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Report on DOE High Energy Neutron Dosimetry Workshop
November 19, 1992 at Gaithersburg, MD

Kenneth R. Alvar and Avigdor Gavron
Los Alamos National Laboratory

Los Alamoa, New 14exico

The workshop was called to assess the performance of neutron dosimetry
p~r the responses from ten DOE accelerator facilities to an Office of
Energy Research questionnaire regarding implementation of a personnel
dasimetry requirement in DRAFT DOE 5480.ACC, “Safety of Accelerator
Facilities” [August 28, 1992]. The goals of the workshop were to assess
the state of dosimetry at high energy accelerators and if such dosimetry
requires improvemen~, to reach consensus on how to proceed with such
improvements.

There were 22 attendees, from DOE Programs and contrdct facilities, DOE,
Office of Energy Research (ER), Office of Environmental Safety and
Health (EH), Office of Fusion Energy, and the DOE high energy
accelerator facilities. A list of attendees and the meeting agenda are
attached. Copies of the presentations are also attached.

Introductory remarks were made by Joseph Maher, Director of the Office
of Assessment and Support, ER-8. He noted that the Workshop should
address areas of weakness in high energy neutron dosjmetry. While ER-8
is in support of new technical programs, he s::id that there will be a
time of transition as the new administration assumes office and replaces
many of the high level administrators.

DeVaughn Nelson made the first presentation that included (1) a summary
Gf the responses to the questionnaire, which hc circulated with the DOE
d~a:t accelerator safety ordt’1, and (2) an overview of recorded
personnel doses at DOI?supported accelerator facilities. He specifically
noted the monitoring rc!quirerncnts of DOE L080.!l [9g(l) ] DOE 5480.25
[9c(4)], DOE 5400.lC and t.tleRadiological Control Manual Chapt.cr 5, Piirt
1 (512) and Chapter 1, Part 3 (131 and ]3”/).



Robert LOeSCh, DOE Dosimetry and Technology Assessment Branch (EH) spoke
next on DOE policy on monitoring and accreditation, fispecially for
neutrons. The present policy requires monitoring when exposures are
anticipated to be above 100 mrem per year. Neutrori dosimetry is
accredited in the range 1 keV to 2 MeV and not above 2 MeV. Mr. Laesch
pcsed several. questions related to high energy neutron dosimetry.

1) Do workers receive occupational exposures to neutrons above 2 MeV?

2) What percent of their annual exposure is from neutrons above 2 MeV?

3) If the exposure is significant, is the current dosimetry technology
adequate to record the exposure? If it is, there is the need for
routine intercomparisons. If not, there is the need lor additional
research.

Mr. Loesch then presented early results from a dosimeter intercomparison
study done at Oak Ridge which included 14 MeV neutron dosimetry. A
total of 57 dosimeters were exposed to a 14 MeV neutron beam. Th~
dosimeter types included TLD, albedo, track-etch, film, bubble and
combined dosimeters. All except the three bubble dosimeters under-
rcsponded on average. However, the individual dosimeter readings varied
from less than 20% of the actual value of 163 mrem to over 250% of the
actual value. The participants of the intercomparison were informed
that this particular exposure was Lc be 14 MeV neutrons. The conclusion
of tllc report was that few facilities’ dosimetry would p,.ss current
COELAP neutron criteria at low energy if the criteria were used for 14
MeV neutrons.

Km Alvar, Los Alamos National Laboratory, gave a brief overview of high
energy neutron dosimetry. NTA film was used for neutron dosimet.ry in
the past and as noted in Fermi lab Report FN-S1O is still used by most
facilities. Several facilities are using CR-39 tri~ck-(?t~h technology
and there is interest in bubble dosimctcrs for this applicat.ioh. It is
clear that the respon~r with ncut.ron energy frum 15 MeV to 100 McV ●nd
hiqher for the throc dosimeters, NTA, CR-3!) and b~:bblr?s needs t.o he
moasurcd in a systematic and thorough m,inncr .



Avigdor Gavron, Los Alamos National Laboratory, presented the
capabilities available at the LAMPF Weapons Neutron Rese arch (WNR)
facility for doing high energy neutron dosimetry. Both mcnenergetic
beams and polyenergetic beams are available at WNR and the spectra and
fluence for both types are well-known. Energies between 0.1 to 800 MeV
are available through the use of reaction kinematics and different beam
path locations, filters and time-of-flight. The polyenergetlc or
“white” beams are characteristic of the neutron leakage spectra through
accelerator shielding and represent. the spectra for which operational
dosimetry is needed. The monenergetic beams are useful for dosimeter
and rate meter response determinations. The staff at WNR provide
expertise in Monte Carlo and neutron transport calculations.

~C)8 McDonald, PNL reported on the high energy neutron dosimetry
intercomparison carried out in July-August 1992 at the University of
Washington neutron therapy cyclotron. The neutron beam canie from
deuterons bombarding a beryllium target which was thick enough to cause
the deuteron beam to lose one-half of its energy traversing the target..
The average neutron energy was approximately 20 MQV. Dosimetry was
provided through ion chamber measurements by the University staff. Six
sets of dosirrtetersfrom different facilities were irradiated to 0.53 and
0.98 rad and then read and analyzed by their respective laboratories.
For the 0.53 rad exposure the reported results varied from 1.3 to 7.8
rem a~d ~or the 0.98 rad exposure from 2.0 to 11.8 rem. Only the TLD
results were in the same ratio as the exposures. The NTA ratio was high
and the other 3 ratios were lower.

lW? conclusion of the report was that there was significant differences
~amonq the results.

Stave Musolino, ot Brookhaven National I,abo.rat.ory,discussed the results
of dose equivalent mf?asurernent.sin experimental halls at the Alternating
Gradierlt Synchrot.ton at BN1,. lie u:;cd dosimeters from t.hrec commercial
v{:ndors and some ‘rllu’s p~occ:;sed by mr.J.

,1



The attendees agreed that high energy neutron dosimetry needs to be
improved. The attendees agreed with the following statements:

1)

2)

3)

4)

5)

6)

7)

8)

9)

10)

l!)

‘1’]10

Neutron dosimetry above 2 MeV is both imprecise ~nd inaccurate.

For current dosimetry

The measurement uncertainty is of the order f 300%.

The neutron dosimeters are neutron indicators, not dosimeters.

There is little active R&D.

Dose is being underestimated.

