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BACKGROUND

Operation of the Los Alamos Meson Physics Facility (LAMPF) began in 1972 and

continues at present. As is seen in Figure 1, an injector delivers protons to a 0.8 km long

linear accelerator which produces a particle energy of 800 MeV; the protons are then

transported to a variety of experimental areas, as seen in Figure 2. The proton beam is

transported in a vacuum tube, controlled and bent by electro-magnets. The highest

intensity beam, at a maximum level of 1 mA, is delivered to the experimental area

designated as Area A. At the end of the experimental area, the beam is transported

through an interface between beamline vacuum and one atmosphere air pressure. This

interface is made of metal and is generally referred to as a beam entry window. At

LAMPF, at_er the beam has exited the vacuum tube, it becomes incident on a number of

experiments or "targets" as is seen in Figure 3. These include capsules for radiation

damage studies, a beam "degrader" for the long-term neutrino experiment, and as many

nine targets in the Isotope Production (IP) stringer system used to produce medically

significant isotopes. Following the IP system is a beam stop used for the purpose its name

implies. The beam stop also contains a beam entry window, whose purpose is to separate

the 250 psig water cooling environment from 1 atmosphere of air. The beam entry

window, the beam degrader, and the beam stop window are made of alloy Inconel 718,

have endured a lengthy irradiation service time at LAMPF, and are the subject of this
report.
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Because of proton interactionswithtwo graphite targets upstream, the proton energy has
been reduced from 800 to about 760 MeV when the beam becomes incident on the

vacuum-to-air beam-entrywindow. The particles here are essentiallyall protons with a

smallcomponent of neutrons that backstream from the targets downstream. As the beam

passes through the window, the proton irradiationexperiments, the beam degrader, and

the IP targets, the energy is further degraded and neutrons are created by spallation

reactions. This total flux and spectrum is incident on the air to water window on the beam

stop and is the radiation environment that must be used to evaluate the achieveddose on

the unit. The beam degrader is exposed to a particle flux that is comprised almost entirely

of protons, as shown below.

Figure 3 showsthe location of the current monitor (6ACM0l) used to determine the dose

values given in Table 1. The profile monitor (6AHP01) is used to monitor the size, shape

and position of the beam. During the periodfrom 1985 to 1991, the beam size was

maintained at a diameter of 20 = 30 - 40 mm (o is one standard deviationin a Gaussian

profile). The proton irradiation experimentsplace less than 20 g/cm2 in the beam.

Because of this low mass and the fact that these units were in place less than 25% of the

time, their effect on the flux and spectrum at the beam stop window and beam degrader

will not be consideredin the followinganalysis. A beam degrader was in place for the

entire period of time considered in this report The configuration of the IP targets is

complicated in that not all units are always in the beam and the materialsin each target

maybe differentat times. These units have a strong influenceon the flux and spectrum

that is incident on the beam stop window, requiringa determinationof their history during
the subjectperiod;this is describedbelow.

BEAM DEGRADER

The purpose of this unit was to provide the proper environment for Los Alamos Meson

PhysicsFacilityExperiments#E225 and #E645, both of which measured the production

and character of neutrinos. Prior to 1985when the present design was adapted, there had
been difficultieswith this system, not attributable to material difficultiesbut rather to

misplacementof the unit in the proton beam in a mannerthat caused excessive heating.

The present design [1] is shown in Figure 4. Two hemi-sphericalshells(Figure 4a) made

of alloy Inconel 718 are combined to make a sphere (Figure 4b). Other than a coolant



