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Abstract

Loss measurements from the Main Injector Beam Loss Monjtstiesn have been recorded
in the data logger since 11 October 2006. Residual radidtambeen recorded using the
ROTEM meter since 10 October 2005. By early 2010, thirtyredtata sets have been recorded
where most data set include measurements recorded at ntbst wionitoring points. We will
develop a way to relate these measured results such thet fesidual radiation levels can be
predicted based on Beam Loss measurements. Tools for nmareagd displaying the data and
results will be described.

1 Introduction

The orbits used in Main Injector operation are quite stalast beam loss is at or near the
injection energy of 8 GeV. Losses are dominated by the uncegitbeam loss and other effects of
slip stack injection. Variations are frequently due to dnsbnges in the Booster beam quality.
As a result, we will assume that the geometry and energy eékare always the same. With this
assumption, the relation between Beam Loss Monitor (BLMjlnegs and residual radiation in the
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tunnel is fixed. We will explore our ability to correlate on&M reading and residual radiation at
some nearby point.
The basis for this statement lies in the following arguments

1. For afixed loss pattern (as assumed), the prompt radifigilshproduced by losses will pro-
duce a distribution of isotopes in the devices near the bdd&mnumber of radioactive nuclei
will be proportional to the beam lost.

2. This radiation field will also produce ionization in nea®eam Loss Monitors (BLM’s) and
the ionization signal will also be proportional to the numbeglost protons.

3. The radioactive nuclei will emit radiation including gara rays which can be detected by the
Geiger counter used to monitor residual radiation. At eaohitar point, the efficiency with
which the Geiger counter records signals due to the spatitdnm of isotopes and the spectra
of the radioactive decays is dependent only on the isotope loketected.

We see that relation between the ionization signal and thieual radiation measured is
linear such that all the energy dependent and geometrigegifies can be combined into one coef-
ficient per isotopek,. That isotope will have a half-lifer; .

There can be complications as the decay chain from the isstppduced in the primary
radiation field includes items of different activity levelad different lifetimes, but these secondary
and tertiary isotope will still be proportional to the numloé lost protons. They also have a fixed
lifetime though the intermediate states may modify the getave to some extent. We will ignore
this issue.

2 Asymptotic Formulas

To understand the expected performance, let us assume tamoloss ratd. measured in the
BLM. The residualR, due to the production of one isotopeyy loss, L is

R=FE xL (1)

correcting for isotope decay and integrating over time we fin

R(T) = [ Tw Er x L(t) x 2T-9/ugt 2)

The asymptotic residual radiation from this isotope candomdl from from this integral assum-
ingL(t)=L

Ra(T) =E xL /_ " o0y 3)

Ra(T) =E xL x1/In2 @)

Since the number of radioactive nuclei of an isotope iseel#&b the number of curies of that
isotope by the half life or lifetime, we can think of this foata as expressing th&; /In2 relates
the residual radiation detected per nuclei producel byE, x 1,/In 2 relates the residual radiation
detected per curie of Isotope

We will fit our residual radiation measurements to the hifdflveighted BLM sums. Ex-
perience suggests that in most locations, the observatluedsadiation has important components



with half-life ranging from hours to months (with contrilborts from shorter half-life isotopes which
have decayed before we enter the tunnel). This suggestththailues of, will have more com-
parable sizes if we fit to the loss ratg,rather than the integrals.

3 AnalysisFormulas

Cycle integrated losses are measured and stored on eachimigtor cycle for each BLM
channel. See Beams-doc-3299-v2[1] which describes losstonimg and display tools for the
Main Injector BLM system. Since we cannot enter the tunndkss than half an hour, we are
uninterested (for this purpose) in isotopes which have hag of less than a few minutes. In
practice, we consider isotopes with more than 2 hour half l&s a result, we sum the integrated
loss from the BLM data recordl (t), into 'quanta’ over a summing intervdk. Current practice
employsTs = 3600 sec = 10 minutes.

tj+Ts

LI = LI(t 5
j t; (t) ()

We will store data with this sum in the Sybase database fotipukation.

