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The schematic diagram of the 350 GeV/c Dichromatic Train 

(N-30) 1 which is presently under construction is shown in 

Figure 1. The primary proton beam after striking the target 

will be dumped in one of the magnet beam absorbers which are 

placed inside the magnet apertures depending upon the tune of 

the train. This arrangement is necessitated primarily due to 

the spacial limitation of the target tube where the train is 

installed and raises the most serious questions about radiation 

damages of the magnet coil insulation and mechanical damages of 

the absorbers themselves due to thermal stresses caused by 

the beam. 2 

In this report we describe the general characteristics of 

the magnet beam absorbers and analyze thermal stress problems. 

We made an estimate of the structural strength against the thermal 

stress. Next we studied the thermal stresses at the maximum 

energy density area. The thermal diffusion effect was also 

considered. Finally, we established the safe limit of the beam 

intensity as far as the thermal stresses are concerned. 

II. General Characteristics 

The magnet beam absorbers are installed in the first seven 

magnets, Dl,Ql,Q2,D2,Q3,Q4, and QS. The Dl and Ql absorbers 

are used only for collimation of the secondary particles and 
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the primary proton beam is not dumped in these absorbers. The 

Q2,D2,and Q4 absorbers are used as the beam dump. 

All the magnets except for trim magnets and beam targetting 

magnets located upstream of the target are of main ring type. 

The bending magnets were fabricated with vacuum chambers and 

the absorbers fill the inside volume of the chamber. On the 

other hand the first five quadrupole magnets were fabricated 

without vacuum chambers to provide a better protection against 

radiation damages on the coils. The absorbers were machined to 

fill as much of the opening as practical. Cross section views 

of the D2 and QS absorbers are shown in Figures 2A and 2B. The 

absorbers were fabricated from 6061-T6 aluminum for strength 

and ease of machining. Each absorber has a beam aperture hole 

and a water cooling passage. Dimensions of the beam aperture 

holes were determined from the considerations of minimum useful 

apertures for the secondary particles and a clean beam dumping. 

Ideally, from a heat transfer point of view, the absorber should 

be one piece construction. However, the machining of the aper­

ture holes precludes this possibility. Two piece construction 

with an appropriately selected split line allowed easier 

machining of the aperture hole and kept the cost low. 

The two pieces are bolted together with the clearance holes 

being slots, machined parallel to the beam axis. Thus, if the 

heat transfer across the split line is not good, the parts are 

allowed to shift axially relative to each other. The cooling 

hole is 0.75 inches in diameter on all units. It was rifled 

bored with liberal tolerances. The cooling hole was positioned 

as close to the dump area as practical. Based on estimated 

energy deposition into the absorbers, the cooling flow rates 

vary from 2 gpm to 18 gpm at a temperatures rise of 20°c. 

Figure 3 shows temperature dependences of yield strength 

and thermal stress 3 for 6061-T6 aluminum4 when a massive body is 

heated locally to the temperature T from the ambient temperature 

T0 :::: 25°c. As will be discussed in the next section, the tempera-
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ture rise in the beam absorber is sharply peaked particularly 

in the radial direction when the thermal diffusion during the 

beam pulse is small. Therefore, the thermal stress is purely 

compression stress. In the normal run, a beam pulse strikes 

the absorber and causes non-uniform temperature rise which is 

diffused and cooled down to the cooling water temperature 

before the next pulse arrives. This temperature cycle is 

repeated during every accelerator pulse and may damage the 

absorber from fatigue. Figure 4 shows fatigue strengths of 
6061-T6 aluminum as functions of compression and tension stresses 

for 10 6 ,10 7
, and 10 8 cycles at the room temperature. In the 

case of the beam absorber, the tensile stress is essentially 

zero. Then the strength limit for 10 7 cycles corresponds to 

the yield strength at the room temperature. Since the tempera­

ture dependence of the fatigue strength for 6061-TG aluminum is 

not readily available, we assume that the fatigue strength has 

the same temperature dependence as the yield strength. Then, 

from Figure 3 the temperature rise per pulse of 120°c can be 

allowed for the run of 10 7 pulses provided that the absorber is 

cooled down to the cooling water temperature between the pulses. 

Since some damage at a small area of the maximum energy density 

can not completely destroy the absorber, the above limit is 

conservative. 

We now make a stress analysis for the thin sections at the 

beam aperture corners which are structurely the weakest. The 

member is treated as a column with fixed ends. Using the 

straight line column analysis 5 ·.the critical load, F c, is given by 

Fe =A (S - 31.2"C} 

where A is the cross sectional area of the thin section (l" x 

J
S 3 I 

0.125"), S the yield stress, C = 271T 2 E and Ethe modulus of 

elasticity (E = 1.0 x 10 7 pe,;i. for aluminum). Then, the tempera­
ture difference, !:J.T, which corresponds to the critical load is 

given by 
/:J.T =~ 

a.EA 
S-31. 2C = a.E 
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where a is the coefficient of expansion. For S ~ 20 ksi the 

second term is about 10% of the first term which corresponds 

to the thermal stress due to the local heating in a massive 

body. Thus, the strength of the thin sections is about 10% 

weaker. However, since the thin sections are always arranged 

far from the maximum energy density area, any serious problems 

are not foreseen from the thin sections. 