There is limited capability for area surveys with Bonner
spheres. Bonner sphere response has not been carefully
determined for neutron spectra above 35 MeV.

A reliable dosimeter is needed, at least for the range of 20
to 50 MeV.

Better personnel dosimeters and area monitors are needed.

Dosimeter response is poorly known as a function of neutron energy.

It is erroneous to assume that one detector will be appropriate for
all spectra.

There are no calibration standards for high energy neutron
dosimetry.

Neutron fields are not well-characterized in accelerator
environments.

‘rho current proc:vss fox the ,.:ni~racterization of neutron field:; and
flu~ncc is lnboriolls.

Wh;ltcvcr set. of neutron qua] ity fat-tors os a function of energy is
:;rle(:ted for 1)01!,thvy nll]stbe \J::(vi(:on::istcntly ,lnd univ(’r::itlly.

’14MPV (I()::imcmt ry II(”IVIS im~)t [)v(*mf ’nt. .

R{~(liol)i(>lo(]y is :~ot: w i t h i n thv I)IItV i (1w 0! ~lIo work::t](.)~1.

(ii:;(-ll:;:ii(ln ttlt’n tilt III*({ 1,() Wtlclt. i:; ll[’l”(if ’d I)ow Ii)] I)ifjtl f* II! It-(jy



2) The energy response and lower level of detect io~l for the present
dosimeters needs to be determined.

3) Need to do accurate determinations of neutron spectra at various
locations for personnel in work areas.

A final group of recommendations were listed:

1) ‘f’here is a definite need for the determination of the energy
response and lower limit of detection for current dosimeters-TLD,
NTA film, CR-39 and bubble dosimeters.

2) A committed and available neutron source, such as WNR, is very
important for near-and long-term improvement of high energy neutrori
dosimetry.

3) Standards should be developed for high energy neutron dosimetry as
has been done in the past for lower energy neutron dosimetry.

4) There shculd be a dedicated facility for 14 MeV dos.imetry.

In the closing discilssion the attendees agreed that Los Alamos Nztional
Laboratory (LANL) should develop promptly a proposal for iniprovemenk of
high energy neutron dosimetry following the recommendations of the
workshop. The proposal should include development of the WNR neutron
beam facility as a standard source for high energy neutron dosimetry.
The LANL attendees agreed to do this and to have the proposal reviewed
by a group of workshop ,~ttendees. An open invitation was issued by LANL
to host the next high energy neutron dosimetry meeting at Los Alamos.

(>



AGENDA FOR HIGH ENRRGY NEIJTRON DCSIMETRY (HHNIl) WORKSHOP
NOVEMBER 19, 1992!

HOLIDAY INN, GA ITHERSBURG, MARYLAND

Thursday, November 19, 1992

12:30 p.m. Introduction
,70seph Maher, Director, Office of Assessment and
Support, ER-8, or W. Neill Thomasson, Acting
Director, Safety and Health Protection Division,
ER-8.1

12:35 p.m.

1:00 p.m.

1:15 p.m.

2:00 p.m.

2:45 p.:11.

3:00 p.m.

3:10 p.m.

3:20 p.m.

“1::]0]).111.

‘):1!) 1).111.

‘): {() 1).111.

Considerations for HEND
DeVaughn Nelson, Health Physicist, I?R-8.1

DOE Policy and Accreditation of HEND
Robert Loesch, Health Physicist, EH-411

Overview: Status of HEND
Ken Alvar, Section Leader, Measurements
Technology Support, LANL

HEND Calibration and Intercomparison
Capabilities at WNR
Avigdor Gavron, Deputy Group Leader, Neutron and
Nucledl Science, LANL

BREAK

Accelerator Personnel, I)osj.meter Intercomparison
Joe McDonald, PN1,

lnteE”compax”i60n of Neutron Dosim~!try at the AGS
St(![)henMu~;oli,no, HN1,

Nelllron Racli~~t.ionFiel(js at. Fcr-mjlat.!
David l?oohnlcin, F’NA1,

Work. f;hop l)i:; (;(l:; t;iorlf,;

A(i; (J III I)lll(?llf



WORKSHOPATTENDEES

Joseph Mahcr, DOE, ER
DeVaughn Nelson, DOE, ER-8
Joe McDonald, PNL
Bob Mundis, LANL
Steve Musolino, BNL
Al Evans, ER-13 Material Science, Basic Energy Sciences
Dave Boehnlein, Fermi.lab
Henry Kahnhauser, BNL
Ken Alvar, LANL
Avigdor Gavron, LANL
Roger Kloepping, LBL
Marcia Torres, ANL
Ken Kase, SLAC
Geoff Stapleton, SSC
Robert Loesch, EH-41
Peter O’Connell, EH-41
Joe McGrory, ER-23 HE&NP
Norman Rohrig, INEL
Herb Field, Intech
Paul Johnson, LBL, ES&H
Ed Jascewsky, DOE ,COO
Robert May, (’EBAF
Bill Casson, ORNL
Mark Wilson, DOZ, ER-43
Robert Scl_.enker,ANL



Hiah Enerqv Neutron Dosimetn Workshon

INTRODUCTION

DeVaughn Nelson
Office of Assessment and Support

Thursday, November 19, 1992
Holiday Inn

Gaithersburg, Maryland



● WHAT IS CURRENT STATUS OF HEND?

s WHERE DO WE GO FROM HERE?



SURVEY - 8/28/92

PERSONNEL DOSIMETRY AT ACCELERATOR FACILITIES—

Maior Questions: Do you currently have “acumentation
in place that would satisfactorily meet the ‘requirements
of Paragraph 9.c.(4) of DOE 5480.25 for ER 3Q as well as
any other HQ safety oversight?



YES

Ssc
LLNL
ANL-E
LANL
CEBAF
SLAC
SNL
ORNL
BNL
FNL

x
X [Qualified]
X [Qualified]
n

n

x

n

--



CaUEST19!W 3 & 4

Ssc
LLNL
ANL-E
LANL
CEBAF
SLAC
SNL
ORNL
BNL
FNL

FUTURE ENDEAVORS

Workshop Consensus for Research
n,
Spectral Studies/Dosimeter Studies
Additional R&D
Validation of Proposed Dosimetry
Scme Research required on ‘lTAP
n-
9-9

Spectral/Calibration Studies
lntercomparison/Refinement Studies



● DOE 5480.11 [9g(l ) External Radiation.