AcceleratorProductionofTritium Experienceat LAMPFwithAllo_'lnconel718
11

iii ii1|iii i i| iiiii

TABLE 1

OPERATING HISTORY OF THE LAMPF

WATER-TO-AIR PROTON BEAM WINDOW
ii I I ii iiiiii

LAMPF Cycle Dates Beam Hours Accumulated Dose

mA-hours

42 4/22-7/22/85 1252 571914

43 7/31-9/30/85 1316 713798

44 10/9-12/16/85 1440 892800

45 6/26-8/11/86 780 526481

46 8/19-10/17/86 1135 826600

47 10/24-12/15/86 1029 724564

48 6/17-7/31/87 868 636349

49 8/14-9/27/87 928 686609

50 10/16-12/01/87 894 686385

51 6/7-7/22/88 881 667446

52 8/5-10/3/88 1160 879744

53 5/4-6/18/89 925 393000

54 6/27-8/24/89 887 640000

55 8/18-9/26/89 937 675000

56 5/25-7/25/90 702 316000

57 7/10-8/26/90 963 690000

58 9/4-10/17/90 810 605000

59 6/5-7/22/94 711 327000

60 7/30-8/15/91 288 162000
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water flow blockage described below, these units have operated without failure since

1985.

Assessment of the achieved fluence on the water degrader requires that the LAMPF beam

history be understood. Table 1 gives this operating history for the time period of interest

in this report.

A review of the experiment logs for E 225 and E645 showed that the beam degrader was

in place essentially for all periods of beam operation from 1985 through July 12, 1988.

The unit is interlocked to the "run permit" system of the LAMPF accelerator and

automatically retracts from the beam when the coolant flow rate falls below a pre-set limit.

This occurred on June 29, 1988 [2]. Review of the operations logbook [2] for this period

showed that attempts to reverse the flow did not correct the difficulty. It is concluded that

a blockage of the water cooling circuit had occurred resulting in several automatic

withdrawals during the June 29 - July 12. The unit was removed from the beam on July

12 and replaced during the following maintenance period.

Accounting for periods when the beam degrader was out of the beam, a review of the

experiments logs showed that unit was exposed to an integrated proton current of

6,490,165 I,tA-hours during cycles 42-51. This level was used to determine the achieved
fluence on the unit.

The geometry of the LAMPF beam stop area was simulated for calculations of proton

interaction with materials and secondary particle generation and transport using the Los

Alamos High Energy Transport (LAHET) Code System (LCS) consisting of LAHET

coupled to the Monte Carlo Code for Neutrons and Photons (HMCNP). The vacuum-to-

air beam-entry window and the beam degrader were in place for all calculations. The

incident beam spot was placed at a diameter of 2or= 35 mm. The calculations determined

the beam spreading due to multiple scattering, energy degradation, and secondary particle

generation. In the case of the beam degrader, the calculated particle flux and spectrum

was counted and averaged over a 1 cm diameter spot on the front face of the unit to

account for the suspected beam drift at this location.
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Combining the calculated proton flux for the modeled geometry with the measured

integrated current resulted in an estimated proton fluence of 7.07 X 1021protons/cm 2 and

a neutron fiuence of about 0.13 X 102_neutrons/era 2with a spectrum as shown in

Figure 5.

Recent calculations, also using the LCS, have estimated the radiation damage parameters

for 760 MeV protons incident on alloy Inconel 718. The displacement cross section is

about 3120 barn and the helium production cross section is about 210 mbarn. At the

proton fluence given above, and noting that essentially all the irradiating particles are

proton at about 760 MeV (Figure 5), an atom displacement level of 22.1 DPA

(displacements per atom) and a helium concentration of 1485 atomic parts per million

(appm) are predicted for this beam degrader.

BEAM ENTRY WINDOW DEVELOPMENT AT LAMPF

The initial beam entry window uesign for both the vacuum-to-air and the air-to-water

interface used stepped flat plates, as shown in Figure 6. The vacuum-to-air unit was

double-walled with water coolant between the stepped plates while the air-to-water

interface was a single stepped plate. The material used for these "windows" was alloy

Inconel 718, with a composition of 50-55%Ni, 17-21%Cr, 4-6%Nb, 3%Mo, Fe, and

others. The selection criteria leading to use of alloy Inconel 718 were based primarily on

excellent corrosion resistance and good weldability and compatibility with stainless steel

alloys used in the cooling water manifolds.

