component of 80mm, ~X of 
-0.3mm, and the starting length of the space and rod is 140mm. The calcu
lated values of e as defined by Equation 5c are: S = 34.650 when only 
the cool down is considered when matching the space between the coil pack
age and the cryostat, and e = 29.390 when both cool down and charging to 
1.5 Tesla central induction is considered. 

Since the TPC magnet support system is a compression strut support 
system, enough pre-compression must be put into the rods so that changes 
in support point spacing due to cool down and coil excitation can be taken 
up without the support rods coming loose and the magnet changing position 
within the cryostat vessel. This pre-compression will cause the rods to 
compress and the support points on the magnet coil package and outer cry
ostat vessel will deflect. This deflection becomes very important in de
termining the rod pre-loading and the total loading on the rods when the 
200,000 N force is applied in either the radial or longitudinal directions. 

The support bracket angle was defined so that the rods were at this 
angle when the magnet is cooled down and powered. For example, the radial 
support rods should have an angle of 29.70 before cooldown. After coo1-
down and powering of the coil, this angle changes to 25.50 . The support 
bracket angle is set to the lower value. Longitudinal and radial forces 
on the coil will be transmitted straight down the rods to the cryostat. 
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\~hen the magnet was mounted inside the cryostat, the location of 
the support rod cup was determined. by match drilling through the hole in 
the support bracke~. (A drawing of the radial su~port bracket is shown 
in Figure 5.) Once the point for the cup center was determined by match
drilling the pilot hole, the center of the support cup was moved 7mm 
along ,the Z axis toward the center. The movement permits the rod axis 
to correspond to the support bracket hole axis when the TPC magnet is 
cold and charged to full design current. 

The support cups whi ch \'/ere mounted in the a 1 urni nurn outer cryostat 
vessel are made from 304 stainless steel. The support brackets are made 
from 6061 Aluminum. The plugs are made from 304 Stainless Steel. These 
plugs are screwed into the support brackets. Adjustment and pre-stress 
of the compression rods are obtained by screwing these plugs in and out 
of the brackets. All support adjustment can be made from inside the mag
net. The threads of the plugs were coated \'Jith molybdenum disulfide so 
that galling is eliminated. 

6. Magnet system compliance and the loading of the compression rods 

TABLE 4 shows the support point spacing rod length and compliance 
for the radial and anti-rotation rods on the TPC magnet when the magnet 
coil has been correctly mounted in the cryostat and the rods have been 
pre-stressed so that the total takeup compliance for the system is 1.00mm 
at 300K. 

TABLE 4. Support point spacing, support rod length and takeup com
pliance for the support system when the rods have been 
pre-stre?sed for a room temperature compliance of lmm 

Magnet Central Undeflected sup- Unstrained rod System com-
Temp (K) Induction(T) port space(mm) length (mm)pl iance*(mm) 

Short rods 
300 

4 
4 
4 
4 

Long rods 
300 

4 
4 
4 
4 

e = 29.790 

0.0 
0.0 
1.0 
1.5 
1. 65 

e = 29.300 

0.0 
0.0 
1.0 
1.5 
1.65 

113.00 
113.44 
113.10 
112.68 
112.52 

139.00 
139.24 
138.97 
138.62 
139.49 

114.00 
113.68 
113.68 
113.68 
113.68 

140.00 
139.62 
139.62 
139.62 
139.62 

-1.00 
-0.24 
-0.58 
-1.00 
.,.1.16 

-1.00 
-0.38 
-0~65 
-1. 00 
.,.1.13 

*A negative compliance means that the support rods will end up in 
compression . 

RL- 3220_ 2.< Rey.8/71) 
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The cemp1iance shewn in the last celumn .of TABLE 4 can be taken up 
by the fellewing deflectiens: (1) a shertening .of the red as it is cem
pressed, (2) radial deflectien .of the ceil package inward at the supoert 
peint, and (3) radial deflectien .of the .outer cryestat .outward. The cem
pressive ferce applied te the red needed te achieve the cempliance given 
can be calculated using the fellewing type .of equatien: 

F = k dx red 

where Fred is the red ferce; k is the system spring censtant; 
dx is the system cempliance .or deflection. The spring censtant 
be calculated as fellews: 

1 1 1 - 1 = + + k 1<; kz 1<; 

-5-

and 
k can 

-6-

where kl is the spring censtant .of the red; k2 is the spring censtant 
.of the .outer cryestat vessel; and k3 is the spring censtant .of the ceil 
package. The red spring censtant can be calculated as fellews: 

AcE 
= T -6a-

where Ac - is the cress-sectienal area .of the red; E is the elastic 
medulus of the red; and 1 is the length .of the red. 