“Personnel dosimetry programs shall be adequate to

demonstrate compliance with the radiation protection
standards provided in paragraph 9b. Personnel dosimeters
shall be routinely calibrated and maintained and shall meet
he requirements of the DOE Laboratory Accreditation
Program (DOELAP) for Personnel Dosimetry as specified in
DOE 5480.15.”



● DOE 5480.25 [9c(4) “Documented Personnel Dosimetry
Program”]

“Have a documented personnel dosimetry program, as
required by DOE 5480.11, which follows the practices
specified in DOE’s Radiological Control Manual, and which
specifically addresses those radiations and energies
encountered in facility operation that at are not covered by
DOE 5480.15.”



● DOE RADIOLOGICAL CONTROL MANUAL - Chap 5: Part 1,

External Dosimetry

511 Requirements

1. Personnel dosimetry shall be required for personnel who
are expected to receive an annual external whole body
dose greater than 100 mrem or an annual dose to the
extremities, lens of the eye or skin greater than 1C
percent of the corresponding limits specified in Table 2-I.
Neutron dosimetry shall be provided when a person is
likely to exceed 100 mrem annually from neutrons.



Neutron Quality Factor
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DOE MONITORING REQUIREMENTS [Continued)

512 Technical Requirements for External I)osimetry

1, DOE 5480.15 specifies the requirements for accreditation
of personnel external dosimetry monitoring programs by
the DOE Laboratory Accreditation Program (DOELAP). A
technical basis document shall be developed for the
external dosimetry program Personnel external
dosimeters include but are not limited to TLDs, Track
etch dosimeters and neutron sensitive film.

“,



DOE MONITORING REQUIREMENTS (Continued)

2. The technical basis document shall also address
dosimeters monitoring radiation outside the scope of
DOELAP, such as dosimetry associated with high-energy
accelerators and extremity dosimeters.

3. Facilities should participate in intercomparison studies
for external dosimetry programs.



RADIOLOGICAL CONTROL MANUAL

CHAPTER 1 EXCELLENCE IN RADIOLOGICAL CONTROL

PART 3 Improving Radiological Performance

137 Neutron Exposures

Neutron exposures have the following characteristics which
require attention:

● The specific biological effects of neutrons are not as well
understood as the effects of gammas.

“i



Distritwtion of WB Doses Greater than 1 rem at DOE AFs, 1974-1991

FJumber of Persons Receiving Dose Equivalent
in Each Dose Equivalent Ranqe (rem)

Year

1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
t984
1985

1986

1987
1988
1989
1990
1991

192
176
142
153
127
95
70
53
31

42
40
42
26
27
28
24
3
5

90
72
40
61
25
24
11
12
2
10

7
10
7
1
3
2

44 20
45 19
28 2
24 7
13 2
8 1
2
1
1

.3
1



Table ~. Average Penetrating and Neutron Doses at Accelerator
Facilities, 1990

Average Average
Penetrating Dose Neutron Dose

Orqaniz.aI.iw ___ .@emL JrnrwL. Records

Pacific
Northwest Lab.

Brookhaven
National Lab.

Chicago
Subcontractors

Fermilab

lawrenceBerkeley
Laboratory

Lawrence Livermore
National Laboratory

[0s AldrnosNational
laboratory

Mason & llang(’r-
Amarillo

his. Inst. of lrI(lI.

Szndid l:l~;lonal
I.ahoraloly

Stt+nfor(l 1 inrdr Arc.
Cp”tpr

10

51

74

12

45

1

54

8

?6

6

7

5

10

<1

1

12

<1

21

<1

0

<1

<1

8 ‘-

830

14

2821

262

124

830

33

121

400

496



Collective Dose Equivalent for All DOE Facilities & Accelerators
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Average ‘i/Vhole-Body Dose to Monitored and Measurably Exposed Persons at DOE AFs
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Year

1974
1975
1976
1977

1S78
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
198S
19s0
1991

192
176
142
153
127

95
70
53
31
42
40
42
25
27
28
24
3
5

90
72
40
61
25

24
11
12
2

10
7

10
7
1
3
2

44
45
28
24
13
8
2
1
1
3
1

4-J

20
19
2
7
2
1



Table l.. Average Penetrating and Neutron Doses at Accelerator
faci~ities, 1990

Average Average
Penetrating Dose Neutron Dose

(jrqanization _. (mrem) Jr* Records

Pacific
Northwest Lab.

Brookhaven
National Lab.

Chicago
Subcontractors

Fermilab

Lawrence Berkeley
Laboratory

Lawrence Livermore
National Laboratory

Los Alamos National
Laboratory

Mason & Hangcr-
Amarillo

rlass. Inst. of Tech.

Sandia National
~.aboratory

Stanford linear A(:c.
Center

10

51

74

12

45

1

54

8

26

6

7

5

10

<1

1

12

21

<1

0

<1

830

2821

262

124

830

33

121

408

496



ImL2. Olstribution of Penetrating Doses by Organization and Dose-Equivalent
Range for Uorkers at Accelerator Facilities, 1990

‘?* -.-P mf ~@p5aE5 Rec●ivlna Pe etratina Dosesn In em Dose ~lval~nt Ra ae. n f rem~

C Mea&

5

455

9

1936

3

121

570

25

79

3~z

423

3953

Heas.-
LQJQ
3

25:

3

603

241

3

146

8

35

74

69

1636

0.1o-

72

1

72

14

44

5

2

7

217

0m25-

41

8

3

31

83

om50-

6

1

19

1

27

0.75-

4

1

1

11

1

10 %

LL-

1

1

1

3

Total

RMS!UM

0

830

14

2821

262

124

830

33

121

408

.4%

5947

Total
Person

_M!L

<1

42

1

34

12

<1

45

<1

3

2

4

142
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1

DOE Policy
Monitoring find Accreditation

6 100 m-cm threshold for monitoring
. DOEIJW Accrcditdon

- Applhd)lc rmgc: 1 kcV -2 McV
- Threshold met d cncrgics z 2 MeV



● DO workers rcwivc occupatioml
cncr=gy(i.e. >2 McV) Iwuhwns?

exposures to high

● Whiit percent of their nnnual exposure is
attributable to high energy ncutrms?

