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Shielding design at high energy protm accelerators is often 

dens Using Mmte-Carlo umputer simlaticns. This report carpares 

such predictions with masurenmts made at proton energies up to 

800 W. Agrement of t3s measurements with the calculations is 

quite god (within 20 per cent) at small radial distances fran the 

baatti axis (R<O.S m) while even for’a thick soil shield (R=5m) the 

agreement is ac&ptable for radiation protectiar purpcses 

(typically within a factor of tw). The scaling with energy of 

thess calculatims is fcund to be in gad agreement with a 

recently published analysis based m the Moyer shieldins nodel. 

These results are an indication that present techniques of 

shielding calculations car be extended to those required for 

higher energy protcn accelerators. 

Operated by Universities Research Association urr3er ozmtract with 

the U.S. Depertment of Energy. 
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1. Intrcduetim 

In recent years, shieldiq design at hish -rw P- 

xcelerators has axwentionally been done using Pkmtecarlo mqxlter 

technFque8 to simulate the devel.opent of the h&ah caaeada. The 

standard program’ used at Fermilab is CXIM, develqed by A. Van 

Ginneken.1’2 The predictive parer of this program haa been 

experimentally checked for proton energies up to 400 GW both for 

targets of relatively small dimensions (using the techniques of foil 

activation and target heating3*4), and for shields of a variety of 

sizes including very large a-m (us- measurements of absorbed dose’). 

In all cases the agreement of calculatbm mde usirg C?iSDl with the 

measuremxtts at susll shield or target thickmsses is quite sooat 

typically within 20 per cant, *ile for the thicker shields acceptable 

agreenmt within factors of two or three is cbtiimd at locations of 

peak radiation intensity. 

Thmwts ad Thoras’ have ixoqmrated thick shield results reported 

in Ref. 5 in a reanalysis of the parameters of the empirical Hoyer 

ncdel of shielding mst recently given a detailed expmitim by 

Stevenscm, et. el.‘. This reanalysis included shielding dab for 

incident proton energies, E, qanniq the range from 7.4 to 350 W. 

Atmtq the results reported by these authors is that the dose equivalent 

external to a reamnably thick lateral shield, H, males with incident 

protm energy as: 

,,,o.sto.1 

(ermrs exe 9% anfim limits1 
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These authors also give a an&ant of prqortionaUty eropriate for 

tunnel geaaetries olltainiq Ynagnet-like” objects and a factor which 

represents the attenuation of the rediatian by the shield and the 

radial dsperrler~~; given that an equilibriun spectrum has been 

achieved. The Myer node1 is useful for both point and line scurce 

geaaatries and has been used by Thanas and MXaslin* and Cossairt an3 

Elwyn’ to make predicticos of the shielding requirements for the 20 TeV 

SupeccanauCtW Super Collider presently being given sertis 

consideration. Clearly the design of this very large accelerator will 

require credible hadmn shieldiq calculations to etely protect 

perscnnel and the public at mininum ast. 

The present paper reports cn abmxbed dcse measurements made 

during the initial cgeratim of the Fermilab Tevatron at 800 GsV in 

1984. This new data, taken at a proton energy of xxe than twice that 

UsedillthFZ masuremnts of Ref. 5, prwides a checkpoint an the 

predictive -r of the program GSIM. Calculations verified by 

neamreuent are, then, used to check Fg. (1). 

2. Experimental and Calculational Technigue 

This wxk is in .the spirit of an extension of the 1982 uork 

reported in Ref. 5. Available test cases for study were limited by 

severe shortages of bean time which cculd be diverted fran the high 

energy physics program during the initial -ration of the FermiI& 

Tevatron at 800 W. The absorbed dose tteamrements were performed in 
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amjumtion with the aqcirg neads of the operatianl health physics 

mnitoring program. The cases reported here had readily verifiable 

g-try ard well-tirstmd beam intensities Md bean loss mchanisut3. 