III. Thermal Stresses 

In the present analysis, we consider only the quasistatic 

thermal stress 6 which is caused by non-uniform energy distri­

bution from cascade showers in the beam absorber. The dynamic 

thermal stress 7 which is very important for a very fast beam 

spill (<l msec) is negligible for one-msec or longer spills 

and has been neglected. 

Figures 5,6, and 7 show computed energy density distributions 

in aluminum as a function of the depth z, of absorbers for 

different radial bins, R. The CASIM program by Van Ginneken was 

used. The incident proton energy is 400 GeV. The beam strikes 

an aluminum absorber directly in the case of Figure 5 and an 

aluminum target of about one interaction length is followed by 

an absorber at the distance, D, of 300 and 600 cm for Figures 6 

and 7, respectively. They correspond roughly to the Ql and Q2 

dumps shown in Figure 1. The maximum energy density appears at 

the radius bin of 0 to 1 mm and around the depth of 60 cm for 

all the cases. The radial distribution of energy density is 

shown in Figure 6 for different depths. It is sharply peaked 

at R = O. The effects of nuclear absorption and Coulomb scatter­

ing by the target can clearly be seen in Figures 5 and 7. The 

peak energy density decreases more than a factor of e(=2.72) at 

O~R~l mm but less at the larger radii. For the further downstream 

absorbers the maximum energy density becomes smaller. 

The CASIM program computes the energy density for a single 
proton. The radial binning of 1 mm used in the analysis can 
roughly correspond to the energy density distribution for the 
beam of a 1 mm radius. Since the radial energy density distri-
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bution has a sharp peak at R = o, the beam divergence effect 

is significant. Figure 9 shows this effect for the three 

cases. Gaussian distributions with a = 0,1,2, and 3 mm are 

superimposed to the radial energy density distribution. This 

effect becomes very important when the distance between the 

target and the absorber gets longer. For the Q2 absorber the 

beam divergence of 0.2 rnrad gives 1.2 mm radial dispersion. 

Effects from magnetic fields of the Dl and Ql are neglected. 

We now study the thermal diffusion process in the aluminum 

absorber after the beam strikes it. For ease of computation 

we assume that the absorber is in the magnetic field free space 

and that there is no magnet between the target and the absorber. 

We also assume that the target is made of aluminum of one inter­

action length and the beam is radially symmetric. Then we can 

use the energy density distributions shown above. Since the 

magnetic field must diffuse charged cascade shower particles, 

the present estimate is conservative. The largest thermal stress 

should appear at the maximum energy density area. Since the Z 

dependence of the energy density is considerably smooth compared 

to the radial distribution, we consider only a region around 

z = 60 cm and assume an infinitely long cylinder with the radial 

energy density distribution in this region. 

The equation of thermal diffusion 3without heat source is in 

general given by 

au = - kl72u (1) at 
where u is the temperature distribution function, t the time, 

and k the thermal diffusion constant which has a relation, 

k = !__ = 0.95 cm2 /sec for aluminum. Here, A is the thermal con-
cp 

ductivity, c the specific heat and p the density. using the 

radial symmetry and no z dependence, equation (1) can be simpli­

fied to 
au(R,t) d 2 1 d 

d t = -k { dR 2 + R dR ) u (RI t) (2) 

If we assume that the absorber has an infinite heat sink at 
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R = R0 , i.e., u(R0 ,t) = T0 = 0 where T
0 

is the ambient tempera­

ture and zero in the arbitrary unit. Then, u(R,t) can be given 
by 

u (R, t) = · h E J 0 ( ~ R ) 2 -k A 2 j t J ~ f ( x) J 0 ( Aj x) dx 
C j=l [JdAj'R;;"fl ~ D 

(3) 

where f (R) is the temperature distribution at t = O and f (R)= O 

for R ~ R0 . J 0 (X) and J 1 (x) are Bessel functions, and Ai is the 
i th root of J0 (x)~ 

If the beam spill is short ($ 1 msec) , the thermal diffusion 

during the spill is negligible. Then, F(R) is given by the 

energy density distribution. The energy density of 1 GeV/cm 3 / 

proton corresponds to the temperature rise of 674°c for 10 13 

incident protons in aluminum. Let R0 = 2 cm and up to 40 terms 

summed in equation (3). Figures 10 and 11 show the radial thermal 

diffusion as a function of the time from the end of the 1 msec 

spill. The temperature at t = 0 corresponds to the temperature 

rise for a pulse of 10 13 400 GeV protons. 

