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STUDY OF BEAM LOSSES DURING FAST EXTRACTION OF

800 GeV PROTONS FROM THE TEVATRON

A.I.Drozhdin,l M.Harrison, N.V.Mokhovl

1. INTRODUCTION

The production of high intensity extracted beams from
the new generation proton accelerators such as the Fermilab
Tevatron, is limited primarily by radlation heating of the
superconducting coils from beam losses in the accelerator
structure. A low level of tolerable energy deposition in

[1-31  ecessitates the use ot

the superconducting colls
special protection measures: magnetic sweeping (dog legs),
multi-collimator systems, plugs inside magnets, etc. The
optimization of these measures 1s generally done via Monte
Carlo simulations. The projected rise of the energy and

intensity of extracted proton beams at the Tevatron and the
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creation of the new accelerators, S3SC, UNK, and LHC,
increase the importance of such studies. In this paper we
investigate the beam loss and quench problems in theTevatron
during fast extraction, calculationally and experimentally.
We conclude with results obtained from a collimator-absorber
system installed at D17 designed to significantly reduce the

exXxtraction losses in the ring.

2. CALCULATIONAL METHOD

We consider the situation in that half of the Tevatron
ring, between the primary and secondary extraction septa
from D@ up to A®, when during fast spill a part of the
proton beam interacts with the electrostatic septum wires.
The lattice and the geometric details are described

elsewhere.tl]

The simulation of hadronic-electromagnetic cascades in
the septum wires and in the downstream accelerator elements

is done with the Monte Carlo program MARS10 developed from

9.C4,5]

the code MARS Having a 10 MeV-20 TeV working energy

region this program is equipped with several new features:
additive quark model for high energy hadron-nucleus

interactions, a fast iteration-step geometrical module[6]



which 1is very convenient for constructing of three-
dimensional hadron, electvron and photon trajectories in the
accelerator equipment with complicated geometry 1in the
presence of magnhetic fields, and an algorithm for multiple
Coulomb scattering which is based on Moliere’'s theory with

consideration of the finite extent of the r'u.1c1<=.-1.13.[?:l

The flow of the calculation ig as follows. With MARS10
we simulate the beam interactions with the first elements
(electrostatic septa or the D¢ straight section as a whole)
and create a file of outgoing particles with energy greater
than some limit, E)EM=0.8 E,, for example, where EO i3 the
circulating proton energy. These particles are projected
through each lattice element sequentially using the program
STRUCT. Aperture checks are performed in each element and
the particle distributioins at the loss points are recorded.
Then choosing places in the lattice where the loss level is
high enough, the code MARS10 1is again used to calculate the
hadronic-electromagnetic cascades in the superconducting

magnets and other elements in those locations.

The electrostatic septum model wused in the calculation
has two sections, 354.33 ¢m length with 85.73 cm space

between, consisting of 75% tungsten and 25% rhenium wires of



0.002 inch diameter and 0.1 inch spacing with an angle of 25
urad between sections. The voltage setting is 93kV at 800
GeV so E=83.036 kV/cm. We have described as precisely as
possible all details of the geometry of the septum and
straight section downstreanm, the only approximation being an

effective longitudinal density for the septum wires.

//°1=/<5-93%%3- = 0.0, Ixita,
//Def = -%7/31, asjx|<¢l.5a,

1
.gyzal, l.5as<|x|<2a,

where D) = 19.5 g/em>, a = 0.001".

The equivalent magnetic field in the wires and in the

space between wires and the cathode is

0, x>2a, or x<-1.4 cm,

Beq = 0.5 BO (1-x/2a}, |x|<2a,

B -1.4 cm <{(x<{-2a,

0'
where BO = 0.3 kG.

The beam parameters at the septum are



0.7 mm, cyl = 20 wurad,

1 _ o
Xy ® 160 wrad, oL, = 8 uwrad,

Q
it

lo(x} = constant.

Taking into account the geometry, the beam angle spread

and the electrical field one can determine 8§-region from

which protons can strike wires -0.131% <xs
distribution is used to provide an absolute

the results.

Number of protons:

0.1358 mm. This

normalization to

WIRES

BEAM S-REGION  INTERSECT
1 0.047 0.014
2.13x10%2 1o0tl 2.98x10%+0

3. BEAM LOSS FORMATION DURING FAST EXTRACTION

In this section we present some of the calculational

results which are of a general character

optimize the protective measures.

and are used to



The extracted beam phase space diagram at the upstream
ends of the electrostatic septum and Lambertson magnet are
shown in Figure 1. The septum wires are 14 mm from the
closed orbit and the step size 1is 12 nmm. The phase of
extraction is such that the distance between circulating and
extracted beam 1s equal to omm at the wupstream end of

Lambertson magnet at the start of the extraction channel.ta]

The next three plots illustrate the energetic
characteristics of the source: electrostatic septum and D9
straight section as a whole. Figure 2 emphasizes the
importance of precisely simulating all physical processes
during high energy beam-septum interaction, even such as
Landau fluctuation of ionization losses and fluctuations of
the prompt ete” pair production by protons. {The
approximations can lead to the significant errors in the
energy region of the candidates to be lost.) As seen from
Figures 3, 4 there are no fast particles except the protons
at the downstream end of the D@ straight section.