Targetry was linited to direct bezm dumping; caees of distributed 

(“scraping”) losses of beam ware neglected because of umertainities in 

reprakcibility due to extrerae sensitivity to the exiwt details of hem 

directicn, spct size, and profile. 

Thelbnize42irlocalculatiaLsusingthecode ospl were.dax by 

nodifying a FCZWRAN subrcmtine to describe the geuretry m&r study. 

Imident bearas were represented as havw two-dimensional Gaussian 

profiles with widths clnsen bo match data recorded by beam profile 

instrumentatim during the absorbed dose masuremnts. The cede 

includes a standard mmentm cutoff of 0.3 GeV/c, below which 1~) 

particles are follomd. Ccncrete used at Fermilab has a density of 2.4 

g&r?, while the lccal soil is knam to have a rather high value of 

2.25 g/an3. These are used in the calculations along with the standard 

values for other materials. 

Ahsorhed dcee was measured with a CXXUlHCially available 

tissue-equivalent prqxxtimal chamber alsc used for sase of the 1982 

measurementslo. Ttke suoxedhg sections of this paper will describe the 

results for the individual cases selected. 

3. CaseA 

For this test the gearetry is shmn in Fig. 1. A hem of 800 GW 
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protam was ineident perpendicularly on the im blcck in a Gaussian 

profile approximtely 2 ren in statxlard deviation, in both transverse 

ccordinates. Appmximately 42,000 protms wxe received QI this target 

in a 20 secad beam burst every minute as measured a short di.seanCe 

upstream of the ircn block by a pair of scintillatim aamters in 

coincideme. The absorbed dcse rates were measured at beam height in 

ccntact with the iron at several values of the lcngitudinal ccordinate 

2 defined in the figure. A siqle measurement was alsc taken at the 

darnstream end of the iron blcck. BBan profile monitors arrl gear&&al 

measurements indicate that the beau hit the ‘liftirq eye” as slmwn. 

The Mcnte-Carlo calculatiam with CASIIY were performed at four 

different Wing energies; 200, 406, 600, and 800 GeV. Conversicn 

factors taken fran Ref. 2 were used to change the primary a&put of the 

program of stars cm-’ mclear interacticnscm-3 abcvetheunoe~ 

cutoff of the program) to absorbed dose. In tiis piper, abscrbed dose 

will be expressed in grays (are gray = are joule/kg = 100 rads). In 

this case a value of 1.3 x lo-* Gy-cs?/star was used alcq the sides of 

the iron block while Fig. VI.4 of Ref. 2 led the authors to use 4.0 x 

lo* Gy-an3/star for anpariscn with the neasurmt at the en3 of the 

iron block on the beam axis. Tbe justification of these amversicn 

factors is discussed in detail in Ref. 2, and are accurate to within 20 

per cent for the caaas studied here. The results of the measurmts 

and three of the MonteXarlo calculaticms are sham in Fig. 2 (the 600 

GeV calculatim is similar in general qpearance). Error bars on the 

data points are estimates of reprcduchility based w the data taken 



over several different hem spills at Bach titian. At 2 = 4.66 m, the 

error bar in radial arrdinate R indicates the finite diameter of the 

prqwrtional chanber used, and is of curse representative of the 

“averaging volune”. The width of the bards represent the statistical 

errors of the Monte-Carlo calculation (me standard deviaticm). Ezch 

calculatim represents tit 1.5 hmrs of W time m the Femilab 

central carputer facility (-175 System). If cne mzdels the 

geamtry with the beam incident on the irm block without inclusicn of 

the Yiftiq eye., the calculated absorbed doses are reduced smmhat 

(<20 per cent) for 2 <2 neters, onpared to the results Micated here. 

Agreement between the 800 GM data and the correspcdiq 

MmMarlo calculatian is guite gad, well within the errors, though 

it is unfortunate that a datm dces mtexistatthepeakofthe 

casca3e. Along with the results of the 800 GeV measurement, the 

coidusials of Refs. 3, 4, and 5 indicate that CBSIM predicts the 

properties of hadrmic cascades quite well for similar size targets at 

incident hadrons energies between 200 and 800 GM. 