Using equatien 6a and an elastic medulus .of the red including the 
balls .of 5 x lOlONm- 2

, .one can calculate the f.ollewing values fer k 
if the reds are 25.4mm diameter selidreds: 

shert red ~ = 114mm 
leng red 1 = 140mm 

kl = 2.22 x l08Nm- 1 

kl = 1.81 x 108Nm- 1 

The values .of k2 and k3 can be estimated using the deflectiens 
given in TABLE 2: 

= L W 
R (S -6b-

where L is the red 1 ength, R is the r cempenent .of the red length, 
W is the ferce (in TABLE 2, ~I = 6 x l04N), 0 is radial deflectien (see 
TABLE 2 fer values .of deflectiens). 
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short long· 

4.61 x 107Nm- 2 5.78 x 107Nm~2 

The following are the estimated values for the spring constant k: 

For the short rod system k = 3.4 x 107Nm- 2 

For the long rod system k = 3.9 x 107Nm- 2 

So the lmm compliance will result in a compressive force on the compres
sion rods of 34,000 N on the short rods and 39,000 N on the long rods. 

7) Compression rod loading and maximum force conditions 

Since the R, Z, and X components are known for each rod before 
and after cool down, the force on each rod (worst case force) can be esti
mated for a longitudinal radial loading of the coil package of 2 x 10sN 
(20 metric tons) .. There are a number of possible loading patterns on 
the rods; for the sake of simplicity I assume the worst case when the 
magnet is cold. 

For the short rods (radial support rods), the rod loading as a func
tion of longitudinal force FTZ and radial force FTR are given by the 
following equations: 

and 

FTZ L 
= -6-"'[ 

FTR L 
F rod = 4 R 

-7a-

-7b-

where L is the length of the short rod (L = l14mm); R is the radial 
component of the rod length; and Z is the longitudinal component of rod 
length. (For the short rods under worst case loading conditions, Z = 
49.2mm and R = 102.5mm.) 

For the long rods (anti-rotation support rods), the rod loading as 

RL - 3220 - 2.( ReT. 8/7 1 ) 
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a functiqn of the longitudinal force FTZ and the r.adi al force FTR are 
given by the following equations: 

FTZ L 
Frod = l2' I -7c-

and 

-7d-
FTR L 

F = rod -6- R 

where L is the length of the long rod (L = l40mm); R is the radial 
component of the rod length; and Z is the longitudinal component of rod 
length (for the long rods under worst case conditions, Z = 48.8mm and 
R = 103. 7mm). 

In order to calculate total rod force, one must add Frod calcu
lated by Equation 7a, 7b, 7c and/or 7d to the maximum pre-loading of the 
rod. The maximum rod pre-loading is unlikely to exceed the lmm compli
ance case given in the previous section. As a result when FTZ and 
FTR are 2 x 105 (separately, not together), the worst case calculated 
rod force is given as follows: 

short rod 
worst case 
force 

long rod 
worst case 
force 

The rod loadings given above are used to determine the cross-section, 
shape and material for the TPC magnet compression rods. Material selec
tion criteria are given in the next section of this report. 

If one sets the maximum rod loading to 1.11 x 105N (which will occur 
in the short rods when the force is 2 x 105 N in the longitudinal direc
tion), the maximum allowable force in the radial direction would be 
2.48 x 105N. If the maximum force isaoolied at 450 , the maximum force • • 5 . 
the support system can carry will be 1.74 x 10 Nt when the short rod 
carries a maximum of 1.11 x 105N. Figure 6 shows the Rand Z compon
ents of force for loading at various angles. 

8) The selection of rod material and crOss-section 

In the previous section, an estimate of 1.1 x 105 maximum force on 
the rod was estimated. The space allotted for the compression rods 

RL - 3220 - 2.( B 8Y • 8/7 1) 
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allows for rods up to 31.8mm in diameter. The rod dimaeter should be 
minimized. TABLE 5 shows the yield stress, elastic modulus, total con
traction coefficient and the thermal conductivity integral for materials 
suitable for use in compression rods. The thermal conductivity integral 
is defined as follows: 

-8-

where r is the thermal conductivity integral between temperatures T1 
and T2. k(T) is the thermal conductivity of rod material as a function 
of temperature T.1., 3., 8., 9 

TABLE 5. 