. If significant, is current closimetly technology
~l(l(!(JUilt(!’?
- No - ntd for :dditi(mal rwwrd]
- Ycs- IW(I for routine iIltcI-coIl]l):lris(]lls



Acceler:]tor Interwrnpariwn Program
i
i Purpose md ovcl-/iew

i

. I’urpose: To evalu:]te the pcrfornmnce of
I high energy neutron dosirnctly at
1

:wcchxator facilities!
● Nwtron (Iosimctcrs ~ > 2 lMCV)
● Fusibility study report complctd

I
I

. Initi:]] feasibility test in progress
● O:ik Ridge I’l)HS- 16, Run 7
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Accelerator Intercomparison Program
I

Results of 1)1)1S-16 to 14 McVNeutrons

3
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Oak Ridge PDIS-16 Results

Overall ObscrvatimsI ..
I

● l%rticipants informed exposure was to 14 MeV
neutrons

● (hmvhclming tendency tow:mis serious

undcrresponse
● ‘Ihk and film bclicvcd to htivc superior response

:Ithighm energies
● Bubble CMCCIOI=mmgc good hut SD and

individual poor
● VcIy fmvcould p:Iss D(IF. [.AP criteria at 14 McV

I
I



HIGH ENERGY DOSIMETRY

KennethR. Alvar, Ph.D.

HealthPhvsicsMeasurementsGroup, HS-4w

LOS ALANIOSNATIONALLABORATORY
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DOE Accelerators (Energy >50MeV)
Accelerator Laboratory Maximum Energy
Intense Puked
NeutronSource

Bates

AGS

CEBAF

Fe;mi Lab

LAMPF

Bevalac

88” cyclotron

Linac

ATA

ORELA

SLAC

ANL

MIT

BNL

CEBAF

Batavia

LANL

LBL

LBL

LLNL

LLNL

ORNL

Stanford

450 MeV p

500 MeV e-

24 GeV p

4 GeV e-

800 GeVp

800 MeV p

2 GeV p

60 MeV p

100 MeV e-

50 Mev e-

170 MeVe-

51 GeV e-

Los Alamos



HIGH ENERGY DOSIMETI?Y

Deftition: Dosimetryfor dosecausedby particlesand photon
radiationwithenergiesabove20 MeV.



Assumption: We understandand can properlymeasure dose
equivalentcausedby particlesand photonswithenergiesbelow
20 MeV.



“If a tree falls in the forest and no one is there to hear it, does
it m~e a noise?’~

“If our dosimetersare not sensitiveto dose caused by higher
ener~vparticles, do we get any dosefrom this flux?”



I)OS131ETRY IN THE PAST

}lainlv XTA for NeutronDosimetry-



DOSL\lETRYIS THE PRESENT

}Iain!v XTA for NeutronDosimetrya



PermiLab Report

External Dosim@tora in Usad at DOE Accol@rator Facilitha*

-. = . .- .-.- .?.-.2: s:: ~ S~LTROX

... --- -- 1. ...- - -- i FYA, CR-39

-- ,.-== -. q---- . --
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--- . .
-=- F&.= {Kadak Type :1) ! NTA, CR-39

1-. ,.-
--.* - T= / CR-39
--,.- -T
- .- . . - -k 3
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Wlmt’s the Problem?

1) The dose equivalents
becausethe fluxis low.
dose.

-. - ●

when measured
Neutronsare the

are normally small
major contributorto

Z} kor example,measurementsbyFermilabandTRIUMFindicate
that there is a high percents~ of dose equivalentcaused by
neutronsabove20 NleV transportedthroughshielding.

3) Uncertainties in these measurementsare large. From an
.%iAIU point-of-viewwe needto do better.

4) If voudon’t measureit, is it there? Needto explicitlymeasure
th; neutrondoseto preventsurprises.



[~c~i:~ati~~alexposure to high energy (> 20 ~eV) neutronsoccursat DOE
.+cceierators

Calibrationat thesehigherenergiesneedsto be improved



High Energy Neutron Exposure Can Occur By

● Routine, low level exposure

s Accident-related exposure, possibly high

● Unshielded beam exposures

● Partially shielded beam exposures

evel

● Mixture of shielded and unshielded exposures

Los Alamos
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Neutron Dose Rate at LAMPF D Line
Parking Lot

Operation DOSe rate

Normal use <1 mferni’hr

Beam tune LID <80 mremlhr
~ Xi rlA ~e~rn ICSS-

Worst case accident c 10 remlhr at
500 UA point spill area Imce for

exclusion
one hour

Los Alamos



Neutron Dose Rate at LAMPF ER-I, 0.1 pA
Beam on Carbon Block

Relative Neutron
Dose rate Dose Equivalent

Shielding mrem/hr En >25 MeV

5.5 ft. magnitite 620
concrete

5.5 ft. magnetite
concrete and 3 ft. iron

75

67%

539’(0

Los Alamos
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NTA Film Indicates Presence of High Energy
Neutron Dose Component

Film 1

Film 2

Exposure to 600 MeV “white” neutron beam

Routine film

Los Alamos
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Reports of High Energy Neutron Exposures
at Fermi Lab

Relative Contribution
to dose by neutrons

Location En B25 MeV

Debuncher ring at AP3C 93.6%

MC, catwalk above target pile 37%

Debuncher ring at AP1O 149(0

PC extension roof DS (1 ) 1296

A,J. Elwyn, Fermi Lab R. P. Note 93,Characteristics of Neutron Radiation Fields Outside
cf Shielding, October 1991

Los Alalnos
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international Accelerator Facilities with High
Energy Neutron Leakage Through Shielding

● Triumpf, C~~ada, 500 MeV p
- Neutron leakage spectra through shielding

= Some locations have 50% of the neutrcn flux with
En >20 MeV

● KEK, Japan, 12 GeV p
- Neutron leakage spectra through shielding

-5096 of dose equivalent for En >50 MeV

Los Alamos



Rcquirernents for a High Energy Neutron Dosimetry Facility

● Well-characterized high energy neutron beams - fluence, energy
spe~tram~ dose, doseequivalent.

● Flexibility to approximate“realworld”exposures- fluencerates, energy
spectra.

. Polvenergeticand monoenergeticneutronbeam capabilities.
●

. Calcuiationaland experimentalsupport.

● _Wailabilit~ to DOE and non-DOEusers.-



l~-hatshould be donenext?