While a thick lateral shield is not involved here, it is 

instructive to test the energy depen3eme of the m&mm value of the 

C7aSIM calculatichs alog the side of the irm block for the fax 

incident proton energies omsidered here, igmring any spectral changes 

(expectedtobesmmll)werthisdaminof kaobard* energy. To dc 

this, a statistically weighted average cf the peak abmrbed dose in the 

calculatim was taken over a danain in 2 of 0.5 m at the surface of the 
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iron block. Regression analysis was then applied to the log-log 

transformdan of these values and the emzrgy variable. Tbe results are 

listed in Table 1. Gccd greemmt with the pam law parameter of 

Thaw and Than& is obtair&. Thus, if the cascade devekpsd in this 

block were the source of radiation penetrating a thidt soi1 shield, the 

energy depedeme would be &at expsted frm the Moyer -1, given 

this experimsntal verification of CSIM. 

4. CaseB 

Figures 3 and 4 describe a rather an@iCat.ed beam dung 

scermrio. The proton beam was incident perperdimlarly cm the Upstream 

face of the iron beam stop in a Gaussian bearmspotof Standard 

deviation approxtitely one mm (both plams). A se~~&~y emissicm 

mnitor (REX), thaqht to be calibrated to-?10 par cent mitered the 

beam intensity of abcut 2 x loll protans per spill. Absorbed dase 

neasurarents were &me with beam fran the Tsvatrcm at 800 G@l (are 10 

sec. spill every minute) in I984 and at 400 GsV (are 1 sec. spill &ry 

10 sea. ) fran the Fermilab Main Riq in 1980 directly over the beam 

centerline along the Z coordinate. 

In the Mmt+Carlo simlatim, the Cartesian coordinates were 

defined as sbmn in Fig. 3 md 4. Carqonents within a radius R 40.5 m 

of the beam centerline were mdelsd exactly while structures at 

R -SO.5 m Yere mdeled in cylindrical symetry s&t@ the material 

baudaries to match those enxuntered ah-g the perperdicular to the 
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tcp surface of the shield (where the measurements were n&e). This was 

dme both for sinplicity ad to minimize the statLstical errors in the 

t&de-Carlo by increasing the solid angle saapled. Calculations were 

also dare at 200 and 600 GE!V. 

The results of the measureuents and calculatiaw are shorn in Fig. 

5. The error bars on the data correspad, again, to estinates based 

upon the reprcducibility of the data during different beau spills. 

Measurenents were also made abwe the dmp with the beam stop rmmved 

and the protcns transported through the beam channel. A uniform 

backgram of abcut 10m20 Gy/protcn was fowd in this region. Ched~s 

with a scintillatian telesccpe indicati the radiation to be chargsd 

particles in sychrcnization with the accelerator cycle, i.e., xuaw 

arising fran bean losses upstream. This backgrand absorbed dcse has 

been subtr~ted fraa the data shwn in Fig. 5. Statistical errors (a~? 

standard deviation) in the Montecarlo results are indicated w the 

shaded areas in the histograms, each bin of which represents an average 

over a 0.96 m danain in Z along the line where the measurements were 

dme. The raw output of CASIM (stars cs-3/in%Ient proton) has been 

anverted to absorbed &se using a anversion factor (Ref. 2) of 1.5 x 

10-E Gy-xn3/star for the porticns abcve mrete and 1.6 x lo4 

Gy-an3/star ti the soil (correcting for tbe material density). Fig. 

5 also displays the 200 GsV calculaticn; tbe 600 GsV WIlculatial is not 

shcwn,buthasasimilar&ape. 