Residual radiation measurments have been taken with a ROTEMr which stores results for
a radiation survey of the ring in on-board memory. See Bedors3523 v1[2], “Residual Radiation
Monitoring in the Main Injector with the ROTEM RAM DA3-2000d&liation Survey Meter” for
details on these measurements. For a residual radiatiosumaent at timdy;, we weight the
loss contribution for a specified isotogde,with lifetime T, to produce the weighted loss sum. To
make comparisons easier, we will express our integral assaréte by dividing by the half-life and
normalizing with the factor In2.

In2 |
LW(1,To, Tw) = 3 LIj % :_Iz%TMfTJ)/n ©
J

The integrated loss at a location has produced some numbadimiactive nuclei of various
isotopes in some volume. For each isotope, we relate thetddteadiation to the number of curies
(decays) of that isotope. With our assumptions about congiometry, all of the physics comes
into one proportionality constant per isotofds, This includes the geometry of the beam loss
mechanism, the energy deposition shower shape with itdtirgsionization in the loss monitors,
the isotope production in the materials, the geometryirglahe isotope spatial distribution to the
probe position, and even the response of the Geiger tube tattation spectrum of the isotope.

As noted above, we will express our integrals as a loss rateatee comparisons easier.

RR(Tw) = ZE| x LW(l,Tu) (7)

This linear equation with one unknown per isotope per locatelates the residual radiation
measurement set to the weighted integral of the BLM readiigs typically will have more than
20 measurements and expect to consider 3 or 4 isotopes ab@atioh. The equation permits one
to determine the set & using the standard least squares method. Various errdrappily to the
Residual Radiation readings but we will begin by only assigra constant fractional error of 15%
ascribed to the ROTEM meter by the manufacturer.



3.1 Accounting for Old Residual Radiation

The residual radiation measurement system was in placeebtfe current BLM electronics was
implemented so we have some radiation history for which we lmeo BLM data. Since we have
many places where the loss rate has dropped, sometimesstthlas one tenth of its previous
values, we will need to account for the existing residualiataah. However, the frequency of
residual radiation measurements makes only the longest isotopes of interest. We can add this
information to our fit by assuming only one long lived isotopie know that*Mn with 312 day
half life is important.

To add in old radiation, let us take a measurement at figpexpecting but not requiring that
it is before we have BLM data records. We assume that a fractiof that measurement is due to
the long half life component with half life, with the rest of the measured value coming from short
lived components. For all subsequent measurements, theteion from these previously created
nuclei will be

SRR(Ty) = f x RR(Tg)2~ (M~ TR)/1 (8)

We simply add this contribution to the contributions asedlto the losses recorded by the BLM
record.
RR(Tw) = f x RR(Tg)2" M =T/ 3 Ex LW(L i) (9)

and we fit for the values of and the severd,.

4 LossAverages

In order to plan for radiation exposure when working in thenel, we have usually relied on the
fact that loss rates are like the past or even decreasing. Waaow hope to examine the BLM
data record to refine our expectations. The software (wdllrwates the required weighted loss
rates for making detailed predictions. To assist in undedihg these results and relating them
to operational considerations, we (will) also calcualatening averages so that the impact simple
average rates can be understood, roughly. Let us define eagavess at timéy, for interval Ty as

LI;

T (10)

LA(TA Tw) =)
J

where the sum is taken over the inter¥alwhich ends af,. We refer to these as running averages
loss rates. The rates LW defined above are traditionallgdakponential averages.

We will provide weekly values and plots fa¥V for >*Mn with 312 day half life an@’Mn with
5.59 day half life andLA for averaging intervals of 7 days (1 week) and 315 days (4ks)ed hese
graphs will make the impact of loss changes apparent andutihent values of LW can be used to
make detailed predictions. The definitions have been ches#mat LW and LA will approach each
other for extended periods of constant loss.
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