>-CCC]coordinatedprogram

LET measurements w En.NImmenergeticand whitespectra

Revise fluence-to-dosecalculations with new cross-sectiondata and
updatednuclear reaction models

Response ~ Enmeasurementsfor NTA,CR-39, andBubbleDosimeters.
Monoenergeticand whitespectra

\-eUtrolls~ctroscop~ measurements,especiallyfor leakageSpectra.-

Hi~hener~~neutrondosimeterdevelopmentse

Further dosimetn inter-comparisonsbenchmarkmeasurements-

Other items
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Neutron Beam Gmabilities
at WNR

Presented by Avigdor Gavrm,
P-17, Neutronand NuclearScienceGroup

I.os AkunosNational Laboratory
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●

●

●

●

●

Operates WNR*
Calibrates its energy and fluence
Performs experiments in Neutron and
Nuclear science - Basic, Applied,
Weapons.
Uses results for

1. Nuclcm Data Requirements
2. Simulation input

Dcvclops advancccl, special rcquircmcnt
sin_wlatiOn calculations.

UscJls fork solu[ ion!—. ———

VW]{ is only kilily h the wmfd which
has Slandm-d, reproducible :md Wdl

chw:]clwizwl high mwgy nCUIHnI Iwms.



[ANLP-17/WNllpc=nwhm.

The WNR facility:

●

●

●

Wellshielded
Wellcollimated
Spectrumand fluence nleticulouslydeter-
mined

Achievcci by:

L

2m

?.9
4.

5.

Thick concrete/xntignctite building to Iwse source
(“crypt”)



LAMPF LANSCE AND WNR BEAM TRANSPORT

To Area“A”
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MECHANICAL
EQUIPMENT TARGET-2

BUILDING

m
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Neutron beam profile at the 22=mfissionchamberlocation.
Fission foils are 10.2-cm diam.,frames are 15.24-cm diam.,
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WNR Beams:

1. “White” Beams: Energies between 0.1
and -800 MeV. —

a. VariatiOnOfmaxi num energy with
angle.
b. Lower energies can be cut with CH2
filter.
c. Time-of-Flight used in real time
applicationsto determineresponseas a
functionof energy.

These white spectra are characteristic of
what may be expected from an accidental
spill at a high energy accelerator, through
some shielding.

I-OS Alarnos



109—--r-n unz~l~zl~q~~nl

k ‘%.WNR - withandwithout20cmCH2Filter 1
t

\
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-\
\

‘*, WithoutFilter\ \ \
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\

\

\

\

\\
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#-\
\

T

90 Degrees

.~llll I 1 1 1
10

NeutronEnergy
100

(MeV)

Dosc+quivalent at 20 meters, 1 hour irradiation,
%gular” bcarn conditions.

Mm

:7-
An k With CH2 fil[cr Without CH7 filter——.
15 Dcg 20 rcm 87 rcm..... . .... ---- ----.--—.. ...-... . ....-. . . ...
90 Dc 5 rcm 95 rcm ““—

I:llgcti
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2 C)uasi-monoener~eticbeams. using the
7Li(pn) reaction.This utilizes=e “Target 2“
facili;yinwhich

1) differenttargets can be exposed to the
prOtonbeam.
2) protonenergies can be vaned between
100 and 800 IUGV,

m-ovidin~additionalflexibility.

Los Alfimos
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WNR Summary

Neutronbeams are available with energies
up to 800 MeV. These can be “white”,
tailored to specific energy limits by
changing angle and filter. They can be
quasi-monoencr~etic by changing beam
energy to “target 2“.

Thev a ewer IIcharacterized*\

*Presently,below 200 MeV.
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WNR facilities and Neutron and Nuclear
Science group expertiseare available for -

1●

29

3 ●

Characterization of neutron beams:
WNR beams are well characterized below
200 M(W. Additional experimental
program invOIVing fissiOn cross sectiOn
measurements necessary to characterize
beams up to 800 MeV.
Exposure of dosimetm=s and radiation
protection detectors to these beams.
Advanced program to address issues of
improved cictcrmintiticm Of quality
factors at high rwtron cncrgics.

Los AlaInos



Accelerator Personnel Dosimcter
Intercomparison

Joe McDonald



Neutron Energy Spectra far 41 MeV protons on Beryll turn
Filtered by Polyethylene of Thicknesses, 2 cm (Curve A),
4 cm (Curve B) and 6 cm (Curw C),
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Intercomparisonof NeutronDosimetry
at the AGS

StephenMusolino
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NeutronRadiationFields at Fermi!ab

David Boehnlein



Neutron ivkasurements at Fermilab

I J. Cossairt, A. Elwyn, W. Freeman,
W. Salisbury, P. Yurista

■ Multisphere technique used for
measurements

-7 sphere sizes + bare detector

- Lil(Eu) “phoswich” or LiF TLD

- Neutrons detected through thermal capture
reaction

■ Spe,:tra rneawrwi at 14 sites outside
of shielding



Data Analysis

9 1/E dependence assumed for spectra

m 3 unfolding programs used

- 9UNKI

- LOUHI

- SW!FT

■ MaC~OSCOpkagreement for low reso[utioa spectra

= Integral pr~p~rties are independent Of the Unfolding

prOgram

- Average total fluence

- Average dose equivalerW

- Average quality factor



Sample Spectra and Geometries
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Average Integral Quantities

■ Average total Fluence

■ Averags dose equivalent

53+1-1~6■ Average quality factor =
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AN A.DAFITVE FIZEDBACK(XINTROLLERFORNSVERSE ANGLE AND
POSITION JITTER CORRECI’101’J U4 LINEAR PARTICLE BEAM

ACCEIXRAIKRS

D. S. BarT
Los Alarms National Laboratay, Las Alamos, NM 87545

It is desired to design a position md angle jitter control system for pulsed linear
accelemtors that will increase the accuracy of cormdon over that achieved by cunmly
used standard feedback jitter control systems. Interpulseorpulse-t-pulsecorrectionis
perfommd using the average value of each macropulse. The configuration of such a.
system resembles that of a SUUKM feedback comxtion system with the mkiition of am
adaptive conuoller that dynamically adjusts the gain-phase contour of the feedback
electronics. The adaptive controller makes changes to the analog feedback system,
between macropulses. A simulation of such a system using real measured jitter data
from the SLanfordLinear Collider was shown to decrease the average rms jitter by over
two and a half times. me system also increased and stabiliztxi the comec[ion al high
frequencies; a typical problem wilh standa.d feedback systems.