One vacuum-to-air window failed after an estimated dose of 2.2 A-hr (~ 2 x 1021

protons/em2). Examination of the failure showed a crack in a transition area where the

plate had been thinned by machining. Although not conclusive, it is expected that the

crack was initiated by a scratch from the machining process. The design of the vacuum-

to-air interface was changed to a doubled-walled hemi-spherical structure, reducing the

stresses and eliminating the potential stress concentrations possible with the fiat-plate

design. During the past 10 years, these units were replaced after operating periods of

4000 hours or less, which is equivalent to an estimated proton fluence of about 3 x

1021/cm2 (9.3 DPA). The expected lifetime is much greater than this; the windows are

changed at convenient breaks in the LAMPF operations; because the change-out is simple
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and the window cost moderate, this posture does not place a time or financial burden on

the accelerator while, at the same time, enhances reliability.

The flat plate design has been retained for the beam stop itself for several reasoris; the

geometry of this area does not allow sufficient space for the hemi-spherical design, there is

no need for a double-waUed configuration, the potential damage to the facility from failure

is less than for the vacuum-to-air window, and the general feeling that the reason for

failure observed was mitigated by careful machining and polishing techniques. The design

detail has been changed from the series of steps shown in Figure 6 to a cross section that

smoothly changes in cross section as a function of radius. Since it is much more difficult to

replace the beam stop unit than the vacuum-to-air window, as well as much more

expensive, this unit has not been replaced often. One unit was in service for seven years,

from 1985-1991. The operating details are summarized in Table 1 above.

ISOTOPE PRODUCTION TARGET HISTORY AND LOADING

The configuration of the IP targets is complicated in that not all units are always in the

beam and the materials in each target may be different at times. These units have a strong

influence on the flux and spectrum that is incident on the beam stop window, requiring a

determination of their history during the subject period; this is described below.

A survey of the LAMPF operations data for the IP targets during the 1985-1991 period

showed that all of the targets were in the beam for short periods of time, all were out

some of the time and, on average, 5 of the 9 IP were in the beam.

The details of the loading of the targets and the additional material in the beam from the

target containers is summarized in Table 2. This is a typical loading during normal

operation as reported by the IP system manager. In addition to the mass shown in Table

2, each stringer also placed 206 g of aluminum and 45 g of water in the beam.
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EFFECT OF THE ISOTOPE PRODUCTION TARGET LOADING ON

NEUTRON AND PROTON FLUX AND SPECTRUM

As in the case for the calculations for the beam degrader, the geometry of the LAMPF

beam stop area was simulated for calculations of proton interaction and secondary particle

generation and transport using the Los Alamos High Energy Transport (LAHET)Code

ii -- -- -- iii iiii iiiii ,i ,........

TABLE 2

ISOTOPE PRODUCTION TARGET LOADINGS

• I i I I ill IIHH U I Ill I II

Stringer Target Material Target Mass Container Material Container Mass

grams grams

1 RbBr 177 Stainless Steel 276

2 ZnO 107 AI 121

3 AI 170 none

4 Mo 470 AI 121

5 RbBr 170 Stainless Steel 276

6 KCI 98 Stainless Steel 276

7 Mo 353 Stainless Steel 276

8 Mg 210 Stainless Steel 276

9 In 448 Stainless Steel 276

System (LCS) consisting of LAHET coupled to the Monte Carlo Code for Neutrons and

Photons (HMCNP). The vacuum-to-air beam entry w_.ndowand the water degrader were

in place for all calculations. Four configurations for the IP targets, corresponding to the
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likely configurations observed during operation, were used in independent calculations.

The incident beam spot was placed at a diameter of 20 = 35 mm. The calculations

determined the beam spreading due to multiple scattering, energy degradation, and

ii i iiii ii IlIi IIIIIIII IIII i i mill Ill I

TABLE 3

NEUTRON AND PROTON FLUX AS A FUNCTION OF ISOTOPE PRODUCTION

TARGET LOADING

FOR AN INCIDENT PROTON BEAM CURRENT OF 1rnA
I IIII I n I IIII I I III III I

Case Proton Flux Neutron Flux

1013/cm 2 s mA 1013/cm 2 s mA

Theoretical Peak 32.7 0

Tally inside a radiu.so.f0.5cm

All Stringers In 2.9 4.1

Stringer 9 Out 3.5 4.3

Stringer 2, 4, 6, 8 Out 5.2 5.6

All Stringers Out 17.5 14.0

Tally within a radius of 3.81 cm

All Stringers In 2.0 3.6

Stringer 9 Out 2.4 3.9

Stringer 2,4,6,8 Out 3.2 4.9

All Stringers Out 8.8 10.4

secondary particle generation for each configuration. The results of these calculations for

neutron and proton flux and spectrum are shown in Figures 7-10 and summarized in Table