Material 

304L Stainless 
Steel 

Titanium 
T1 6A£ 4V 

NE~1A-G-lnCR 
fiberglass epoxy 

Carbon fiber epoxy 
HT-S/x904 

Thermal and mechanical properties of 
various compression rod materials 

Thermal 
Conductivity 

Inteqral 
300-4K(~Jm-1 ) 

3050 

1650 

200 

",150 

Yield 
Stress at 

300K (Nm- 2) 

3.9 x lOB 

8.8 x lOB 

3.2 x lOB 

",7 x 108 

Elastic! ~otal Thermal 
Modulus at Contraction 
300K( Nm-2) 300 - 4K 

19.0 X 1010 3.1 X 10- 3 

11.2xlOlo 1.7 x 10- 3 

2.8xl010 2.4 x 10- 3 

"'13 x 10\0 < 10- 3 

One may define a coefficient of performance for compression rods by 
dividing the thermal conductivity integral r by the rod material yield 
stress. By all standards carbon-fiber epoxy rods are best; 304 Stainless 
Steel rods are the worst. The use of carbon fiber epoxy rods is a rela
tively new idea which was discussed at a recent conference on non-metallic 
composites at cryogenic temperatures. Since the properties of the carbon
fiber rods were not understood in 1979 (when the TPC magnet support rods 
were finally selected), we decided to use NH1A G-10 rods. 
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Numerous breaking tests were done on a series of NEMA G-10 or FR-4 
(fine retardant NEMA G-10) rods. The first rods we tested were made from 
a dark green form of NEMA G-10. These rods performed very \'/e 11 once the 
end balls were properly design. Breaking stresses of over 4 x 10BNm- 2 

were measured in both the short and the long rods. The dark green NEMA 
G-10 or FR-4 had been in laboratory stock for some time. LBL stock ran 
out of the dark green material.· ~/e obtained light green material from 
stock and its breaking stress was just over 2.8 x lO BNm- 2 using the prop
er end balls. After much discussion we decided to use NEMA G-10 CR 
grade. This material is uni·form in its properties. All samples broke 
at forces of 35,000 to 39,000 pounds. The breaking stress in these rods 
varied from 3.07 x 10BNm- 2 to 3.42 x 10BNm- 2 • 

The end ba 11 s of the compression rods were made from Beryl 1 i um Cop
per. This material is less likely to gall the 304 Stainless Steel socket 
plates and plugs. The compression rod tests showed that the rods will 
withstand maximum force if the ends of the rods are confined by a lip of 
Beryllium Copper on the end balls. He glued the end balls to the end of 
the rods so that they wouldn1t falloff. Each of the compression rods was 
proof tested and cycled to a force of 18,000 pounds. One rod was tested 
for creep and we measured very little creep after three months. 

Since the maximum force on the rods (the short rods) is 1.1 x 10sN, 
a rod cross section of 5 x 10-4m2 seems appropriate. As a result, a one
inch (25.4mm) diameter solid rod was selected. TABLE 6 shows the pro
jected rod stress in the short and long rods which have been pre-stressed 
so that the room temperature compliance has been set at 1.00mm. 

TABLE 6. The projected stress in the short and 
10ngTPC magnet compression rods 

Magnet Central EXternal External Rod Stress* 
Temp. Induction Force Force (Nm _2) 
(K) (T) (N) Direction Short Rod Long 

300 0.0 - - -0.67 X lOB -0.77 X 

4 0.0 - - -0.16 X 108 -0.29 x 
4 1.0 - - -0.39 X lOB -0.50 X 

Rod 

lOB 
1 DB 
lOB 

4 1.5 - - -0.67 X lOB -0.77 x 1 DB 
4 1.5 2 x 105 Radial -1.77 x lOB -1. 66 x lOB 
4 1.5 2 x 105 Longitudinal -2.19 x lOB -1. 71 x lOB 
4 1.65 - - -0.78 X lOB -0.87 x 1 DB 

*The rods have been pre-stressed at room temperature so that the 
total system deflection is lmm. Note negative stress indicates compres
sion. 

RL - 3220 - 2 a( ReT. 8/ ? 1) 
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TABLE 6 shows that estimated maximum stress in the short rod is 
2.2 x 10BNm-2. This stress is roughly two thirds of the yield stress 
(also the breaking stress) of the rod. The maximum stress condition is 
likely to occur only during a quench while the TPC magnet is in the iron. 
Most of the rod is at a temperature below lOOK. At lOOK or below, the 
rod yield stress will exceed 6 x 10BNm-2. Failure can only occur at the 
room temperature end of the rod. Fatigue is not expected to be a prob
lem. 