For longer spill (> 1 msec) the thermal diffusion during the 

apill must be taken into account. To calculate this effect we 

assume that the beam spill is uniform and can be approximated 

by a series of short spills of an equal intensity, spaced uni­

formly in time. Then, immediately after one short spill arrives 

at T~ using equation (3) the thermal diffusion before the next 

short spill can be expressed as 
k' ,2 (4) 

2 oo J (A. R) - AJ t Ro ( ~ 
u(R,T+t)=c-2 j:l[J~ (/.~Roll 2e ..(x f(x)+u(x,T-o1Jo (A:Jx)dx 

where t is the elapsed time from Tr and f (X) is the added tempera­

ture rise by a single short spill. Repeating this procedure 

we can calculate temperature distributions for longer spills. 

Figure 12 shows the maximum temperature rise at R = 0 and 60~ 
z~ 70 cm for various spill lengths. The energy density distribu­

tion is taken from Figure 6. The number of protons per pulse 
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is 10 13
• The thermal diffusion effect is rather small even for 

the spill of 10 msec. The maximum temperature rises per pulse 

as a function of spill length are shown in Figure 13 for the 

three absorber arrangements with the beam divergence effects. 

The D is the distance between the target and the absorber as 

sketched in Figure 9. The radial energy density distribution 

is spread out when the D is longer and a is larger. For such 

distributions the spill length does not strongly affect the 

maximum temperature. 

IV. Conclusions 

As discussed in the previous section we take the temperature 

rise of 120°c as the safe running criterion. Then, since it 

is reasonable to assume cr = 1 mm and D = 600 cm for the Q2 

absorber, the safe limit of the beam intensity is 1.3 x 10 13 

protons per pulse. If the spill length is much longer than a 
I 

few milliseconds, this limit can be larger. The absorbers 

located further downstream can also stand higher beam intensities. 

At present we are not planning to dump the primary beam at the 

Ql. If we do, however, the beam intensity must be reduced 

substantially as can be seen from Figure 13. For any test 

runs without the target the beam intensity must be kept as low 

as 0.3 x 10 13 protons per pulse if a= 0 mm. 

So far we have considered only the quasistatic thermal 

stress assuming that the beam absorber is cooled down to the 

room temperature before the beam pulse strikes it. It is, 

however, not clear how well the above assumption can be satis­

fied because a large fraction of the beam power is absorbed in 

the magnet core which surrounds the beam absorber. Tempera­

tures will be monitored at various critical locations of the 

magnets during the run. 

The Dl aborber will not be used as a beam dump, but act 

like a beam collimator. The Dl magnet and absorber will absorb 
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approximately 20% of the total beam power when the target is 

in place. This corresponds to 13 kW for the beam intensity 

of 10 13 protons per pulse with a repetition rate of 10 seconds 

at 400 GeV. Additional cooling will be provided by aluminum 

magnet cooling panels for the critical magnets. 
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1. Schematic diagram of the 350 GeV Dichromatic Train (N-30). 

2. Cross sectional views of the magnet beam absorbers of the 

D2(A) and D5(B). 

3. Temperature dependences of yield strengths and thermal 

stress for 6061-T6 aluminum. 

4. Fatigue strengths as functions of tension and compression 

for 6061-T6 aluminum. 

5. Energy density distribution for the 400 GeV incident proton 

in an aluminum absorber.· No target is used. 

6. Energy density distribution for the 400 GeV incident proton 

in an aluminum absorber. The target is made of aluminum 

of one interaction length and the distance between the 

target and the absorber is 300 cm. 

7. Energy density distribution for the 400 GeV incident proton 

in an aluminum absorber. The target is made of aluminum 

of one interaction length and the distance between the 

target and the absorber is 600 cm. 

8. Energy density, distribution for the 400 GeV incident proton 

is an aluminum absorber. No target is used. 

9. Energy density distribution as a function of radius for the 

400 GeV incident proton in an aluminum absorber, the beam 

dispersions of a = 0,1,2, and 3 mm are superinposed. 

10. Temperature rise and thermal diffusion -j.or a 1 msec beam 

pulse of 10 13 400 GeV protons in an alu~inum absorber. No 

target is used. 

11. Temperature rise and thermal diffusion for a 1 msec beam 

pulse of 10 13 400 GeV protons in an aluminum absorber. The 
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Target is made of aluminum of one interaction length and 

the distance between the target and the absorber is 300 cm. 

12. Maximum temperature rises per pulse as a function of spill 

length at R = 0 for a beam pulse of 10 13 400 GeV protons 

in an aluminum absorber. The target is made of aluminum 

of one interaction length and the distance between the 

target and the absorber is 300 cm. 

13. Maximum temperature rises per pulse as a function of spill 

length at R = o for a beam pulse of 10 13 400 GeV protons 

in an aluminum absorber. The beam dispersions of cr = 0,1 

and 2 mm are applied for three arrangements, i.e., no target 

case and cases with the aluminum target of one interaction 

length and the distances between the target and the absorbers 

being 300 cm and 600 cm. 
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