3. The flux is averaged over two areas, a radius of 3.81 cm and a radius of 0.5 cm

Because of multiple scattering and other effects, it can be seen in Table 3 that the incident

flux is relatively uniform out to a radius of 3.81 cm, varying by less than a factor of 2 from
that estimated within a radius of 0.5 cm.
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It would indeed be tedious to evaluate each IP stringer loading for all periods over the

seven year period. The operating history was surveyed in detail and it is estimated that

over the entire period, a configuration that includes Stringer 2, 4, 6, and 8 out of the beam

is representative. The value for an theoretical peak is given for historical reasons. Before

it was possible to model the LAMPF beam stop area in detail, we gave this value as the

estimated fluence of the LAMPF air-to-water beam stop window. We did not believe that

the targets would have as drastic an effect on the flux as the present calculations indicate.

In fact, we beheved that the fluence value originally estimated for the theoretical peak

would actually be enhanced by a large number of high energy neutrons that would more

than compensate for the loss in proton fluence due to scattering. As the calculations now

indicate, this was an incorrect assumption.

The bounding cases are, all of the stringers in at all times and all of the stringers out all of

the time. Using to 0.5 cm radius as representative of the dose rate at the center of the

beam, the results showing the estimated fluence that the 1985-1991 air-to-water beam

stop beam entry window endured are given in Table 4.

i i i im iii llm i i ii i _

TABLE 4

ESTIMATED PROTON AND NEUTRON FLUENCE FOR THE LAMPF

ALLOY INCONEL 718 BEAM ENTRY WINDOW

Tally Radius = 0.5 cm

mlmml llmml mm

Fluence - 1021/cm 2

Case Proton Neutron Proton plus Netnron

All Stringers In 1.21 1.71 2.92

Stringers 2.4, 6, 8 Out 2.17 2.33 4.50

All Stringers Out 7.30 5.84 13.14

Theoretical Peak 13.65 0 13.65

The proton fluence for the case when stringers 2, 4, 6, and 8 are out of the beam results in

a displacement level of 6.7 DPA and a helium concentration of 456 appm. In addition, the

neutron flux associated with this configuration adds an estimated displacement level of

0.95 DPA (by applying the fluence to displacement ratio as given in Reference 6 for the

Engineering Breeder Reactor II, EBR-II).
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EXPERIENCE WITH THE IRRADIATION PERFORMANCE OF ALLOY

INCONEL 718 AS FOUND IN THE LITERATURE

Alloy Inconel 718 has been considered a candidate for the first wall of a fusion reactor.
These is a limited amount of da_a on the irradiation oerformance of this material in a

fission reactor environment; this data is summarized below. All neutron fluences quoted

below are for E > 0.1 MeV.

Swelling

Powell et al. [4] found less than 1% swelling for heat treated material irradiated to a

fluence of 1.8 X 102 n/cm2 (85 DPA) at 400 - 650 °C in EBR-II. Garner and Gelles

measured less than 1% swelling in this alloy, also heat treated, after a fluence of 2.8 X 102

n/cm2 (140 DPA) at 400 °C in EBR-II. These data indicate that swelling is controlled for

alloy Inconel 718 irradiated in a fission reactor especially where helium production by

transmutation is relatively low.

Fracture Toughness

Michel and Gray [6] measured fracture toughness by the J-Integral method and found a

decrease from 120 to 65 kJ/m2after a fluence of 2.2 X 1022n/cm 2(12DPA) for heat

treated and aged material irradiated in EBIL-IIat a temperature of 427 oC. They also

observed that the flow stress increased form 150,000 to 160,000 psi from this irradiation.