The magnet coil package has a cold mass of about 1700 kg. The sup
port system is capable of withstanding accelerations 12 times gravity. 
In general, one designs a support system for 4 times gravity accelera
tion if the cryogenic device is to be transported by truck. 10 Bumpers 
and temporary supports are not needed when the TPC magnet is transported 
to SLAC. 

9) Estimated heat leak through the support rods 

The length of the NEMA G-1O CR section of each support rod is 79mm 
for the short rods (which have an overall length if l14mm) andl05mm for 
the long rods (which have an overall length of l40mm). For the sake of 
the thermal calculation, the Beryllium-Copper balls are assumed to have 
infinite thermal conductivity. The contact resistance between the balls 
and the sockets are assumed to be zero. (The entire thermal gradient is 
taken across the NEMAG-lOsection.) Each NEMA G-10rod has a liquid 
nitrogen temperature intercept (about 80K) about 25mm from the warm end. 
Heat intercepted at this point is carried to the copper liquid-nitrogen
cooled shield through a braided copper strap. 

The heat conduction down the struts can be determined using the fol
lowing equation: 

rAc 
Q = c -L-

where Qc is the heat leak down the support strut;Ac is the cross-sectional 
area of the strut; and L is the length of the strut. The r term is the 
thermal conductivity integral between the temperatures T1 and T2 and 
the rod ends. ,lI, mathematical expression for r can be found using Eq. 8. 

The value of the thermal conductivity integral from 300K to 4K is 
given in TABLE 5 for various material including NEMA G-10. The thermal 
conductivity integral from 80K to 4K is typically an order of magnitude 
suitable for thermal insulators. The value of r for NH1A G-10 from 80K 
to 4K is 18 Wm- 1; the value of r from 300K to80K is 182 WIn-I for NEMA 
G-10. 

BL- 3220- 2.( Be y. 8/71) 
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Using the values of r given in TABLE 5 and in the previous para
graph, one can calculate the projected heat leak down the rods using 
Eq. 9. The heat leaks calculated for each of the compression rods are 
given as follows: 

Short strut heat leak to 4K with no nitrogen = 1.28\4 
Long strut heat leak to 4K with no nitrogen = 0.96\01 

Short strut heat leak to 4K with nitrogen = o .17l'l 

Long strut heat leak to 4K with nitrogen = O.12W 
Short strut heat leak to liquid nitrogen = 3.90H 
Long strut heat leak to liquid nitrogen = 3. 90~1 

The entire TPC magnet support system has eight rods of each type. 
The maximum possible heat leak into the TPC magnet cryostat through the 
supports will occur when the liquid nitrogen system is turned off. The 
estimated support heat load with no liquid nitrogen is estimated to be 
about 18 watts. When the liquid nitrogen system is operating the heat 
leak through the supports can be as low as 2.4W. The most probable 
strut heat leak can be expected to be around.5 watts. When the liquid 
nitrogen system is operating, the heat leak to the liquid nitrogen system 
is expected to be between 60 and 70 watts. 

It is believed that the use of carbon fiber epozy rods would have 
resulted in a lower heat leak support system. The use of carbon fiber 
epoxy rods might permit one to reduce the support rod heat leak about a 
factor of 2.5. At the time support system was designed, we did not know 
if carbon-fiber rods had a low enough heat leak to justify their use. 
The use of carbon-fiber support rcx:ls was not reported until JI.ugust of 1980 
at a non-metallic composite materia'is meeting at CERN.9 To my knowledge, 
that was the first time the thermal conductivity integral for carbon
fiber epoxy was reported. 

10) Stability of the TPC magnet support structure while the magnet is 
operating in the iron at SLAC 