INTRODIJ~ON

A basic feedback configuration used for jitter control is shown in Fig. 1. Figure 2!
shows an adaptive version of the same systelm. I’lis type of system is knowl] a- a self-
tuning regulator (STR). Ile processor is the intelligent pan of the system which
controls H in such a way tts to decrease the rms system output errc~r. The processor
uses pust jitter values in its determination of ‘H. It analyzes pmI errors and periodically
updates11Ihus exploiting short and long term trends in the jit[er. I I will usually be in
the form of a s[andard feedback filler. The fast loop operates in rcnl lime, while Ihc
slow loop does nm.

illllr)llfl~r



kicker pickup
\

beam

fast loop

slow
loop

processor

Fig. 2- SIR feedback system

llm arm of the beam which is to be COmCId is setup as follows. First define the
transfer matrix or r-mauix for the x-plane mmsport through a beam element as follows:

(Hxl= (X1*) (XI%’) X(-J

+’ )( )(X’lq-) (x’l+)’) ~’ “
(1)

In this equation, XO is the input beam position in the horizontal plane, and YO*is tie

input horizmtal beam tmjcclory angle. x I is the outpuI beam position in the horimmal
plane, and XO’is the output horizonud beam trajectory angle. It is assumed that a point

in a particle beam tmnsport can bc found such [hat 1

AK;

R22 = -() (~)
Ax;,

AI this poinl in the bcxm. x’, depends only on [he input barn pnsi~ion (6 is
IISI,UIIA IC bc uro In the horizontal case). ‘l=hc hc:lm positron is rmwsurcd using a
NI’M (beam po~itmn nmnnor). (-orrcc[ion can hc done bv simply chnnging lhc
upslrcam twnm ~lnglc. Sirwc the output ungle w Ihc 1]1’M only dcpcrds on the ulput
]~viitvm. thi~ cmfiguln[ion cm cffcc[ivcly k used I(I c(wrcc: l-mm nnglc jil[cr using n
single I)l>hl nnd a mgk dcflccmr. “Ilw il~stllllpli[ln given m cqunliorl (2) is nude In
dcr 10 kin]pllfy tnc corn=c[ion model. Afkr Ihc n}cc-h,lniusd his sln]plc Inodcl m-e
IM;IsIrrrd, i[ i:; I-CIIIIIVCI y +11ulghlforwm! w dc~lgn R sysImI [hnt comds hi)lh pow[l(m
d nngk jilter U1ho[h the horiz~m~l d vcrtid plnnes.

A Iyp UI kilm whip for stml:ml fccdlmck comnd (d unglc jilter i%shown in I:ig.
3. “1111”,WIII Ix used ,Is [hc nlIxlcl fiw r[wnx”tion



xi. + Ax

+
xl” \,

%

amurlw !

X,n-0

‘T

I(%x

l==ri=+

BPM electronkm
- I volt/mm

t

HC

f,mwer 1- Ieedback
amplifier processing

reteronce input, R (usunlly
zero for a centorod beam)

Fig. 3 ~~Fce.dbuckse[up for simple unglc jitter control

Select {12(w) us ii drif[. O!hcr pwsibilil~c~ f~~rf; 2(UJ);~~ pwssihlc. hLIl :1drift nl:lk~s

the dcrivw itm easier. So

( ;2((1)) = I 11)111/ll)rild , (3)

AIs(I, us ty[)il’ili VN]UCS,]c1

( ;,m((l)) .- 1000 Volldvohs”

( ;IIJ(I)) -: c ~(’)~

( ;Iti((t)) ..-0.00] nw:ulhoh .

(4)

(s)

(())

LTHb
deflector(s) cabk, e-Job

-0.001 mrad/volt



Now,

G,(cD) = G#G1b(@G,c(@ = e-job .

As wellchaxe

HJw) = 1 mm/mm

‘$0) = G@I$ = c-J~b

H#o) = 1 Volt/mm

H(o)= HJ@+J@HC(@H@).

(7)

(8)

(9)

(10)

(11)

so,

H(m)=e-JobH@) . (12)

The comer frequency poles for Gld(u), GIC(CI$,HJw),and HC(@willeasilybe
much higher than that for HJQ$.and therefore wili ~ neglected. As a typical figure,

the value for P in the cable will be taken as 0.85. A total of 500 keI of cable will be
assumed. This is a lypical length from a bcamline 10 a control room and back, The

value for ~ can be cidcukmxl since the ~ of the J the ~iibk is known.

e
to= ““ = 298.8 mec

K
(13)

whm /? is the Icnglh of [hc cable and u is [he speed of light in a vwmurn (3,0X 1($ m/s),

For one .scction of cable, ?=25(1 feel. For ~he round [rip [hc dcluy duc to the ~iiblc is

597.6 nscc -0.6 ~sec, This time is insignificant compared to the rqxtition r~te of the
beam (for the SK datn it is 60 I [z). Since Lmrection is done once pcr miicropulse, a
new awcc[ion value will alwtiys lx applied on [he ncxl pulse.

T[~ iitlilly~c the f~~(lhil~~kloop, s[iut with [hc ouIpu[ trinsfcr function. ‘Ile vidue for
R will Ix iidi~n M zero sinuc it is dcsimd I() ccnlcr ihc IX:III1 with zcru killn tnljcctory
nnglc in Ix)[tl [hc Il(lrizoli[id iind wrtkill ~)liitl~s. I;nnn I:ig. 3 (with R’<;),

( i2((l))Xjn(0))
X(,J(I)) =- ------- -- . (14)

I t (;,((1))( il(fl))l l(m)

)i;n((o)
x,,,,Jm)

1 ‘ c ‘J(’)’”IWJ
(15)



The open-loop transfer function is

G(co)H(@ = G1(0)G2(U)H(Oj = c-zj~ HJo) . (16)

The laze step is the design of H~o$. Pick an open-loop transfer function of the form

K (S+Z~)[S+~) . . . (s+%4)
G(s)H(s) = (17)

L+-P,)(S+P2) ‘.. @?l-a4!)

where &C), and -z ~and -pi are the nonzcro finite ZXWS and poles of G(s)H(s). “l%isis

known as a rype-~ sysrem. Commonly used fedback systems include types 0,1, and
2. The higher numbered system types increase the accmcy of feedback systems in
correcting complicated input functions (such as ramps and parabolas), but at the
expense of bandwidth. Since bandwidth is very imponant in the beam jitter case, and
chcexpense in bandwidth is high, type O systems are usually used. The value of K is
made as large as possible in order to decrease the jitter as much as possible. These
systems have some problems tracking complex input signals, but the increased
bandwidth and gain (K)make the tradedf worthwhile.