Fatigue Crack Growth Rate

Early studies by Mitchel and Smith [7] found no effect of irradiation at a fluence of 5 X

]022n/cm2 (25.5 DPA) at EBR II at 427 °C. The authors cautioned that the inclusion of

helium at temperatures above 500 °C may affect the crack growth rate. In later work [8],

they found that the crack growth rate was sensitive to hold time between tensile load

10
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application. The tests were conducted at a frequency of 0.17 Hz. After a fluence of 1.4 X

1022n/cm2 in EBR-II at 427 °C, no effect on fatigue crack growth rate was found for

continuous cyclic loading. The crack growth rate increased by 10 times when a 1 minute

hold time was used. The result was attributed to a helium diffusion effect at the crack tip.

In still later work [9], they found that both continuous and a 1 minute hold time increased

the crack growth rate by up to 10X in the loading range of 10 to 60 MPa m_r2. These tests

were on heat treated material irradiated at EBR-H at 650 °C to a dose of 16-18 DPA.

They later refined their analysis [10] and reported that the increase of crack growth rate

for irradiated as opposed to unirradiated material was 2 times for the "no hold-time" case
and 10 times for the 1 minute hold-time case.

Another researcher, James [11], found no increase in fatigue crack growth rate for heat

treated plate material irradiated at EBR-II to 28 DPA at 427 °C. There was a small effect

noted on one type weldment studied.

RadiationHardening

Ward et al. irradiated the subject alloy in EBR-II to a fluence of 6.6 X 1022 n/cm 2 at 400 -

650 °C. Classical radiation hardening was observed. Tests performed at temperature

greater than 538 oC showed a loss in ductility and was explained as an effect of helium in
the material.

Brown and Cost irradiated annealed and heat treated samples in an 800 Mev proton beam

to a fluence of 2.2 X 1019protonsgcm 2 in a direct water cooled enclosure at a temperature

of about 40 °C. The annealed material hardened slightly and suffered a small loss in

ductility while the heat treated material sot_ened slightly with no apparent effect on

ductility.

Microstructure

Bell and Lauritzen [14] studied the microstructural changes caused by exposure to the

neutron flux at EBR-II to a fluence of 6 X 10_ n/cm 2 at 626 - 725 °C. They observed a

slight aging and the formation of rl phase platelets, but did not conduct any mechanical

property measurements.

11
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CONCLUSIONS AND RECOMMENDATIONS

1. A beamdegrader madeof alloy Inconel 718 and used at LAMPF endured an estimated

displacement damage level of 22.1 DPA and a transmutation-inducedhelium

concentration of 1485 appm. The water-to-air beamentry window used on a beam stop at

LAMPFwas irradiated to an estimateddamagelevel of 6.7 DPA from protons and 0.95

DPA from neutrons; the helium concentration is estimated at about 456 appm.

Reference 15 indicates that the He-3 AcceleratorProductionof Tritium(APT) design will

expose the beam entry window to a damage level of about 25 DPA per operation-year.

Our phenomenologicalexperience in a prototypic environmentfor APT at LAMPF then

implies at least a one year life time for this material. It is generallyheld that this alloy can

perform for substantiallylonger times than the present data indicates. Dedicated

experiments and property measurements are needed to determinethe extended lifetime of
this material.

2. From a limiteddata base from irradiationwith fissionreactor neutrons, it appears that
the microstructure is stable.

3. Data from fissionreactorirradiationsindicatethatswellingis very low at very high
doses for moderatelevels of heliumconcentration.

4. Fracture toughnessdecreasesby a factor of two after fissionreactorirradiationto 12

DPA; this initiallytough materialis stillquite tough at this damage level.

5. Fatigue crackgrowth rate, measuredin pre-cracked compact tensionspecimens,is
increased after irradiationto 15-20 DPA in a fission reactor environment. The effect of a

hold time is seen to increase the rate by 5 - 10times, generallyattributed to an effect from
heliumconcentration.