When the TPC magnet is in iron, it lies in a saddle point from the 
standpoint of stability. When the coil is moved radially so that the 
center of the coil is not concentric with the axis of the iron poles, a 
force develops which forces the axes to become concentric. The magnet 
is stable against small radial deflections. If the magnet is moved 
along its axis so the magnet center is closer to one pole than the other, 
a longitudinal force is developed which pulls the coil to the closer pole 
The magnet is unstable against longitudinal deflections. If the magnet 
is rotated between the poles, a moment develops which tries to align the 
magnetic axis of the solenoid coil with the axis of the iron poles. 
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From the computer studies reported in Refe~enae 4, a longitudinal 
displacement of the TPC magnet current (when it is charged to 1.5 Tesla 
central induction) of 3.67 x 10-2m will cause a longitudinal force of 
,4.6 x 105N. The force deflection coefficient for the TPC magnet at 1.5 
Tesla central induction is 1.25 x 107Nm-l. (This force deflection co-
efficient goes as coil current or central induction squared, to the 
first order.) All that is necessary for support system stability is 
that spring constant in the longitudinal direction be greater than the 
force deflection coefficient. All that is necessary to calculate the 
longitudinal spring constant is the following expression: 

k ::::: k1. z z -10-

where k is the rod system spring constant defined by Equations 6, 6a 
and 6b. L is the length of the rod and Z is the z component of rod 
length. For the short rods kz = 7.7 x 107Nm- 1

, and for the long rods 
kz = 10.9 x 107Nm- 1 • For the whole magnet support system the support 
system spring constant in the longitudinal direction is around 8 x 107Nm- 1

• 

Thus one finds that the TPC magnet support system is stable up to the 
critical current of the magnet (estimated to be just over 4000A). Since 
the TPC magnet power supply delivers only 3000A, support system stability 
is not a problem. 

11) The resonant frequency of the TPC magnet support system 

It is often useful to determine the resonant frequency of magnet 
support system. If the frequency is high compared to the dominant fre
quency of earthquake or truck vibrations, the magnet will be safe under 
these conditions. If 2TI over the resonant frequency is short compared 
to the time constant of a quench, the quenching of the magnet will not 
induce serious vibrations in the magnet coil system. 

The resonant frequendesfor the coil package in the cryostat can be 
determined using a simple spring mass equations: 

8'1' Q 1& 9n _ 9 _ t D .. _ Q / ., 1 \ 

fz = 2~ f; 
fr = 1 fkr 

2TI~m 

-lla-

-11 b-
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where fz ;s the resonant frequency of the coil in its supports in the 
t direction; fr is the resonant frequency of the coil in its supports 
in the r direction; kz is the support system spring constant in the 
z direction; kr is the support system spring constant in the r direc
tion; and m is the mass of the coil package. 

The value of kz ;s about 8 x l07Nm- 1
; the value of kr is about 

4 x 107Nm- 1 ; and m,the coil package mass, isaround 1700 kg. Using 
equations lla and llb,fz and fr have the follmAJing calculated val
ues: 

fz ~ 34.5 Hz 

and 
fr ~ 24.4 Hz 

The frequency spectrum of an earthquake is from 0.1 to around 8 Hz. 
The frequency spectrum of a truck ride is from 1 to 10Hz. The time 
constant of a magnet quench has a minimum value of about 1.5 sec. The 
magnet coil should not vibrate excessively within the cryostat. 

12) Concluding comments 

This report describes the TPC magnet compression rod support system 
and the equations used to design it. The support system which was de
signed and built in 1979 was successfully tested in 1980. 11 The follo\'J
ing concluding comments can be made about the TPC magnet support system: 

1. The support system consists of radial support struts 
and support struts which resist rotation. The sup
port system will carry 2 x l03N in the radial or 
longitudinal directions. 

2. The TPC ma9net coil is supported at six points at 
each end. Support at less than six points will re
sult in excessive deflection. 

3. The support system is self centering. The magnet 
coil center ;s the same warm, cold or charged. 

4. The support system doesn't match the cool down coil 
dimensions and the coil dimensions after the magnet 
is fully charged. Compl iance in the rods, coil and 
cryostat permits the support system to work. 
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5. The s uppo rt rods are made from NEMA G-1 0 CR wi th 
copper-beryllium balls on the ends. The rods are 
25.4mm (1 inch) in diameter. 

6. The calculated support system heat leak is ex
pected to be around 5 watts. The measured heat 
leak for the cryostat suggests this may be close 
to the correct value. 

7. The support system is stable when the magnet is 
fully charged in the TPC magnet iron. 

8. The resonant frequency of the support system is 
above the primary frequencies of earthquakes, 
truck transport and magnet quenching. 

The support system is designed to be compact and entirely enclosed by 
the TPC magnet cryostat vacuum vessel. The support system was designed 
around the electrical leads and the cryogenic system. (Figure 1 shows 
a north end view of the magnet coil package. Figure 7 shows a radial 
support bracket, the rod and the support points in relation to the coil 
package, liquid notrogen shields and the cryostat.) 
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