The general shape of the data is reprcduced well by the 
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calculaths, which urderestimate the magnitudes by typically a factor 

of the. The agreement with the data is thus sirailar tD that reported in 

Ref. 5 for shields of amparable thickness; the present shield is 1246 

g/a? for Z <3.3m ad 1080 g/aa2 for Z>Sm. A scmewhat anmalous result 

is the agreement of the data taken at the tm energies. It is felt that 

the apparent wrwenmt in agreement between msasurement ard 

calculatim at 800 GM wer that at 400 W reflects a unexplained 

change in the beam intensity norraalisaticm’ in the intervening four year 

period and would rot be seen if measurements at the tm energies cold 

be made, for exarrple, on the same day. During the interval between the 

two measurements, exterrsive changes were made to the beamline 

imneaiately upstream of the be= step. 

Again, for this case it is interesting to check the energy 

depsdmx of the Mde-Carlo predictions at the cuter tmmiary of this 

thick shield. Table 2 contains the results which, of ccurse, have 

larger uncertainties than those of Case A due to the greater 

statistical errors at the larger radii involved for a finite anmnt of 

caputer the. One still finds that results to be consistent with the 

relaticnship of Eq. (1). 

5. c!cmAusiul 

It is ozmludsd that the lbnte-Carlo code QLSIM, prcperly qplied,~ 

is able to predict absorbed doses outside of both thick and thin 

shields for 800 W protans to the ssms xmmcy as prmriamly faud 
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for Et 400 W, even for the rather aqdicated geanetry of Cass 8. 

Also, the energy deperdeme of the intensity of the radiation at a 

given locatial in the cascde @pears to be ansistent with that 

previarsly determined by others for E < 400 GsV. It thus sesm 

reamnable to extend present -iques to hEdradc cad 

calculatiavl at still higher energies. S&I predictions raay be very 

iqortant for the shielding &sign of larger accelerators. 

We wish to thank Thorntcn Nqhy and Jon Hawkins for their help in 

schecblirq the beam Hme for these measurements and the technicians who 

collected the data. We iFpredate the careful reading of the mmscript 

by Alex Elwyn end acknowledge his helpful unments. 
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Case A: Lcg-Lq Re&ession Analysis of (B8IM Wsults 

E, Enemy D,PeakAhxbed.Doae 

(W (Wineident proton) 

200 (2.50 2 0.16) x 10-13 

400 (4.47 -+ 0.?7) x lo-* 

600 (6.42? 0.38) x lO- 

800 (7.87 f 0.48) x lO- 

Result of Analysis: 

D =[(3.00 i 0.50) x lo-l53 EoaE4 ' OBo2 

(All errors are 95 per cent cmfidenx limits) 



Table2 

E, Energy D,PWlkAbWrkC!dboee 

(W) (Qy/Inddent Protcn) 

200 (0.58 +, 0.10) x 10-18 

400 (0.90 f 0.28) x 10-m 

600 (1.02 t 0.24) x LO- 

800 (1.39 *- 0.25) x lo-l8 

Result of analysis: 

D = c(2.25 % 1.16) x 10-20]Eo.61+- Oao8 

(All errors are 95 per centcmfidence Umits) 

-15- 
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List of Figure Cmticne -- 

1. Plan and elevatimviewsof thegeomtry Studied asCase A. 

2. Measurements at 800 W (data points) and rem-lo 

calculations at three krident proton energies (bands) of 

absmbeddoeeplot~asa functico of Z alaq the outer 

surfaoz oftheircnblock&owninFig.lTheinsetsharsthe 

Ireasureuentsardcalculatiohsat800 GeV as a function of 

radius R at Z = 4.7 meters. 

3. Planviewof thegecm&rytiied asCase B. Note that the 

horizmkalecdlediffers fran the laqitudinal scale. 

4. Elevation view of the gemztq studied as Case B. The vertical 

andlaqitudinalacdlesareequalinthisvieu. 

5. Measurements at 400 and 800 GeV (data points) and Montecarlo 

calculaticms atthree incident proton energies (histograms) of 

abmrbedaOeeplotted asa -ticoofZ alcq theaurface of 

the earth and ancrete above thebeamstop ideated inFig. 

4. 
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