The phenomenologicaldata from the LAMPFcomponentsdescribedabove are from

materialsthat were subjected to a very large number of thermalstress-inducedloading and

12
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unloading sequences per day as the accelerator trips off and is turned back on. This is a

comparable effect to the tests described in terms of hold time. Also, the helium

concentration to displacement level ratio from exposure to 760 MeV protons, relative to a

fission reactor neutron environment, is 100 times or so greater. Thus 760 MeV proton

irradiated material endured a relatively high damage level under conditions of a cyclic

stress and high helium concentration.

6. A systematic study of mechanical property and microstructural changes caused by

proton irradiation of alloy Ineonel 718 to high dose would aid the understanding of the

response of this alloy and also aid in life time predictions.
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FIGURE 1. Layoutof the Los AlamosMeson PhysicsFacilityshowing theinjector, the
linearaccelerator,andthe experimentalareas.



AREA • (NPL) HIP,AS

0 1O2030

I L i iAREA C NTOF METERS

N

AREA A 0SOTO_
PIKX:X._'nON&

STA_mGAREA NEUTRIt_

BENd / TUmEL
SWITCHYARD ,. Sire/

'_eq_ " " "

i % % _....LEP _Sl" ./
• IM.Jdd,,

UEGA
II, I I f.mm.ent NE_ BEAm

_._/D'/I I LINE D AREA -- ProtonsorH"

EPI_ Ext_m_lProtonBeam Channel PO_a.ZGK:Il_OtOnSewH-
LEP Low-EnergyP0onCtulnr_ ....... IVkm_s(l_s ormoons)
I_ Htgrt-En_'gy_ Channel ...... -- Neutnnos

ANSCE Sk_ Sto_:_-Muon Ch_r.d ............. Neutrons ,,

_--_'_ T_ SPECTROIdETERS --

EPtCS Enecget¢ _ Chen4r_and Si_trometer
HRS H0gt_.Relolut0onSpectrometer
MRS Idediurn-RelokltmnSpectron_ter

SPECTROMETERS
FACILITIES (notshown)

HtRAB High-RelokJt_nAtomicBeamFlcility _ Spectrometer
NPL Nuct4onPhyl¢l LIIDocIIO_y ClamshellSpectrometer

WNR.." _ T NTOF NeutronTime.of-Fli_t Flcd_/ L.rge.Apertur. Spectrometer
LANSCE LosAlamosNeutronSclttenng Center

• PSR ProtonStorlge Ring,Target#I

IUNEE WNF F,,c,,.y "'

FIGURE 2. The layout of the LAMPF experimental areas showing the location of the
beam stop where the beam degrader, the vacuum-to-air and the water-to-air windows

made of alloy lnconel 715 are used.
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FIGURE4a. Detailof the hemisphericalshellmadeof'alloylnconel 718 used to construct
thebeamdegrader.



FIGURE 4b. Assembly of the beam degrader.
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FIGURE 6. Description of the stepped "flat plate"window used on the beam stop.



A-6 BeQmstop Neutron and Proton Flux, All Stringers Out
Tclly r = 3.81 cm

1014
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FIGURE 7, Neutron and proton flux and spectrum calculated for a simulated Target A-6
(beam stop) geometry - All Isotope Production targets are out of the beam.



A-6 Beamstop Neutron and Proton Flux, Stringers 2,4,6,& 8 Out
Tally r = 381 cm
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FIGURE8 Neutronand proton flux andspectrumcalculatedfor a simulatedTarget A-6
(beamstop) geometry- Isotope Productiontargets 2, 4, 6, and 8 areout of the beam.



A-6 Beamstop Neutron and Proton Flux, Stringer 9 Out
Tclly r -- 5.81 cm
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FIGURE 9. Neutron and proton flux and spectrum calculatedfor a simulated Target A-6
(beam stop) geometry - Isotope Produc_/on target 9 is out of the beam.
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A-6 Beamstop Neutron and Proton Flux, All Stringers In
Tally r = ,3.81 cm
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FIGURE 10. Neutronandprotonflux andspectrumcalculatedfor a simulatedTargetA-6
(beam stop) geometry- All Isotope Productiontargets are in the beam.