Now using wnotation (s=jo$, equation (17), and /?=0,

K (PZI)(@+~J...(jowmJ
I IJU) = -----F -—---—-- —--——

W (@+pJ(j~pJ ... (j~+p~ -

(18)

Filters with more than onc pole are usutilly unstable for rcasonatde bandwiddls (in
the present CUSC)since the phase shift is larger. These can bc used if the bandwid[h is
decreased, but in this cmc is not worth the loss of bandwidth. In tiddi[ion, muhiple
poles incrcwc the number of indqxmdcrrt viiritibles which drastically slows down [he
Udilptivc rmlincs discussed ker. [iquation (18) simplifies to

K
1!(J(I))= .. .. (19)

1 + jdpl

“Illc open- loop trilllSfC~ fmlct ion can h found by using Iils. ( I 6) and (19).

SIIH.l:-T(ININ(; 1?1!(;01 ,KIX)RS

‘Ilc basic self Inning rcgulillor sclup wus given in I;ig. 2. ‘Ilx proccssrw is the
inlclligcnl Pitrt of Ihc syslcm which ctmlrols I I in such n wny m [0 dcmwsc Ihc rms
sys[cm ou[pu[ crrt)r und ii~hkvc [hc hi@cst lnmsit)lc IN II. Iwid[h. I!ffu.lively d]c g:lin -
I) I1:ISC u~nlollr ()( 1I will k iiIICIC(ldcpcndin~ 011I)il!if VillllCS (If ~hC illl}]}li[ll(k crr(w
funcli(m. III Ibis rxdc, I I ;mtl IIw nss(wi:ttcd pr[~hcss{}rt III hc ~xm.tidcrcd u self’ Iuniny
Irgulillm-.



Tlw main problem with the standard SIR system is stability analysis. Typically the
overall system stability is difficult to investigate and must be done after the fact. ‘IMat
problem is solved hereby using an H for which the stability cart be easilyanalyzed.

me st~dud f~back filter (Hd in Fig. 3) hasa transferfunctionfoundin Eq.

(19). This filter has two Vtiablc pmmeters, K ad P 1. K is tie gain ~d p] is tic
corner frequency or 3 dB point of the filter @e. Many filters arc possible as the values
for Kp, are allowed to vary. bgically, for any given filter, different input signals

should give different values for rms system output error. Also, logically, for any given
input signal, different filters should give different vahes for rms system output error.
llus for different types of beam jiuer, different fedback fiters sIMM! work better than
others. It should therefore be possible to improve on the standard feedback system by

including an H~o$ that adapts itself to changing jitter characteristics.
The interestintz Dart of this technictue is the design of the adaptive routine. This is

the t&tine which% alyms past jitter&d detetie; the new filter tmrameters. It also
includes a criteria for stability. The routine works as follows.
criteria must h chosen to which a control law should conform.
the minimum mean-squme output error. The idea is to minimim

First, a performance
The one used here is

(20)

where E is the output error rneiisured at the BPM, ~ is the current time, and ~ is the
amount of time the integration should be earned into the past. This serves as a
“for~etting” fiictor,and allows some degree of control over how much the remote past
tdkCLS the current measurements. Values for K and P I must k fouti which minimi~

Ut The forgetiillg factor can be implcmen!ed by litking only the desired number of

macropulscs from the r-went pitst.

A rnathcmitticitl [echnique must be chosen to minimize CJ~K,pl). There are mitny
possible malhemittical methods ~hnt can be used. Two of the most promising were
used. They are the conjugate gradient mc[hod and the simplex method.

S’IR CX3RR1’lCIlON M{”I13EL

It is now desired to crcutc i~discrc[e version of I;ig.3 in order to simulit[c the jit[cr
control systcm by compu?er. I:igurcs 4 imd 5 show [hc discrete mode!. The delay in
the f~(lllilck rcmm pn[h is included to silnulti[c the dcliiy inuum.d hetwccn the deflector

itnd Itlc 11PM M Well ilS lhC GM? (Ichl)%. 111I:ig. 4, u[rtl is X’ln[lll i.tndcln] is x’[)u[[n].



u[n] c[n]

Fig. 4- Discrete beamlinc rrmdel

‘(’’+O-’(’)
Fig. 5- Discrete feedback filter

In order to simulate the STR feedback correction as a discmtc system, the
differential tqmion that this represents must be solved numerically. Many types of
solutions are pssible. Ihe technique used here is the backward difference. It is

equivalent m numerically taking a derivative according to Eq, (21). 2

: Y(I)M ~~-:’-T)

The t.rimsforrnis accomplished by the following substitution

1 -z-’
smj~m--—— .

T

This is used in F,q. (19) to obtain the discrete fil~cr, The si~lllplingtime T is [he
invuse of [hc mil~ropd~ repmilion rote.

(21)

UK 1.
?.”’)/r=

()z, a+l -1

(22)

(23)

(24)



Now using Fig, 3 in conjunction with Figs. 4 and 5, the system can be modeled.
After substitution and simplification,

(25)

It is now desired to perform a stability analysis of the fcalback system. The test

used was a discrete version of the RoutN+urwitz criterion ca!kd Jury’s stability test2.
me results of the test are given below:

a(K+l)>0 (26)

a(K-l)c2 . (27)

Equations (26) and (27) must both be met for the feedback system to be stable. The
values chosen for the SLC data in the standard feedback case were K=9.9 and p 1=10.8
Hz. These values gave stable results while working well. They were chosen using the
power spectral density of the actual data.

The performance criterion for adaptation is the Ims output of the system. Thus the
error is given by

[1E= ~ .’[n]
IFI

I

T
(28)

where N is the number of data points in the sample and c[nl is found in Eq. (25).
Equation (28) is taken from Eq, (20).