Practically all of the neutrons, pions, and relatively slow

protons have been captured in the dog-leg bump.

The horizontal phase space distribution at the

downstream end of the stralght section is shown in Figure 5.



One can 3ee a two peaked structure 1in the x (radial)
distribution that is the consequence of the septum

shadowing effect.

To illustrate the predictive power of the code MARS1O0
we have reproduced all details of the geometry, material,
and magnietic fields of the Tevatron for the first 60 meters
from electrostatic septum up to <first spool piece. The
geometry and the positioning of beam loss monitors have been
also put in the calculation. Figure & shows the absorbed
dose in the loss monitorsgs installed on the D@ elements. The

beam intensity is ~1012

protons per fast spill. It ig
encouraging that the calculated dose and the readings in the
detectors agree well. It 1is 1important to point out that
loss monitor readings (absorbed dose) and the fast proton
losses as calculated with any program start to correlate

only in the relatively quiet region, after D@ bump for

example.

A snapshop of the ring-wide 1loss distribution taken
during fast spill is shown in Figure 7. The losses are
spread out around the ring at locations where the phase of
the scattered beam is such that particles are lost from the

machine aperture. In operational terms the beam losses at



the high-beta region at F49 were sufficient to limit the
intensity of a fast extracted beam pulse to ~ZXl012 to avoid

quenching the quadrupoles in this region.

In order to 1improve this intensity limitation we set
out to see whether it wouid be possible to devise a
collimation scheme which would be capable of affecting the
loss distribution significantly without quenching the
elements closest to the collimators. The cryogenic nature
of the environment restricts possible ceollimator locations

to the warm regions of the machine (straight sections, 17

and 48 locations).

The radial distribution of the extracted and scattered
beams together with the projected machine aperture are shown
in Figure 8 for the first three possible collimator
locations (D@, D17, D48) and the critical aperture at F49,
Comparing these distributions one can see that the D17
location allows the largest range of possible collimator

setting without limiting the extracted beam aperture.

Calculated beam loss distributions around half of the
ring are shown in Figure 9 for two different collimator
settings at D17 and D48. This data is calculated for an

ideal (linear) machine with a perfect closed orbit. The



vertical lines correspond to the number of protons lost on
each element rather than loss monitor readings. Changes in

the loss distributions are apparent.

The next step was to install the actual high field
orbit as given in Figure 10. This was accomplished by
turning on dipole correction elements placed after each
focussing quadrupole, Figure 11 shows the corresponding
results for various collimator settings; one should note the
reduction of F49 losses as the collimators move further into

the aperture.

The final step Iin this part of the calculation involved
turning on the non-linear dipole fields. This was done by
randomly generating field harmonics of the appropriate
distributions in each madgnet. Three situations: without
non-linearities, with non-linearities, and with non-
linearities increased by a factor of 5, are shown In Figure
12, The real non-linear fields have a minimal effect on the

loss distributions.

4. BEAM LOSS LOCALIZATION AT D17

From the results of the previcus section one can see

that collimators can be used to influence the ring-wide loss



distribution and the dynamics of fast extraction are such
that D17 represents the optimum location for such a system.
Localizing the losses in this area however requires that the
nearest superconducting magnets are protected against the
secondary radiation produced from the collimators

themselves.

To this end we have made a number of MARS1O0 runs for a
variety of different collimator and secondary absorber
layouts in the D17 region. We also investigated the
possibility of using plugs 1in the nearest superconducting
dipole. The layout of the cold elements in the D17 location

is shown below.
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The results of these runs are summarized in Table I.
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The collimators used in these simulations were L-shaped
stainless steel devices, 5 ¢cm thick and of variable lengths
as indicated. The absorbers 4and dipole plugs were also
gstainless steel of various thicknesses. The loss data is
presented in terms of total energy deposited in the first
two downstream superconducting dipoles as well as the
maximum energy deposition in the superconducting coils. All
these results correspond to ZXlOl2 protons per fast spill.
We also consider cases with plugs inside the first dipole,
the values of energy deposited in them is shown in the table
too. For 800 GeV and the nominal operating temperature
{4.6°K) the quench level of a dipole 1lies in the 1-4 mJ/g

range.

Run numbers 10-+13 correspond to the final design with a
long collimator installed at the beginning of the drift

space and two “thick beam tubes” (absorbers) downstream.

One- can see from Table I that the best results are
obtained from run #1l1, comparing this data with run #l1 (two
short collimators and no absorbers) the maximum energy
density is decreased by a factor of ~40, total energy in the

first dipole by ~13 and the second dipole by ~5.