The mtithtmm.ical techniques used were tie conjugate gradient method 103S415and the

simplex methods. Details on these methods can be found in the respective references,
The techniques were modified to perform constrained op~imization using the stability
criterion as the constraint

RESULTS

In this section, the results of the simulated Ixam mns using the real beam jitler dnta
will be given. Wo types of output am used to measure [he results of the simulations.
The first is a [uble listing the jitter reduc~ion [hat each technique provides over the case
of no cmrcction at al1. The second are plots of jitter correction versus fmquerwy, This
gives :m indication of ~he biwdwkl[h of each comcction systcm. ~lcsc plots are
gerwritcd by dividing the spmml density plot of each outpuI by the spectral density of
the driving function or raw jit[cr data. They will be displayed on a semi-log graph. No
corrcctiorr would correspond to zero d13,while ji[lcr reduction would be ncgiltivc dB,
ml jimx cnhanccmcm would be positive dB.

All jiucr data is in Ihc form of Iwm position versus time. IIM diitit includes only
one (liltil point pm nlilVropUISC. NoIc that the ability to tipply position correction,
dinxxly implies the ability to tipply irnglc cmection. As s[i~td eurlicr, lmmt.ions in the
bcmnlil~c ~iin be found where bmm angle (in eilhcr trimsvcrse pli~nc) depends only on
hcmn ~xvili{m, “rhus IWillll position daltl cim be cffcclivcly used to nmdcl uorruxion



schemes for both pxition and angle jitter. Note that cmmxtion of angle jitter can take
place elsewhere, but this would require two sets of BPMs and deflectors. The data used
in the simulation was not mllected at a location such that the condition given in equation
(2) wassatiskl. It is assumed however, that the frequency makeup of the jitter will
stay constant until arriving at a location where equation (2) holds. TIIus, even though
the absolute values of the jitter data may change as the beam passes downstream, the
relative values of the jitter compard to itself will stay the same. lhis justifies the use of
the simple model (Figure 3).

The interpulse data consists of VtiOUS sequences of 220 consecutive macropulses
acquired from the Stanford Linear C911ider (SLC) located at the Stanford Linear
Accelerator Center (SLAC) in palo Alto, California. Each macropuk was passed
through an analog low-pass filter before digitization in order to get its average value.
The first 100 of the data points Were USed as a training set. The first point of the
remaining data was then proccss~ using Eq. (25), and the error measuredusing the
actual data point. The feedback filter was then updated and the next point was
processed. The process was continued tith the remaining data points. The update was
possible due to the length of time between each macropulse. The beam repetition rate
was 60 Hz. It is assumed that an update can be accomplished in this time scale. As
long as the adaptive a.lgori!hm is not extremely complicated, it can always be hardwimd
and hopefully quick enough. In tile worst case scenario, the update takes too long and
isonly accomplished every other macropulse. If this situation were to arise, the
simulation could be easily altemxl [0 reflect iL

The data was taken at three BPMs at different locations in the beamline. The
hxaiions correspond to different particle energies. The energies are 1.2 GeV, 17 Gev,
and 42 GeV. The higher energies are found farther along in the accelerator. The
accelemtor was also run at different values of charge. These values were (in units of
e+~ e- particles per macropulse): 13, 18, 30, 36, 40, and 45. There is also x and y
position data. The actual va!ues analyzed are given in Table 1. At highe~ charge (36,
40, and 45), problems occurred in the standard feedback correction system for medium
(17 GeV) and high (42 GeV) energies in the x-plane only. Slight problems occurred in
the y-plane at medium energy at higher charges. These effects were probably due to
longitudinal wtikcftelds at high charge, which incur a head-tail distortion at later stages
of the barn in the horizontal plane (high energy). The problems in the vertical plane
were probably due to some form of transverse plane coupling.

The analysis results are also given in Tabie 1. Certain cases caused problems thr the
standard feedback systcm (in particular, cme x4). The STR feedback system was able
to dci~l with these prnblcms much better.

TAFJI.E 1

STANIIARI> IWEIXIACK AND STR IITED13ACKJ1l-il;R REDIJCIUON

Energy Chiuge Sttind:ud Fcuibtick SIX Feedback

DJEI (GCv) (C9e-/pulse) R,,rig %d Rorig Rti
------ --------- ..-. .—-- -------- --------- ---- .-. -,,-.. .—. --..-----

XI 1.2 13 - Ili.94 0.00 -28.73 -9.79
x2 1.2 45 -17.36 (),0() -25,75 -8.39
X3 42 13 -14,88 0.()() -19.!’!2 -4.93
x4 42 45 4.39 ().()() -1?78 -6.17
yl 1.2 13 -20.43 (1,()() -36.13 -15.70
y2 1.2 45 -20.47 ().(1() -37.05 -16.58



y3 42
y4 ;;
x5
x6 17
x7 17
x8 42
x9 42
ys 17
y6 17

13
45
40
30
45

:
45
40

-16.01
-16.73

2.98
-4.09
3.40

-9.60
5.04
-1.82
-3.95

0.00
0.00
0.00
0.00
0.00

Ull
0.00
0.00

-22.91
-23.39

-4.06
-10.89

-2.27
-14.64

-1.39
-7.85

-12.16

The values for Rtig are ~he rms jitter reduction amounts

correction applied (given in dB).

(
ITIM jitttXw/cOmCCuon

~g = 20 .logl*
rrns j~tteqfo cofi~tlon )

-6.90
-6.67
-7.05
-6.80
-5.67
-5.04
-6.44
-6.03
-8.21

over those with no

(29)

The values for R= are tinerms jitter reduction amounts over those for the standard
feedback system (also given in d.B).

(30)

The average value of Rm for the STR feedback system is -8.02 dB.
Figure 6 shows a typical jitter correction versus frequency graphfrom the standard

feedback systemwhile Fig. 7 shows this graph from the STR feedback routine. The
STR feedback system shows an improvement over the siandard feedback system as
seen in Fig. 7. The STR system does amplify the jitter slightly at high frequencies, but
not as much as the standard fedback case.



The

Fig. 7- Jilter ‘iC.rnx~ion Versus Frequency for
STR l%rxlback Case

CONCLUSION

SI’R fwdhack systcm worked cxccptional] y WCII. Jilicr ctmmxxion Wilsshown



10decrease the average rms jitter by over two md a half times over that of a standard
feedback system. By ccmparing the jitter comection VCIXUSfrequency graphs for the
standard feedback system with those of the STR f’&dback system, one can see that the
STR technique does not experience the extreme amplification of jitter at high
frequencies. The minimizatiorr of the rms output emr has effectively stabilized the
conection-vexsus-bandwidth plot for these systems. Finally, die STR feedback system
always worked well and could be added without too marry problems to many sxisting
accelerator correction systems.
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