_ll-



The longitudinal distribution o©f the energy density
deposited in the superconducting c¢oils i3 shown in Figure
13. One can see how the upstream end of the first dipole is
effectively shielded by the absorbers. The radial
distribution of deposited energy density at the shower
maximum is shown in Figure 14. The radial gradient is
similar to unshielded magnets (D16 dipoles for example). At
the same time, the energy deposition in the front face of
the first dipole coil shows 1little radial dependance. The

azimuthal distribution of energy deposition around the coil

of the shielded dipole 1is also more uniform than in the

unshielded ones.

The best results from Table I are obtained from run

#11., This layout haz a long (160 cm) collimator follaweq
immediately by an absorber (inner vradius 2.2 cm, outer 6.0
cm) with a second absorber (inner radius 2.5 cm, outer 6.0
cm) upstream of the first dipole. The absolute value of the
energy density maximum (~0.01 mJ/g) is well below the quench
threshold but 1is obviously strongly dependent on the
position of the collimators relative to the closed orbit, so
one should take this more as a wvariable parameter than a

fixed result.

~-1%2-



5. EXPERIMENTAL RESULTS

These calculations were considered sutficiently
encouraging that the decision was made to 1install a
collimator system identical to that wused in run #1ll. Since
that time two gtudy sessionsg {(one parasitic, one dedicated)
were devoted to investigating the effect of the system on
fast extracted beam loss. The first seasion (parasitic) was
used to align the collimator to the beam and then slowly
move the aligned collimator in small steps (0.5 mm) into the
beam at low intensity (BXloll per fast spill). The second

session was devoted to vraising the intensity of the fast

spill.

The results of the first session are summarized in
Figqures 15 and 16. Figure 15 shows the ring-wide loss
distribution with the collimator out of the beam. Comparing
this to Figure 7 one can see that even without the
collimator the absorbers themselves are limiting the
aperture sufficiently to start affecting the loss
distributions. The non-zero reading on the D18 loss monitor
attests to this fact. Hith the collimators installed 16 mm
from the closed orbit position the loss distribution is as

given in Figure 16, The results are dramatic when compared

-13-



with Figure 7. The losses in sectors D, E, and F are all
reduced, especially in the "quenching" region at F49 where a
factor of ~30 reduction is shown. These changes in the loss
patterns should be compared to the predictions given in

Figure 9 for example, the qualitative agreement is good.

" Loss distributions as a function of collimator position
are shown in Figure 17 together with the predicted response
for three locations in the ring. The overall normalization
of the measured data 1= arbitrary but again one can see

excellent agreement between the calculations and the data.

The second study session was devoted to raising the
intensity of the fast sapill. Starting at 1x1012 the
intensity was slowly raised wuntil slightly over lxlo13 was
extracted without gquenching the accelerator. At this point
no more intensity was available so the results are somewhat
inconclusive in terms of establishing a quench threshold but
nevertheless the collimator system appears to have reduced
the beam locading on the magnets to the point that a five-

fold increase in fast extracted beam s3spill intensity has

been achieved.

_14,_.



CONCLUSTONS

The installation of a collimator-absorber system in the
Tevatron has been successful in reducing the effect of fast

extracted beam losses in the cryogenic elements.

Excellent agreement between the Monte Carlo
calculations and the experimental observations are

encouraging with a view to future accelerators.
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TABLE 1

Collimators Absorbers Dipole 1 3 Digo1e 1 Dipole 2
Run # [ £./4; 2177 EVEPEER FPOVE I Plug T D “max E max
1 .8/1.8 [1130.94 163.5/63.5 No No 14. |252. .32 .8 118.4 | .04
1009.02
2 -1- 1009.02 -1- No No 11. |158. .25 .7 118.1 1 .04
1130.94
3 -1- -1- -1- No R1=1.8 4.5 {110.7 | .35 .4 2.2 1 .006
4 -1- -1- -1- NO R1=2.54 5.7 [133. .27 .1110.3] .01
5 -1- 915.02 (157.5/63.5 No R1=2:54 2.5 52. .063 .46/ 3.9 1 .002
1130.94
-1- -1- -1- No No 82. .083 .8 5. .009
29/1.9 75.57 |63.5/63.5 No No 76.4 1 .092 11. .017
197.49
8 -1- 75.57 {157.5/63.5 No No 1.2 40.5 | .047 .5 5.6 | .011
291.49
9 -1- 75.57 163.5/63.5 No No 3. 63.5 .09 .2 113.6 1 .018
1130.94
10* .29 75.57 |157.5 75/225 No .56 4.1 015 .38 4.61] .01
11* -1- -1- -1- 75/150 No 41 19.7 .008 .3 3.8 | .006
12%x% -1- -1- -1- -1- R1=2.54 .41 20.5 .009 .25) 2.74] .002
13%%% -1- -1- -1- -1- No .89 [32.4 .034 431 4.0 | .007

{continued)}

_62_



A1l dimensions are in centimeters. ET and ED is energy deposted in the
beam tube and in the remaining dipole (r>3.81 cm) in GeV per one
incident 800 GeV proton on Cl1 + C2.

© max is the maximum energy deposition density in the dipole
superconducting coil in md/gm per 2x10%% protons per fast spill.

-30-
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